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Preface

The cyclic nucleotides, cAMP and cGMP perform ubiquitous signaling roles. In

mammals, one or other or both are connected with the regulation of a panoply of

key processes that include learning and memory, cell cycle control, differentiation,

inflammation, cardiac functioning, smooth muscle relaxation/contraction, and

visual signal transduction, to name but a few. As such, there has been much interest

over the years in trying to identify, resolve, and comprehend the signaling systems

associated with cAMP and cGMP in health and disease and to determine how this

knowledge can be translated to generate novel means of therapeutic intervention.

Psychologically, most of us seem to be geared to a greater appreciation of the

creation of objects and material rather than their destruction. Invariably, this

translates into our collective approach to scientific problems. Certainly, in this

regard, the G-protein-coupled receptor (GPCR)-stimulated generation of cAMP

has attracted enormous attention over the past three decades. This interest has

been translated into effective therapeutics that have exploited the diversity of

receptor subtypes and their cell type-specific patterns of expression and been

greatly facilitated as their binding site is exposed at the cell surface. More recently,

enthusiasm for studying the enzymes that generate cGMP and mediate the cGMP-

signaling pathway and its potential for drug targets have emerged. Efforts to target

pharmacologically the enzymes that break down cyclic nucleotides, i.e., the cyclic

nucleotide phosphodiesterases (PDEs) have more recently materialized, and some

of the drugs produced in such programs have proven to be spectacularly successful

in the clinic.

For many years, it has been an apparent conundrum that many organisms,

including mammals together with lower organisms such as Drosophila melanoga-
ster and Caenhorhabidits elegans, have stockpiled a mass of PDEs that catalyze the

destruction of cAMP and cGMP. Work from many laboratories, including those

contributing to this volume, has shed light on why nature has seen fit to not only

conserve this diversity but also to elaborate on it throughout evolution. Thus, we see

PDEs that have different affinities for cAMP and cGMP, such that low Km enzymes

can scavenge and ensure that signaling systems are truly switched off in resting

cells, but then there are sets of PDEs with higher Km values that “kick in” as

cyclases are activated to produce more cAMP or cGMP in cells stimulated by

various signals. PDEs also have regulatory features that (a) mediate negative
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feedback pathways, which accelerate cyclic nucleotide hydrolysis; (b) provide for

selective localization of particular PDE isoforms within a cell so as to confer

precise regulatory control upon specific, spatially constrained cellular processes;

and (c) provide for cross-talk with other signaling systems so as to integrate cellular

responses. Some PDEs are activated through phosphorylation by cyclic nucleotide-

regulated protein kinases and so provide a pivotal part of the cellular desensitization

mechanism to the corresponding cyclic nucleotides.

Finally, over the last decade, we have seen the advent of genetically encoded

sensors for both cAMP and cGMP. These have allowed for the visual appreciation

of a phenomenon that has been inferred but, until this time, neither fully proven nor

fully accepted, namely that both cAMP- and cGMP-signaling events are compart-

mentalized in cells. However, for this, you need the targeted, rather than the mass

destruction of cyclic nucleotides, for such gradients to form in cells. Tethered

subpopulations of cAMP and cGMP sensors subsequently interpret these PDE-

shaped gradients. This new understanding offers a pivotal insight into the “why so

many PDEs” conundrum. Thus, a large library of PDEs is available where individ-

ual isoforms are expressed on a cell type-specific basis. This allows targeting of

particular PDEs to specific intracellular sites, membranes, and signaling complexes

within cells so as to shape gradients and gate the activation of sensors around them.

It is the diversity of PDEs, expressed on a cell type-specific basis with specific

functional roles that offers potential for therapeutic exploitation.

The hope for the first PDE therapeutic was aimed at developing selective

inhibitors of PDE3 for treatment of heart failure. The first clinical trials were

performed with milrinone, which although enhancing cardiac function as hoped,

was never mass-marketed as it gave rise to an increase in death rates due to

arrhythmias. However, these unfortunate effects were most likely exacerbated by

the fact that the patient cohort evaluated were end-stage patients; moreover,

milrinone at higher concentrations can inhibit other PDEs. Nevertheless, milrinone

is still used under hospital supervision and, furthermore, the highly specific and

high affinity PDE3-selective inhibitor, cilostamide is approved for use in intermit-

tent claudication and has no known arrhythmiogenic effect.

The concept that PDEs are promising drug targets has been spectacularly

extended with selective inhibitors for the cGMP-hydrolysing PDE5. These com-

pounds found a commercial niche for treating penile erectile dysfunction although

the first of these compounds had ancestors that originated from programs designed

to develop drugs for treatment of heart disease. Since then PDE5-selective inhibi-

tors have progressed to being approved for treatment of pulmonary hypertension

and, ironically, may progress back to a new found utility in the treatment of heart

disease and other cardiovascular maladies. There has also been a huge effort by the

pharmaceutical industry in developing selective inhibitors for members of

the PDE4 family. Unfortunately in the race to do this, the generation of a multitude

of such compounds ran well-ahead not only of our understanding of both the

diversity of isoforms within the four genes PDE4 family, but also ahead of our

understanding of their functional roles and structures. Undoubtedly, this has led

to a lot of frustration over the years in appreciating which PDE4 isoform is the
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“true target” in a particular tissue/cell type and how to deal with adverse side effects

of such drugs, such as nausea. Nevertheless, we now have just seen approval for the

first PDE4-selective inhibitor, which is being used as a therapeutic to treat chronic

obstructive pulmonary disease (COPD). However, recent major advances in our

understanding that particular PDE4 isoforms can perform specific functional roles

through targeting to signaling complexes, plus new structural insights into how

regulatory domains interact with catalytic units bodes well for subsequent genera-

tions of PDE4-selective inhibitors. These are likely to address additional therapeutic

areas including cognition, psychosis, and cancer. In addition to this, a number of

research programs are vigorously pursuing inhibitors of PDE10 for treatment of

neuropsychological disorders.

This is then an exciting time for PDE research and development of drugs that

target specific enzymes within the myriad of PDEs encoded by the human genome.

Each PDE appears to have a specific functional role that affords novel opportunities

for development of specific therapeutic interventions. The ability for genetic

ablation of particular PDEs, coupled with siRNA-mediated knockdown of specific

PDEs and the use of novel dominant negative approaches provide means of com-

prehending function and further defining potential targets. Furthermore, the huge

increase in structural insight of catalytic and regulatory domains of PDEs has

transformed our ability to optimize the design of specific inhibitors, and we look

forward to the insights that will be derived from the resolution of more complex

structures involving not only full-length PDEs, but also for PDEs in complex with

specific partner proteins. The ability to assess changes in cAMP and cGMP around

specific functional signaling modules will allow not only new biological insights

but will also provide the potential for screening for new therapeutics.

Given the limitation in budget, we are inevitably constrained in what we can

present. However, in the collection of articles in this volume, we hope to give you a

taste of some of the exciting ideas and developments that are currently emerging in

this dynamic and important field and how future therapeutic exploitation is currently

shaping up. We hope that you enjoy and are inspired by reading them as much as we

have been.

Glasgow, UK Miles D. Houslay

San Francisco, USA Marco Conti

Nashville, USA Sharron H. Francis
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Abstract The first pharmacological investigations of phosphodiesterase (PDE)

inhibitors were developed with the clinical efficacies of drugs isolated from coffee,

cacao and tea but only later their relevant ingredients were identified as xanthines

that act as PDE. With its diuretic, inotropic and bronchodilating clinical efficacy,

use of theophylline anticipated the clinical goals, which were later approached with

the first-generation of weakly selective PDE inhibitors in the period from 1980 to

1990. Pharmacological and clinical research with these early compounds provided

a vast pool of information regarding desired and adverse actions – although most of

these new drugs had to be discontinued due to severe adverse effects. The pharma-

cological models for cardiac, vascular and respiratory indications were analysed for

their PDE isoenzyme profiles, and when biochemical and molecular biological

approaches expanded our knowledge of the PDE superfamily, the purified isoen-

zymes that were now available opened the door for more systematic studies of

inhibitors and for generation of highly selective isoenzyme-specific drugs. The

development of simple screening models and clinically relevant indication models

reflecting the growing knowledge about pathomechanisms of disease are sum-

marised here for today’s successful application of highly selective PDE3, PDE4

and PDE5 inhibitors. The interplay of serendipitous discoveries, the establishment

of intelligent pharmacological models and the knowledge gain by research results

with new substances is reviewed. The broad efficacies of new substances in vitro,

the enormous biodiversity of the PDE isoenzyme family and the sophisticated

biochemical pharmacology enabled Viagra to be the first success story in the field

of PDE inhibitor drug development, but probably more success stories will follow.

Keywords Asthma � COPD � PDE inhibitors � PDE4 inhibitors

1 Introduction

Drug discovery up to 1970 usually happened in small research departments which

represented a minor activity of a chemical company. The research team consisted

of chemists and pharmacologists. The latter were educated as medical doctors and

thus knew the areas of urgent medical need. This team decided about the goals of

research (not the board) – mainly on the basis of available resources – and defined
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the three essentials (1) the disease indication, (2) the chemical compounds which

should be examined or derivatised and (3) the armamentarium of models which

were available and could be used for the intended project.

The clinical indications needed to be (1) painful, (2) life-threatening and (3)

“ethical”. The pharmacological models had to be designed to deliver read-outs

for (1) therapeutical efficacy, (2) dosage and (3) side effects. These parameters

were evaluated in anaesthetised intact animals suitable for measuring respiration

and cardiovascular and metabolic parameters. Efficacy and potency of various

compounds were compared and quantified in isolated organ preparations. These

models detected either contractions or relaxations of muscle preparations that had

been developed since the beginning of the twentieth century. They provided

dose–response curves, were independent from the whole organism and contributed

essentially to the selection of new chemical entities (NCEs), which for patent and

commercial reasons needed to show “significant advantage and progress” over

existing medications.

Most problematic was the source of chemicals used for investigations. The

available compound sources were (1) antagonists (of or toward) hormones and

mediators, (2) alkaloids which were highly effective but tremendously toxic and (3)

some heterocyclic compounds which were used as diuretics, antihypertensives,

cardiotonics, pain killers or anti-infectives. Each new project had to be initiated

with a long and careful search in the chemical literature for identification of

structures which might eventually be active in the biological system of question.

The yield, however, was usually low, and even in the middle of 1970, most new

developments were called “me-too” compounds developed on the basis of already

existing, less effective drugs. After performing toxicologic testing, these substances

could eventually be administered to humans. The important tasks of pharmacology

were to (1) provide evidence for efficacy and proof of concept in vivo, (2) identify a

relevant dose in combination with pharmacokinetics and (3) define a safe “first dose

in man”. Elucidation of the mechanism of action (MoA) was desirable but not

considered to really be necessary. The area of phosphodiesterase (PDE) inhibitor

provides several examples for this fast track path to clinical application in the

period from 1977 to 1985 (summarised in Table 1).

In the years between 1950 and 1970, basic biochemical research was successful

in isolating many enzymes and clarifying their functions, identifying key enzymes

of metabolism and starting to analyse molecular mechanisms of diseases. Examples

for pioneering research with prominent key enzymes, which were snatched up by

pharmaceutical industrial laboratories, were HMG-CoA reductase for cholesterol

synthesis, angiotensin-converting enzyme (ACE) for regulation of blood pressure,

xanthine oxidase for gout and Na/K-ATPase and the H/K-ATPase for gastric acid

secretion. These drug targets were established with considerable success in the

years between 1970 and 1980. Enzymes and isolated cells – primary and immorta-

lised – provided a completely new armamentarium for use in pharmacological

research. About 10- to 100-fold more measurements per day became possible and

identification of true new lead structures from the pool of stored chemicals in each

company became a real possibility. Beginning in 1990, highly automated versions
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of these procedures were established, and high throughput screens testing more

than 10,000 compounds per day were the pride of every scientific board. The role

of classical pharmacology was now to compare compounds preselected by bio-

chemical methods and to characterise candidates with regard to (1) in vivo potency,

(2) duration of action, (3) efficacy and (4) adverse effects. In view of the change in

the approach of drug development to specific (enzyme) targets, PDE research was

a latecomer due to the continuous discovery process of multiple PDE activities

and the insufficient insight into relationship between PDE subtypes and pathologi-

cal functions. However, as the complexities of the PDE superfamily were slowly

defined and isolated PDEs became available for study, a greater understanding of

their function emerged.

A history of the pharmacology for drugs that inhibit PDE needs to start with the

role of the ancient PDE inhibitor theophylline, which was in use therapeutically

long before its biochemical action was characterised in 1958. Independently of its

biochemical function, theophylline stimulated myriads of pharmacological inves-

tigations. Its clinical use followed the pharmacological studies, and despite being

Table 1 Clinical studies with prototypical PDE inhibitors

Inhibitor PDE Indication Assessment References

Theophylline Unsel Asthma, COPD Symptoms Hirsch (1922)

Amrinone 3 Chronic heart failure Myocardial

contractility

Benotti et al. (1978)

Enoximone 3 Pulmonary

hypertension,

COPD

PAH, bronchodilation Leeman et al. (1987)

Rolipram 4 Depression Depression scale Horowski et al. (1985)

Ro 20-1724 4 Psoriasis Disease score Stawiski et al. (1979)

Denbufylline 4 Multi-infarct

dementia

Psychometry O’Connolly et al. (1988)

Zaprinast 5 Exercise-induced

asthma

FEV1 during exercise Rudd et al. (1983)

Zardaverine 3/4 Asthma FEV1 Brunnée et al. (1992)

Papaverine Unsel Erectile dysfunction Penile erection Brindley (1982)

Benafentrine 3/4 Bronchoconstriction

in volunteers

Methacholine-induced

FEV1decrease

Foster et al. (1992)

Tolafentrine 3/4 Pulmonary

hypertension

PAH Ghofrani et al. (2002b)

Sildenafil 5 Erectile dysfunction Penile erection Boolell et al. (1996)

Pulmonary

hypertension

PAH, exercise

tolerance

Ghofrani et al. (2002a)

Cilostazol 3 Intermittent

claudication

Walking distance Kumar et al. (2007)

Piclamilast 4 Rheumatoid arthritis Disease score Chikanza et al. (1996)

Cilomilast 4 COPD FEV1 Compton et al. (2001)

Roflumilast 4 COPD FEV1, acute

exacerbations

Calverley et al. (2009)

Clinical studies are listed which have been performed with prototypical, advanced and “first-in

class” PDE inhibitors. Theophylline and papaverine are denominated as unselective (unsel) PDE

inhibitors
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accompanied by substantial adverse effects (AEs), its use anticipated efficacy in

several diseases which are currently treated by selective PDE inhibitors or will be in

the near future. After identification of PDEs and theophylline as a PDE inhibitor in

1958, it took nearly 20 years before the clinical potential of new PDE inhibitors was

recognised. Thus, development of new PDE inhibitor drugs started at the time when

the classical drug discovery process, which was an intimate interplay between pairs

of laboratories from medicinal chemistry and pharmacology, was revolutionised by

biochemists who introduced new methodologies employing purified enzymes,

receptors or cells. The success of drug research programs depended on the under-

standing of PDEs, which appeared to be peculiarly complex due to the explosion

from originally one enzyme in 1958 to over five isoenzymes in 1985, to a protein

superfamily that is now known to contain more than 100 members. Since members

of the PDE superfamily are expressed in most, if not all, tissues, each desired effect

is potentially accompanied by other undesired side effects. In order to analyse and

discriminate between desired and adverse effects, a broad understanding of PDE

distribution needed to be established. In this historical overview, we concentrate on

PDE3, PDE4 and PDE5, where certain inhibitors are approaching or have already

reached the goal of approval for use as medications.

2 The Ancestor Theophylline: A Multitalent with Bad

Character

2.1 Asthma and Caffeine

Therapeutic efficacy of caffeine in asthma patients was originally observed and

meticulously described in 1860 by the American physician Henry Hyde Salter in his

book “On asthma, its pathology and treatment” (Salter 1860; Persson 1985). Salter

suffered from asthma himself and this intimate relationship to the disease resulted

in precise observations and quite modern conclusions. He observed that bronchos-

pasms may be induced either by exercise and cold air or by the emanations of

domestic cats or hay. He thus characterised hyperreponsiveness as “excessive

irritability” of the airways in a lung of “perfect organic health”. He discriminated

these acutely occurring phases of dyspnea from more chronic airway disease, which

occur as a consequence of bronchitis or of cardiac failure (“cardiac asthma”).

He further realised that bronchospasms could be diminished by “sudden alarm,

fright, surprise or pleasant excitement” (an effect that is replicated by ß-mimetics),

smoking dried leaves of Dattura stramonium (which contains anti-cholinergics that

mimic atropine) or by “two morning cups of strong coffee” (which contains a mix

of xanthines corresponding to a dose of ~300 mg theophylline (May 1974). In view

of today’s knowledge, it seems that Salter’s observations might have been sufficient

for the development of various asthma and/or chronic obstructive pulmonary

disorder (COPD) therapeutics as they exist today. However, systematic chemistry

and pharmacological protocols to develop such drugs for medicinal uses had yet to

be developed.
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2.2 Xanthines for Medical Remedies

Three xanthines (caffeine, theobromine and theophylline) had been isolated from

beans of coffee and cacao and from tea leaves in 1820, 1842 and 1888, respectively,

but it was not until 1895 that the chemical structures were analysed and finally proven

via chemical synthesis (Fischer and Ach 1895). The first pharmacological investiga-

tion using these compounds was performed in an animal model for urine production

andwas published in 1887 by the pharmacologist Schroeder (1887). He canulised the

urether of anaesthetised rabbits and observed that after intravenous administration of

theobromine, urine production increased nearly tenfold. This discovery was the birth

of the xanthines as “diuretics”. This observation was highly relevant, and its clinical

application met an important medical need because it gave relief to patients with

leg and lung edema (called “dropsy”) caused by heart failure. This early pharmaco-

logical research success stimulated entrepreneurs in chemical industry to launch

products containing xanthine mixtures such as “Diuretin” (Knoll is the company

that sold that product from 1889), “Agurin” (Bayer1901) or “Theocin” (Byk Gulden

1902) (Rau 2001). One of the major drawbacks of theobromine and theophylline was

their low solubility in water. A freshly employed chemist at Byk Gulden (Grueter

1910) solved the problem by creating a complex containing theophylline and ethy-

lenediamine. This formulation resulted in the first preparation of theophylline for oral

and parenteral application and was called “Euphylline”. Heinrich Byk, an entrepre-

neur who had founded a chemical company in 1873, instantly decided to build a new

pharmaceutical factory where Euphylline was produced in various forms, e.g., as an

infusion, tablet and suppositories. Although this was a provocation for established

pharmacists, who had the privilege and responsibility to mix medications with their

own competence, this new drug conquered the market in Europe and USA and was

prescribed for the treatment of angina, coronary sclerosis and so-called “hydrops”.

By around 1900, 16 of 10,000 Americans in USA received a prescription of one of

the available popular xanthinemedications. A historical summary is given in Table 2.

Table 2 Early historical milestones of PDE inhibitor research

1820 Isolation of caffeine, theobromine (1842) and theophylline (1888)

1860 H.H. Salter discovers coffee as effective treatment against asthma

1887 W.v. Schroeder determines diuretic function of theobromine in pharmacological

experiments

1889 Mixtures of theophylline and theobromine are used as treatment for cardiac insufficiency

1895 O. Langendorff establishes isolated perfused heart

1899 K. Hedbom describes increased contractility of rabbit hearts after caffeine

1912 J. Pilcher finds inotropic function of xanthines

1912 P. Trendelenburg establishes isolated bronchi from the cow

1922 S. Hirsch compares clinical efficacy with pharmacological results and defines xanthines

as bronchodilators

1936 G. Herrmann and P. Greene rediscover successful treatment of status asthmaticus with

theophylline

1958 T. Rall and E. Sutherland discover PDEs and identify theophylline as PDE inhibitor

Discovery of xanthines, their pharmacological and clinical applications are listed
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2.3 Rationale for Pharmacology

Driven by the widespread medical use of xanthines and their success in treatment of

cardiac insufficiency, the influence of these compounds on cardiac functions were

studied in the emerging pharmacological models of the time. Isolated, perfused

heart preparations were established by Langendorff (1895), and the xanthine-

induced increase of contractile power of the left ventricle was demonstrated using

this model (Pilcher 1912; Plant 1914). Furthermore, in vitro isolated smooth muscle

tissue preparations including blood vessels and segments of intestinal wall (Magnus

1904) were used to demonstrate the effect of xanthines to decrease contractile force

and promote relaxation. These effects contributed a further rationale for the use of

xanthines for treatment of cardiovascular diseases.

Around 1920, Euphylline was the mainstay for treatment of cardiovascular

diseases, and it was Samson Hirsch, MD who shifted the focus to airway patho-

physiology (Hirsch 1922). Using suppositories containing a mixture of theobromine

and theophylline (ratio 1:2 and called “spasmopurin”), he treated patients experi-

encing bronchospasms from various origins. He discriminated between young

patients with “endogenous asthma” from elderly patients with concomitant “bron-

chitis”, “circulatory and cardiac insufficiency” and peripheral edema, which were

called “cardiac and/or renal asthma”. In both conditions, he observed that Euphyl-

line produced fast relief of dyspnea and bronchospasms as well as a long-term

amelioration of the general condition of the patient. He recommends the diuretin/

spasmopurin treatment for both (1) “antispasmodic bronchodilatation” and also (2)

for “prophylactic treatment” and thereby recognises that a chronic disease underlies

the acute symptoms.

Being already familiar with the pharmacological experiments of Trendelenburg

using isolated tracheal muscles (Trendelenburg 1912), Hirsch then reinforced

his clinical observations by conducting in vitro experiments. He measured the

influence of the xanthine mixture on isolated bovine bronchial muscle preparations.

In the summary of his unique publication on the combined clinical and pharmaco-

logical investigations of bronchospasms, he states that (1) theobromine and

theophylline are bronchodilators, and (2) bronchi are relaxed independent of their

spasmogenic origin. Moreover, he recommends that both drugs should be used not

only as “diuretics” but also as “bronchodilators”. This was Hirsch’s only published

paper with pharmacological results, and although carefully described, these dis-

coveries did not gain general acceptance or clinical application (May 1974). The

reason that such an important discovery was not recognised seems to be twofold: (1)

within the title of this paper the terms “asthma” and “theophylline” were not

included and thus it may have missed public recognition; (2) apparently, there

were no pharmacological societies or clinical opinion leaders available to spread

these observations to those in clinical practice. Similar pharmacological results had

been obtained by Macht and Ting but without accompanying clinical results

(Macht and Ting 1921). It took another 15 years until the bronchospasmolytic

potential of theophylline in the status asthmaticus was reinvented in clinical studies
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independently by Herrmann and Greene (Hermann et al. 1937; Greene and Paul

1937). They showed that a very slow intravenous injection of 480 mg theophylline

over 2–5 min resulted in a “prompt and persistent relief” from dyspnea. Based on

the publication of these investigations, theophylline was promulgated as a broncho-

dilatory substance and became the mainstay of asthma therapy from 1940 onwards.

In the years following 1980, theophylline treatment for asthma was increasingly

displaced by inhalative glucocorticoids, but the anti-inflammatory activity of the-

ophylline was still intensively investigated in the 1990s, and today further mechan-

isms for the action of low-dose theophylline, i.e., as a PI3K inhibitor and HDAC2

activator, are discussed (Barnes 2003a). Since, in addition to these effects, theoph-

ylline is also a potent antagonist of the anti-inflammatory A2-receptor-linked

function of endogeneous adenosine, it seems that its characteristic therapeutic

unreliability is based on the counteraction of its endogeneous anti- and pro-inflam-

matory mechanisms.

2.4 Narrow Therapeutic Window

Thus, in the first half of the twentieth century, theophylline had acquired a promi-

nent position in the drug spectrum for use in counteracting various life-threatening

disease states. It combined (1) inotropic, (2) diuretic and (3) bronchospasmolytic

efficacies. However, this broad clinical spectrum was accompanied by severe, in

some instances toxic side effects. Adverse events (AEs) on the cardiac, central

nervous system and gastrointestinal functions such as (1) tachycardia, palpitations,

tremor and arrhythmias, (2) headache and (3) nausea and vomiting were frequently

experienced, but these problems were tolerated since the expectation in the tolera-

bility vs. efficacy ratio in those days was low. Correct dosing was not possible

because of the lack of knowledge of pharmacokinetics for these drugs, and the dose

was determined by trial and error. We know today that proportionality of dose to

blood concentration of theophylline is unusually weak (Ohta et al. 2004) and that

even at low doses of 2 � 200 mg/day blood concentrations of >15 mg/l (in 13% of

patients) followed by toxic AEs may occur. The most severe and frightening AEs

of theophylline were seizures, which had already been published by Allard (1904).

He describes two patients who were repeatedly injected with a relatively small dose

of 300 mg theobromine. They had been rescued from dyspnea, increased their

cardiac contractility, and their general condition had been significantly ameliorated.

In spite of this considerable beneficial effect of the medication, these two patients

suddenly and surprisingly were attacked by “epileptic convulsions” and died a

few minutes later. This alarming finding was instantly confirmed in toxicological

experiments with dogs and rabbits. Similar cramp phenomena were observed

after diuretin administration when dogs died and a “lethal dose” of 500 mg/kg

was evaluated. This dose was far greater than the critical doses in man (500 mg

per patient), and a clear correlation from dog to man could not be drawn. Today,

it is well known that blood concentrations established after a constant dose of
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theophylline show massive deviations among individuals. The Ohta study which

included nearly 3,800 patients underlined this unusually shaky ratio, and no signifi-

cant relation between dose and AEs could be found (Ohta et al. 2004). Conse-

quently, in clinical studies patients had to be preselected for AEs, and for the

practitioner, theophylline had to be individually dosed after measuring blood

concentrations (Wilkens et al. 1984) and even then the probability of AEs was high.

2.5 Theophylline as Tool for PDE Research

The identification of theophylline as a PDE inhibitor emerged in the initial experi-

ments of Sutherland and Rall in 1957 when they opened the world of cAMP

signalling (Rall and Sutherland 1958). They investigated hormone action on gly-

cogenolysis in broken cell preparations and found that caffeine inhibited the basal,

non-activated form of glycogen phosphorylase. They reasoned that addition of

caffeine to the adrenaline-stimulated interconversion test might improve the detec-

tion of the activated phosphorylase. In contrast to their expectation, they observed a

synergy of caffeine with adrenaline or glucagon in activating phosphorylase. From

this result, they consequently hypothesised that caffeine might inhibit either the

activity of the agent that destroyed their “heat-stable factor” or the phosphorylase-

phosphatase (Butcher 1984). Later, when this heat-stable factor was identified as

cAMP – the “golden bullet” for second messenger signalling – the enzymatic activity

for breakdown was determined to be “phosphodiesterase activity” and concomitantly,

caffeine and theophylline became the first recognised PDE inhibitors (Rall and

Sutherland 1958). In the following years, the potentiation of adrenaline effects was

shown in pharmacological and biochemical assay systems: inotropic responses in

isolated perfused hearts (Rall and West 1963) and likewise in other tissues.

3 Pharmacological Models Need to Be Analysed Biochemically

3.1 Different Inhibitory Profile Indicate Multiple Enzymes

Papaverine was isolated in 1848 and introduced as the second PDE inhibitor after

the xanthines. Pharmacological activity of both types of compounds were compared

in a variety of contractile preparations including heart, vascular and intestinal

smooth muscle, isolated bronchi and also in metabolic functions such as lipolysis

of isolated fat cells or glycogenolysis in liver tissue. Papaverine functioned as

an efficacious smooth muscle relaxant and was denominated a “direct vasodilator”,

but it showed comparably less inotropic activity in the heart or enhancement of

lipolysis or glycogenolysis. Theophylline was weaker in potency and in vascular

and intestinal muscular preparations where it predominantly potentiated adrenaline
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effects, but it was equally effective in each system studied. These early observations

of the different pharmacological and biochemical profiles of the PDE inhibitors was

observed by several authors (e.g. Poech and Kukovetz 1971) and gave rise to the

view that there must be multiple PDE enzymes and that different tissues may

contain different PDEs.

3.2 Column Chromatography Profiles of PDEs and Development
of the First Generation of PDE Inhibitors

Up to 1985, a variety of pharmacological models for PDE inhibitor research had

been established, and the prominent ones are listed in Table 3. In order to under-

stand the interference of the available old and new substances, a biochemical

analysis clarifying PDE content and diversity of all these models appeared to be

inevitable. Thompson and Appleman provided key pioneering experiments by

successfully using anion-exchange chromatography for separation of a number of

Table 3 Isolated organs and tissues available in 1985 for investigation of functions of PDEs 3, 4, 5

Preparation Pretreatment Response PDE

Aorta, rat L-Phe Relaxation

Intact PDE5 > PDE4

Denuded PDE3 > PDE5

Pulmonary artery, rat L-Phe Relaxation

Intact PDE5

Denuded PDE5

Coronary artery, gp L-Phe Relaxation

Intact PDE5

Denuded PDE5

Perfused heart, gp Spontaneous Contractility dp/dt PDE3

Coronary flow PDE5 > PDE3

Heart rate PDE3

LV pressure PDE3

Left atrium, gp Electrical stimulation Force of contraction PDE3

Tracheal rings, gp

Untreated Spontaneous PDE3, 4, 3/4

Sensitised OVA challenge PDE4

Lung strips, gp Histamine, carbachol Relaxation PDE3

Isolated organ and tissue preparations have been developed from the end of the nineteenth century.

Functional analysis was based on isometric force transduction for either contraction or relaxation.

The preferred species for each preparation is mentioned (gp¼ guinea pig) and the pre-treatment to

reach a contracted state ready for relaxation by PDE inhibitors is given

OVA ovalbumin, L-Phe L-phenylephrine
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PDE isoenzymes (Thompson and Appleman 1971). Thompson and his associates

separated PDEs from cardiac and cerebellum tissues (Thompson et al. 1979), and

Hidaka and Polson resolved those of platelets and canine trachea (Hidaka and

Asano 1976; Polson et al. 1982). Platelets and cardiac tissue each revealed three

peaks of PDE activity, whereas in canine trachea five different peaks of PDE

activity were resolved. The PDEs in each of the peaks were characterised with

enzymologic criteria such as (1) substrate specificity (cAMP/cGMP), (2) substrate

affinity and (3) calmodulin and cGMP activation, but the data were hardly compa-

rable and, even worse, every author used his own nomenclature. The discrimination

of five different PDE classes emerged only after the separation methods were more

refined and more selective tools (activators/inhibitors) were applied for character-

isation of the peaks. Much of the confusion concerning the PDEs was largely ended,

and each PDE peak of tissue-specific elution pattern could be attributed to this

system. However, other complications such as proteolysis and expression of

myriads of alternative splice variants in some families continued to complicate

understanding of these enzymes. The publication of Reeves in 1987 (Reeves et al.

1987b) clarified that the cardiac peak III can be further separated into two cAMP-

hydrolyzing PDEs where the earlier eluting peak is the highly cAMP specific

rolipram-sensitive (now known as PDE4) and the later eluting cGMP-inhibited

cAMP-PDE (now known as PDE3). This publication marks the time point when the

system of PDE1–PDE5 with their typical enzymological characteristics became

established in most laboratories that were engaged in PDE research (Weishaar et al.

1985; Nicholson et al. 1989; Schudt et al. 1991a, b, c; Torphy and Cieslinsky 1989).

The elegant concept of a protein superfamily of six PDE families with each family

containing several members was composed by Joe Beavo (1988), and many later

publications along with the contributions of other pioneers in the field (Marco Conti

and Rick Heaslip) unfolded the whole world of >60 PDEs in 11 families (Beavo

et al. 1994; Conti and Beavo 2007). The enormous biodiversity of these key

regulatory enzymes and the view of their distribution in different tissues underlined

the rationale for searching for new drugs with defined selectivity for one or more

PDE families or subtypes.

Around 1985, a pool of around 30 PDE inhibitors with weak potencies and

selectivities was available; these have been listed and their chemistry has been

described extensively in excellent reviews of that time (Weishaar et al. 1985;

Torphy and Undem 1991; Nicholson et al. 1991; Beavo 1988). Prominent repre-

sentatives and important tools for research progress at that time were SKF 94120,

SKF 94 836, milrinone and motapizone for PDE3, rolipram and Ro 20-1724 for

PDE4 and zaprinast for PDE5. Milrinone, rolipram and zaprinast had already been

studied in patients as cardiotonics, antidepressants and bronchodilators, respec-

tively (see Table 1). Due to insufficient safety or low therapeutic efficacy, these

developments had to be discontinued. The positive aspects of these early and

engaged trials was the demonstration that therapeutic efficacy in principle is

possible and can be improved. Further, the recognition of AEs and of the necessity

to study and understand their biochemical mechanisms was of considerable value

for future research (for details of rolipram studies, see following chapters). On the
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contrary, these compounds served as lead structures for chemical optimisation (for

some examples see Fig. 1) and were useful tools for PDE research especially for

evaluating the relevant PDE functions in intact cells and tissues.

3.3 Six Lessons About PDE Inhibitor Function in Isolated Organs

3.3.1 Potentiation of Adenylate and Guanylate Cyclase Agonists

Isolated organs such as aorta, pulmonary artery, intestinal segments from ileum and

perfused heart had been established and used for characterisation of mediators,

contractile agonists and antagonists since the beginning of the last century. In

vascular preparations, papaverine differed from the weaker theophylline because

it was a very potent relaxing agent by itself and was therefore called a “direct vas-

orelaxant” (Poech and Kukovetz 1971). Theophylline, however, seemed to be more

efficacious in perfused heart preparations, isolated papillary muscle or isolated atria

(Rall andWest 1963). Both compounds relaxed the various preparations (1) without
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direct interaction with agonists at the receptor, (2) apparently acting intracellularly

and (3) potentiating relaxation by adrenaline, histamine, adenosine, vasoactive

intestinal peptide (VIP) or dopamine. This agonist-potentiating effect became

a characteristic mechanism of PDE inhibitors, which amplify physiological signals

and thus might be therapeutically relevant.

The new PDE3 inhibitors such as amrinone and milrinone showed the same

inotropic spectrum of changes in contractility especially on the force development

and with minor effects on rate of contraction (Honerj€ager et al. 1981). With

time, the isolated perfused heart preparation was established as the preparation

to detect PDE3 inhibitor efficacy, and additionally, later demonstration of

PKA activation gave further evidence for the interference with the cAMP-

mediated dilatory pathway (England and Shahid 1987). In contrast, coronary

flow in constant-pressure perfused heart preparations was enhanced by the

PDE5 inhibitor zaprinast (M&B 22,948), and its potentiation by addition of nitric

oxide (NO)-donating agents was described in 1979 by Kukovetz and later by

Lorenz and Wells (Kukovetz et al. 1979; Lorenz and Wells 1982). Katsuki had

demonstrated in 1977 that nitroglycerin stimulated guanylate cyclase (GC) fol-

lowed by cellular increase of cGMP whereby elevated cGMP relaxed coronary

and pulmonary artery smooth muscle tension (Katsuki et al. 1977). Therefore, it

was reasonable that inhibition of cGMP-degrading PDE5 evoked relaxation in

these vascular preparations. In 1993, human pulmonary artery smooth muscle was

shown to contain PDE3 and PDE5 as predominant PDE activities, and the

efficacies of PDE3 and PDE5 inhibitors were additive (Rabe et al. 1994). This

synergy with agonists of cyclases and additivity of different PDE inhibitors was

shown in a variety of smooth muscle preparations and cells. The synergism of NO

with zaprinast in lowering pulmonary artery pressure (PAP) in lambs with pul-

monary hypertension (PHT) was shown (Thusu et al. 1995), and these in vitro and

in vivo observations provided the first allusion for applying PDE5 inhibitors in

treatment of PHT.

3.3.2 Even Isolated Organs Can Be Denuded

Another lesson taught by isolated organs was the discovery of the effects of

“denudation” of vascular preparations. Acetylcholine (ACh)-induced relaxation

of pulmonary artery was abolished after removal of the endothelium. Furthermore,

the archetypical GC inhibitor, methylene blue inhibited relaxation of the denuded

muscle to NO-releasing agents. These results demonstrated that upon ACh stimu-

lation the endothelium releases NO [also known at the time as endothelium-derived

relaxing factor (EDRF)], which in turn activated GC. GC was inhibited by methy-

lene blue and no longer stimulated the cGMP pathway (Gruetter et al. 1980).

Thus, different mechanisms underlying relaxation mediated by changes in the

endothelium and those mediated by events in the target organ need to be discriminated

since complete and denuded preparations differ in sensitivity towards different PDE

inhibitors (Table 3).
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The most innovative example of the NO/cGMP pathway with therapeutic

and lifestyle implications was discovered by Ignarro when he determined that NO

was the mediator for penile erection. NO is released by electric stimulation from

nitrergic nerves in corpus cavernosum and thereby relaxes arterial and trabecular

tone in this muscular organ (Ignarro et al. 1990). NO again stimulates cGMP pro-

duction, and this local concentration may be amplified in the presence of PDE5

inhibitors. The potentiation of NO signalling by PDE5 inhibitors in the corpus

cavernosum was described and became the standard preparation for PDE5 inhi-

bitors for fast-onset and long duration penile erection (Knispel et al. 1992).

3.3.3 Additive Contribution by Several Different PDE Inhibitors

In asthma, a reversible contraction of large and medium airways is evoked by

irritants, and mediators such as histamine, ACh, thromboxane, leukotrienes or

allergens. Other mediators such as VIP, NO and PGE2 and pharmacological agents

such as ß2-mimetic drugs counteract this constriction and relieve the dyspnea

attack. This function is mimicked in vitro in isolated tracheal rings from the guinea

pig which were the technical improvements of the tracheal muscles from larger

animals such as the cow or dog. These rings develop a spontaneous contraction

which can be further enhanced by agonists such as histamine, leukotrienes or

carbachol (Torphy et al. 1988). The unselective PDE inhibitor theophylline at

100 mmol/l evokes a complete relaxation of these rings comparable to that achieved

by treatment with isoproterenol. Partially selective PDE inhibitors, such as PDE3

inhibitor CI930, start relaxing at much lower concentrations but a flat and some-

times biphasic concentration–response curve is obtained which does not allow

determination of exact ED50 values. It was Harris et al. (1989) who finally solved

this problem elegantly by comparing the substance activities in the mechanical and

biochemical assessment. He chose CI930 and rolipram which inhibit PDE3 >
PDE4 and PDE4 > PDE3, respectively, both exhibit an approximately 100-fold

selectivity ratio for inhibition of these PDEs in isolated PDE fractions from guinea

pig trachea. He then determined the threshold concentrations for complete inhibi-

tion of PDE3 by CI930 and PDE4 by rolipram. In the pharmacological experiment,

he then pretreated the tracheal preparation with these threshold concentrations,

thereby blocking the action of one of these PDEs, and then measured a concentra-

tion– response curve for the other inhibitor. From the resulting monophasic curves,

correct ED50 values for these (not completely) selective compounds could be

evaluated. Thus, he answered two questions (1) the contribution of two different

PDEs in one tissue to relaxation and (2) the additive fractional efficacy of PDE3 and

PDE4 inhibition of dual-selective inhibitors, which may offer therapeutical benefit

by bronchorelaxation.
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3.3.4 Predictions Are Not Always Unequivocal

In the therapeutically relevant tissue of human bronchi, the contributions of PDE3

and PDE4 inhibitors were assessed in biochemical and pharmacological experi-

ments by various investigators, however, with results that varied substantially. Rabe

et al. (1993) found no significant contribution of the PDE4 inhibitor to relaxation in

bronchi of human origin. Similarly, low efficacy and potency of rolipram was

shown by Torphy et al. (1993). In contrast, in the papers of Cortijo et al. (1993),

Tomkinson et al. (1993), Naline et al. (1996), PDE4 inhibitors rolipram and

piclamilast showed high potency and efficacy in relaxation of human bronchi.

These contradictory results demonstrate that in vitro experiments do not always

provide unequivocal answers. Pretreatment of the preparations and the presence of

endogenous agonists (in this case leukotrienes, adenosine) may have considerable

influences. The above conflicting results were reconciled by experiments conducted

in the clinic. In clinical studies, neither of the two PDE4 inhibitors (cilomilast in

doses of 15 mg in COPD patients) (Grootendorst et al. 2003) nor roflumilast at

doses of 500 and 1,000 mg in asthma patients (Engelstaetter et al. 2005) evoked any

acute improvement of FEV1 (a measure of bronchodilation).

3.3.5 Disease-Relevant Models Are Possible on the Level

of Isolated Organs

The influence of an allergic challenge on tracheal contraction can be determined

if the tracheal tissue is derived from animals that have been previously sensitised.

Thus, isolated tracheal rings from guinea pigs that had been sensitised with ovalbu-

min (OVA) were established in parallel to routine in vivo experiments with non-

sensitised animals. Contraction in this preparation is induced by addition of the

allergen (OVA) in order to mimic the bronchoconstriction that occurs during an

allergic episode (preparations that have been denuded loose antigen sensitivity).

Preincubation with a PDE4 inhibitor was shown to maximally inhibit the resulting

antigen-induced contraction by 80%. PDE3 inhibition was not effective against

mediator release from the sensitised tracheal mucosa (Underwood et al. 1993;

Bundschuh et al. 2001). Similarly, very early non-specific inhibitors had been

found to suppress histamine and leukotriene release from lung strips of allergic

animals or men (Orange et al. 1971), and the PDE4 specificity was established by

rolipram inhibition of histamine release from human basophils (Frossard et al. 1981).

3.3.6 PDE Inhibitors Do Not Always Inhibit via PDE Inhibition

In order to demonstrate the functional and causal relationship between biochemical

and pharmacological IC50 and ED50, these data can be examined in correlation

diagrams for several available PDE inhibitors. For PDE3 inhibitors, a sufficient

correlation was obtained for the potency of PDE3 inhibition and the corresponding
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relaxation elicited (Harris et al. 1989). This result demonstrated (1) that PDE3

inhibition contributes to relaxation and (2) that inhibition of PDE3 is similar in the

cell-free system and in the intact cell. On the contrary, although PDE4 inhibition

contributed significantly to relaxation, no obvious correlation was obtained. This

indicates that the IC50 for inhibition of isolated PDE4 does not quantitatively reflect

the effect of PDE4 inhibition in the intact tissue. This result was surprising and the

lack of correspondence of the effect of an inhibitor on isolated PDE4 with the effects

of the inhibitor on PDE4 in a tissue, respectively, was a challenging phenomenon for

optimising the effects of new compounds targeting PDE4 function. Interestingly, a

much better correlation was obtained if, instead of enzymatic IC50, the IC50 for

competition with binding of radioactive rolipram to the PDE4 was used. This raised

the hypothesis that the binding competition is the better measure for the affinity of

the inhibitor to PDE4 enzyme in the tracheal muscle (discussion in Sect. 4.5).

4 Isolated Cellular Systems

4.1 Human Platelets Offer Easy Determination of PDE3
and PDE5 Inhibitors

Human platelets offered at least four important advantages as an analytical

tool. These cells and their enzyme content were of (1) human origin, (2) easy to

prepare and (3) represented a homogeneous cell preparation. Moreover, aggrega-

tion induced by ADP or collagen was an established routine measurement, and

theophylline and papaverine completely inhibited aggregation indicating a relevant

function of PDEs. This important regulatory function was further improved by

inhibitors of aggregation such as forskolin, adenosine or ß2-agonists representing

AC activators. Hidaka had already shown in 1976 that two prominent peaks of PDE

activity, which were cGMP specific (peak I) and one cAMP specific (peak III),

respectively, could be separated from platelets (Hidaka and Asano 1976). Later

peak III was identified as cGMP-inhibited and cAMP-hydrolysing PDE3, which

was undistinguishable from soluble PDE3 in cardiac tissue (MacPhee et al. 1986).

Thus, the crude extracts of platelets offered two easily distinguishable PDEs, and in

addition, a common function related to both PDEs could be measured. The corre-

spondence of the effect of a PDE inhibitor on the isolated enzymes and its effect in

the intact platelet could be confirmed in a perfect correlation of both data sets

(Schudt et al. 1991c). The relationship between an increase in platelet cGMP, which

is followed by an increase in cAMP due to cGMP-inhibition of cAMP breakdown at

the catalytic site of PDE3 was first demonstrated in 1990 (Maurice and Haslam

1990). The presence of a third PDE fraction was indicated in the elution profiles and

identified as PDE2 (Schudt et al. 1991a, b, c), and the interaction of a cGMP-

stimulated and a cGMP-inhibited PDE could be studied functionally (Dunkern and

Hatzelmann 2005).
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4.2 The PDE4-Regulated Inflammatory Cells: Neutrophils,
Eosinophils, Basophils, Monocytes

Human neutrophils represent proinflammatory cells, which can be isolated easily

and routinely from human blood. After comparing activators such as opsonised

zymosan or C5a it appeared that fMLP was the most reliable activator for degranu-

lation, secretion and release of reactive oxygen species (ROS). Chromatography

of neutrophil extracts (which at that time had not been carefully separated from

adherent platelets) showed one prominent peak, which appeared to be highly

sensitive to rolipram and Ro 20-1724 (Schudt et al. 1991a). Quantitation of ROS

release from neutrophils with the cytochrome C method was introduced by Lad

et al. (1985), who demonstrated the reduction of the oxidative burst by prostaglan-

dins, isoproterenol and IBMX. Analysis of the relationship and cellular inhibition

by this method revealed correlations between biochemical characteristics of PDE4

inhibitors (IC50 of PDE4) and the pharmacological effects of these inhibitors

on ROS release in neutrophils (EC50 of ROS) (Schudt et al. 1991c) and eosinophils

(Barnette et al. 1995b). These published correlations, however, were no longer true

when from the beginning of the 1990s, the detection method for ROS release was

changed to the much more sensitive chemoluminescence measurements (Nielson

et al. 1990; Schudt et al. 1991b).

Eosinophils were known to be crucially important in asthma, since asthma was

denominated as “eosinophilic bronchitis” (Kay 1987). Eosinophils were usually

isolated from guinea pigs, which frequently exhibited an endogeneous eosinophilia.

Thus, these proinflammatory cells became available for testing new inhibitors and

were investigated in the group of PJ Barnes (Dent et al. 1990, 1991). It emerged that

(1) the oxidative burst of eosinophils was sensitive to PDE4 inhibitors, and since

PDE4 was the only cyclic nucleotide-degrading enzyme in these cells, other

secretory parameters such as (2) LTC4 and (3) eosinophilic cationic proteins

(ECPs) were also determined to be affected by PDE4 inhibition (Hatzelmann

et al. 1995; Tenor et al. 1996).

Basophils and mast cells are responsible for histamine and LTC4 release (slow-
reacting-substance of anaphylaxis, SRS-A at that time). Strips of human lung tissue

can be stimulated to contract by IgE, and it was already observed in 1972 in the

groups of Liechtenstein and Austen that cAMP analogs, PGE2 or theophylline

could inhibit this release which resembles the “relieving” mechanisms counter-

acting the primary allergic attack (Liechtenstein and Margolis 1968; Kaliner et al.

1972). Later, in basophils from atopic patients PDE inhibitors reduced mediator

release, enhanced cAMP concentration and the cAMP/PKA involvement in the

secretory mechanisms was demonstrated (Marone et al. 1987). The reduction

of antigen-induced histamine release by PDE4 inhibition was described by

Kleine-Tebbe in atopic basophils (Kleine-Tebbe et al. 1992). Mast cells would

have been the desired model for allergic inflammation, but due to their complicated

isolation the model of lung strips from atopic animals was used instead in many

laboratories (see Sect. 3.3.6).
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Monocytes (MCs) are the circulating precursor cells of macrophages. Before

the routine techniques for obtaining highly purified leukocyte populations by

elutriation and magnetic cell sorting were established (Gantner et al. 1997a), less

sophisticated but highly time-consuming methods were used. MCs were obtained

from human blood by gradient centrifugation and the resulting mixture of 80%

lymphocytes and 20% MC could be investigated (Thompson et al. 1976; Semmler

et al. 1993). The alternative separation procedure was adherence to plastic dishes

and separation from non-adherent cells (Schade and Schudt 1993). Upon stimula-

tion with lipopolysaccharides (LPS), MCs release a variety of proinflammatory

factors including hydrolytic enzymes, growth factors, lipid mediators, ROS and

cytokines. TNFa and the matrix-degrading enzymes such as matrix metallopro-

teases (MMPs) for collagen and elastin are prominent mediators of inflammation in

asthma, rheumatoid arthritis (RA) and COPD. Inhibition of TNFa generation in

human and mouse MCs was demonstrated to be effectively reduced by PDE4

inhibitors in 1993 (Semmler et al. 1993; Schade and Schudt 1993). MC PDE

composition was originally analysed by Thompson and a considerably homo-

geneous peak of PDE4 was revealed by chromatography (Thompson et al. 1976).

A summary of isolated cell models as they were available at about 1990 to explore

asthma-related processes is given in Table 4.

4.3 T-Cells, Macrophages and Dendritic cells for Dual
PDE Inhibitors

T cells release several cytokines which contribute to the inflammatory process in

various diseases such as asthma, RA, intestinal bowel disease (IBD), multiple

sclerosis (MS) or COPD. T-cell responses upon immunological stimulation such

as cell activation, cytokine secretion and clonal proliferation depend on the cAMP/

Table 4 Isolated cell models for studies of asthma-related processes in 1990

Model Preferred stimulus Response PDE

Platelets Collagen, ADP Aggregation 3,2,5

Neutrophils fMLP ROS, LTB4, HNE, CD11b 4

Eosinophils C5a ROS, IL-5, LTC4, ECP 4

Monocytes LPS TNFa, IL-10, LTB4 4

Basophils Allergen LTC4, His, PGD2, GMCSF 3,4,3/4

T-cells Anti-CD3/CD28 IL-4, IL-5, IFNg, proliferation 3,4,3/4

Macrophages LPS TNFa 3,4,3/4

Dendritic cells LPS TNFa 3,4,3/4

Cell preparations from human origin were the preferred model system for characterising future

drug candidates. Cell populations were enriched from human blood by multi-step separation

procedures, which were optimised over the years and ended up in one-step magnetic cell sorting

or culture-derived cells

ROS reactive oxygen species, HNE human neutrophil elastase
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PKA pathway, and this was observed in a variety of early studies (Kammer 1988).

An analysis of isolated T cells comparing PDE inhibitor sensitivity of secretory

functions and blastogenesis with PDE isoenzyme profiles was first performed by

Robiscek showing that both PDE3 and PDE4 are present in T cells (Robicsek et al.

1989, 1991). T-cell isolation in those days was a complicated, time-consuming

multi-step procedure with low yield and the risk for activating quiescent cells.

Later, a standardised technique for cell isolation and measurement of intracellular

PDE activities was developed (Gantner et al. 1997b, Schudt and Tenor 1996),

which by using selective inhibitors, allowed an approach for determining PDE

isoenzyme profiles in isolated CD4+ and CD8+ T cells or macrophages (Tenor et al.

1995b, c). Functionally, it was again demonstrated that cytokine release was partly

inhibited by either PDE3 or PDE4 inhibitors, whereas complete inhibition was

observed in the combined presence of both inhibitors or dual-selective PDE3/4

inhibitors such as zardaverine. This indicated that PDE3 and PDE4 participate in

regulation of the cAMP pathway in T cells.

Alveolar macrophages showed similar inhibitory patterns (Schade and Schudt

1993; Tenor et al. 1995c), but since they were difficult to obtain they were

differentiated in cell culture together with dendritic cells from blood MC (Gantner

et al. 1997a). In parallel to phenotypic differentiation, PDE1 and PDE3 activities

were augmented whereas PDE4 activity – the major activity in MC – declined, and

MC-derived macrophages acquired the identical PDE activity profile as found for

alveolar macrophages. Functionally, simultaneous inhibition of PDE3 and PDE4

was most effective in inhibition of TNFa release from both MC-derived cell

populations (Gantner et al. 1999).

4.4 Does Exposure of Inflammatory Cells to ß-Mimetics
Evoke Hyperreactivity?

Absolute PDE activities in cells and tissues were of considerable interest; however,

all these determinations of cellular enzyme activities were based on defined sub-

strate concentrations and enzymological standard conditions. PDE profiles as

described in many papers were useful for comparing different tissues and for

explaining the functional effects of mono- or dual-selective PDE inhibitors. On

the contrary, it was obvious that PDE activities in situ were regulated at various

levels: (1) substrate concentrations and kinetic behaviour, (2) concentration of

competitors and endogenous inhibitors, (3) regulation by phosphorylation and/or

other modifications, (4) intracellular compartmentalisation and membrane associa-

tion and (5) degradation and de novo synthesis. An upregulation of PDE4 could be a

sufficient explanation for an enhanced activity state of PDE4-containing cells.

Indeed, such enhanced PDE4 activity levels in MC and/or lymphocytes from

atopic patients were described by Hanifin in several papers (Holden et al. 1986).

Unfortunately, these claims were not reproducible by others (Gantner et al. 1997a, b).
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An upregulation of PDE4 was first described by Torphy in a monocytic cell line

U937 (Torphy et al. 1992a). Incubation of these cells with salbutamol and rolipram

for 3 h was shown (1) to increase intracellular cAMP, (2) to activate PKA and (3) to

enhance PDE4 activity two- to threefold. After withdrawal of the stimulating

conditions, PDE4 activity returned to the basal levels within a 3 h period. Thus, a

feedback mechanism reacting to a sustained increase of cAMP was discovered.

Similar experiments were performed with the human keratinocyte cell line

HACAT, where a 6 h exposure to salbutamol raised PDE4 activity about threefold

(Tenor et al. 1995a). The cAMP increase in these “induced cells” in response to

incubation with ß-receptor agonists was now considerably reduced, which might be

of relevance for the situation in airway diseases where there is continuous exposure

to long-acting ß-mimetics.

In primary human MCs, a two- to threefold induction of PDE4 activity was

demonstrated by Verghese and the upregulation of the splice variants PDE4A5,

4B2 and 4D3 was shown on the level of protein analysis (Verghese et al. 1995).

Analogously, in peripheral T cells, the fenoterol-induced upregulation of PDE4A4,

4D1, 4D2 and 4D3 was shown by expression data and western blot analysis

(Seybold et al. 1998). In view of these results, a continuous exposure of inflamma-

tory cells in a patient’s lung to long-acting ß-mimetics should increase the reactivity

to irritants, allergens, stimulators and inflammatory mediators. In conclusion, the

finding that (i) ß mimetics drive inflammatory cells to an enhanced hyperresponsive

state and that (ii) PDE4 inhibitors reduce this up-regulated activity may provide a

further rationale for the therapeutic use of PDE4 inhibitors.

4.5 Correlation Diagrams: How Do Biochemical Data
Correspond to Pharmacological Results?

T cells and smooth muscles contain a complex mixture of PDE isoenzymes and the

actual activity of these different isoenzymes can only be roughly approached by

biochemical methods. In order to develop and optimise selective and efficacious

PDE inhibitors it was essential to know the participation of a certain isoenzyme in

the regulation of defined cell responses. One possibility used to analyse the

involvement of a PDE isoenzyme in cellular activity is the correlation of the two

parameters that reflect action of PDE inhibitors, i.e. (1) EC50 of the cellular

response to treatment with a given inhibitor and (2) IC50 of inhibition of the

isolated enzyme by that compound. If the correlation coefficient for a variety of

different substances equals 1, then it can be assumed that this very PDE isoenzyme

participates in regulation of this cellular function. For platelet aggregation and

tracheal relaxation, a correlation with PDE3 inhibition by various weakly selective

substances was already mentioned in Sects. 3.3.6 and 4.1 showing that PDE3 was

causally and quantitatively involved in the inhibition of functional responses

(Schudt et al. 1991c; Harris et al. 1989). Therefore, the inhibitor potency measured
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in vitro corresponds to the inhibitor potency at the same enzyme in the cellular

environment.

The prototypic PDE4 inhibitor rolipram was a relatively weak inhibitor of

isolated PDE4 with an IC50 of ~100 nM (Schudt et al. 1991b). However, in rats

in vivo it was found to be pharmacologically active at blood concentrations below

100 nM and correspondingly, a high affinity binding site in rat brain membranes

with an IC50 of ~3 nM was identified (Wachtel and Schneider 1986; Schneider

et al. 1986). This binding site was identified as a membrane-bound PDE4 and thus it

was concluded that the catalytic IC50 and the high affinity binding coexist in the

same protein. This hypothesis was verified when the coexistence of both affinity

sites in one enzyme preparation was reported (Torphy et al. 1992b), indicating that

this enzyme may adopt two different conformations. Importantly, it was reasoned

that the centrally mediated effects such as antidepressant activity but also the

clinical AEs such as nausea and vomiting should be mediated by the “high affinity

state” whereas the “low affinity state” or catalytic site was observed in the enzy-

mological measurement with an as yet undetermined pharmacological correlate.

With regard to pharmacological and PDE4-mediated test systems such as isolated

organs or isolated cell systems, it was of crucial importance to determine whether

effects in these models were related to the IC50 for catalysis or to IC50 for high-

affinity rolipram binding site. When generating new substances, however, it was

important to know whether or not they discriminate between the sites. It was shown

in 1987 by a group at Pfizer that the ratio between these two parameters (inhibition

of radiolabeled rolipram binding or catalysis) may vary for different substances and

that the ratio of the rolipram-binding affinity to potency of enzyme inhibition was

about 200 for rolipram but 0.2 for papaverine (Russo et al. 1987). Thus, it was

evident that compounds with mutual preference for the binding site or the catalytic

site already existed and that new substances with selectivity for either high affinity

or the low affinity site could be designed.

The pharmacological data and correlations demonstrated an association with

the high affinity site for (1) ROS release from neutrophils (Barnette et al. 1996), (2)

cAMP accumulation in eosinophils (Souness 1996), (3) relaxation of guinea pig

tracheal smooth muscle (Harris et al. 1989), (4) H+-secretion in gastric glands

(Barnette et al. 1995a) and (5) behavioural responses in rats as well as antidepres-

sant effects in man (Schmiechen et al. 1990). Alternatively, an association with

inhibition of the lower-affinity catalytic site function of PDE4 was published for (1)

TNFa release from MC (Barnette et al. 1996; Souness et al. 1996) and (2) IL2

secretion from mouse splenocytes (Souness et al. 1997).

Thus, differentiation between the “high affinity” and “low affinity” states on the

level of the enzyme was operationally defined since the early 1990s, although

mechanistically the differences in the two states were not completely understood.

Biochemical and cellular models emerging between 1985 and 1995 could detect

the potency of new substances in both enzyme conformations, and it then became

possible to characterise new substances and to modify them in either direction (see

Sect. 6.4).
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5 The Path to the Clinic with Cardiovascular Models

5.1 New Drugs with PDE Inhibitor Function
for Cardiac Rejuvenation

Around 1960, the treatment of heart failure with cardiac glycosides as well as

theophylline had acquired an established place in the clinic. However, both

medications suffered from (1) a narrow therapeutic window, (2) unwanted AEs

such as tachycardia and (3) risk of digitalis intoxication. Research at Sterling-

Winthrop and Warner-Lambert had revealed a variety of new compounds with

the leading compound amrinone in 1975 (Farah and Alousi 1978; Alousi et al.

1979). Pharmacological studies were performed predominantly in models of rats

and dogs which were used for determination of blood pressure, heart rate, cardiac

contractility and urine production (Alousi et al. 1979). In anaesthetised animals,

substances were administered intravenously (iv) whereas in conscious models

oral administration (po) was possible and cardiovascular parameters were not

disturbed by anaesthesia. These cardiovascular models including modifications in

cats and guinea pigs had been previously established for the development of

different classes of antihypertensives such as a- and ß-adrenoceptor antagonists,

Ca2+-antagonists and ACE inhibitors. For investigation of PDE3 inhibitors, these

models could be used without any major changes (Table 4).

For amrinone, the in vivo dog model showed an increase in contractile force of

the left ventricle as had been predicted from the measurements in isolated organs

(Alousi et al. 1979). In the conscious dog dose-escalating studies showed that

pharmacological effects of amrinone started at 0.1 mg/kg iv, side effects were

observed from 3 mg/kg iv and the highest non-toxic dose was 10 mg/kg iv or

50 mg/kg po. These data demonstrate a therapeutic index (TI) of about 100 which

represents a considerable improvement over cardiac glycosides with TI of 2–3.

Amrinone could be administered orally and with an iv/po efficacy ratio of 1:2

revealed a satisfying oral bioavailability. Initial pioneering clinical studies showed

beneficial efficacy in patients (LeJemtel et al. 1979; Benotti et al. 1978), which

were later repeated with a variety of different PDE3 inhibitors (Weisshaar et al.

1983; Wetzel and Hauel 1988). However, in the PROMISE study for chronic

treatment of severe chronic heart failure with milrinone within a time period of

maximally 12 months the arrhythmogenic potential of PDE3 inhibitors was finally

ascertained. In this study, an increase of mortality and morbidity of 28% was

reported (Packer et al. 1991). Consequently, further clinical development of

PDE3 inhibitors as cardiotonics was terminated and the reasons for this deleterious

effect will be discussed in two subsequent chapters in this volume (chapter by

Y. Liu, et al, and chapter by M. Movsesian and R. Kukreja). A partial revival of

PDE3 inhibitors occurred when ibudilast was approved and launched for intermit-

tent claudication (Kumar and Bhattacharya 2007).
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5.2 Potentiating NO Action with PDE5 Inhibitors

For the fascinating success of the prototypic PDE5 inhibitor sildenafil, three

paths to discovery had to meet: (1) basic and clinical concepts for vasodilation,

(2) development of potent and efficacious compounds and (3) the discovery of NO

and its role in male sexual function.

The vasodilating properties of papaverine in coronary arteries and the potentia-

tion of nitroglycerine, which had been used for more than 100 years for treatment of

coronary heart disease, had been described originally in 1979 by Kukovetz in the

isolated organ model (Kukovetz et al. 1979). It was further clarified that the action

of nitrates and also the vasodilating hormone atrial natriuretic peptide (ANF) was

mediated by an intracellular increase in cGMP. The cGMP-hydrolysing enzyme

had been isolated and described by Francis and Corbin (Francis et al. 1980), and

these pieces of knowledge led to the hypothesis that PDE inhibitors of this enzyme

being more selective and potent than papaverine should have potential as drugs

for treatment of coronary artery disease and vascular maladies. With zaprinast,

which had a broad spectrum of activities in vasodilation and also in asthma, a

compound for chemical optimisation was identified. The new compounds could be

characterised with the already established models for vasodilation in vitro and

in vivo (Table 5), and in 1989 the compound sildenafil acquired candidate status

for clinical development as an anti-hypertensive (Campbell 2000).

Erectile dysfunction had been considered bymost clinicians and by the consultants

for industry as a trivial, “non-ethic” issue and a condition predominantly attributable

to psychologic causes. On the contrary, the interest of treating impotencewas high, the

number of men suffering from this condition was enormous, and a variety of proce-

dures were applied in an attempt to treat impotence in men including (1) injecting

sheep testis extracts, (2) using under-pressure devices and (3) surgical procedures.

During such a surgical operation, papaverine was used as intraoperative vasodilator

Table 5 Animal models available for studies of cardiovascular regulation and myocardial

contractility in 1985

Animal model Heart

rate

Blood

pressure

Coronary

flow

Cardiac

functions

Pulmonary

artery pressure

Anaesthetised dog x x x x x

Conscious dog x x x

Anaesthetised rat x x x (x)

Pithed rat x x x

Hypertensive,

conscious rat

x x

Animal models and the techniques for measurement of hemodynamic parameters were established

for the development of antihypertensive and cardiotonic drugs. The efficacy of PDE3 and PDE5

inhibitors on cardiac contractility, coronary and pulmonary pressures and flows has been quanti-

fied in these models. Primary read-outs were measured after placing catheters into carotid, femoral

or pulmonary artery and left cardiac ventricle and flow probes on peripheral and coronary arteries.

Anaesthetised, instrumentalised animals were mechanically ventilated via endotracheal tubes and

usually venous catheters were used for drug administration. Detailed descriptions of these methods

are found in Vogel (2002).
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and after injection into the corpus cavernosum an erection of the patient’s penis was

observed (Virag et al. 1981). The description of this accidental observation and the

knowledge of Kukovetz’s experiments stimulated GS Brindley to intensively study

the effects of intracavernosal injection of papaverine and several other vasoactive

drugs (Brindley 1982, 1986). The results of this engaged investigationwas published

in 1983 in an unusual, unique presentation (Klotz 2005).

Clinical success of sildenafil in treatment of coronary artery disease was limited

due to the relatively short half-life of 4 h and limiting adverse effects such as “blue

vision”, flushing and headache at doses above 50 mg. Improved erectile function

had been reported incidentally among men participating in the clinical trials of

sildenafil conducted by Pfizer. These reports along with the realisation that PDE5

inhibitors such as sildenafil can amplify the naturally intended sexual functions was

in accord with the reports by Ignarro that naturally derived NO released from nerves

upon sexual stimulation or from exogenous NO donors increases cGMP synthesis

and thereby works as a mediator of erection (Ignarro et al. 1990). It was 1992 when

gears were changed for sildenafil development to focus on treatment of erectile

dysfunction excellently described by Campbell (Campbell 2000) and a recent

review (Ghofrani et al. 2006).

Pharmacological studies of PHT models had already shown that the relief of

symptoms elicited by inhaled prostacyclin could be potentiated by PDE 3/4 and/or

PDE5 inhibitors (Schermuly et al. 1999), and these medications could be trans-

ferred to clinical studies (Ghofrani et al. 2002a, b). Later, the NO-regulated hypoxic

vasoconstriction in the lung, which protects against mismatch of ventilation and

perfusion within the lung microcirculation, indicated that sildenafil alone may

amplify the action of NO whose local release has been pathologically downregu-

lated, thereby improving pulmonary microcirculation and ventilation/perfusion

matching (V/Q ratio) (Grimminger et al. 1995). Finally, these results led to the

successful introduction of sildenafil (RevatioTM) into PHT therapy. The same

principle of selective demand-dependent regulation of microperfusion seems to

be embodied by NO-mediated neuro-vascular coupling in the brain which has been

investigated in animal models (Rosengarten et al. 2006 ). Application of the PDE5-

selective inhibitors in treatment of a number of other maladies related to dysfunc-

tion in vascular and non-vascular systems continues to emerge.

6 New PDE Inhibitors Against Airway Diseases

Without Vomiting

6.1 The First Goal: An Improved Bronchodilator
with Anti-inflammatory Potential

The starting point of the new anti-asthma drug program in the company of the authors

(originally Byk Gulden, later Altana and today Nycomed) was a running cardiovas-

cular program with dihydro-pyridazinone compounds, which were chemical relatives
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of the bipyridines such as amrinone (Wetzel and Hauel 1988). Having established

the biochemical PDE assay, it turned out that these compounds were PDE inhibitors.

In the already existing isolated organ models and in vivo models for bronchocon-

striction, it was demonstrated that these compounds weremore potent than theophyl-

line and showed bronchodilatory activity in vitro and in vivo. Byk Gulden at that

time marketed Euphylong – a long duration preparation of theophylline which could

be dosed individually in order to avoid the well-known toxic effects of theophylline.

This administration, however, was complicated and a development of a new medi-

cation could be a task for the young (and small) research team. Taking all arguments

together a decision was drawn in the early 1980s to identify a new candidate

substance for treatment of asthma and the new medication should be identified

following certain (negative) criteria: it should (1) not be a xanthine, (2) not be an

adenosine antagonist, (3) be less toxic than theophylline and (4) have a better

therapeutic window than theophylline. If PDE inhibition was a relevant mechanism

of theophylline, and many arguments were in favour of this assumption, then a more

selective compound could be expected to have a better therapeutic window.

Asthma at that time was treated mainly with ß2-agonists, oral and inhaled

glucocorticoids and by cromoglycate. It was accepted that ß2-agonists relaxed the

bronchial muscle without an influence on inflammation whereas glucocorticoids

reduced the chronic inflammatory process in the lung without influencing bronch-

oconstriction directly. Glucocorticoids – in particular the oral but also the inhaled

forms – were met with scepticism. Since patients after oral steroid treatment

suffered from loss of bone density and were at high risk for bone fractures, a

so-called “steroidophoby” oppressed public opinion. Also, possible retardation of

the growth of children who were taking steroids was discussed. This was a further

argument to develop alternative anti-inflammatory agents to replace the “dangers”

associated with use of the steroids. The available knowledge indicated that smooth

muscle contraction as well as activation of inflammatory cells might be simulta-

neously reduced in the presence of PDE inhibitors.

6.2 Animal Models for Asthma

Animal disease models that somehow reflect the contemporary view about the

pathomechanisms of a disease and for asthma are listed in Table 6. Since 1962

asthma was defined by the American Thoracic Society by (1) variable obstruction

of airflow and (2) airway hyper-reactivity (American Thoracic Society 1962;

Hargreave 1989). Obstruction of airways was attributed to a reduction of the airway

lumen by brochoconstriction which could be measured non-invasively. The main-

stay model was the anaesthetised, mechanically ventilated guinea pig. The jugular

vein, carotid artery and trachea were cannulated with catheters for drug and

spasmogen administration, blood pressure monitoring and mechanical ventilation,

respectively. During bronchospasms the airflow decreased while the airway

pressure and respiratory rate increased dramatically, and, from these parameters,
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changes in conductance and resistance of airways could be calculated. In fact,

a prevention or protection against bronchoconstriction was measured assuming

that this protection translates to improvement of FEV1 in asthma.

Anaesthesia had two clear disadvantages: (1) a depressant effect on respiration

and (2) the necessity to dose by the parenteral route and not by oral administration.

Therefore, new models with conscious animals needed to be established. With

a non-invasive, thoracographic technique, (1) the change of respiratory rate, (2)

the peak flow and (3) the time of onset of dyspnea were recorded (Kilian et al. 1989).

The tool was a probe which was placed around the thorax of the animal (a mercury-

in-rubber strain gauge) which by measuring movements of the thorax, was useful in

detecting (1) breathing pattern, (2) breathing frequency and (3) coughs. More

quantitative, but for routine purposes less suitable, methods were “whole-body”

and “half-body” plethysmography with conscious animals mimicking the principle

of body plethysmography in the clinics. These methods recorded specific airway

resistance calculated from the phase shift between thorax and nasal flow curves.

These methods and their variants are described in detail by Underwood et al. (1993).

An asthma attack in patients and in animal models was separated into an early

(EAR) and late asthmatic reaction (LAR). EAR represented the dyspnoea induced

by bronchoconstriction, which was related to the mediators histamine and LTC4

released from mast cells immediately after allergen contact. LAR started 4–6 h after

the EAR, lasted for up to 24 h and was followed by hyper-reactivity of the airways

(Cockroft 1983). Hyper-reactivity represented an exaggerated bronchoconstrictor

response to a variety of stimuli such as histamine, adenosine, carbachol, exercise or

cold air, which appeared to be linked with perennial asthma but apparently were not

the consequence of acute contact with allergen. In 1983, J Morley had discovered

that inhalation of platelet-activating factor (PAF) could induce hyper-reactivity in

normal, non-sensitised guinea pigs. In the “pre-sensitisation” time period, this

finding was the basis for the experimental option to assess hyper-reactivity and,

in addition, in a conceptual way was the basis for the transient hypothesis that

platelets might be important cellular players in mucosal inflammation and airway

hyper-reactivity (Morley et al. 1984). Thus, PAF-induced bronchial hyper-reactivity

of guinea pigs became an established method (Reaburn et al. 1994). Hyper-reactivity

was tested by obtaining a dose–response curve for carbachol or histamine in the

absence or presence of drugs and the shift of the dose–response curves to higher

(less sensitive) values was given as PC20 defined as “provocative concentration to

reduce FEV1 by 20%” (L€otvall et al. 1998; Hannon et al. 2001).

In parallel, aiming at the allergic, immunologic feature of the disease, a sensi-

tisation procedure with OVA was developed and sensitised guinea pigs became the

standard model for investigation of allergic mechanisms (Andersson 1980). In

sensitised guinea pigs, it occurred that adenosine became a bronchoconstrictor

agonist and evoked hyperreactivity versus other contracting agents which was in

line with the exchanged role of adenosine in human asthma (Cushley and Holgate

1985). Thus, hyper-reactivity could now be established by adenosine treatment and

the shift of PC20 for methacholine was experimentally accessible (Thorne and

Broadley 1994).
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Another model was the “SRS-A-model” recording the LTC4-mediated contrac-

tion. Guinea pigs had to be pretreated with antihistamines and COX inhibitors in

order to dissect out the constriction due to LTC4. Furthermore, the isolated trachea

from sensitised guinea pigs served for in vitro experiments which predicted the

drug-sensitivity in the isolated organ model, and it was shown that the mucosa was

responsible for the reactivity towards OVA (Goldie et al. 1986).

In 1988, the concept of asthma pathogenesis changed to the view that the disease

persists outside the acute episodes and that a continuous pulmonary inflammation

is the prerequisite of allergic attacks and hyperresponsiveness (Kay 1987; Barnes

1989; Hargreave 1989). Asthma was described as an “eosinophilic desquamative

bronchitis” and mechanistically a cellular hierarchy emerged with (1) dendritic

cells to recognise the antigens, (2) antigen-specific TH2 cells to release IL-5 and

IL-4 and to orchestrate the inflammation and finally (3) terminal effector cells such

as eosinophils, neutrophils and mast cells to release tissue-degrading enzymes,

ROS, cytokines and mediators.

Consequently, following these conceptual papers pulmonary inflammation was

measured in patients as well as in OVA-sensitised animal models by bronchoalveolar

lavage (BAL). Sensitised animals were treated with substance and 1 h later allergen

challenge was performed by inhalation. Lavages with buffer were performed at

various time points after challenge – and complex analyses – a fixed time point of

24 h was chosen to demonstrate inflammatory changes as well as drug-related

effects (Coyle et al. 1988; Schudt et al. 1991a, b, c; Underwood et al. 1993). The

predominant use of guinea pigs had historical reasons since their allergic reactions

were mediated by IgE and histamine as it occurs in human. Unfortunately, guinea

pigs were highly susceptible to pneumonia and often blood and/or pulmonary

eosinophilia were observed without any specific reason. Rats, however, were used

for most other inflammatory models; pharmacokinetic and toxicological studies

were routinely performed in rats; hence, the use of laboratory animals in respiratory

research was shifted to rats (Hatzelmann et al. 1996b).

Chronic asthma was characterised by remodelling of airways, by thickening of

the smooth muscle and the mucous layer which was due to increased cell mass and

edema. In mice, these long-term changes could be mirrored in a chronic asthma

model using OVA-sensitised mice exposed to aerosolised OVA at 3 days/week for

6 weeks. In the last 2 weeks, the drug was added daily and drug-induced changes of

(1) subepithelial collagenisation, (2) thickening of the airways, (3) goblet cell

hyperplasia and (4) TGFß accumulation were reported (Kumar et al. 2003).

6.3 Zardaverine and Tolafentrine

Zardaverine was synthesised in 1984 and was determined to be a dual PDE inhibitor

with equivalent potency for PDE3 and PDE4 which translated to the cells and

isolated organs available at that time point (Tables 2 and 3). Bronchoconstriction

in vivo was inhibited 100-fold more potently by zardaverine than by theophylline
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but with similar efficacy. In sensitised OVA-challenged guinea pigs, zardaverine

reduced allergic bronchoconstriction and reduced hyper-reactivity induced by Ach

(Kilian et al. 1989). These data were confirmed in 1989 when inhibition of

bronchial eosinophilia could be demonstrated in the freshly established guinea

pig BAL model (Table 6) (Schudt et al. 1991a, b, c; Tenor and Schudt 1996). The

risk for AEs was tested in rodent models using behavioural effects (Wachtel 1983)

and for vomiting in dogs (Burkman 1982), and since emesis was found to be low in

comparison with rolipram, the results opened the possibility to try both the oral and

the inhalative administration routes. Pharmacologically, the efficacy of inhaled/

instilled and oral zardaverine could be demonstrated in guinea pigs and the pre-

requisites for human studies were provided by oral and inhalation toxicology.

Clinical trials with oral and iv administration started in 1988. Disappointingly,

but not totally surprising, at oral doses that were efficacious for bronchodilation,

AEs involving the central nervous system, and especially vomiting, were

experienced which discouraged further development for oral administration. In

inhalation studies, zardaverine was well tolerated. FEV1 increases of 200–400 ml –

depending on the dose – were shown; however, the duration of dilation was

not sufficient for a long-term protection. The interesting question as to whether

the inflammatory process in the lungs of the asthmatic was influenced could be

qualitatively assessed by studying EAR and LAR after provocation and consider-

able reductions of LAR were reported (Hatzelmann et al. 1996a). When zardaverine

development was terminated in 1991 due to its fast elimination, 250 patients had

received this drug by inhalation.

Benafentrine or AH 21-132 had been investigated at Sandoz and a bronchodilat-

ing efficacy was demonstrated in volunteers (Foster et al. 1992). Benafentrine was

structurally related to papaverine and served as a lead structure for tolafentrine

(Hatzelmann et al. 1996a). Also tolafentrine was a dual PDE3/4 inhibitor with

bronchodilatory function after mediator or allergen stimulation, however, with

~20-fold higher potency (Beume et al. 1993; Schudt et al. 1993). In contrast to

zardaverine, tolafentrine was scarcely adsorbed following oral administration. This

characteristic would significantly reduce the expected AEs due to the swallowed

fraction which was 40–50% of the inhaled material after inhalation therapy. The

development of tolafentrine had successfully passed the inhalation studies in normal

volunteers in phase I trials without complications. However, when the first four

asthmatics received the puffs of inhalative tolafentrine, they experienced an unfore-

seen bronchoconstriction. The reason for this effect is not understood even today, but

it led to termination of clinical development of tolafentrine for asthma.

6.4 Early Strategies for Avoiding Nausea and Vomiting

In the pioneering work of Wachtel, a Schering scientist, rolipram was characterised

pharmacologically as a centrally active PDE4 inhibitor (Wachtel 1983). In rodents,

rolipram reduced (1) body temperature, (2) locomotor activity, and (3) behavioural
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effects, and in patients (4) an antidepressant activity had been demonstrated

(Horowski and Sastre-Y-Hernandez 1985). The AEs such as nausea and vomiting

prohibited any further development. Looking for the mode of action for cerebral

efficacy, it was found that radioactive rolipram bound to brain structures in vivo

with a dissociation constant which was <100-fold lower than the IC50 for inhibi-

tion of catalytic activity. In binding studies with brain membranes, a dissociation

constant of 1.2 nM was calculated and as binding site a membrane-bound PDE4

was identified. Thus, there was a high affinity and a low affinity rolipram binding

site in the same enzyme (HARBS and LARBS), and the hypothesis was raised that

PDE4 can switch between two conformations which was later corroborated by

evidencing the coexistence of both conformations in one cloned and expressed

enzyme (Torphy et al. 1992a, b).

These experiments indicated that emesis by PDE4 inhibitors might be related to

HARBS. Similarly, with ROS production in neutrophils, we had observed that

rolipram inhibition of release of ROS occurred with an IC50 of 5 nM and was

apparently mediated by HARBS (see Table 7). The IC50 ratio between catalysis

and ROS release was 42 for rolipram, 6 and 9 for zardaverine and denbufylline, but

for the isochinolines papaverine, benafentrine and tolafentrine the ratio was <0.2.

From these results, it was initially assumed that rolipram-mediated decrease in ROS

release from neutrophils was mediated by its interaction with a PDE4 in the high

affinity binding conformation. With the development of tolafentrine, it was deter-

mined that it did only weakly recognise the high affinity binding site of PDE4 and

so differed from rolipram. The interpretation that tolafentrine did only weakly

HARBS was supported by the fact that in clinical studies no emesis was observed

with blood concentrations of up to 5 mM which exceeded the IC50 >50-fold.

Similar high blood concentrations (around 1 mM steady state plasma level after

80 mg infusion) were later achieved in a clinical study with PHT patients (Ghofrani

et al. 2002b) showing that tolafentrine was the first example of a PDE4 inhibitor

with low emetic potential due to avoidance of interaction with PDE4 in the high

affinity conformation.

Table 7 Ratio between inhibition of PDE4 catalysis and ROS release in human neutrophils

Substance IC50 (nmol/l)

PDE4 (PMN) ROS (CL) Ratio

Rolipram 210 5 42

Zardaverine 160 28 6

Denbufylline 100 11 9

Papaverine 110 530 0.21

Benafentrine 4,000 30,200 0.13

Tolafentrine 63 380 0.17

IC50 values for inhibition of PDE4 catalytic activity were determined using enzyme from

chromatographic fractions of a PMN homogenate containing mainly PDE4. IC50 values for

ROS release from neutrophils were calculated from concentration–response curves and chemolu-

minescence related to fMLP-induced oxidative burst was measured. Data are on file at Nycomed

30 C. Schudt et al.



A variety of animal species was investigated to study and predict the emetic

potential in man. Neither (1) dog, nor (2) ferret has been reported to reveal a

significant correlation between (1) blood concentrations for vomiting and (2)

HARBS of PDE4 inhibition for a group of PDE4 inhibitors indicating that no

reliable results were drawn from these models. Recently, with use of PDE4D

knockout mice, the duration of alpha2-adrenoceptor-mediated anaesthesia was

suggested as a correlate of emesis (Robichaud et al. 2002). This model may be

relevant and sufficient, however, in the historical overview, it occurs that finally the

surrogate for estimation of emetic potential was the IC50 ratio of (1) ROS release

from neutrophils to (2) TNF release from MC. These assumptions guided the

identification the next generation of PDE4 inhibitors which were synthesised on

the basis of the rolipram structure (Christensen et al. 1996), and the most promising

examples derived from this approach are piclamilast (Souness 1996), cilomilast

(Barnette et al. 1998) and roflumilast (Hatzelmann et al. 2010).

6.5 Animal Models for COPD

Chronic bronchitis and emphysema as well as their clinical correlates, named the

“pink puffer” and “blue bloater”, had been discussed since their definition (Filley

1967) and a variety of pathogenetic concepts had been put forward (Tudor and

Voelkel 2002). When the increasing worldwide prevalence of COPD was published

in 1997 (Murray and Lopez 1997), it appeared that this fast-growing disease had

been neglected and a discussion about pathomechanisms and possible new strate-

gies towards treatment of COPD started (Barnes 1998). COPD was recognised as a

systemic disease with pathogenic changes in the small airways, characterised by (1)

irreversible bronchial obstruction due to remodelling and hypersecretion, (2) muco-

ciliary malfunction with exaggerated mucus production and inhibited transport as

well as (3) reduced exercise tolerance (Barnes 1998). Smoking is the main environ-

mental factor, but no information existed as to why about 15% of smokers were

susceptible for the disease, whereas about 85% smokers were unaffected. COPD

shows an “anomalous inflammatory process” in the lung with CD8+ and CD68+

cells in bronchial biopsies and macrophages and neutrophils in the induced sputum.

Furthermore, enhanced serum albumin was found in BALs and TNFa was the

major cytokine found in sputum. These inflammatory parameters could be imitated

in an animal model which had initially been established for endotoxic shock

(Fischer et al. 1993). LPS was given intravenously and 4 h later lungs were lavaged

and cells and TNFa were quantified. This model in the BAL showed neutrophilia,

increased macrophages, TNFa and serum albumin indicating the induced edema

and was used as a screening model for pulmonary and systemic inflammation

(Table 6). Corresponding cellular models for the characterisation of the various

different pathophysiologies including (1) remodelling, (2) secretory and (3) vascu-

lar functions were established.
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Cigarette smoke had been identified to be the relevant inducer of COPD

in industrialised countries and therefore smoke-induced rodent systems were devel-

oped, which are compiled in a recent review (Churg et al. 2008). Since the rat is the

most sensitive animal species for PDE4 toxicity, it was highly desirable to establish

a smoke-induced rat model, but only a few laboratories succeeded (Lee et al. 2005).

In cigarette smoke-induced mice or guinea pig models, however, it appeared

that PDE4 inhibitors substantially reduced neutrophil influx into lungs whereas

steroids were without effect (Fitzgerald et al. 2003, 2006). On the basis of these

experiments, it was demonstrated that 3 days were sufficient to evoke the cell influx

which is typical for COPD and an animal model of smoke-induced pulmonary

inflammation was established (Weidenbach et al. 2008a), which was resistant to

steroids and served as a routine model for identification of inhibitors of smoke-

induced inflammation.

6.6 COPD Pathomechanisms Overlap with Oral
PDE4 Inhibitor Potential

From the various disease mechanisms discussed for COPD (inflammation, muco-

ciliary malfunction, architectural remodelling and oxidative stress, among others),

COPD-related inflammation is mainly linked with (1) neutrophils, (2) T cells and

(3) macrophages, yet structural cells are another source of inflammatory chemo-

kines, cytokines, arachidonic acid metabolites or ROS. Mucociliary malfunction

may largely be orchestrated by bronchial epithelial cells, yet modulated by numer-

ous inflammatory mediators and tobacco smoke itself. Lung fibroblasts, airway and

pulmonary vascular smooth muscle cells, lung endothelial and bronchial epithelial

cells may account for architectural remodelling (Barnes and Rennard 2008).

All of these cells express PDE4, and in some cells (such as neutrophils or MCs),

PDE4 is almost exclusively the cAMP-hydrolyzing PDE. As a corollary, PDE4

inhibitors modify a wealth of cellular functions, which may be relevant in COPD

(summarised in Table 8). For example, in neutrophils PDE4 inhibitors potently

diminish (1) release of superoxide radicals, (2) LTB4 (Hatzelmann and Schudt

2001), (3) neutrophil elastase, (4) MMP9 (Jones et al. 2005), (5) the surface

expression of CD11b (Sanz et al. 2007) or (6) trans-endothelial migration second-

ary to fMLP. In the same cell, PDE4 inhibitors reduce zymosan-induced (7) release

of IL-8 (Au et al. 1998) that may act as an autocrine agent to facilitate neutrophil

migration, comparable to LTB4. In T cells, inhibitors of PDE4 diminish (1)

proliferation, (2) formation of cytokines such as IFNg or IL-2 (Giembycz et al.

1996; Hatzelmann and Schudt 2001) or (3) release of granzyme B from CD8+

T cells (Tenor et al. 2005), among others.

The bronchial epithelial cell is another target of PDE4 inhibitors (Dent et al.

1998; Fuhrmann et al. 1999; Mata et al. 2005). In vitro, exposure to tobacco smoke

extract (1) reduces ciliary beat frequency (CBF) (Cohen et al. 2009; Simet et al. 2009),
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(2) impairs CFTR-driven Cl� secretion (Kreindler et al. 2005; Cantin et al. 2006;

Cohen et al. 2009) and (3) augments production of mucus proteins such

as MUC5AC in bronchial epithelial cells altogether accounting for mucociliary

malfunction in COPD (Takeyama et al. 2001). PDE4 inhibitors in turn (1) increase

CBF and rescue from compromised CBF secondary to tobacco smoke (Cervin

and Lindgren 1998; Wohlsen et al. 2006; Milara et al. 2008a), (2) augment CFTR

activity (Barnes et al. 2005; Pedemonte and Galietta 2008) and (3) reduce tobacco

smoke-induced MUC5AC expression (EJ Morcillo, personal communication). As a

corollary from these findings, a PDE4 inhibitor may be expected to mitigate

mucociliary malfunction in COPD.

PDE4 inhibitors further prevent the activation of human lung fibroblasts illu-

strated by a (1) reduction of proliferation, (2) myofibroblast transition, (3) excessive

generation of extracellular matrix (fibronectin, collagen I), (4) chemotaxis, (5)

collagen gel contraction (reflecting scar formation), release of cytokines such as

(6) eotaxin or expression of (7) ICAM-1 cell adhesion molecule (Kohyama et al.

2002; Boero et al. 2006; Dunkern et al. 2007; Klar et al. 2007; Togo et al. 2009;

Sabatini et al. 2010). Finally, PDE4 inhibitors attenuate formation of ROS in

structural cells such as human airway epithelial cells, pulmonary vascular smooth

Table 8 Isolated cell models for COPD in 2005

Model Stimulus Response PDE

Neutrophils fMLP ROS, LTB4, HNE, MMP9, CD11b,

chemotaxis, adhesion

4

Zymosan IL-8

Monocytes LPS TNFa, LTB4 4

Macrophages LPS TNFa, ROS, MMPs 1,3,4

CD8+ T-cells AntiCD3/

(CD28)

Proliferation, IL2, IFNg, Granzyme B 1,3,4

CD4+ T-cells AntiCD3/

CD28

Proliferation, IL2, IFNg 1,3,4

Bronchial epithelial cells TNF GM-CSF 1,4

None CFTR

None/TSE Ciliary beat frequency

TSE/EGF MUC5AC

Lung fibroblasts bFGF Proliferation 1,3,4,5

TGFß1 Myofibroblast transition, CTGF,

fibronectin, collagen I

Fibronectin/

TGFß

Chemotaxis, collagen gel contraction

Airway smooth muscle cells Serum Proliferation 1,3,4,5

Pulmonary vascular smooth

muscle cells

Serum Proliferation, endothelin I 1,3,4,5

Endothelial cells Thrombin Hyperpermeability 1,2,3,4

TNFa E-selectin

Enriched and purified cell populations have been prepared, which are being used for determination

of PDE inhibitor efficacy in the various facets of COPD pathomechanisms. A multiple array of

read-outs has been established for cells involved in inflammatory, mucociliary, vascular or

proliferative functions. TSE is tobacco smoke extract
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muscle cells, endothelial cells, aside from neutrophils mitigating the overall burden

of oxidative stress (Nielson et al. 1990; Schudt et al. 1991b; Hatzelmann and Schudt

2001; Muzaffar et al. 2008; Milara et al. 2008b; Diebold et al. 2009).

The influence of PDE4 inhibitors on major disease mechanisms in COPD is

further corroborated in animal models. For example, PDE4 inhibitors were shown to

suppress (1) BAL neutrophil influx following short-term exposure of mice or guinea

pigs to tobacco smoke (Fitzgerald et al. 2003; Leclerc et al. 2006; Weidenbach et al.

2008a,b), (2) the specific cellular pattern of lung adaptive and innate immunity

(dendritic cells, B, CD4+, CD8+ T cells) evolving after long-term (7 months)

exposure of mice to tobacco smoke (Martorana et al. 2008), (3) airspace enlarge-

ment and lung peripheral destruction following tobacco smoke exposure in mice

over 7 months (Martorana et al. 2005), (4) bleomycin-induced lung fibrotic remo-

delling (Cortijo et al. 2009) and (5) pulmonary vascular remodelling and PHT

secondary to monocrotalin or hypoxia in rats (Izikki et al. 2009).

The following additional aspects may further underpin the role of PDE4 inhibi-

tors in COPD. In situ PDE4 activity is subject to a network of dynamic regulations

at the transcriptional and post-translational (phosphorylation, protein–protein

interaction) levels, and there is evidence to assume an augmented PDE4 activity

in areas of inflammation or remodelling. In those areas, elevated levels of autocrine

factors such as PGE2 or adenosine may be present that potentially strengthen

cellular effects from a PDE4 inhibitor.

In summary, PDE4 inhibitors potentially restore normal physiology in inflam-

matory and structural cells that are imbalanced in COPD. In this respect, the

profile of a PDE4 inhibitor apparently overlaps with pathomechanisms in COPD.

Roflumilast, recently approved for severe COPD unfolds efficacy in all of the

COPD-related in vitro (Table 8) and in vivo models. A summary of these preclinical

effects has recently been published (Hatzelmann et al. 2010). The moderate but

pleiotropic effects of the PDE4 inhibitor on a broad spectrum of cell functions that

govern COPD may finally orchestrate the proven clinical efficacy of roflumilast to

improve lung function and reduce exacerbation rates in this ailment.

The recent publication of four large-scale clinical trials demonstrating that the

oral, once daily PDE4 inhibitor roflumilast improved lung function and the rate of

acute exacerbations in patients afflicted from moderate to severe COPD (Calverley

et al. 2009; Fabbri et al. 2009) may herald the age of PDE4 inhibitors as oral

remedies in COPD. This, for the first time after more than two decades, adds a new

and oral concept different from (inhaled) long-acting ß2-adrenoceptor agonists

(LABA), (inhaled) long-acting muscarinic receptor antagonists (LAMA), or inhaled

corticosteroids (ICS) to the therapeutic armamentarium of physicians. Meanwhile,

roflumilast received marketing authorization for severe COPD in several countries

including EU/USA (Giembycz and Field 2010).

With roflumilast, a fully competitive PDE4 inhibitor for the PDE4 active site, has

been developed, and it is effective and well tolerated in COPD (Fabbri et al. 2009;

Calverley et al. 2009). The therapeutic potential of PDE4 inhibitors may have

targets far beyond COPD to ailments that are comorbid (Barnes and Celli 2008)

or to other ailments as diverse as asthma, lung and liver fibrosis, Alzheimer’s, IBD,
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acute myeloid leukaemia or B-cell lymphoma, osteoporosis, type II diabetes,

depression, schizophrenia, psoriasis and atopic dermatitis to name a few where

results from clinics or animal models have been provided. However, a higher degree

of PDE4 inhibition than tolerable with the current concept of competitive PDE4

inhibitors may be required to address some of the above mentioned conditions with

an oral PDE4 inhibitor. Only recently by researcher’s at Decode (see chapter by M.

E. Gurney et al., this volume) introduced allosteric PDE4D modulators, that dually

dock to the catalytic centre and the UCR2 N-terminal region. Strikingly, opposite to

rolipram, these allosteric PDE4D modulators showed a very favourable ratio

between pharmacological efficacy in mouse models of cognition and a well-

accepted correlate of emesis in this species (Burgin et al. 2010). The future will

show whether allosteric PDE4 modulators may further advance the tale of PDE4

inhibitors as their next generation with an even improved efficacy and tolerability.

7 Summary and Outlook

In this historical overview we recall how serendipitous findings in the clinics

discovered the therapeutical potential of natural compounds later identified as

PDE inhibitors. The progress and stepwise understanding of the dimensions

of the PDE superfamily, the isoenzymes tissue distribution, their function and

inhibition with growing selectivity was redrawn. From the PDE1–5 families the

history of PDE3, 4 and 5 was discussed in more detail since specific inhibitors have

either already reached the shelf of the pharmacist or will be launched in near future.

For PDE1 and PDE6 no specific inhibitors have been developed until now, and in

case of PDE6 it does not seem prudent to interfere with the function of this enzyme

family which is essential for perception of light by retinal photoreceptors. Devel-

opment of PDE2 inhibitors for use in treatment of CNS maladies and sepsis are

progressing and will be discussed in two subsequent chapters in this volume (see

chapter by J. Surapisitchat and J. Beavo and the chapter by Y.Liu, et al.). Regarding

PDE7–11, many ongoing research activities also in the pharmaceutical industry are

noted but any therapeutic activity has to be proven in the future. PDE4 inhibition

and its broad clinical potential justified a detailed description not only due to the

author’s personal engagement and dedication, but also because this development

describes the inherent difficulties arising from obstinate adverse effects that needed

to be discriminated by drug optimisation. The first quotation of Ro 20-1724

(Hamilton 1972) and Schering’s rolipram (ZK 62-711), (Hedqvist et al. 1978)

potent and selective PDE4 inhibitors, in the literature dates back to 1972 and

1978 and both compounds were in clinical studies. In 2010 once daily, oral

roflumilast as the first PDE4 inhibitor received market authorisation. The path to

the first PDE4 inhibitor was never simple; rather it was very difficult, required

perseverance and a conviction of “per aspera ad astra”. And “asperae” were plenty
from the early emesis problems, the problems experienced due to the existence of
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different PDE4 conformers down to the demanding identification of the COPD

population that most profit from a PDE4 inhibitor.

For all mentioned PDE inhibitors, further improvements seem to be desirable

and necessary. Relevant examples will be presented in several book chapters and

finally, each successful development will represent one transient step on the path to

the future.
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Abstract Cyclic nucleotide phosphodiesterases (PDEs) are promising targets for

pharmacological intervention. The presence of multiple PDE genes, diversity of the

isoforms produced from each gene, selective tissue and cellular expression of the

isoforms, compartmentation within cells, and an array of conformations of PDE

proteins are some of the properties that challenge the development of drugs that

target these enzymes. Nevertheless, many of the characteristics of PDEs are also

viewed as unique opportunities to increase specificity and selectivity when design-

ing novel compounds for certain therapeutic indications. This chapter provides

a summary of the major concepts related to the design and use of PDE inhibitors.

The overall structure and properties of the catalytic domain and conformations

of PDEs are summarized in light of the most recent X-ray crystal structures. The

distinctive properties of catalytic domains of different families as well as the

technical challenges associated with probing PDE properties and their interactions

with small molecules are discussed. The effect of posttranslational modifications

and protein–protein interactions are additional factors to be considered when

designing PDE inhibitors. PDE inhibitor interaction with other proteins needs to

be taken into account and is also discussed.

Keywords Compartmentation � Cyclic AMP � Cyclic GMP � PDE1 � PDE2 � PDE3 �
PDE4 � PDE5 � PDE6 � PDE7 � PDE8 � PDE9 � PDE10 � PDE11 � Phosphodiesterase �
Phosphodiesterase inhibitors

1 PDE Superfamily

The mammalian superfamily of cyclic nucleotide (cN) phosphodiesterases (PDEs) is

remarkably complex. It comprises 11 distinct families (PDEs 1–11) with protein

products derived from 21 genes (Bender and Beavo 2006; Conti and Beavo 2007);

some families are encoded by a single gene, whereas others are products of multiple

genes, but there are alternative splice variants of the gene products in all the families

except for PDE6. In several instances, multiple promoters that are differentially

regulated influence expression of the PDE mRNA transcripts (Bender and Beavo

2006; Conti and Beavo 2007; Omori and Kotera 2007), and extensive alternative

splicing of the mRNAs produces a vast array of protein products. It is now estimated

that there are close to 100 different protein products of these genes, and these are

distinguished by having different regulatory features, catalytic characteristics, tissue

distributions, subcellular localizations, targeting to signaling complexes and sensi-

tivities to PDE inhibitors (Fig. 1). The need for such a large array of PDE isoforms in

controlling cN levels and maintaining appropriate cellular functions is still poorly

understood. PDEs are typically in low abundance in cells but may be highly

expressed in particular tissues or regions of cells for regulation of specific physio-

logical effects (Castro et al. 2006; Cote 2006; Houslay 2010; Juilfs et al. 1997;

MacFarland et al. 1991). Most cells contain multiple PDEs that have overlapping

specificities and affinities for cAMP or cGMP. However, where studied, it seems

clear that while there may be some degree of redundancy in function, each of the

PDEs provides important regulatory control of cNs in a particular cell or region of
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a cell. Some PDE families (PDEs 1–4) are widely expressed in mammalian tissues,

but others (PDEs 5–11) occur in lower abundance or are expressed in fewer tissues.

The PDE6 family appears to be the most restricted in distribution since it has only

been found in the outer segments of photoreceptors, where it is in high concentration,

and in the pineal gland (Cote 2006).

1.1 PDEs as Cellular Targets of Cyclic Nucleotides

The myriad forms of PDEs that serve as cellular targets of cNs and as major deter-

minants of cN action exceed those of other targets such as that of cN-dependent
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Fig. 1 Schematic representation of domain arrangment of the 11 mammalian PDE families.
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protein kinases, the cN-gated (CNG) channels and exchange-protein activated by

cAMP (EPAC). All PDEs contain a conserved catalytic site that interacts with cNs

and breaks them down into their respective 50-nucleotides. Several PDEs (PDE 2, 5,

6, 10, and 11) contain cN-binding sites in their respective regulatory domains (Cote

2006; Gross-Langenhoff et al. 2006; Wu et al. 2004; Zoraghi et al. 2005; Handa

et al. 2008; Martinez 2002a; Martinez 2002b; Martinez et al. 2008); these sites

comprise ~120 amino acids known as GAFs [an acronym derived from the proteins

in which these domains were originally identified, i.e., cGMP-binding PDEs, Ana-
baena adenylyl cyclases, and Escherichia coli transcription factor FhlA (Aravind

and Ponting 1997)]. For PDE 2, 5, and 6, cN binding to one of these GAFs regulates

catalytic site function, and it has been proposed that cN-binding GAFs in PDEs

could act to sequester cNs under appropriate conditions (Bender and Beavo 2006;

Conti and Beavo 2007; Corbin and Francis 1999; Gopal et al. 2001).

The respective cN-binding sites in GAFs are structurally and evolutionarily

distinct from the PDE catalytic sites and cN-binding sites in the cN-dependent

protein kinases, cN-regulated channels, the bacterial catabolite-gene activator pro-

tein (CAP), and EPACs (Bos 2006; Charbonneau 1990; Martinez et al. 2002a, b;

Zoraghi et al. 2004). The regulatory (R) and catalytic (C) subunits of cAMP-

dependent protein kinase (PKA), which combine to form the PKA holoenzymes,

are derived from four and three genes, respectively. Any R subunit (RI or RII),

which appear to exist as homodimers, can interact with any C subunit (Ca, Cb,
or Cg) in mammalian tissues (Francis and Corbin 1999). EPACI and II, which are

regulated by cAMP binding, are derived from two genes (Bos 2006), and cGMP-

dependent protein kinases (PKGI and PKGII) are derived from two genes with

alternative splicing of the PKGI mRNA to produce two isoenzymes (PKGIa and

PKGIb) (Uhler 1993; Wernet et al. 1989). PKGs appear to always exist as homo-

dimers so it is predicted that there are only three PKGs in mammalian tissues. The

exceptionally diverse characteristics of the PDEs provide excellent potential for

development of selective inhibitors for these targets, but in most instances, their

similarities continue to confound development of such inhibitors.

The allosteric cN-binding sites on PDEs 2, 5, 6, and 11 preferentially bind

cGMP, although the sites on PDE2 can interact with cAMP with reasonable affinity

(Martinez et al. 2002a, b; Wu et al. 2004; Zoraghi et al. 2005; Cote 2006); the

allosteric cN-binding site in PDE10 tightly binds cAMP (Handa et al. 2008). When

compared with other cN-binding sites, these sites are formed by a tight binding

pocket; in PDEs 5 and 6, this pocket rigorously selects for cGMP versus cAMP and

against substituents introduced in cGMP analogs (Huang et al. 2004; Martinez

2002; Thomas et al. 1992; Wu et al. 2004). These characteristics make them

excellent targets for drugs that would impact the function of these PDEs. In PDEs

5 and 6, the allosteric site excludes PDE inhibitors. However, in PDE2, low

concentrations of 3-isobutyl-1-methylxanthine (IBMX) or papaverine stimulate

catalytic activity (Yamamoto et al. 1983), although it is now unclear whether this

stimulation occurs through interaction with the allosteric cN-binding site or effects

mediated via partial occupation of the catalytic site (Pandit et al. 2009). If this effect

is mediated through the allosteric cN-binding site, it lends some promise for
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development of compounds that selectively interact with PDE2 allosteric sites

(Erneux et al. 1982; Yamamoto et al. 1983). Recent insights derived from X-ray

crystallographic and NMR structures of several cN-binding GAFs have further

defined topographical features that could lead to design of pharmacophores target-

ing these sites (Heikaus et al. 2008; Martinez et al. 2005; Pandit et al. 2009; Wang

et al. 2011), and high throughput screening assays to identify compounds that might

interact with these sites are currently being developed (see Demirbas et al. and Schultz

et al. in Chapters 5 and 6, respectively, in this volume). Likewise, the Upstream
Conserved Regions (UCRs), which profoundly impact catalytic functions in PDE4

isoforms, and the Rec and PAS subdomains in PDE8 are considered to be promising

pharmacological targets for modulation of the catalytic activities of these PDEs.

1.2 Quaternary Structure of PDEs

PDEs exist as monomers, dimers, or higher oligomers, and in most instances, the

contribution of this physical status to function, regulation, localization, and stability

is poorly understood. Most PDEs appear to exist as homodimers except in the case

of PDEs 1 and 6. Under physiological conditions, PDE1 is thought to occur as a

heterotetramer comprising two identical catalytic subunits and two molecules of

calmodulin. PDE6 isoforms in the outer segments of the photoreceptors also

commonly exist as heterotetramers. The PDE6 in rod outer segments is composed

of two closely related gene products (PDE6a and PDE6b) that form a catalytic

heterodimer that is in complex with two small rod-specific inhibitory subunits (Pg)
to form an inactive heterotetramer (Cote 2006). The PDE6 in cone outer segments is

also a heterotetramer that comprises two identical catalytic subunits (PDE6a0) and
two cone-specific Pg subunits.

The mechanisms employed for oligomerization of PDEs vary; some interact

through their catalytic domains (Huai et al. 2003; Scapin et al. 2004), others make

contacts through portions of their regulatory domains including GAFs or UCRs

(Huai et al. 2003; Martinez 2002; Richter and Conti 2002; Zoraghi et al. 2005), and

still others dimerize through contacts in both regions (Pandit et al. 2009). In all

instances, the contacts and quaternary state appear to be very stable. For most

PDEs, catalytic activity is retained in constructs that include only the catalytic

domain; in several instances, these truncated constructs are monomeric indicating

that oligomeric status is not required for catalytic function. For the isolated catalytic

domains of some PDEs, many functional characteristics (kcat, Km, and IC50 values

for certain inhibitors) are similar to those of the respective holoenzymes, but in

others, there are important functional differences (Blount et al. 2006, 2007; Fink

et al. 1999; Richter and Conti 2004; Saldou et al. 1998).

Almost all inhibitors that have been developed to date compete with cN substrate

for access to the PDE catalytic sites. This region continues to be a major focus of

medicinal chemists for development of inhibitors (Ke and Wang 2007b; Owen et al.

2009; Verhoest et al. 2009; Zhang 2006). The catalytic domain, which is conserved
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among mammalian PDEs and comprises ~270 amino acids (Bender and Beavo 2006;

Conti and Beavo 2007), is located toward the carboxyl-terminal portion of the

PDEs and exhibits 24–51% amino acid sequence identity among the 11 families.

X-ray crystal structures of the isolated catalytic domains have shown that the

various PDEs share a similar overall topography that is comprised almost entirely

of a-helices (16–17 helices), as well as sharing common structural features in the

composition and conformation of the catalytic pockets (Ke and Wang 2007b;

Zhang 2006). However, there are important differences among these proteins in

the binding of cNs and inhibitors (Wang et al. 2005; Wang, Liu, Hou et al. 2007;

Wang, Yan, Yang, Cai et al. 2008; Huai, Wang, Zhang et al. PNAS 2004; Huai, Liu,

Francis, Corbin JBC 2004). Moreover, potent and selective inhibitors of PDE4 have

recently been developed by dually targeting the catalytic sites of these enzymes

together with regions outside the catalytic pocket itself (Burgin et al. 2010; Gurney

et al. 2011).

1.3 Structural Characteristics

Divalent metal ions are required for catalytic function of all PDEs. In the X-ray

crystallographic structures of PDEs, the catalytic pockets have been shown to

contain a novel binuclear metal-binding site that is thought to contribute critical

elements of the catalytic mechanism (Xu et al. 2000). Where it has been studied, the

interactions of certain inhibitors with PDE catalytic sites can be influenced by the

presence of these metal ions, but direct or indirect interaction with the metals does

not appear to substantially impact potency (Chen et al. 2008; Corbin et al. 2003; Ke

and Wang 2007b; Sung et al. 2003; Wang et al. 2008). However, it is reasonable

that inhibitors could be designed that utilize contacts with one or more of the metal

ions or that expel these cofactors, thereby eliminating catalytic activity. Since

affinity of certain PDE4 long isoforms for various selective inhibitors and magne-

sium is sensitive to PKA phosphorylation of the regulatory UCR1 domain (Alvarez

et al. 1995; Sette and Conti 1996b; Hoffmann et al. 1998), it seems likely that the

metal ions bound to a particular PDE could also affect its interaction with certain

inhibitors. Moreover, some inhibitors could influence metal occupancy of PDE

catalytic sites (Wang et al. 2008), but this possibility has not yet been investigated.

Results of X-ray crystallographic studies of certain PDEs reveal that a hydroxyl

derived from solvent water bridges the two metal ions in these catalytic sites. This

arrangement provides for production of a highly nucleophilic hydroxyl that inserts

at the phosphate in the cyclic phosphate ring of the cN and breaks the ring (Fig. 2)

(Liu et al. 2008). These data are consistent with the results of early biochemical

studies establishing that the hydroxyl inserted into the cyclic phosphate ring is

derived from solvent water and that the stereochemistry of the product is consistent

with this mechanism (Braumann et al. 1986; Burgers and Eckstein 1979; Jarvest

et al. 1982;Walseth et al. 1983). In most instances, one of the metal sites is occupied

by a zinc that is very tightly bound, and the other site is occupied by a more loosely
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bound metal that is presumed to be either magnesium or manganese (Ke and Wang

2007b; Sung et al. 2003; Xu et al. 2000). The exact complement of metal ions that

occupy this binuclear site has not been defined for any mammalian PDE since

catalysis in various PDEs is preferentially supported by different metals including

magnesium, manganese, cobalt, or zinc.

A zinc atom is clearly defined in most of the X-ray crystal structures of PDE

catalytic domains and is present even when crystals are formed in the presence of

chelators (Ke and Wang 2007b; Xu et al. 2000), but the metal ion occupying the

second site has not been identified for any PDE. The X-ray structure of the refolded

PDE3 catalytic domain is the only structure of a wild-type PDE protein determined

thus far that lacks a zinc ion (Scapin et al. 2004). By direct chemical analysis, PDE6

has been shown to contain 3–4 zincs per dimer. Zinc is also critical for PDE6

catalytic function (He et al. 2000), but magnesium also stimulates PDE6 activity.

Likewise, PDE5 binds ~6 zincs per dimer, and zinc at submicromolar levels support

catalytic function, but manganese, cobalt, and magnesium at higher concentrations

also support catalysis (Francis et al. 1994). The precise role of the respective metal

ions in the catalytic function of each PDE is still not well understood. To exploit the

effect of an inhibitor to interfere with the role of these metal ions in PDE functions,

it will be critical to better define the particular metal complement that is important

for catalytic function of a PDE isoform.

The volume of the PDE catalytic sites has been estimated to be ~330–450 Å3,

and several structures of isolated catalytic domains in complex with either the
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Fig. 2 Scheme proposed for mechanism of hydrolysis of cAMP by PDE4. The adenine (shown in

green and blue at upper right) is coordinated through hydrogen bonds (dashed lines) to Gln369 and
Asn321. The phosphorous in the cyclic phosphate ring is approximated to the hydroxyl ion that

bridges the twometal ions [Zn (in steel) andMg (in purple)], and the blue arrow indicates the attack

of this hydroxyl at that phosphorous (shown in orange) to break the ring. Residues coordinating the
metal ions are shown. The Glu339/His160 hydrogen-bond relay that fosters interaction of His160

with one of the oxygens (red) in the cyclic phosphate ring is shown. This figure was kindly provided
by Prof. Chang-Guo Zhan, College of Pharmacy at the University of Kentucky
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50-nucleotide product or the selective inhibitors are now available (Ke and Wang

2007b; Wang et al. 2007; Xu et al. 2000, 2004). Interestingly, the orientation of

substrate, inhibitor, or product can vary substantially among PDEs (Wang, Liu, Hou

2007). This may be due to the relatively large volume of the catalytic site compared

to the size of the substrate/product or most inhibitors. However, this variation

restricts the potential for generalizations from one structure to another. Recently,

X-ray crystal structures of two PDEs containing either the near-full length regu-

latory domain (PDE2) (Pandit et al. 2009) or a portion thereof (PDE4) (Burgin et al.

2010) have been published. Both structures provide important new insights into

regulatory domain functions, and the report on the PDE4 constructs reveals novel

new approaches to inhibitor design and action (see below and in Gurney et al. in

Chapter 7 in this volume). However, the X-ray crystal structure of PDE2 defines the

structure in the absence of cGMP, that is, the lower activity state of the enzyme, and

provides only a partial picture of the functional states of PDE2 (Pandit et al. 2009).

In X-ray crystal structures of isolated catalytic domains in complex with various

inhibitors, substrates, or catalytic products, hydrogen bonding with an invariant

glutamine and hydrophobic stacking of the ring structure of the substrate/product/

inhibitor with a conserved phenylalanine (in most PDEs) are common interactions

(Fig. 2) (Ke and Wang 2007a, b; Xu et al. 2000, 2004). Another group of amino

acids in the catalytic pocket forms a hydrophobic face that wedges the ring structure

of the ligands against the conserved phenylalanine, thereby creating what has been

termed a “hydrophobic clamp.” These interactions occur for most PDEs when

associated with a wide spectrum of inhibitors/products that vary significantly in

affinities and chemical characteristics (Ke and Wang 2007b).

For several PDE holoenzymes, the energy contribution of amino acids in the

catalytic pockets to the affinity for substrate or inhibitors have been quantified using

site-directed mutagenesis (Burgin et al. 2010; Cheung et al. 1998; Jacobitz et al.

1996; Jin et al. 1992; Omburo et al. 1998; Turko et al. 1999; Wang et al. 2005;

Zhang et al. 2002; Zoraghi et al. 2007). It is evident from the X-ray crystallography

and mutagenesis studies that different inhibitors exploit novel features in and near

the catalytic sites of the respective PDEs to enhance potency and selectivity (Ke and

Wang 2007b; Sung et al. 2003; Wu et al. 2004). In some instances, enhanced

specificity/potency is provided by sequence(s) well outside the catalytic domain

(Blount et al. 2006; Burgin et al. 2010; McPhee et al. 1999; Omori and Kotera 2006;

Richter and Conti 2004; Saldou et al. 1998), but currently insights into the mechan-

isms that provide for this are limited.

1.4 Functional Distinctions Among PDE Catalytic Sites

1.4.1 Catalytic Characteristics

Despite strong structural similarities among the PDE catalytic sites, PDEs 4, 7, and

8 are highly specific for hydrolysis of cAMP, PDEs 5, 6, and 9 are highly specific
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for hydrolysis of cGMP, and others (PDEs 1, 2, 3, 10, and 11) hydrolyze both cNs.

Moreover, functional features of closely related PDEs can differ substantially,

a result that is encouraging for development of specific inhibitors for each family.

Some PDEs that exhibit the highest identity in amino acid sequence, for example,

PDEs 5 and 11 (catalytic domains have ~51% sequence identity) have very differ-

ent selectivities for cAMP and cGMP (Bender and Beavo 2006; Omori and Kotera

2006, 2007). PDE5 exhibits ~100-fold greater affinity for cGMP than for cAMP,

although both are hydrolyzed at ~equal rates (Francis and Corbin 2009). In contrast,

PDE11 hydrolyzes both cNs with similar affinities and efficiencies. In addition,

PDEs 5 and 11 exhibit very different affinities for potent PDE5 inhibitors currently

in clinical use, that is, vardenafil, sildenafil, and tadalafil; potencies of these

compounds for PDE5 compared to PDE11 differ by 7,000-, 950-, and 41-fold,

respectively (Weeks et al. 2007).

In another example, the amino acid sequence identity of the catalytic domains of

PDEs 5 and 6, both of which are highly specific for cGMP, are very similar (~42%),

but the affinity of PDE6 catalytic site for cGMP (Km ~ 14 mM), is seven times

weaker than that of PDE5 (~2 mM), and the catalytic rate of PDE6 (~2,000 mmol/

min/mg) exceeds that of PDE5 by ~1,000-fold (Cote 2006; Francis et al. 2006).

Moreover, PDE6, like PDE5, is potently inhibited by sildenafil, vardenafil, and

zaprinast, but tadalafil, a potent PDE5 inhibitor, is a weak inhibitor of PDE6 (Zhang

2006). These data imply that subtle differences in the topography and chemical

characteristics of the active site can have profound effects on substrate preference,

catalytic efficiency, and inhibitor potencies.

In some instances, there are even significant distinctions among catalytic sites of

PDE isoforms within the same family. For example, PDE1A, PDE1B, and PDE1C

are products of three separate genes with catalytic domains that share ~75%

sequence homology but have quite different selectivity for cGMP (Km ¼ 1 mM for

PDE1C2, 3 mM for PDE1B1, and 5 mM for PDE1A2), compared to that for cAMP

(Km ¼ 1 mM, 24 mM, and 113 mM, respectively). Nevertheless, the maximum

catalytic activities of these PDEs for breakdown of cGMP and cAMP are similar

(Bender and Beavo 2006).

1.4.2 Potencies of Inhibitors Within PDE Families

The potency of an inhibitor for PDEs within a family, among splice variants within

a subfamily, or between cytosolic and membrane-bound forms of the same PDE can

also differ significantly. For example, vinpocetine, a selective PDE1 inhibitor, more

potently blocks the catalytic activity of PDE1A and PDE1B than that of PDE1C

(Yan et al. 1996). The inhibitory potency of IC86340, another selective PDE1

inhibitor, varies by ~7-fold among PDE1 isoforms; IC50 values are: PDE1C

(0.06 mM), PDE1B (0.21 mM), PDE1A (0.44 mM) (Miller et al. 2009). Moreover,

potency of another PDE1-selective inhibitor, SCH51866, for several alternative
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splice variants of PDE1C differs by threefold: PDE1C1 (IC50 ¼ 101 nM) versus

PDE1C4/5 (IC50 ¼ 36 nM) (Yan et al. 1996).

PDE4 inhibitors can also exhibit quite different potencies for the various mem-

bers of this family. Cilomilast, a highly selective inhibitor of the PDE4 family,

exhibits significantly higher potency (7- to 27-fold) toward PDE4D (IC50 ~ 12 nM)

compared to that for PDE4A (IC50 ~ 115 nM), PDE4B (IC50 ~ 86 nM), or PDE4C

(IC50 ~ 308 nM) (Torphy 1998). Inhibitors that show good selectivity for PDE4D

over PDE4B have also been identified: NVP-ABE171 is 20-fold selective for

PDE4D over PDE4B (Trifilieff et al. 2002) and CP-671305 is 95-fold selective

for PDE4D over PDE4B (Kalgutkar et al. 2004; Zhang 2006). Moreover, D159687,

a compound recently reported by investigators at deCode Genetics, is highly

selective for PDE4D7 versus PDE4A1, PDE4B1, and PDE4C1 (93-, 54-, and

250-fold difference in potency, respectively) (Burgin et al. 2010). The structural

subtleties that provide for these differences in such closely related enzymes are

typically not fully understood; they could relate to differences in the catalytic

site pocket or reflect the influence of interactions of the inhibitors with regions

outside the catalytic pocket as occurs for the D159687 compound or interaction

with protein binding partners and posttranslational modification (Burgin et al.

2010; Houslay 2001; Houslay and Adams 2003; Houslay et al. 2005, 2007).

Exploiting these differences may open novel opportunities for the development

of more selective inhibitors. However, each modest advance in devising a com-

pound that shows selectivity among PDEs is just the beginning in the efforts to

develop a compound with pharmacokinetic and biochemical features suitable for

clinical use.

2 Factors That Impact Catalytic Site Function and Potency

of Inhibitor Action

PDE catalytic site functions can be modified by many processes, including post-

translational modifications, change in the cellular milieu (pH or redox conditions),

interaction with activators (e.g., calcium/calmodulin, cGMP, or phosphatidic acid),

binding to other proteins, and exposure to drugs (Burgin et al. 2010; Houslay 2001;

Houslay and Adams 2003, 2010; Houslay et al. 2005, 2007). The influence of these

factors on the potencies of inhibitors for any PDE is not fully understood and effects

identified for a particular inhibitor frequently do not apply to other inhibitors of that

PDE family. Consequently, environmental or posttranslational effects on each

inhibitor must be assessed independently. The state of oligomerization of a PDE

may also be a determinant of the pharmacological properties of an inhibitor (Burgin

et al. 2010; Richter and Conti 2004; Rybalkina et al. 2010). Moreover, it is clear that

insights derived from structural studies of isolated catalytic domains of PDEs do not

always reveal all of the important contact points that could be exploited in the

design of new inhibitors (Blount et al. 2006; Burgin et al. 2010).
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2.1 Comparison of Native and Recombinant Enzymes

A recurrent finding when investigating the properties of various PDEs is that the

kinetic behavior of a recombinant, ectopically expressed enzyme does not entirely

overlap with that of its endogenous native counterpart (Bolger et al. 1993; Livi et al.

1990; McPhee et al. 1999; Obernolte et al. 1993; Salanova et al. 1998; Saldou et al.

1998; Sullivan et al. 1994; Wang et al. 1997). The differences include affinity for

substrate, catalytic efficiency, and inhibitor potencies (Obernolte et al. 1993;

Salanova et al. 1998; Wang et al. 1997). Certainly, some differences are due to

the fact that native PDE preparations are often heterogeneous in terms of enzyme

composition (Obernolte et al. 1993). For many PDEs, the physicochemical proper-

ties of the various isoforms are not sufficiently different to allow for complete

separation with even the most current chromatographic methods. More frequently,

differences are associated with the heterologous expression system used (i.e.,

bacteria, yeast, insect cells, or mammalian cell lines) and the posttranslational

modification of the recombinant proteins (Hoffmann et al. 1998; Saldou et al.

1998). Aberrant phosphorylations, different states of phosphorylation, or other

modifications such as ubiquitination or proteolytic cleavage of overexpressed

proteins have all been reported for heterologously expressed PDEs. Heterogeneity

in the conformation of some recombinant proteins is an additional major variable.

Overexpression of recombinant PDEs often produces proteins that are improperly

folded, aggregated, or catalytically inactive (Rocque et al. 1997; Scapin et al. 2004;

Wang et al. 1997). The presence of catalytic domains in different conformations

due to posttranslational modification and interaction with partner proteins can

confound the kinetics of inhibition of enzyme preparations with potencies reported

for rolipram inhibition of PDE4 isoforms ranging from 0.01 to 10 mM (Hoffmann

et al. 1998; Houslay and Adams 2003; Huston et al. 1996; Laliberte et al. 2000;

McPhee et al. 1999; Rocque et al. 1997; Salanova et al. 1998; Tian et al. 1998).

Proteolysis of overexpressed enzymes may also alter interaction with inhibitors

without affecting catalytic activity (see below).

2.2 Truncated Versus Full-Length PDEs

An additional property to consider is whether truncated forms of PDEs recapitulate

the properties of the full-length enzymes. Two examples involving PDEs 4 and 5

are provided to expand upon this concept. Rolipram, as well as some other

compounds, inhibits isolated catalytic domains of PDE4s with potencies that are

often 10- to 100-fold lower than those obtained with full-length enzyme (Jacobitz

et al. 1996; Richter and Conti 2004; Tian et al. 1998). Progressive truncation at the

amino terminus of PDE4B and PDE4A causes a parallel decrease in the affinity for

rolipram (Jacobitz et al. 1996; Richter and Conti 2004; Rocque et al. 1997; Saldou

et al. 1998). The potencies of three inhibitors (RS-25344, rolipram, and TVX 2706)

for inhibition of the isolated catalytic domain of PDE4D are much weaker than for
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the full-length enzyme, but stronger potencies are exhibited in constructs where

UCR2 is conjoined with the catalytic domain (Fig. 3) (Saldou et al. 1998). Like-

wise, Burgin and coworkers recently reported that two inhibitors (RS25344 and

PMNPQ) are 10,000 times more potent toward inhibition of PDE4D7 than against

the isolated PDE4 catalytic domain (Burgin et al. 2010). It is now clear that these

truncations remove important regulatory/oligomerization domains in the holoen-

zyme that affect interdomain contacts and impact the conformation and/or func-

tions of the catalytic domain (Burgin et al. 2010; Houslay 2001; Houslay and

Adams 2003, 2010; Richter and Conti 2002). It has been observed that some

variants of PDE4s, termed short forms, have lower affinity for rolipram and kinetic

properties distinct from those of longer forms (see below). Since short and long

forms are expressed in a tissue- and cell-specific manner, this must be considered

when evaluating the potency and biological action of selected compounds.

Likewise, the inhibitory potency of the PDE5 inhibitor, vardenafil, for the PDE5

holoenzyme exceeds that of sildenafil by 10- to 40-fold (Blount et al. 2004, 2006).

2 + Cat

1,2 + Cat UCR2UCR1 Catalytic Domain

UCR2

Cat

Catalytic Domain

Catalytic Domain

PDE4A PDE4A

PDE4B PDE4B

PDE4D PDE4D

1,2 + Cat
Cat
2 + Cat

1,2 + Cat
Cat
2 + Cat

A

B

D

Fig. 3 Comparison of the potency of inhibition of cloned forms of PDE4 gene products with

rolipram and RS-25344. Representative data showing the inhibition of PDE4A, 4B or 4D activity

(gene product A, B and D, respectively) by RS-25344 (left) or rolipram (right). A cartoon model

depicts the functional domains in the respective long (1,2þ Cat) forms of PDE4 proteins containing

UCR1, UCR2, and the catalytic domain, the short (2 þ Cat) forms of the enzymes containing

UCR2 and the catalytic domain, as well as that of the isolated catalytic domain (Cat). Each data

point represents the average of quadruplicates, and the curves are plotted as a percentage of the

difference between the maximum and minimum rates of each enzyme. Reprinted from Saldou

et al. (1998)
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The potency of sildenafil for inhibition of the isolated catalytic domain is essen-

tially the same as that for the PDE5 holoenzyme, but the potency of vardenafil

inhibition of the isolated catalytic domain is 10- to 40-times less than that for the

holoenzyme. In fact, it has the same potency for inhibition of the isolated catalytic

domain as that of sildenafil. In the X-ray crystal structures of the PDE5 catalytic

domain in complex with the respective inhibitors, the contacts between each of the

inhibitors and the catalytic site are very similar (Sung et al. 2003; Wang et al. 2006).

The higher potency of vardenafil is retained in constructs of the catalytic domain

conjoined with GAF-B indicating that in some instances structural features outside

the catalytic domain contribute importantly to inhibitor potency and selectivity

(Blount et al. 2006). Thus, comparing potencies of sildenafil and vardenafil, two

closely related compounds, or predicting potencies using only the isolated catalytic

domain would have missed important elements that contribute to the higher potency

of vardenafil for the holoenzyme.

Given that many compound screens have been performed using truncated PDEs

that lack their regulatory domains and because different PDE isoforms are char-

acterized by subtle differences in conformation, this approach may have hindered

identification of more selective compounds for certain PDE families and variants

within PDE families.

2.3 Posttranslational Modification and Occupancy
of Allosteric Sites

Posttranslational modification of a PDE may have profound effects on the potency

of selected groups of compounds. This has been clearly demonstrated for both the

PDE4 and the PDE5 families. PKA phosphorylation of PDE4 affects the potency of

several compounds in a complex manner (Alvarez et al. 1995; Burgin et al. 2010;

Hoffmann et al. 1998; Houslay and Adams 2003, 2010; Laliberte et al. 2002).

PKA phosphorylation of long PDE4 isoforms, in general, increases the affinity for

the prototypical inhibitor rolipram and alters the kinetics of this inhibition (Fig. 4).

In the same vein, phosphorylation of PDE4D3 increases its sensitivity to inhibition

by RS-25344 (~100-fold) and RS-33793 (~330-fold) and phosphorylation of

PDE4A4 increases the potencies of (R)- and (S)-rolipram but does not affect the

potencies of CDP-840 or SB-207499. Screening for compound potency with a

phosphorylated PDE4 isoform is a strategy that has been adopted to identify

compounds with high potency, but this has had little success in improving the

therapeutic window of this class of compounds. Phosphorylation also modulates

PDE5 enzyme functions, with detectable changes in the conformation of the

enzyme (Bessay et al. 2008; Corbin et al. 2000). These changes in conformation,

in turn, are associated with an increase in the affinity of PDE5 for substrate as well

as for inhibitors, such as sildenafil. The concept has been proposed that when PDE5

inhibitor is present in cells, cGMP level and phosphorylation of PDE5 by PKG is

increased, which in turn increases PDE5 inhibitor binding at the catalytic site, that
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is, a feed-forward effect on inhibitor binding and potency (Bessay et al. 2008;

Corbin and Francis 1999; Francis and Corbin 2005; Francis et al. 2008). A similar

regulatory loop likely applies to PDE4 isoforms that are phosphorylated by PKA,

that is, inhibition of PDE4 would increase cAMP and activation of PKA, which

would catalyze more extensive phosphorylation of PDE4 to produce higher affinity

for certain inhibitors. Positive feedback loops, such as these for PDEs 4 and 5, will

clearly impact the range of potency determined for compounds that are currently

under development as well as their pharmacokinetic properties.
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Fig. 4 Effect of phosphorylation on PDE4D3 sensitivity to inhibition by RS-25344. Phosphory-

lation causes a marked shift of the sensitivity of PDE4D3 to inhibition by RS25344. PDE4D3 was

preincubated in the presence (open circles) or absence (closed circles) of the catalytic subunit of
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ordinate represents percent inhibition calculated from the results shown in panel A. Values
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Alvarez et al. (1995)
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2.4 Interaction with Other Proteins

Formany years, PDE activity in cells was referred to either as soluble or particulate, but

in most cases, there has been little understanding of either the importance or

the molecular basis for this partitioning. In fact, members of the same PDE families

could be found in both the cytosolic and the particulate fractions. Such complexes occur

both at particular cell membranes and within the cytosolic fraction. More recently, it

has become apparent that one reason for the diversity of PDEs in most tissues is to

provide for their selective interaction with other proteins in signaling complexes

allowing dynamic regulation of particular signaling processes and thus giving rise to

the concept of “targeted cAMP degradation” (Houslay 2001, 2010). Indeed, it was

initial studies in cardiac myocytes that provided a major building block for our

understanding of compartmentalized cAMP signaling and its mechanistic implications

(Corbin et al. 1977; Hayes et al. 1979; Steinberg and Brunton 2001; Zaccolo and

Pozzan 2002).

Selective and diverse compartmentalization of a certain portion of the isoforms

within a PDE family has now been well described for PDEs 1, 2, 3, 4, 5, 6, and 10.

It seems highly likely that interaction of these PDEs with other proteins to form

signaling complexes will affect inhibitor potencies. Indeed, this has been clearly

demonstrated for various PDE4 partnerships, such as PDE4A4 with various SH3

domain containing proteins (McPhee 1999); PDE4D5 with RACK1 (Yarwood et al.

1999) and PDE4A4 with the aryl hydrocarbon interacting protein (AIP) (Bolger

et al. 2003), where recent structural studies have afforded a potential molecular

explanation for such actions (Burgin et al. 2010).

In addition, the determinants that dictate the proportion of a PDE family that is

localized to particular intracellular domains or “free” in the cytosol are only begin-

ning to be understood (Houslay 2010) and include competition by different scaffolds

for binding specific PDEs and dynamic changes in association patterns that are

triggered by phosphorylation (Collins et al. 2008; Murdoch et al. 2007) and ubiqui-

tination (Li et al. 2009). Moreover, when “free” PDEs are translocated from the

cytosol to a more restricted and defined locale, the impact on the cN metabolism in

the cellular territory that was vacated has yet to be formally considered. Are there

“pools/banks” of PDEs that are simply not needed in normal cellular functioning and

await a call for action as needed in particular locales in the cell? Are these meaning-

ful pools of PDE activity that should/could be targeted by inhibitors? The very

different actions of inhibitors selective for different cAMP-hydrolyzing PDEs, such

as PDEs1/2/3/4, were originally interpreted as reflecting actions related to the

relative abundance of such enzymes in cells. However, it is now clear that function-

ally distinct pools of cAMP regulated by targeted PDEs is critical in controlling key

cellular processes in cells. The most conclusive proof for a specific mechanism of

subcellular targeting comes from studies on PDE4s (Houslay 2001, 2010). Critical to

this concept was the discovery that PDE4A1, an enzyme that is entirely membrane

bound, is generated by splicing a membrane-targeting domain located within its

isoform-specific amino-terminal amino acid sequence to a segment of sequence
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containing the regulatory and catalytic domains, that on its own is fully soluble, fully

active, and common to all members of the PDE4A subfamily (Baillie et al. 2002;

Huston et al. 2006; Scotland and Houslay 1995; Shakur et al. 1993; Smith et al.

1996).

Targeting of PDEs to particular regions of the cell is often dependent on

interaction with other proteins. Myriad proteins have been identified that interact

with the PDE4 family as a whole by binding to sites within core regions that are

conserved across the entire family or are specific for particular PDE4s by binding

to regions that are only common within specific subfamilies (Houslay 2001, 2010;

Houslay et al. 2007). Such targeting allows particular PDE4 isoforms to associate

with specific signaling complexes and control the local cAMP level. This targeting

of specific PDEs underpins compartmentalized cAMP signaling, controlling the

threshold and persistence for activation of PKA and EPAC, for example, within

the environs of the complex containing the particular PDE that is sequestered there

(see e.g., Huston et al. 2008). Indeed, the use of spatially constrained, genetically

encoded cAMP reporters has allowed defined “pools” of cAMP to be detected and

the role of certain sequestered PDEs to be shown as pivotal in establishing and

maintaining cN gradients in cells (Mongillo et al. 2004, 2006; Penmatsa et al. 2010;

Rich et al. 2001a, b, 2006; Zaccolo and Pozzan 2002).

PDE3A has also been shown to specifically form complexes with a variety of

proteins including 14-3-3 proteins, plectin, brefeldin A-inhibited guanine nucleo-

tide exchange proteins, and the cystic fibrosis transmembrane conductance regula-

tor channel (CFTR); in some instances, these localizations have also been shown to

control local pools of cAMP (Barnes et al. 2005; Mongillo et al. 2004; Penmatsa

et al. 2010; Puxeddu et al. 2009; Tasken et al. 2001). Likewise, a portion of platelet

PDE5 has been shown to form a complex with PKG and be selectively activated by

elevation of cGMP, thereby regulating both local cGMP level and calcium transi-

ents (Wilson et al. 2008). The presence of PDE5 in cardiomyocytes is controversial

(Lukowski et al. 2010; Vandeput et al. 2009). However, some investigators report it

to be present at the z-bands along with PKG, and their results suggest that this

localization of PDE5 is required for the antihypertrophic effects of sildenafil in the

heart (Kass et al. 2007; Nagayama et al. 2008; Takimoto et al. 2005a, b). PDE7A1

and the C subunit of PKA have been shown to interact with high affinity

(KD ~ 0.5 nM), thereby blocking the catalytic activity of the C subunit, but the

effect of this interaction on catalytic function/inhibitor sensitivity of the PDE is not

known (Han et al. 2006).

Targeting a specific PDE isoform to a particular intracellular locale can be

expected to confer a functional role on that isoform that is inherently associated

with its unique spatial sequestration (Houslay 2010). This property cannot be

gauged by the use of selective inhibitors, genetic ablation (Jin et al. 1999), or

siRNA knockdown (Lynch et al. 2005) since each of these approaches will target

both the sequestered and free populations of that PDE. Instead, the use of dominant-

negative constructs has been successfully exploited to address this problem (Baillie

et al. 2003; Lynch et al. 2005; McCahill et al. 2005). In this approach, a single point

mutation that ablates catalytic activity while retaining overall structural integrity of

the PDE is engineered. Overexpression of such a catalytically inactive PDE
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construct in cells displaces the cognate, endogenous, active, and sequestered form

from its site of action without affecting the activity of free populations of that PDE.

In so doing, local cAMP or cGMP concentration around the complex involving the

sequestered PDE will selectively rise, thereby generating a unique phenotypic

signature that mimics inhibition of the sequestered PDE. It will be of great interest

if either small molecules or peptidomimetics that disrupt specific PDE partnerships

can be identified for therapeutic advantage. Certainly proof of principal has been

garnered for this approach by the development of dominant negative constructs for

PDE4 isoforms as elucidated above (Lynch et al. 2005) and use of cell-permeable

peptides that duplicate the binding surface of one partner and thus disrupt specific

PDE partnerships in intact cells (Murdoch et al. 2007; Smith et al. 2007).

The concept that PDEs interact with and are regulated by other proteins was first

discovered from studies of the PDE1 family, which is regulated by reversible

interaction with calmodulin, and the PDE6 family, which is located in photoreceptor

rod and cone cells and regulated by interaction with the small inhibitory Pg proteins
and activated transducin. For other PDE families, appreciation of this type of

regulation is relatively new. Consequently, the focus in studying protein interactions

involving most PDEs has been devoted to identifying protein partnerships, defining

modes of interaction, and appreciating the functional significance of such interac-

tions. The paradigm for PDE partner proteins that profoundly regulate PDE catalytic

site functions is well illustrated by control of PDE6 cN-hydrolyzing activity through

the direct interaction of its catalytic subunits with its inhibitory Pg-subunits and the
effect of transducin in the activated state to bind to PDE6g in that complex, thereby

relieving the PDE6g inhibitory effects (Bender and Beavo 2006). Elegant biochemi-

cal and structural studies have recently allowed the molecular basis of this to be

determined (Barren et al. 2009; Zhang et al. 2009). Two distinct types of interactions

between Pg and PDE6 catalytic subunits that provide for the potent inhibition of

PDE6 catalysis have been proposed. One set of interactions involves direct contact of

the carboxyl-terminal residues of Pg with the PDE6 catalytic pocket, thereby block-
ing cGMP entry. The second set of interactions involves binding of other regions of

Pg to the PDE6 catalytic subunit, so as to attenuate catalytic activity in an allosteric

manner. Thus, activation of PDE6 by the GTP-bound form of transducin apparently

requires interaction with the carboxyl-terminus of PDE6g as well as additional

regions of PDE6g to relieve the inhibitory constraint on the PDE6 catalytic subunits.
Proteins that interact with members of other PDE families may also employ the

strategy of multiple contacts that diversely influence enzymatic activity, specific

localization, and functional features; such complexities should always be considered.

The regulation of PDEs by protein–protein interactions has been explicitly and

elegantly addressed in studies performed with PDE4, where a large number of

binding partners have been identified (Houslay 2010). It is already appreciated from

phosphorylation studies of PDE4 isoforms (described above) that conformational

changes induced by phosphorylation are associated with altered activity and sensi-

tivity to some inhibitors (Conti et al. 2003; Houslay and Adams 2003; Houslay et al.

2005). Four PDE4 genes (A/B/C/D) encode around 25 isoforms that are character-

ized by isoform-specific amino-terminal regions. These are then grouped based
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upon the presence of regulatory UCR domains (UCR1 and UCR2), with long forms

having both UCRs, short forms having UCR2, super-short forms having a truncated

UCR2 and the catalytically inactive, dead-short isoforms having neither (Bolger

et al. 2006; Conti and Beavo 2007; Houslay 2001, 2010).

While the structure of the catalytic domains from all four PDE4 subfamilies is

known (Ke andWang 2007a), until very recently nothing has been known about the

structure of the UCR regulatory domains or interactions of UCRs with the catalytic

domain. A recent report documents the X-ray crystal structure of UCR2, a helical

structure that can bind adjacent to and over the PDE4 catalytic pocket, thereby

gating cN substrate access (Burgin et al. 2010). This gives a structural basis to the

previous biochemical evidence and proposal that UCR2 provides an autoinhibitory

domain (Lim et al. 1999) and for previous observations that PDE4 enzymes can

adopt distinct conformational states that vary in sensitivity to certain inhibitors

(Houslay 2001; Houslay and Adams 2003; Houslay et al. 2005). Burgin et al. used

information derived from a collection of X-ray crystal structures of PDE4 isoen-

zymes, molecular modeling, site-directed mutagenesis, and systematic synthetic

chemistry to produce the novel small molecule inhibitors of PDE4D. These are

bifunctional compounds that form contacts with both the catalytic site and the

UCR2, thereby locking the enzyme in the inactive state; the double set of contacts

increases points of interaction with PDE4, thereby enhancing inhibitory potency

(Burgin et al. 2010; Houslay and Adams 2010).

The diverse interactions of various inhibitors with PDE4 are exemplified by

RS25344 and roflumilast. RS25344 interacts with the gating sequence, which

stabilizes the UCR2-capped state (Burgin et al. 2010), whereas roflumilast, which

has recently been approved in Europe for treatment of chronic obstructive pulmo-

nary disease (COPD) (see Tenor et al. 2011), occupies the uncapped catalytic pocket

and interacts minimally with residues in the UCR. These discoveries provide the

beginnings of insight into the complex inhibition kinetics of compounds, such as

rolipram, that may have different affinity for the catalytic pocket in the UCR2-

uncapped and UCR2-capped states. This discovery also offers a molecular explana-

tion (Burgin et al. 2010) for the reported observations that PKA phosphorylation

alters the inhibitor sensitivity (Hoffmann et al. 1998; Sette and Conti 1996a), for

example, by stabilizing an uncapped, activated state. Some of the new compounds

produce only partial inhibition (80–90%) of catalytic activity, which may contribute

to their actions in the biological setting. The proximity and arrangement of regu-

latory domains of other PDEs with respect to their catalytic sites as well as their

mechanisms of activation/autoinhibition will likely dictate whether this innovative

approach to drug design is useful for other PDEs or restricted to the PDE4 family.

The recent structural insights for UCR2 interaction with the PDE4 catalytic unit

(Burgin et al. 2010) will undoubtedly stimulate new lines of research and drug

discovery relating to PDE4. However, it is also likely to provide a stimulus to

understanding of the PDE superfamily as a whole, where paired regulatory regions,

for example, GAFs, located amino-terminal to the catalytic domain are common.

Solution of the X-ray crystallographic structure of the PDE2 holoenzyme has

suggested a different mechanism of regulation of catalytic activity (Pandit et al.
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2009). Thus, questions still awaiting an answer include whether distinct mechanisms

of regulation of the catalytic domain are present in PDEs, how these interactions

might be altered by either protein–protein interaction, phosphorylation, or other

modifications, the physiological significance of this and how this all might be

exploited to generate novel therapeutics. Also, despite the historical importance

of PDE1 in understanding calcium/calmodulin activation of cAMP and cGMP

degradation (Bender and Beavo 2006; Goraya and Cooper 2005), there are still

no structural insights into the mechanisms whereby the calcium/calmodulin complex

interacts with the paired binding domains in PDE1 to elicit activation of this enzyme.

2.5 Exposure to Drugs

PDEs 5 and 4 provide two examples of PDEs that exhibit different affinities for

family-selective inhibitors that are impacted by the history of exposure of these

proteins to inhibitors.

PDE5 holoenzyme exhibits biphasic affinity for interaction with vardenafil,

sildenafil, and tadalafil, that is, a low-affinity site and a high-affinity site, although

the inhibitors interact only with the PDE5 catalytic site. Prolonged exposure of

PDE5 holoenzyme to these inhibitors converts the kinetics of the low-affinity

interaction to that of the high-affinity site (Fig. 5) (Blount et al. 2007; Rybalkina

et al. 2010). This shift in affinity for the inhibitors indicates a functional transition

that is associated with a physical change in the protein following inhibitor binding.

It does not occur in the isolated catalytic domain, but when GAF-B is appended to

the catalytic domain, the shift in affinity is like that observed in the holoenzyme.

Thus, the affinity of PDE5 for these inhibitors is mediated by cGMP-dependent and

cGMP-independent mechanisms, the latter being an effect of the inhibitor itself.

Recently, it has been suggested that aggregation of PDE5 fostered by high con-

centrations of the enzyme in particular tissues may also impact affinity for certain

inhibitors (Rybalkina et al. 2010). These observations emphasize once again the

importance of not only examining inhibitor potencies within the context of PDE

holoenzymes but also with consideration of the molecular status and concentration

of the PDE within local environs in the cell.

Interaction of PDE4 isoenzymes with the inhibitor rolipram and related com-

pounds (such as RS-25344) has also uncovered both high- and low-affinity states

(Alvarez et al. 1995; Souness and Rao 1997). It should be noted that this is not a

generalized property, as inhibitors derived from other classes of compounds, for

example, piclamilast, do not share this property and behave as simple competitive

inhibitors of PDE4s (Tian et al. 1998; Zhao et al. 2003). This complexity of

rolipram interactions with PDE4s was originally uncovered by measurements of

isotopically labeled rolipram binding to the two conformation states termed High-
Affinity Rolipram-Binding Sites (HARBS) and Low-Affinity Rolipram-Binding
Sites (LARBS) (Houslay and Adams 2003; Jacobitz et al. 1996; Rocque et al.

1997; Souness and Rao 1997; Tian et al. 1998). Both have been thought to reflect

Phosphodiesterase Inhibitors: Factors That Influence Potency, Selectivity, and Action 65



characteristics of apparently different conformations of the same catalytic site;

however, results of recent X-ray crystal structures of various constructs of PDE4

isoforms in complex with certain inhibitors (described above) reveal that the high-

affinity interaction of some inhibitors results from direct contacts with the catalytic

pocket as well as with UCR2 (Burgin et al. 2010; Houslay and Adams 2010).

The molecular factors that determine whether the HARBS or LARBS form

predominates for a particular inhibitor have not been unequivocally identified, nor

has it been established whether these states are interconvertible, as occurs when

inhibitor binding to the PDE5 catalytic site shifts the low-affinity site to the high-

affinity site. The chemical characteristics of the inhibitor, the contacts that it forms

with the catalytic site and/or other regions of the PDE, as well as the oligomerization

state, degree of phosphorylation, or metal-ion occupancy of the catalytic center
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Fig. 5 Exchange-dissociation of [3H]tadalafil from PDE5D1-419 but not PDE5D1-465 is affected
by time of preincubation with the inhibitor. PDE5D1-419 (top) or PDE5D1-465 (bottom) (80 ml;
0.035 nM final) was added to 4.5 ml of binding reaction mixture containing [3H]tadalafil (30 nM

final concentration) after being preincubated for either 15 min or 12 h at 4�C. The zero time point

(Bo) was determined as described in Blount et al. (2007). Following 15-min or 12-h preincubation

of the respective constructs with [3H]tadalafil, the stoichiometry of inhibitor binding (Bo) was not

significantly different. Approximately 30 ml of a 1 mM tadalafil solution was then added to the

remaining incubating binding reaction mixture at 4�C. Aliquots were removed at various times

(Bt) and filtered by the same procedure at the indicated time points
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have all been implicated in stabilizing these dual states (Laliberte et al. 2000). A

consistent finding is that the high-affinity conformation is usually reduced in

truncated PDE4 enzymes, indicating that the amino terminus of PDE4 exerts

important constraints on the conformation of the catalytic domain (Conti et al.

2003). Whether these sites can be flexibly interconverted or are “fixed” in perpetuity

will impact considerations regarding future design of PDE inhibitors targeting these

PDEs. The dual-affinity state of PDE4s has been used in the PDE4 field as a guiding

criterion to predict therapeutic windows of PDE4 inhibitors under development with

respect to undesirable side effects of PDE4 inhibitors that have been associated with

HARBS. It seems likely that isoforms of other PDE families will also have multiple

conformations that exhibit varied affinities for particular inhibitors.

3 Design of PDE Inhibitors

3.1 Inhibitor Design

Emerging appreciation of the many factors that contribute to the physiologically

relevant action of PDEs has expanded options for development of new inhibitors.

Medicinal chemists are now setting goals for design of a spectrum of inhibitors that

selectively target either particular PDE catalytic sites, individual allosteric sites such

as the GAFs in PDEs 2, 5, 6, 10, or 11, UCRs in PDE4, a combination of the catalytic

sites and regulatory domains, or sites that provide for PDE interactions with pro-

teins/lipids to localize the PDE to particular regions of the cell (Burgin et al. 2010;

Keravis and Lugnier 2010; Verhoest et al. 2009). Even with the availability of

a number of clinically approved inhibitors that are selective and potent for a parti-

cular PDE family, for example, PDE5, development of a different class of inhibitors

may be needed to address specific pharmacokinetic needs in optimizing use in diverse

medical regimens, for example, compounds with improved bioavailability, slowed

clearance, improved stability, brain penetration, etc. (Owen et al. 2009). Moreover,

new classes of inhibitors that block only a portion of a particular PDE activity may

have merit that has not been appreciated previously (Burgin et al. 2010).

Traditionally, medicinal chemists have generated compounds that directly com-

pete with cN substrate for access to the catalytic sites of PDEs. This has primarily

been achieved by systematically modifying a chemical scaffold derived from

compounds known to interact with or inhibit PDE catalytic activity. The trial-

and-error approach using myriad derivatives of a lead scaffold has successfully

produced numerous potent and selective PDE inhibitors with diverse structural

characteristics; many of these compounds incorporate the purine of the cNs as the

basic scaffold with the goal of developing inhibitors that are substrate mimics but

that also include additional elements to enhance affinity and selectivity for a

particular group of PDEs (Fig. 6). However, selective inhibitors for most PDE

families are still not commercially available despite the great need for their use in

biochemical investigations and clinical settings.
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Guided by insights derived fromX-ray crystal structures of various PDE catalytic

sites as well as GAFs and UCR domains, chemists are now systematically exploiting

features that provide for novel drug designs exhibiting greater specificity and

potency. Structural information that is available for many isolated catalytic domains

reveals new insights into specific topographical features of particular catalytic sites.

Much effort is now being devoted to utilization of this new information for

vardenafil sildenafil

tadalafil

rolipram roflumilast

papaverine

BAY 73-6691RS-25344

(R) (S)

Fig. 6 Structure of the most common nonselective or family-specific PDE inhibitors. Rolipram,

Roflumilast and RS25344 are PDE4-selective. The two enantiomers of rolipram [(R)-(�)-rolipram

(the more potent enantiomer of rolipram) and (S)-(þ)-rolipram (the less potent enantiomer of

rolipram)] are indicated as (R) and (S), respectively. Vardenafil, sildenafil, and tadalafil are PDE5-
selective, although vardenafil and sildenafil are potent inhibitors of PDE6. BAY 73-6691 is selec-

tive for PDE9. Papaverine is nonselective but has high affinity for PDE10
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development of more selective inhibitors, for example, development of inhibitors

that selectively target the catalytic sites of the respective PDE4 isoforms, which

have clear clinical implications. Although this approach has been slow to produce

better inhibitors, some progress is being made as evidenced by the recent emergence

of a specific, a potent PDE10 inhibitor (Verhoest et al. 2009), an improved PDE5

inhibitor (Owen et al. 2009), and new PDE4 inhibitors (Burgin et al. 2010).

3.2 Inhibitor Selectivity and Potency

The goals involved in generating desirable PDE inhibitors include selectivity and

potency. Selectivity is a key feature in most instances; typically, a compound that

exhibits potency for one PDE that is 50- to 100-fold greater than potency of

inhibition for other PDEs is deemed to be a “specific” inhibitor. However, this

measure is not always rigorously applied in the literature. Although sildenafil and

vardenafil are commonly referred to as PDE5-selective or PDE5-specific, they also

potently inhibit PDE6 (Zhang et al. 2005). This close overlap in function confounds

use of these compounds in studies involving visual transduction or pineal functions.

The restriction of PDE6 expression to photoreceptor cells and the pineal gland

minimizes the issue surrounding this lack of selectivity between these two families,

but it should be kept in mind for studies involving neuronal tissues or other tissues,

where PDE6 might be expressed (Bazhin et al. 2010). Likewise, even when an

inhibitor meets the criteria of being defined as “specific” for one PDE versus

another, partial inhibition of the other PDE may come into play in the physiological

setting (Lukowski et al. 2010).

Potency, while generally desirable, may have reasonable limitations. A potent

inhibitor is likely to require lower doses to achieve the desired effect thus translat-

ing into lower drug exposure for the patient and lesser chance for unanticipated

reactions. However, to inhibit a meaningful portion of the activity of a PDE in a

tissue, there will have to be sufficient circulating inhibitor to block a significant

portion of that activity. It has been conjectured that high-affinity interaction

between an inhibitor and a PDE could foster increased concentration of the inhibitor

in the cell until the PDE is saturated, that is, the PDE would simply soak up the

inhibitor as long as high-affinity sites are available (Francis et al. 2008). In these

cases, the absolute concentration of the PDE in a particular cell would determine

the amount of the high-affinity inhibitor localized to the cellular milieu.

4 Interactions of PDE Inhibitors with Multiple PDEs

or Non-PDE Proteins

New drugs are typically designed to selectively interact with one targeted protein,

and PDE inhibitors are no exception. However, the molecular scaffold of many

PDE inhibitors mimics the purine in cAMP and cGMP. Given the number of
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cellular proteins that interact with purine-containing compounds, cross-reaction

is always a consideration, and detection of such unintended interactions can be

challenging. Moreover, PDE inhibitors whose structures or components of these

structures that do not mimic the purine in cNs have also been found to interact with

non-PDE cellular proteins. When possible, employing several PDE inhibitors with

different structures in a study significantly strengthens the validity of the interpre-

tations. Concepts based on biochemical results associated with use of one inhibitor

may need to be revisited if other interactions are subsequently found (Ohshiro et al.

2008; Taniguchi et al. 2006; Thompson 1991).

4.1 Interaction with Multiple PDEs

Recently, consideration has been given to the potential clinical advantages of

combining administration of compounds that are selective for different PDEs,

utilizing compounds that inhibit two PDEs, that is, dual-selective compounds, or

use of more nonselective compounds that inhibit different PDEs (Giembycz 2006).

For instance, inhibitors that block either PDE5 or PDE1 appear to impede patho-

logical remodeling in vascular smooth muscle and cardiac tissue, although the

relative roles of these PDEs is yet to be determined (Kang et al. 2003; Kass et al.

2007; Kim et al. 2001; Miller et al. 2009; Rybalkin et al. 1997, 2003; Takimoto

et al. 2005a; Zhu and Strada 2007). However, the potential to combine selective

inhibitors for both PDE families as a therapy to block the remodeling merits further

study. The rationale for the use of either dual-selective or nonselective inhibitors is

that relatively low concentration of such an inhibitor could partially block several

PDEs, for example, PDE5/PDE1, PDE4/PDE1, PDE4/PDE3, etc. in a given tissue,

to produce significant increases in cNs. In contrast to the concept described above

of nearly absolute specificity of a particular PDE to control cAMP or cGMP in

a particular locale, this approach assumes that at least in some situations multiple

PDEs work jointly to affect cN concentrations. The hypothesis suggests that

moderate blockage of several PDEs might produce modest, but physiologically

relevant, changes in cN without incurring the adverse effects commonly associated

with more marked changes in cN in either the target or the nontarget tissues when

a specific inhibitor more completely blocks a particular PDE (Giembycz 2006).

This is conceptually similar to the potential advantages of partial inhibition of

a particular PDE described above (Burgin et al. 2010).

4.2 Interaction with Other Proteins in the cN-Signaling Pathway

Use of compounds designed to block PDE action as well as activating other proteins

in the cN-signaling pathway is also worthy of consideration. cN analogs commonly

function not only as activators of particular cN-dependent protein kinases, cN-gated

channels, or EPACs, but also as inhibitors of certain PDEs; many cN analogs are
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highly resistant to breakdown by PDEs (Beltman et al. 1995; Butt et al. 1995; Poppe

et al. 2008; Sekhar et al. 1996). Low doses of such compounds would be predicted

to work on two target proteins to synergistically foster increased cN signaling

through that pathway. Examples include YC-1 and BAY 41-2272, both of which

are NO-independent activators of soluble guanylyl cyclase and act to elevate cGMP

in platelets, inhibit platelet aggregation, and lower blood pressure (Friebe et al.

1998; Galle et al. 1999; Mullershausen et al. 2004; Stasch and Hobbs 2009); each

also acts as a PDE inhibitor. Thus, the biological actions result from the simulta-

neous increase in cGMP production and inhibition of cGMP breakdown. The

combined effects of such compounds at two points in a pathway would foster

a synergistic increase in cN signaling and potentially produce meaningful changes

in signaling even at low ligand concentrations.

4.3 Interaction with Other Proteins

Interaction of PDE inhibitors with proteins other than PDEs is a serious problem that

is quite commonly ignored by investigators. However, this oversight compromises

many studies since many investigators accept the hyperbole asserting that

compounds are truly “specific and selective” for the targeted PDE.

The use of zaprinast, which has long been touted as a selective inhibitor for

PDE5/PDE6, is a prime example of such a problem. The interpretation of the results

of the vast majority of studies where zaprinast has been used attributes its effects

entirely to inhibition of PDE5. Its action to also inhibit PDE1 with reasonable

potency is largely ignored. However, zaprinast has recently been shown to be

a potent agonist for GPR35 (EC50 as low as 16 nM), a widely expressed receptor

for kynurenic acid (Ohshiro et al. 2008; Taniguchi et al. 2006). In contrast to the

widely and erroneously accepted action of zaprinast to exclusively inhibit PDE5

(IC50 ~ 130 nM), promote elevation of cNs and lower calcium, its action on GPR35

inhibits adenylyl cyclase activity and induces intracellular calcium mobilization.

Notably, these effects are not mimicked by two potent PDE5/PDE6 inhibitors that

structurally differ from zaprinast. In referring to the earlier studies, the authors of

the report note “it may be necessary to repeat those experiments (done only with
zaprinast) with different structural classes of selective PDE inhibitors.”

Theophylline, a natural compound and one of the first PDE inhibitors to be

discovered, is still in wide use for investigational purposes and various clinical

treatments; its biological effects are mediated by actions as an antagonist of A1-

adenosine receptors or as a nonspecific inhibitor of PDEs. Relatively high plasma

concentrations of theophylline (10–20 mg/L, which translates to ~50–100 mM)

are required to elicit significant bronchodilation (Barnes 2006). Based on IC50

values of theophylline for several PDEs, it is entirely possible that this level

could significantly diminish PDE activity, thereby promoting cN elevation (Butcher

and Sutherland 1962; Dent and Rabe 1996), and it is well accepted that the relation-

ship between the extracellular concentration of a PDE inhibitor and its intracellular
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concentration cannot be accurately predicted (Thompson 1991). Evidence derived

from studies of airway smooth muscle indicates that effects of theophylline in that

tissue are mediated through inhibition of PDEs 3–5 to cause increases in cAMP and

cGMP and activation of the respective signaling pathways (Cortijo et al. 1993;

Rabe et al. 1995). Effects of theophylline to blunt airway inflammation in COPD

occur below 10 mg/ml plasma (Hirano et al. 2006; Kobayashi et al. 2004) and are

therefore unlikely to act through PDE inhibition.

Cilostazol is somewhat selective as an inhibitor of the PDE3 family (IC50 ~ 0.5 mM)

and is marketed for treatment of intermittent claudication (Kambayashi et al. 2003);

it also reportedly inhibits PDE5 with nine-fold lower affinity (IC50 ~ 4.4 mM)

(Sudo et al. 2000) and antagonizes adenosine uptake at clinically relevant

concentrations (3 mM). The inhibitory effect of cilostazol for both PDE3 and

adenosine uptake was not appreciated initially, but now this dual effect is suggested

to be a significant factor in the overall safety and efficacy of cilostazol compared to

PDE3 inhibitors that do not block adenosine uptake (Kambayashi et al. 2006). Since

the clinically relevant concentration of cilostazol is also in the range of its IC50

for PDE5, it is plausible that inhibition of PDE5 may account for a portion of

cilostazol’s vasodilatory and antiaggregatory effects on vascular smooth muscle

and platelets, respectively, where PDE5 is abundant.

Dipyridamole, a PDE inhibitor that is approved for clinical use for prevention of

ischemic events following stroke, also has dual actions; it is a somewhat nonselec-

tive inhibitor of PDEs (PDE5 IC50 ~ 0.9 mM, PDE7 IC50 ~ 0.6 mM, PDE8 IC50 ~

9 mM, PDE10 IC50 ~ 1.0 mM, and PDE11 IC50 ~ 0.4 mM) (Beavo and Brunton

2002) and a relatively potent inhibitor of adenosine uptake (Klabunde 1983;

Schaper 2005). Although the antiaggregatory effects of dipyridamole in platelets

are largely attributed to its action to block adenosine uptake, its concentration in

plasma (1.7 mg/L or ~3.5 mM) is sufficient to block PDE5 as well (Serebruany et al.

2009); the combined actions of this drug would decrease platelet aggregation.

Although the effects of the PDE5 inhibitors, vardenafil, sildenafil, and tadalafil

are thought to be mediated exclusively through inhibition of PDE5, differences in

the effects of vardenafil versus those of sildenafil and tadalafil in rabbit pulmonary

arteries and human platelets have been reported (Toque et al. 2008). The evidence

in this report suggests that vardenafil, in addition to acting as a PDE5 inhibitor in

these tissues, may also block store-operated calcium channels. This possibility

warrants further study. A recent report indicates that in vitro sildenafil activates

several carbonic anhydrase isoenzymes (hCA I, hCA VB and hCA VI) with Ka

values in the range of 1–7 mM (Abdulkadir Coban et al. 2009); this effect may be

mediated by the piperazine moiety in sildenafil since other carbonic anhydrases

activators contain a piperazine moiety. Whether this effect impacts the pharma-

cological actions of sildenafil is not known, but since plasma sildenafil (bound and

free) in a typical patient approaches 1 mM, the possibility should not be entirely

dismissed. This effect emphasizes that a variety of molecular features of PDE inhi-

bitors may contribute to unanticipated interactions. Recently, Jeon et al. reported

that the anti-inflammatory action of vinpocetine, which has traditionally been

considered to be a PDE1-selective inhibitor, proceeds through a PDE-independent
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pathway (Jeon et al. 2010). Finally, EHNA, a selective and weak inhibitor of PDE2,

also inhibits adenosine deaminase (Mery et al. 1995), which complicates its use in

biochemical studies.

5 Concluding Remarks

Major advances have been made in recent years in defining the physical and

chemical characteristics of the catalytic sites of PDEs and identifying improved

strategies for development of potent and selective inhibitors of the various PDE

families. X-ray crystallographic structures of the catalytic domains of numerous

PDEs has allowed for precise spatial considerations for future design of more

selective inhibitors. More recently, the X-ray crystal structures of regulatory

domains of these proteins have become available and provide new opportunities

for development of PDE inhibitors. The clinical success of the PDE5 inhibitors has

been a major advance in understanding the medical implications of these types of

drugs. Despite the availability of some selective PDE inhibitors, it is clear that great

caution is warranted when using these compounds. There are now well-documented

examples in which a PDE inhibitor that was considered to specifically target a

particular PDE has mechanisms of action that are unrelated to inhibition of PDE

activity. In addition, interpretation of results based on the concentration of a

“selective” inhibitor that is applied extracellularly is particularly problematic

since it is not possible to discern the concentration of that compound in the

intracellular milieu or in particular cellular compartments where it might reach

concentrations sufficient for inhibition of other PDEs. Use of several inhibitors and

a variety of approaches is important to validate interpretation of results in such

studies. Innovative strategies are needed to generate new inhibitors that are selec-

tive for specific PDE families and their subfamilies since these compounds are

greatly needed for investigational purposes that will hopefully lead to clinical use.
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Abstract Since more than two decades anti-inflammatory effects of inhibitors of

phosphodiesterase-4 have been described in numerous cellular and animal studies

and were finally confirmed in clinical trials. The path from an early, pioneering

study with Ro20-1724 showing reduction of psoriatric plaque size in 1979 to

modern PDE4 inhibitors such as oral apremilast in development for psoriasis, the
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inhaled PDE4 inhibitor GSK256066 in development for asthma and COPD and

finally roflumilast, the first PDE4 inhibitor approved and currently marketed as an

oral, once-daily remedy for severe COPDwas marked by large progress in chemical

optimization based on improved understanding of PDE4 biology and drug-like

properties determining the appropriate pharmacokinetic profile. In this chapter

aspects of the pharmacology and clinical efficacy of PDE4 inhibitors, which have

been in clinical development over the years are summarized with specific emphasis

on their clinical pharmacokinetic properties.

Keywords Apremilast �GSK256066 � PDE4 Inhibitors � Pharmacokinetics � Roflu-
milast

1 Introduction

Phosphodiesterase 4 (PDE4) is abundantly expressed in a broad array of cells

governing inflammatory responses and structural remodeling. Over the last two

decades, an ever-increasing amount of evidence from cellular and animal studies

indicated potential benefits from selective PDE4 inhibitors in numerous ailments.

Among them were respiratory disorders such as chronic obstructive pulmonary

disease (COPD), asthma, or idiopathic pulmonary fibrosis. The major clinical

breakthrough with PDE4 inhibitors was in COPD, a chronic respiratory disorder

mostly developing over decades in about 20–30% of tobacco smokers, regardless

of later smoking cessation. COPD is characterized by a chronic, progressive loss in

lung function associated with sudden acute exacerbations. Major disease mechan-

isms in COPD involve a characteristic pulmonary inflammatory response, structural

remodeling encompassing lung parenchymal destruction (emphysema), and small

airway peribronchial fibrosis, as well as malfunction of the mucociliary apparatus

(Barnes and Rennard 2008; Hogg and Timens 2009).

Interestingly, in large clinical trials the once-daily (500 mg per day), oral PDE4

inhibitor Roflumilast significantly improved lung function and reduced the rate

of acute exacerbations in patients with severe COPD (Calverley et al. 2009),

especially when added to long-acting bronchodilators such as salmeterol or tiotro-

pium (Fabbri et al. 2009). In contrast, the clinical effects of oral PDE4 inhibitors are

not associated with acute bronchodilation (Harbinson et al. 1997; Engelstaetter

et al. 2002; Grootendorst et al. 2003). On the basis of its clinical effectiveness in

COPD, roflumilast has recently received market authorization by the European

Medicinal’s Agency as the first-in-class PDE4 inhibitor for the maintenance treat-

ment of severe COPD associated with chronic bronchitis in adult patients with

a history of frequent exacerbations as an add-on to bronchodilator treatment.

Besides affecting the lungs, there is increasing awareness of extrapulmonary

components of COPD, reflected as systemic inflammation and comorbidities

(Agusti and Soriano 2008; Barnes and Celli 2009). The idea may be proposed that

oral PDE4 inhibitors by virtue of their anti-inflammatory potential and their ability
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to curb hyperactive structural cells may potentially alleviate these extrapulmonary

manifestations. This hypothesis should be challenged in future investigations.

The history of PDE4 inhibitors dates back at least three decades and perhaps

the first clinical proof-of-concept study was with Ro 20-1724 that was later char-

acterized as a PDE4 inhibitor. This compound reduced plaque size in psoriasis

patients when administered topically as reported by Stawiski and colleagues in

1979 (Stawiski et al. 1979). Immediately following the discovery of PDE4 in the

1980s, there was an exponential interest in PDE4 inhibitors. This was particularly

attributed to the excellent drugability of PDE4 as a target and the rapidly accumu-

lating evidence on the potential of PDE4 inhibitors to mitigate inflammation.

However, first-generation PDE4 inhibitors comprising Ro 20-1724, rolipram, or

denbufylline were associated with side effects such as nausea and vomiting that

prevented their clinical development. More recent developments, including cilomilast,

roflumilast, and apremilast (Fig. 1), were specifically designed to temper this adverse

profile and have been investigated in large clinical trials, mostly in COPD or asthma,

or with apremilast in psoriasis.

The wealth of knowledge on the biology of PDE4, medicinal chemistry of

selective PDE4 inhibitors, and the abundance of cellular and animal effects asso-

ciated with PDE4 inhibitors have been exhaustively summarized and discussed in

excellent and authoritative recent reviews (Bender and Beavo 2006; Conti and

Beavo 2007; Boswell-Smith and Spina 2007; Spina 2008; Pagès et al. 2009; Press

and Banner 2009). This chapter, however, is an attempt to collate our current

knowledge and opinion on the clinical pharmacokinetics of PDE4 inhibitors and

to discuss, where possible, how pharmacokinetic profiles might modify clinical
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Fig. 1 Chemical structures of selected oral PDE4 inhibitors, which have been in clinical devel-

opment. (1) rolipram; (2) ibudilast; (3) tetomilast; (4) cilomilast; (5) oglemilast, (6) roflumilast, (7)

apremilast
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efficacy. For the PDE4 inhibitors discussed (rolipram (1), ibudilast (2), tetomilast

(3), cilomilast (4), oglemilast (5), roflumilast (6), and apremilast (7); Fig. 1), a very

brief summary of cellular, animal, and clinical findings will be added.

2 Pharmacology and Clinical Experience

2.1 Rolipram

The arylpyrrolidinone rolipram (1) was among the first discovered set of highly

selective PDE4 inhibitors. This compound was investigated in clinical development

for the treatment of depression (Zeller et al. 1984; Laux et al. 1988; Fleischhacker

et al. 1992). Rolipram readily crosses the blood–brain barrier and has been found to

improve neurotransmission in central noradrenergic neurons. This observation may

account for the compound’s antidepressive effects. Although modest antidepressive

efficacy for rolipram was reported in clinical settings, the extent of nausea and

vomiting caused further development to be abandoned. As the archetype PDE4

inhibitor with a rather acceptable pharmacokinetic profile in rats or mice following

i.p. or p.o. administration, rolipram excelled as a tool compound for characterizing

the putative potential of PDE4 inhibitors in countless disease-relevant cellular and

animal models but also to sharpen insights into the nature of PDE4-related adverse

effects such as nausea and vomiting.

On the basis of promising results to alleviate symptoms in experimental autoim-

mune encephalomyelitis (EAE) rodent models, the effects of rolipram were explored

in a very small number of patients afflicted with multiple sclerosis. Although

rolipram (maximal dose of 9 mg per day) exerted inhibitory effects on peripheral

blood mononuclear cells, the primary outcome measure (contrast-enhanced lesions

in magnetic resonance imaging (MRI) reflecting blood–brain barrier disruption

secondary to brain inflammatory activity) worsened rather than improved. Along

with poor tolerability, this finding accounted for premature termination of that study

(Bielekova et al. 2009). The reasons for the enhanced brain inflammatory activity

with rolipram are not entirely clear; however, one may consider that not only TH1

cells but also other T-cell subpopulations such as TH17 cells are now considered

being critical orchestrators in multiple sclerosis. Authors indicated the study does

not exclude that PDE4 inhibitors may exert neuroprotective or immunomodulatory

effects independently of blood–brain barrier disruption. In any case, caution should

be taken in investigations with PDE4 inhibitors in multiple sclerosis.

2.2 Ibudilast

Ibudilast, a pyrazolopyridine (2, Kyorin Pharmaceuticals), may be at best consid-

ered as a weak, mixed type PDE4, PDE10, and PDE3 inhibitor with IC50 in the low

micromolar range and little specificity for PDE4 (Gibson et al. 2006; Huang et al.
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2006). Ibudilast is registered in Japan for the treatment of asthma and poststroke

dizziness (Ketas® and Pinatos®, delayed release capsules) as well as for the treatment

of ocular allergies with 0.01% ibudilast ophthalmic solution. The approved oral dose

is 10 mg administered twice (for asthma) or three times daily (for the cerebrovascular

condition).

Bronchodilator, vasodilator, antithrombotic, and anti-inflammatory effects are

attributed to the drug. The rationale for the use of ibudilast in poststroke dizziness

appears to be based on the assumption that this condition results from ongoing

ischemia and that the vasodilating activity of ibudilast may improve this condition

(Rolan et al. 2009).

In vitro effects of ibudilast include attenuation of leukotriene release (Ohtsu

et al. 1989), diminished TNF-a or interferon (IFN)-g production from T-cells

(Feng et al. 2004), and decreased histamine release from mast cells (Choi et al.

1989). Recently, it was revealed that ibudilast is an allosteric inhibitor of macro-

phage migration inhibitory factor (MIF), besides inhibiting PDEs (Cho et al. 2010).

2.3 Tetomilast

Tetomilast (OPC-6535; Otsuka) (3) is a comparably weak PDE4 inhibitor (IC50 of

380 nM) with only about tenfold selectivity toward PDE3, which has been in clinical

development for ulcerative colitis. In a phase II study in mild-to-moderate, active

ulcerative colitis, the primary end point (reduction in “disease activity index”, a

composite score, by at least three points within 8 weeks of treatment), was not

achieved with a once-daily, oral dose of 25 or 50 mg per day (Keshavarzian et al.

2007). However, post hoc analyses in the subgroup with moderate activity revealed

some symptomatic benefit. Tetomilast was advocated as being well tolerated bymost

individuals; however, 29% of patients assigned to the higher dose group experienced

nausea and 6.5% vomiting, although these adverse events were mostly transient over

the first weeks (Keshavarzian et al. 2007). In twomore recent phase III trials (FACT 1

and FACT 2) in patients with moderately severe active ulcerative colitis, again the

primary end point (a composite symptom score indicative of clinically meaningful

improvement) was failed. Nausea was reported as the most common, dose-dependent

adverse event (Keshavarzian et al. 2007). According to the company’s website,

tetomilast remains under investigations in clinical studies for Crohn’s disease, but

more recently, a clinical study in COPD has also been registered.

2.4 Cilomilast

Cilomilast (Ariflo, SB 207499, GSK) (4) is a second-generation, selective PDE4

inhibitor originally developed for the treatment of asthma, later for COPD, that was

finally abandoned by GSK.

Cilomilast is more potent at inhibiting PDE4D (IC50 of 20 nM) compared to

PDE4B (IC50 of 140 nM) (Giembycz 2001).
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In this context, one may consider that in mice that were deficient for PDE4D, a2-
adrenoceptor-induced anesthesia was shortened, which is conceived as a correlate

to emesis in these non-emetic rodents (Robichaud et al. 2002). It was striking then

that, contrary to expectations, the recently discovered highly PDE4D-selective,

allosteric PDE4 inhibitors (Burgin et al. 2010) have almost no emetic potential in

several animal species and did not show reduced duration of a2-adrenoceptor-
induced anesthesia at doses associated with desired pharmacological effects

(cognition enhancement) (Burgin et al. 2010). These findings were in contrast to

rolipram that, however, suppresses catalytic activity of the different PDE4 subtypes

with comparable potency.

In any case, PDE4D inhibition adds to the overall anti-inflammatory effects of a

“balanced” PDE4 inhibitor, as this was exemplified in T-lymphocytes (Peter et al.

2007) or neutrophils (Ariga et al. 2004). “Balanced” PDE4 inhibitors are defined as

those suppressing all PDE4 subtypes and splice variants with comparable potency.

As the cyclohexanecarboxylic acid substituent of cilomilast is deprotonated to

the corresponding carboxylate anion at physiologic pH, drug penetration to the

brain should be limited and the risk of CNS-related adverse events may be reduced.

Cilomilast showed anti-inflammatory effects in patients afflicted with COPD. In

a 3-month trial in which patients received cilomilast at 15 mg BID versus placebo,

the PDE4 inhibitor substantially reduced CD8+ T-cells and CD68+ macrophages in

bronchial biopsies (Gamble et al. 2003). On the other hand, sputum neutrophil

counts remained unaffected. No consistent anti-inflammatory effects could be

determined in two additional studies of comparable design (Rennard et al. 2008).

In the phase III program involving patients with COPD treated with cilomilast

(15 mg BID), improvements in FEV1 ranged from 24 to 44 ml, but apparently this

was not accompanied by consistent improvements in other clinical parameters.

In one study, the PDE4 inhibitor significantly reduced functional residual capa-

city (FRC), a measure of hyperinflation by 290 ml; however, in another study this

improvement (120 ml) remained below the level of significance (Rennard et al.

2008). Finally, the rate of acute exacerbations was reduced in two 24-week trials,

but this was not confirmed in a later 1-year study that was designed to detect

a reduction in exacerbations (Rennard et al. 2008).

2.5 Oglemilast

Oglemilast (GRC-3886, Glenmark) (5) is another potent (IC50 PDE4B 0.3 nM,

nonselective among PDE4 subtypes) and selective PDE4 inhibitor that has been

undergoing clinical evaluation for COPD as an oral, once-daily remedy. While ogle-

milast was reported being non-emetic in ferrets (100 mg kg�1) or dogs (12 mg kg�1)

at doses resulting in plasma levels (Vakkalanka et al. 2005) corresponding to

almost maximum suppression of cellular effects related to PDE4 inhibition (LPS-

induced TNF-a release in human whole blood and fMLP-induced superoxide

formation in human PMN in the presence of 80% plasma), the compound failed
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to reach primary end points in asthma and COPD trials (200–800 mg OD, p.o.), and,
consequently, further development was terminated.

2.6 Roflumilast

Roflumilast (6, Nycomed) was developed as a novel, once-daily oral treatment

for severe COPD that targets the underlying inflammatory disease processes

(Hatzelmann and Schudt 2001; Bundschuh et al. 2001; Hatzelmann et al. 2010).

Roflumilast inhibits the PDE4 activity in human neutrophils (IC50 at 0.7 nM)

without affecting any other isoenzyme of the 11 PDE families, even at 10,000-fold

higher concentrations, and has a considerably higher potency for PDE4 inhibition

than cilomilast (Hatzelmann and Schudt 2001; Hatzelmann et al. 2010).

Roflumilast N-oxide is the active metabolite of roflumilast sharing highly potent

(IC50 at PDE4 of human neutrophils of 2 nM) and selective PDE4 inhibition with

the parent compound (Hatzelmann and Schudt 2001).

Roflumilast and roflumilast N-oxide are “balanced” PDE4 inhibitors. In in vitro

investigations, roflumilast and roflumilast N-oxide demonstrated a broad potential

to reverse malfunctions of human inflammatory and structural cells related to

COPD (such as neutrophils, macrophages, T-cells, airway epithelial cells, lung

fibroblasts, bronchial and pulmonary artery smooth muscle cells, and endothelial

cells). In mice studies, roflumilast alleviated the inflammatory response as well as

lung parenchymal destruction following exposure to tobacco smoke over several

months. Roflumilast further reduced the lung fibrotic response secondary to

bleomycin in mice and rats. Finally, roflumilast mitigated pulmonary vascular

remodeling and pulmonary hypertension in rats following chronic hypoxia or

monocrotaline (see Hatzelmann et al. 2010 for review). The anti-inflammatory

potential of roflumilast was confirmed in clinical studies. One study administered

roflumilast at the standard dose of 500 mg per day over 4 weeks to human volunteers

that were then exposed to lipopolysaccharide (LPS) by bronchoscopy-assisted

segmental bronchial challenge (Hohlfeld et al. 2008). The resulting increase of

neutrophils in the segmental lavage was reduced with roflumilast versus placebo

by 39% (Hohlfeld et al. 2008). In another study recruiting patients afflicted with

mild-to-moderate COPD, Grootendorst and colleagues (2007) found a reduction by

approximately 35% in the number of neutrophils collected in induced sputum

following a 4-week course of oral roflumilast, once daily at 500 mg per day.

These anti-inflammatory effects may translate into the observed clinical efficacy

in COPD. In four large clinical trials, roflumilast was shown to robustly (1) increase

FEV1 by about 40–80 ml over 1 year, (2) reduce the rate of acute exacerbations in

COPD by 15–21% (1 year), and (3) maintain its favorable effects on lung function

and exacerbation rate when added to bronchodilators such as tiotropium or salme-

terol (Calverley et al. 2009; Fabbri et al. 2009; Hanania et al. 2010). Retrospective

analyses revealed that roflumilast can also reduce exacerbations and improve lung

function when given concomitantly with inhaled corticosteroids in patients with

severe COPD (Calverley et al. 2010).

Pharmacology, Clinical Efficacy, and Tolerability of Phosphodiesterase-4 Inhibitors 91



2.7 Other Substances

2.7.1 Theophylline

The xanthine theophylline has been in use as a remedy for respiratory disorders for

many decades. It was already known in 1957 that theophylline inhibits PDE

activities, along with the discovery of cAMP by Earl Sutherland and Ted Rall.

While the xanthine (together with caffeine as one pharmacologically active ingre-

dient in coffee, described by Dr Hyde Salter in 1859 to alleviate asthma) was the

first PDE inhibitor described, from our current perspective in 2010, it is a very weak

(IC50 at PDE4 of 660 mM) and unselective PDE inhibitor. Indeed, perhaps the only

PDE component that may add to therapeutic effects of theophylline is inhibition of

PDE3 (IC50 of 110 mM) that accounts in part for bronchodilation.

At therapeutic plasma levels theophylline primarily diminishes the activity of

phosphatidylinositol 3-kinase (PI3K)-d following its cellular activation by reactive

oxygen species (ROS), thus maintaining the activity of histone deacetylase-2

(HDAC2), which then supports to restore anti-inflammatory effectiveness of

glucocorticoids (To et al. 2010). Steroid effectiveness is impaired in COPD proba-

bly as the result of the burden of ROS that prevails in this ailment (Barnes 2009).

While ample affirmative evidence for this concept has been accumulated in cellular

and animals studies, clinical investigations with the objective of defining whether

theophylline, for example, reverses the resistance of sputum neutrophil accumula-

tion to glucocorticoids in COPD are not yet conclusive (Cosio et al. 2009; Ford

et al. 2010). At least in vitro, in alveolar macrophages from patients with COPD,

theophylline at only 1 mM (a concentration at which none of the PDEs is inhibited)

that is ineffective alone was shown to partly restore the impaired inhibition of

LPS-induced interleukin-8 (IL-8) release by budesonide.

Another well-characterized mechanism of theophylline is the antagonism at

adenosine A1 as well as A2A and A2B receptors. In this context, endogenous

adenosine released from neutrophils when acting via A2A receptors on neutrophils

may serve to prevent their activation (Cronstein et al. 1985). When released from

bronchial epithelial cells, endogenous adenosine acting via A2B receptors may

increase ciliary motility and cystic fibrosis transmembrane conductance regulator

(CFTR) activity by elevating cAMP (Rollins et al. 2008). As a corollary, antago-

nism by theophylline may favor proinflammatory effects in neutrophils or impair

mucociliary functions of bronchial epithelial cells.

In clinical studies conducted with oral theophylline in COPD, this xanthine

improved lung function to a variable extent, however, by primarily acting as a

bronchodilator. For example, in a large trial the FEV1 increase was comparable at

day 1 and 12 weeks after daily theophylline intake (ZuWallack et al. 2001).

For theophylline, numerous side effects have been reported. Among them

are arrhythmias, seizures, palpitations, tremor, nausea, headache, and insomnia. In

addition, a considerable number of drug–drug interactions were described. For

example, allopurinol, cimetidine, and erythromycin increase, whereas phenobarbital,
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rifampicin, and phenytoin decrease theophylline plasma concentrations. In addition,

smoking increases theophylline clearance (by inducing CYP1A2). All these inter-

ferences from concomitant drugs and smoking behavior complicate dosing, and, as a

corollary, individual dose titration and plasma level monitoring are almost imperative

measures in many cases (Boswell-Smith et al. 2006).

Even when theophylline was given at comparably low doses, as these were

suggested for anti-inflammatory effects in asthmatics (Lim et al. 2001) or patients

with COPD (Culpitt et al. 2002), about 13% of patients in a large trial of almost

4,000 patients had theophylline plasma concentrations in a range indicative of a

higher risk for the occurrence of marked side effects (Ohta et al. 2004).

2.7.2 Other Oral PDE4 Inhibitors

Though the therapeutic index of second-generation PDE4 inhibitors was improved

compared to rolipram, the development of many drugs including filaminast, lirimi-

last, piclamilast, CDP840, CI-1018, D-4418, IC485, L-826,141, SCH 351391, and

V11294A has been discontinued because of a lack of efficacy, probably as the

maximum tolerated dose was still in the lowest therapeutic or even subtherapeutic

range (Giembycz 2008).

Apremilast (CC-10004, Celgene) (7) is another potent and selective, oral PDE4

inhibitor (IC50 at PDE4B of 33 nM, no selectivity among PDE4A–PDE4D sub-

types) (Schafer et al. 2010), which initially may have been developed for asthma or

COPD but recently has shown favorable efficacy in clinical trials on psoriasis and

psoriatric arthritis. In preclinical studies, apremilast confirmed the expected in vitro

anti-inflammatory profile of a PDE4 inhibitor. Yet more interestingly, apremilast

showed efficacy in mouse models of psoriasis (Schafer et al. 2010) and rheumatoid

arthritis (McCann et al. 2010).

In a small open-label, single-arm clinical study, 20 mg apremilast once daily

over 4 weeks improved the psoriasis area and severity index (PASI) in 74% of

patients with severe plaque-type psoriasis (Gottlieb et al. 2008). In those patients

responding to apremilast with reduced epidermal thickness, the number of T-cells

and CD11c-positive (dendritic) cells in dermis and epidermis, as well as total NOS

in skin biopsies, was all suppressed. LPS-induced TNF-a release in ex vivo stimu-

lated whole-blood samples taken 2 h after the first intake of apremilast showed

25–70% inhibition in 9 of 11 patients. In this context, half-maximum inhibition of

LPS-induced TNF-a release in human whole blood in vitro by apremilast was at

316 nM and the maximum plasma concentration Cmax in that clinical study was at

450 nM. Apparently, results from the ex vivo experiment were in line with

expectations from comparing the potency in the in vitro experiment with the Cmax

value.

The promising clinical results were recently confirmed in larger randomized,

double-blind, placebo-controlled trials in patients with moderate-to-severe psoriasis

or psoriatic arthritis. In the plaque-type psoriasis trial, apremilast (30 mg BID, p.o.)

met the primary end point of a 75% reduction of their PASI score (PASI-75) in 41%
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of patients compared to 6% in the placebo group after 4 months treatment. Still,

significant improvement was achieved with apremilast at the lower dose of 20 mg

BID (29% of patients).

In a trial exploring the effects of the PDE4 inhibitor on patients with psoriatic

arthritis, 43.5% of patients on apremilast at 20 mg BID, 35.8% of patients on

apremilast at 40 mg OD, and 11.8% of patients on placebo achieved the primary

end point of ACR20 (a composite end point indicating �20% improvement of

tender and swollen joint counts, pain, physical function, an inflammation laboratory

marker, and overall disease activity, defined by the American College of Rheuma-

tology, ACR) after only a 3-month treatment period.

Most common adverse events were nausea (18% [apremilast 30 mg BID] vs. 8%

[placebo]), diarrhea (14% vs. 5%), headache, nasopharyngitis, and fatigue.

According to the clinical trials register, studies to explore efficacy of apremilast

in an array of dermal indications such as contact dermatitis, gouty arthritis, rosacea,

severe acne, uveitis, severe lichen planus, dermatomyositis, cutaneous sarcoidosis

but also for other indications such as ankylosing spondylitis, and chronic prostatitis

are currently ongoing or initiated.

2.7.3 Topical PDE4 Inhibitors

As an option to further improve their therapeutic index, PDE4 inhibitors, designed

for topical administration either by the inhaled route for asthma and COPD, or as

creams or ointments for atopic dermatitis and psoriasis, are under scrutiny by

several companies (Fig. 2).
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Fig. 2 Chemical structures of PDE4 inhibitors delivered by the topical route. (8) AWD 12-281;

(9) GSK256066; (10) Tofimilast; (11) UK-500,001, (12) AN2728
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The profile of an inhaled PDE4 inhibitor should comprise a long duration of

action in the lungs along with rapid systemic metabolism resulting in low systemic

exposure (AUC), high plasma protein binding, and low oral availability taking into

account that after inhalation a considerable part of the compound is swallowed,

altogether reducing the risk of systemic adverse events.

The benzamide AWD 12-281 (8, GSK842470, Elbion/GSK) was probably one

of the first potent (IC50 at 3.5 nM) and selective PDE4 inhibitors specifically

designed for an inhaled development (Draheim et al. 2004; Kuss et al. 2003;

Gutke et al. 2005). AWD 12-281 exhibits rather low solubility, high plasma protein

binding (>99%), and rapid clearance by phase II hepatic metabolism (apparently by

glucuronidation perhaps to the hydroxyl group attached to the indole moiety).

These properties may support extended lung retention, potentially fostering long

duration of action in the lungs, yet allowing low systemic exposure following

intratracheal administration as well as low oral bioavailability (Draheim et al.

2004). In this context, AWD 12-281 retained the inhibition of ovalbumin (OVA)-

induced airway (bronchoalveolar lavage (BAL)) eosinophil influx in sensitized

Brown–Norway (BN) rats when given at the (suboptimal) dose of 30 mg kg�1

intratracheally for up to 18 h before ovalbumin challenge, indicating a long duration

of action (Kuss et al. 2003). In addition, AWD 12-281 administered intratracheally

to rats reduced OVA-induced BAL eosinophil influx with ED50 of 7 mg kg�1 i.t.

(BN rats) and LPS-induced BAL neutrophil influx with ED50 of 0.02 mg kg�1 i.t.

(Lewis rats) (Kuss et al. 2003). At these dose levels, no relevant systemic exposure

occurs. In consequence, the observed suppressive effects of AWD 12-281 on the

lung inflammatory response to OVA or LPS are entirely attributed to the topical

actions of the PDE4 inhibitor confined to the lungs. Remarkably, no signs of emesis

or nausea from AWD 12-281 occurred in dogs following inhalation of up to

14 mg kg�1 per day over 4 weeks. Under these conditions, the systemic Cmax was

1.5 mM (Kuss et al. 2003) that is close to the half-maximum inhibition of LPS-

induced TNF-a release in human whole blood (EC50 of 900 nM, Kuss et al. 2003) or

fMLP-induced neutrophil superoxide release in the presence of 80% autologous

human plasma. AWD 12-281 has been in clinical development for asthma and

COPD. Apparently results are not available in the public domain and further

development may have been terminated.

GSK256066 (9, GlaxoSmithKline) is a more recent topical PDE4 inhibitor in

clinical development for asthma, COPD, and allergic rhinitis. This quinoline

analogue achieves a strikingly high potency to inhibit PDE4 in the low pM range

(IC50 at 3.2 pM) with no difference between the PDE4A–PDE4D subtypes

(Woodrow et al. 2009; Knowles et al. 2009). GSK256066 moderates early and

late airway response (reflected by a loss in FEV1) following allergen challenge in

steroid-naive atopic asthmatics after inhalation of 87.5 mg per day, once daily for

7 days (Singh et al. 2010). In this study, pharmacokinetic parameters were dis-

closed. Plasma area under the curve (AUC) at day 7 was only about 1.7-fold higher

compared to day 1, and Cmax (35 pM) were comparable. Given an extrapolated Cmax

unbound to proteins of 0.6 pM (plasma protein binding of 98.2%) and half-

maximum inhibition of LPS-induced TNF-a release in human whole blood at
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about 125 pM, the effects on extrapulmonary PDE4 or cell functions should be

minor, with little impact on the favorable findings with inhaled GSK256066 on

the airway allergen responses in that trial. As a corollary, the effects of inhaled

GSK256066 in these asthmatics are explained by the compound’s deposition in the

lungs.

In a recently disclosed study (Laazar et al. 2010), inhaled GSK256066 at 25 or

87.5 mg kg�1 per day was administered to patients with moderate COPD in a

double-blind, placebo-controlled, randomized, 4-week trial. Primary end points

were safety and efficacy; secondary end points included lung function, biomarkers

of inflammation, and pharmacokinetics. In this trial, which was not powered to

detect significant differences in lung function, inhaled GSK256066 at 25 or

87.5 mg kg�1 per day reduced the lung residual volume (RV) by 141 and 367 ml,

respectively (significant for the higher dose group). These findings may indicate a

potential to reduce hyperinflation, considered a hallmark in COPD. Whether this

observation translates into improved exercise capacity remains to be explored.

Other lung volumes such as total lung capacity (TLC) or FRC followed more or

less the findings for RV and there was a trend for (postbronchodilator) FEV1 to

dose-dependently increase (by 50 and 91 ml at 25 and 87.5 mg kg�1 per day). In

induced sputum, trends for a reduction in total proteins, IL-8, and myeloperoxidase

(MPO) were reported. As requested for an inhaled compound, no relevant systemic

PDE4-related adverse events were observed.

The solubility of GSK256066 is rather low (<2 mM), which along with one of

the specificities of this quinoline that is slow reversal of [3H] GSK256066 binding

from PDE4 (indicating a long drug-target residence time) may support long dura-

tion of action favoring once-daily administration.

The development of two earlier PDE4 inhibitors used in inhaled programs for

COPD and asthma (tofimilast, 10, and UK-500,001, 11, both from Pfizer) (Danto

et al. 2007a, b; Vestbo et al. 2009) has been discontinued for lacking or low efficacy

in 6-week clinical trials (Vestbo et al. 2009).

In aggregate, while earlier endeavors with inhaled PDE4 inhibitors have been

disappointing, initial experience with GSK256066 is more promising. On the basis

of enzymatic, physicochemical, and pharmacokinetic parameters disclosed,

GSK256066 was specifically designed for inhaled administration by integrating

long pharmacological duration of action in the lungs with minimal systemic

exposure. With curiosity new results of long-term studies with GSK256066 and

comparable inhaled PDE4 inhibitors in asthma and COPD are awaited that may

finally allow to assess whether there would be a position (and if affirmative where)

of a well-designed inhaled PDE4 inhibitor in the management of these respiratory

ailments.

The rationale behind developing PDE4 inhibitors specifically designed for

topical administration to the skin in dermal indications was to improve the thera-

peutic index. While more than 30 years after Stawiski’s seminal discovery that

topically administered Ro 20-1724 reduces plaque size in psoriasis (Stawiski et al.

1979), no topical PDE4 inhibitor for this dermal indication has gained market

access perhaps the most progressed and recent development is Anacor’s AN2728
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(12) (IC50 for PDE4 inhibition at 200 nM), a small molecule based on that company’s

proprietary boron chemistry platform (Akama et al. 2009; Nazarian and Weinberg

2009). In three placebo-controlled, randomized, double-blind phase II studies in

patients with mild-to-moderate plaque-type psoriasis, AN2728 has shown signifi-

cantly greater improvement in a specific score (Overall Target Plaque Severity

Score, OTPSS) versus placebo after 6 weeks of twice-daily AN2728 (2%) ointment.

On the basis of these promising findings, a phase III program with AN2728 will be

embarked upon soon.

Along with orally given apremilast, AN2728 convincingly corroborates the

pioneering findings of Stawiski and colleagues in 1979 that PDE4 inhibitors may

alleviate psoriasis. The resurrection of an old concept provides hope that a PDE4

inhibitor specifically for psoriasis may finally reach the market.

3 Tolerability, Adverse Events, and Special Populations

3.1 Rolipram

The maximally tolerated dose of rolipram was 5 mg as a single oral dose, and 15 mg

as a total daily dose, with nausea and vomiting as dose-limiting adverse reactions

(Horowski and Sastre-Y-Hernandez 1985). In the small clinical studies to detect

antidepressive effects (Zeller et al. 1984; Hebenstreit et al. 1989; Laux et al. 1988;

Scott et al. 1991; Fleischhacker et al. 1992), but also in a later study exploring

the potential of rolipram in multiple sclerosis (Bielekova et al. 2009), reports on the

tolerability in the most frequently used doses (0.25–1 mg three time daily) are

somewhat inconsistent with the majority of them indicating nausea (Laux et al.

1988; Hebenstreit et al. 1989; Scott et al. 1991). In the recent study on multiple

sclerosis, where rolipram was dosed up to 3 mg three times daily, poor tolerability

was reported (Bielekova et al. 2009).

In aggregate, inferiority of rolipram compared to common tricyclic antidepres-

sives (Hebenstreit et al. 1989; Scott et al. 1991) along with a tolerability issue, when

increasing the doses, may finally have contributed to abandoning the clinical

development of this early PDE4 inhibitor.

3.2 Ibudilast

With therapeutic doses of ibudilast (total daily doses of 20 or 30 mg), the most

common adverse events reported were anorexia and nausea as stated in the labeling

information of Ketas® (Kyorin Pharmaceutical Co., Ltd., Japan). Gastrointestinal

disorders such as gastrointestinal distress were described as primary adverse events

in other studies (Ohtomo 1995; Shinohara et al. 2002).
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When used with higher dose regimen (total oral dose of 40 or 60 mg per day), the

most frequent adverse events observed with ibudilast were gastrointestinal symp-

toms (nausea and abdominal discomfort) (Feng et al. 2004; Kawasaki et al. 1992;

Rolan et al. 2008), as well as hyperhidrosis and headache (Rolan et al. 2008).

Headache and nausea were most frequently observed early in the multiday dosing

period with ibudilast. In patients with multiple sclerosis, depression occurred more

frequently as an adverse event in year 2 at 60 mg per day ibudilast than with placebo

(Barkhof et al. 2010), although ibudilast has been reported to benefit in depression

(Inoue and Harada 2008).

No consistent changes from baseline in individual laboratory parameters, vital

signs, or electrocardiogram (ECG) were observed in healthy adult subjects with

supratherapeutic doses (60 mg for 14 days) (Rolan et al. 2008). According to the

package insert of Ketas® (Kyorin Pharmaceutical Co., Ltd., Japan), of 14,968

Asian patients treated, elevated levels of liver enzymes were observed for aspartate

aminotransferase (AST, 0.30%), alanine aminotransferase (ALT, 0.35%), and gamma-

glutamyl transpeptidase (gGT). Total bilirubin was increased in 0.36% of patients.

Thrombocytopenia, anaemia, and leukopenia may occur as well.

3.3 Cilomilast

Gastrointestinal adverse events were the most frequent adverse events in an overall

analysis of the cilomilast phase III program with COPD patients, with two or

three times higher frequencies with cilomilast (N ¼ 2,088) compared with placebo

(N ¼ 1,408) for nausea (16 and 5%), diarrhea (15 and 8%), abdominal pain

(11 and 7%), vomiting (7 and 2%), and dyspepsia (7 and 2%) (Rennard et al.

2008). In a long-term safety study, the reported adverse event rates of nausea (44

and 14%), vomiting (21 and 8%), and diarrhea (33 and 13%) were nearly threefold

higher with cilomilast (15 mg BID given as maintenance treatment for COPD over

12 months) than with placebo (study SB207499/121, quoted by Rennard et al. 2008),

which is in agreement with tolerability results from a large efficiency study in Asians

where at least a two times higher frequency of gastrointestinal adverse events arose

with cilomilast than with placebo (Rennard et al. 2006).

Adverse events are generally transient and more prominent at the beginning of

treatment with cilomilast. The frequency of undesirable gastrointestinal events

was clearly dose-related. Nausea was usually mild to moderate and self-limiting

in a 6-week dose-range study in COPD patients (N ¼ 424) and occurred in 1, 1,

12, and 11% of patients randomized to receive placebo, low (5 mg), medium

(10 mg), and high doses (15 mg) of cilomilast, respectively. Diarrhea was less

common and occurred in 1, 2, 4, and 9% of the respective treatment groups

(Compton et al. 2001).

Overall, gastrointestinal adverse events appear to occur more frequently with

cilomilast than with roflumilast in comparable studies.

No differences in tolerability were observed between young and elderly healthy

adults after single oral doses of cilomilast (10 mg) (Zussman et al. 2001a).
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Cilomilast was not associated with clinically relevant changes in cardiac function,

ECG, vital signs, or laboratory variables in healthy adults (Zussman et al. 2001a).

3.4 Roflumilast

Roflumilast displays an improved gastrointestinal side-effect profile compared with

cilomilast, and vomiting is rare (�1%) with roflumilast treatment (Rabe et al.

2005). Frequent adverse events reported in pooled data from two large clinical trials

with roflumilast in COPD patients were diarrhea (10% roflumilast vs. 3% placebo),

weight decrease (7% roflumilast vs. 2% placebo), nausea (5% roflumilast vs. 1%

placebo), and headache (5% roflumilast vs. 2% placebo) (Calverley et al. 2009).

In addition to headache, undesirable effects also include dizziness, insomnia, and

decreased appetite. Adverse events occur mainly within the first weeks of therapy

and resolved during continued treatment.

Weight reduction was an adverse event with roflumilast treatment not previously

reported for other selective PDE4 inhibitors. It is an event of interest, as reduced

body weight of COPD patients is correlated with worse prognosis (Vestbo et al.

2006). The percentage of patients with weight reduction was highest in obese

than in underweight patients (Calverley et al. 2009). The mean weight reduction

was approximately 2 kg with roflumilast treatment after 1 year and mainly occurred

during the first 6 months. Weight reduction was reversible after the cessation of

treatment. Though weight decrease was more frequent in patients experiencing

nausea, vomiting, or diarrhea, there does not seem to be a direct link to diarrhea.

The exact cause of the observed weight decrease with roflumilast is unknown.

Speculatively, it could have even been related to increased activity of patients who

experience improvement of COPD symptoms (Zhang et al. 2009).

Roflumilast has no clinically relevant effect on vital signs, laboratory tests, and

ECG parameters. In addition, the effects of roflumilast on cardiovascular function

were studied in several clinical trials. By means of impedance cardiography

(Bethke et al. 2001a; De Mey et al. 2006a), no effect on cardiac output was found

in healthy volunteers. A thorough QT-study revealed no changes in ECG para-

meters (Hermann et al. 2006a). Also, in studies exploring interactions between the

short- or long-acting b2-agonists salbutamol (Bethke et al. 2006) or formoterol

(De Mey et al. 2006a) and roflumilast, there were no clinically meaningful changes

in heart rate, mean systemic arterial blood pressure, or ECG parameters.

4 Pharmacokinetics

4.1 Rolipram

Rolipram has been investigated at oral doses of 0.25–1 mg given three times per day

for treatment of depression.
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Rolipram is rapidly absorbed after an oral administration. Absolute bioavailability

was 73% (hepatic first-pass effect) (Krause et al. 1989). The maximum plasma

concentration is reached after 15–45 min (Table 1).

The observed volume of distribution was small (0.45 l�1 kg), indicating lack of

distribution to deep compartments.

Rolipram is extensively metabolized (Krause and K€uhne 1993). The half-life

of rolipram is short with approximately 3 h and the drug had to be administered

three times a day (Krause et al. 1989) to achieve what was assumed being the

therapeutically desired exposure. Rolipram is eliminated mainly by renal excretion

(Krause et al. 1990). No pharmacokinetic differences have been observed between

both enantiomers of rolipram (Krause et al. 1990).

4.2 Ibudilast

Ibudilast is well absorbed after oral administration. Oral exposures adjusted for

administered dose are higher in rats and humans than other species (Rolan et al.

2009). The maximum plasma concentration (Cmax) in humans is reached after 4–6 h

(Rolan et al. 2008).

The plasma protein binding of ibudilast is high across species (Sanftner et al.

2009). Ibudilast exhibits rapid, extensive, and reversible CNS partitioning (Sanftner

et al. 2009).

Ibudilast is metabolized by numerous cytochrome P450 isozymes and it is not

predicted to be a clinically relevant inhibitor or inducer of CYP enzymes in vivo

(Rolan et al. 2009).

Table 1 Pharmacokinetic parameters of PDE4 inhibitors in healthy adults following a single oral

dose

Substance Dose (mg)

p.o.

Tmax (h) Cmax

(ng/ml)

t1/2 (h) AUC0-inf

(ng h ml�1)

Reference

Roliprama 1 0.4 34 3 250 Krause et al. (1989)

Ibudilastb 10 4 25 12 > 334 Uchida et al.

(1985); labeling

information

KETAS®

Capsules 10 mg

Tetomilast 50 2.75 5.7 24 140 Mallikaarjun et al.

(2006)

Cilomilast 10 3 823 7 7,160 Zussman et al.

(2001a)

Roflumilast 0.5 1 7.7 22.8 51 Lahu et al. (2010)

(Roflumilast

N-oxidec)

N/A 4 10.9 24.7 529 Lahu et al. (2011)

aracemic drug
bAsian males; sustained release formulation
cactive metabolite; p.o. oral
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Ibudilast is excreted primarily (60%) in urine with less than 0.01% recovered as

unchanged drug (Rolan et al. 2008).

Human pharmacokinetics of ibudilast has been investigated in Asian and Cau-

casian healthy adults (Table 1) with single and multiple oral doses up to 30 mg BID

(Uchida et al. 1985; Maeda et al. 1989; Rolan et al. 2008). After multiple oral doses,

steady state of both ibudilast and the 6,7 dihydrodiol metabolite was reached after

2–3 days (BID regimen) (Rolan et al. 2008).

The Cmax after oral administration of ibudilast appeared to be slightly higher

after the morning dose than after the evening dose (Rolan et al. 2008).

In contrast to the increased clearance observed in the rat with multiple oral doses

of ibudilast, human pharmacokinetics seems to be invariant and non-inducible

with repeated doses and gives no evidence of auto-induction or time-dependent

pharmacokinetics (Rolan et al. 2008).

4.3 Tetomilast

Tetomilast was given up to 50 mg p.o., once daily. Following a single, oral dose of

50 mg to COPD patients Cmax was 5.7 ng ml�1 (corresponding to 16 nM), the time

to Cmax (tmax) was 2.75 h, and the terminal half-life around 24 h (tm1/2) allowing

once-daily administration (Mallikaarjun et al. 2006). Tetomilast showed

linear pharmacokinetics over a range of 25–100 mg p.o., single dose. Repeated

administration resulted in a maximum twofold increase in exposure. Trough plasma

concentrations were about 30–50% of the maximum. Absolute bioavailability

following oral dosing was nearly 100% and absorption remained unaffected by

food. The volume of distribution with about 180 ml kg�1 indicates rather low

distribution to tissues. Plasma protein binding was high with >99.5%. Following

a single oral dose of radiolabeled tetomilast more than 90% of plasma radioactivity

was attributed to the parent compound. Tetomilast may be metabolized by CYP1A1

and 1A2; however, the metabolite appears to be of minor importance.

4.4 Cilomilast

Cilomilast is rapidly and almost completely absorbed after oral administration

(96%) (Zussman et al. 2001b). Maximum plasma concentration (Cmax) is reached

within 3 h following oral administration (Zussman et al. 2001b).

Cilomilast is highly bound to plasma albumin (99%). Distribution of cilomilast

into tissues is limited (volume of distribution 12 l) (Martina et al. 2006).

The drug is extensively metabolized by CYP 2C8 (Murdoch et al. 2004).

Decyclopentylation, hydroxylation of the cyclopentyl ring, and glucuronidation

are the main routes of metabolism of cilomilast (Zussman et al. 2000; Giembycz
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2002). The metabolites are inactive (Giembycz 2002) with the main metabolite

(SB 217493) being tenfold less potent than cilomilast as a PDE4 inhibitor

(Giembycz 2002).

The plasma elimination half-life (tm1/2) is short with approximately 7 h (Table 1)

(Zussman et al. 2001b) and the drug must be administered twice daily.

Total and maximum exposure increase proportionally with the dose. Cilomilast

shows similar pharmacokinetics following both single and repeated oral adminis-

trations though some accumulation (range: 1.04–1.18 with 4–20 mg) was observed

(Zussman et al. 2001a). A pharmacokinetic steady state is reached after 3 days of

continuous treatment.

Food significantly decreases the rate, but not the extent, of absorption, and

administration with meals may reduce gastrointestinal adverse effects by reducing

maximum exposure (Martina et al. 2006). Cilomilast plasma levels are not signifi-

cantly affected by cigarette smoking (Kelly et al. 1999). Cilomilast has a low

potential for pharmacokinetic or pharmacodynamic drug–drug interactions with

commonly prescribed drugs including warfarin, digoxin, antacids, theophylline, pre-

dnisolone, and salbutamol (Giembycz 2001; Kelly et al. 2001; Murdoch et al. 1998,

2002, 2004; Zussman et al. 2001a, c). Drug–drug interaction studies of cilomilast

with competitive CYP 2C8 substrates such as rosiglitazone have not been reported.

A small reduction in plasma half-life was noted following evening dosing com-

pared to morning dosing in healthy adults taking cilomilast after eating a fat-rich

meal (Zussman et al. 1999).

In renally impaired patients, the half-life and total plasma exposure (AUC) to free

cilomilast increased progressively with severity of renal impairment (Zussman et al.

2002). This increase in cilomilast plasma exposure was paralleled by an increased

incidence of adverse events.

Though cilomilast had a slightly higher peak plasma concentration in elderly

patients and a prolonged elimination half-life compared with healthy young adults,

these differences are not clinically significant (Zussman et al. 2001a).

4.5 Oglemilast

Oglemilast is well absorbed and has favorable pharmacokinetics permitting once-

daily dosing. The highest doses tested in human single and multiple ascending dose

studies were 24 mg. The pharmacokinetics was less than dose proportional at lower

doses and higher doses. A single active metabolite, oglemilast N-oxide, was

observed to have an exposure of nearly 25% of the parent compound and the

same half-life as the parent compound. In vitro, the metabolite was found to be

equipotent to the parent as inhibitor of PDE4. The half-life of oglemilast was

14–30 h. A shorter half-life of approximately 3 h and moderate bioavailability

(>50%) was found in animal pharmacokinetic studies in mice, cynomolgus, and

beagle but not in rats (9 h).

102 H. Tenor et al.



4.6 Roflumilast

Roflumilast is rapidly absorbed after oral administration with an absolute bioavail-

ability of approximately 80% (Bethke and Lahu 2011). Roflumilast is metabolized

in the liver to its major active metabolite, roflumilast N-oxide, mainly by the

cytochrome P450 isozymes 3A4 and 1A2 (Fig. 3) (Bethke et al. 2007).

The systemic exposure to roflumilast and roflumilast N-oxide increased propor-

tionally with the administered dose (Bethke et al. 2002a, 2007). The maximum

plasma concentration of roflumilast is reached after approximately 1 h and of

roflumilast N-oxide after about 4 h (Table 1). Protein binding of both roflumilast

and roflumilast N-oxide to human plasma is high (99 and 97%, respectively)

(Bethke et al. 2007).

As a lipophilic substance, roflumilast exhibits a high volume of distribution,

a property that makes roflumilast readily available to the peripheral tissue

(Bethke and Lahu 2011). Other metabolites have also been observed in plasma

as glucuronides.

Both roflumilast and roflumilast N-oxide are extensively metabolized and are

excreted into urine with less than 1% unchanged parent drug (Bethke et al. 2002b).

The median half-lives of 22.8 and 24.7 h for roflumilast and roflumilast N-oxide

are long and support once-daily oral dosing. Because of its long half-life and its

systemic exposure, the active metabolite substantially contributes to the overall

clinical efficacy of roflumilast. In fact, roflumilast N-oxide accounts for about

90% of the PDE4 inhibitor effect (Bethke et al. 2007).

Comparing the pharmacokinetics of morning and evening dosing, the maximum

plasma concentration of roflumilast was marginally lower and the time to reach the

peak concentration was slightly longer with evening dosing, while total exposures

to parent drug and metabolite were unaffected (Bethke et al. 2010).

As roflumilast exhibits the unique property that both parent drug and metabolite

considerably contribute to the overall pharmacologic effect, a measure was required

to assess the total pharmacodynamic effect in conditions where their relative ratio

might change and a potential rational for dose adjustment would be needed.

Considering that the intrinsic potency of roflumilast N-oxide is threefold lower

compared to roflumilast, but the total plasma exposure of the metabolite is 10- to

12-fold higher with a threefold higher free fraction, the concept of total PDE4

Roflumilast Roflumilast N-oxide

O

O

F

F

N
H

O Cl

Cl

N

O

O

F

F

N
H

O Cl

Cl

N+– O–

CYP3A4, CYP1A2

Fig. 3 Metabolism of roflumilast into its active metabolite, roflumilast N-oxide
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inhibition (tPDE4i) (Fig. 4) has been developed (Hermann et al. 2006b). It permits

relative quantitative comparisons of the pharmacodynamic effect on the basis

of plasma concentrations, if extrinsic and intrinsic factors (e.g., drug–drug interac-

tions, smoking, food or age, sex, and hepatic injury) might influence the CYP-

dependent metabolism of roflumilast to the N-oxide (Hermann et al. 2006a, 2007b;

von Richter et al. 2007; Lahu et al. 2011).

The tPDE4i concept was developed (Hermann et al. 2006b; Lahu et al. 2011) as

an empirical construct to simplify the complex enzyme kinetics underlying the

pharmacodynamic effect of roflumilast. Variables and fixed parameters that deter-

mine tPDE4i and are meaningful in a clinical pharmacology setting were included

in this model. It was assumed that the contributions of roflumilast and roflumilast

N-oxide are independent of each other and additive, which is true only for low

concentrations. The inhibition may then be described as linear. The substrate

(cAMP) concentration available for the enzyme PDE4 is assumed to be constant

and sufficiently higher than the inhibitor concentrations. Consequently, the sub-

strate concentration was not included in the model.

Roflumilast and roflumilast N-oxide have different affinities for the enzyme

(potencies for PDE4 inhibition) as measured by the IC50 (inhibitory concentration

50%). The degree of PDE4 inhibition is indirectly proportional to the IC50 at a given

inhibitor concentration and the model includes a correction term for IC50.

The effective inhibitor concentrations ci of roflumilast and roflumilast N-oxide,

which may interact with PDE4, are determined by the fraction Fu of the total plasma

concentration cp, which is not bound to plasma proteins (ci ¼ cp*Fu). As the time to

achieve the maximum plasma concentration (tmax) is different for roflumilast and

roflumilast N-oxide, no single-point measurement is possible to investigate poten-

tial alterations of tPDE4i. The amount of drug in plasma, which is available for

inhibition in the dosing interval, is described by plasma concentration (cp)–time (t)
curve. A quantitative measure is the area under the curve AUC0�t calculated as

the integral
R
cp dt. An alignment of the fluctuating effective inhibitor concentration

in time is possible by calculating moments such as 1/t*AUC0�t in the proposed

model. Using the dosing interval t as the time scale (t ¼ t), the term 1/t*(AUC0�t)

will describe the aligned inhibitor concentrations of roflumilast or roflumilast

N-oxide.

In summary, the tPDE4i by both active compounds was defined in (1) as the sum

of the roflumilast (rof) and roflumilast N-oxide (rofNO) inhibitory effects given by

the total in vivo exposure (AUC0�t) at steady state during the dosing interval (t),
after accounting for substance differences in protein unbound fraction (Fu) and

intrinsic activity (IC50):

tPDE4i ¼ AUCrof � Fu;rof
IC50; rof � t þ AUCrofNO � Fu;rofNO

IC50; rofNO � t : (1)

The AUC0�t was assessed as the experimental variable (calculated from
R
cp dt)

in several clinical studies that compared normal with altered metabolic conditions.
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Fixed parameters were the IC50, Fu, and t. The previously determined in vitro

IC50(rof) of 0.7 nM and IC50(rofNO) of 2 nM were used for these calculations

(Hatzelmann and Schudt 2001). The dosing interval t was 24 h with a once-daily

dosing. The free fractions of the PDE4 inhibitors were 1% for roflumilast and 3%

for roflumilast N-oxide (Fig. 4) (Bethke et al. 2007).

No clinically relevant pharmacokinetic interactions were observed between

roflumilast and commonly coprescribed drugs such as salbutamol (Bethke et al.

2006), formoterol, or budesonide (De Mey et al. 2006b; Hermann et al. 2007a).

No relevant drug interactions have been observed between roflumilast and

inhibitors of its main metabolizing enzyme CYP 3A4 (ketoconazole, erythromycin,

increase of tPDE4i by 9% each) nor with competitive substrates of CYP 3A4

(midazolam) (Lahu et al. 2008; Lahu et al. 2009; Nassr et al. 2007a). Coadminis-

tration of roflumilast with a potent CYP 1A2 inhibitor (fluvoxamine) increased the

exposure of roflumilast by a factor of 2.6 and of roflumilast N-oxide by a factor of

1.5, respectively (von Richter et al. 2007). Coadministration of roflumilast and

the typical cytochrome P450 enzyme inducer rifampicin reduced the exposure to

roflumilast (Cmax, AUC by 68 and 79%, respectively) and the N-oxide (Cmax, AUC

by 30 and 56%, respectively) (Nassr et al. 2009). Smoking is known to induce

CYP 1A2 and roflumilast is (also) metabolized by this enzyme, but no effects of

smoking status on the pharmacokinetics of roflumilast and roflumilast N-oxide

have been observed in healthy adults (Bethke et al. 2001b), though population-

pharmacokinetic data revealed a 20% decrease of exposure (Lahu et al. 2010).

The potential of roflumilast to interact with narrow therapeutic margin drugs

such as digoxin (Eckermann et al. 2011), warfarin (McCracken et al. 2011), or

theophylline (B€ohmer et al. 2011) has also been studied. No clinically relevant

pharmacokinetic interaction was found.

Subjects taking roflumilast in fed state have a significantly reduced maximum

exposure (Cmax decreased from 6.52 to 3.86 mg l�1) to roflumilast, but the maxi-

mum plasma concentration of the active metabolite remains constant (Hauns et al.

2006). The time to reach the peak plasma concentration (Tmax increase from 0.96

Fig. 4 The concept of total PDE4 inhibitory activity
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to 1.96 h) of roflumilast was prolonged with food intake. The tolerability of

roflumilast was not altered by taking the drug with or without a meal or antacids

(Nassr et al. 2007b). Roflumilast may consequently be taken independent of meals.

Slightly higher systemic exposures to roflumilast and its main metabolite were

noted in females (45 and 43%, respectively), when compared with male subjects,

but these pharmacokinetic differences were not considered clinically significant.

Though tPDE4i was slightly higher in elderly compared with young adults, no

dosage adjustment is recommended in elderly. Results of a population covariate

analysis support that gender plays only a minor role (Lahu et al. 2011). Similarly,

only a tendency for higher roflumilast and roflumilast N-oxide exposure in women

was described from the interaction study with enoxacin (Lahu et al. 2011). As

gender is a good predictor of CYP1A2 activity, higher levels of roflumilast and its

metabolite were expected in female participants (Bebia et al. 2004). The total

exposure to roflumilast and roflumilast N-oxide is increased with the degree of

liver impairment (AUC 51%/24% higher in Child-Pugh A and 92%/41% higher in

Child-Pugh B of roflumilast/roflumilast N-oxide, respectively). Concomitantly, the

peak exposure is slightly increased with Cmax 3%/26% higher in Child-Pugh A and

26%/40% higher in Child-Pugh B of roflumilast/roflumilast N-oxide, respectively.

The increase in exposure with mild hepatic impairment is not considered as

clinically significant, but with moderate and severe hepatic impairment dose reduc-

tion of roflumilast should be considered (Hermann et al. 2007a).

Currently, it is recommended that roflumilast should be given with care in patients

with mild hepatic impairment, whereas a dose of 500 mg cannot be administered in

patients with moderate-to-severe liver impairment.

With severe renal impairment, systemic exposure to roflumilast and the meta-

bolite is only slightly lower than in healthy adults and no dose adjustment is

necessary (Bethke et al. 2002a).

5 Across Class Comparison and Discussion

A comparison of a few in vitro findings from PDE4 inhibitors that have been

in clinical development for oral administration with the maximum total plasma

concentrations in clinical trials may reveal some rather intriguing observations

(Table 2).

The potency of the compounds to suppress PDE4 catalytic activity varied over

a range of more than 1,000-fold from oglemilast to tetomilast (ibudilast as a rather

nonselective PDE inhibitor aside). No substantial difference with the known excep-

tion of cilomilast showing some PDE4D selectivity was found for inhibition of

PDE4B1 compared to PDE4D3 catalytic activity for all compounds including

rolipram that, however, was associated with side effects such as nausea and vomit-

ing resulting in an unfavorable therapeutic index. Two cellular assays were selected

that may allow direct comparison of in vitro potencies of the PDE4 inhibitors

with their peak plasma levels in the clinical studies (irrespective of plasma
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protein binding). These are inhibition of LPS-induced TNF-a release from human

whole blood and inhibition of superoxide release from fMLP-stimulated human

polymorphonuclear cells (PMN) in the presence of 80% human autologous plasma

(Hatzelmann and Schudt 2001). Comparing the potency of the different PDE4

inhibitors in the two assays reveals a group of compounds (Rolipram, Tetomilast,

and Cilomilast) that were more potent in suppressing neutrophil superoxide release

compared to LPS-induced TNF-a release from human whole blood. For another

group of compounds, encompassing roflumilast (launched in EU for severe COPD)

and apremilast (with promising results from clinical studies in psoriasis) but also

oglemilast, their potency to reduce neutrophil superoxide formation (80% plasma)

was inferior to that involved with diminishing LPS-induced TNF-a release in the

whole-blood assay. For rolipram following repeated dosing of 750 mg three times

daily, the Cmax of about 40 nM was closer to the half-maximum inhibition of fMLP-

stimulated superoxide release from PMN (90 nM) than to half-maximum inhibition

of LPS-induced TNF-a release in human whole blood (500 nM). On the other hand,

for roflumilast N-oxide the Cmax (52 nM) after repeated dosing was in the range of

half-maximum TNF-a reduction in the whole-blood assay (50 nM) although below

the half-maximum inhibition of superoxide generation from PMN (110 nM). In

this respect, apremilast showed a rather comparable behavior to roflumilast. For

cilomilast, however, while as for roflumilast N-oxide and apremilast, plasma Cmax

after repeated dosing was well in the range of the compound’s potencies in the two

in vitro assays, at the peak plasma levels of 7.8 mM cilomilast neutrophil superoxide

release (80% plasma) may have been more completely attenuated than LPS-

induced TNF-a formation in the whole-blood assay. One may reiterate here the

earlier observation that inhibition of some neutrophil functions was considered to

correlate to emesis (Barnette et al. 1998).

Curiously, for tetomilast peak plasma concentrations reached after a single oral

dose of 50 mg as given in a communication by Otsuka (Mallikaarjun et al. 2006) was

much less than it would have been required for inhibition of the above-mentioned

two functional readouts (50 mg once daily was given in the clinical studies). While

repeated dosing may bear the potential of somewhat increasing Cmax and total

exposure, such an effect may not be expected to fully account for the difference.

Also for ibudilast, peak plasma levels following repeated oral dosing of 30 mg

BID were below IC50 values for PDE4 inhibition, in particular considering a plasma

protein binding of �95% (Sanftner et al. 2009), resulting in peak plasma levels

unbound to protein of �13 nM (according to Kyorin’s packing insert ibudilast is

recommended three times daily at 10 mg per dose).

As an unselective PDE inhibitor with some preference to inhibit PDE3 (IC50 of

110 mM) over PDE4B (IC50 of 660 mM), theophylline is not listed in the table.

However, this xanthine represents an example for a compound that was long

assumed to exert clinical effects also by PDE4 inhibition. But finally it does not

as reflected by some simple extrapolations from plasma levels. The recommended

plasma concentrations for theophylline are well-known as between 5 and 20 mg l�1

corresponding to 28–112 mM total. With a plasma protein binding of about 60%,

the concentrations unbound to proteins are between 11 and 44 mM. Over this
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concentration range, PDE4 is inhibited <10% and it appears unlikely, therefore,

that inhibition of the enzyme’s catalytic activity contributes to clinical effects. On

the other hand, an approximately 20–35% inhibition of PDE3 may be expected

between 11 and 44 mM that in general is perceived to at least support the acute

bronchodilatory effects found with theophylline.

Theophylline is an antagonist to adenosine A1, A2A, and A2B receptors at Ki of

1–10 mM (Fozard and Hannon 1999), which is below the therapeutic range, and as

a corollary adenosine receptor antagonism is considered to contribute to efficacy

and adverse events.

As discussed above, theophylline suppresses PI3Kd, sensitized by oxidative

stress (EC50 of around 1 mM and maximum inhibition of 60% at �10 mM) translat-

ing into protection of HDAC2 activity over a concentration range of 1–10 mM
theophylline (To et al. 2010; Barnes 2009), which is close or below the therapeutic

plasma levels for this xanthine. Clearly, such a mechanism may more likely

contribute to clinical effects of theophylline than PDE4 inhibition.

In contrast, the standard clinical dose of roflumilast at 500 mg OD results in

plasma levels of 1–2 nM roflumilast N-oxide (unbound to proteins) maintained over

the 24 h dosing interval, which correspond to an extrapolated 50–60% inhibition of

PDE4 translating into 20–40% inhibition of cellular functions (see Hatzelmann

et al. 2010 for a recent review). Thus, for roflumilast one may assume that clinical

efficacy is fully attributed to highly potent and selective PDE4 inhibition. Clearly,

this pharmacokinetic profile with rather stable plasma levels in the once-daily

dosing regimen represents an asset of roflumilast that distinguishes this PDE4

inhibitor from earlier competitors (Bethke et al. 2007; Hatzelmann et al. 2010).

This is further illustrated in Fig. 5 where the pharmacokinetic profile following

repeated dosing of roflumilast at the clinical dose of 500 mg OD was recalculated to

the extent of PDE4B1 and PDE4D3 inhibition for the (1) sum of roflumilast and its

active metabolite and for (2) roflumilast and (3) roflumilast N-oxide alone.
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On the basis of this profile, it is obvious again that the active metabolite is

considered to largely account for the clinical efficacy of roflumilast documented in

COPD patients (Calverley et al. 2009; Fabbri et al. 2009).

Roflumilast is unique in its class with both metabolite and parent drug contribut-

ing to PDE4 inhibition. The resulting overall pharmacodynamic effect is main-

tained over the dosing interval, irrespective of factors influencing the metabolic

conversion of roflumilast to its N-oxide. This adds to the predictability of efficacy

and safety in COPD patients by avoiding therapeutic failure or adverse drug

reactions in case of concomitant medication or comorbidities, because the effect

of increased or decreased metabolism will be outbalanced. The parallel metabolic

pathways of roflumilast by CYP 3A4 and 1A2 additionally compensate effects of

coadministration of roflumilast and enzyme inhibitors. As confirmed by drug–drug

interaction studies, roflumilast reveals a common interaction profile on the basis of

its CYP 3A4 and 1A2 metabolism. When given together with enoxacin, cimetidin,

fluvoxamin, and rifampicin, the efficacy and safety needs to be clinically followed.

The striking difference and progress in the pharmacokinetic profiles from the

early rolipram to roflumilast is schematically illustrated by comparing plasma

levels over time following repeated administration of their clinical doses in humans

(Fig. 6).

For roflumilast N-oxide, plasma levels unbound to protein remain in a rather

narrow range over an entire 24 h dosing interval. In contrast, rolipram plasma levels

are fluctuating by more than 15-fold between trough and peak concentrations.

While evaluating these profiles, it is intriguing that, in general, unfolding anti-

inflammatory effects of PDE4 inhibitors in the clinics likely require a rather

constant level of PDE4 inhibition over a dosing interval. Side effects (such as

nausea) are perceived as occurring rapidly, yet being rather transient in nature. One
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may propose the idea that the rather smooth pharmacokinetic profile, specifically

the lack of sharp Cmax peaks obtained following repeated dosing of roflumilast in

humans, contributes to its favorable tolerability versus earlier PDE4 inhibitors

such as rolipram. In this respect, pharmacokinetics is one important determinant

of overall efficacy versus side effects, in addition to the ratio of the inhibition

of fMLP-stimulated superoxide release from neutrophils (80% plasma) versus LPS-

induced TNF-a release in human whole blood as discussed before.

The discussions above are based on many extrapolations from plasma levels to

cellular effects (and even those in humans), which certainly have their limitations.

For example, concentrations of compounds at the target cells remain unknown.

They may perhaps be close to those in the plasma, but there are no studies proving

this concept in detail. Results of the in vitro cellular assays with whole blood or

plasma may vary with different experimental conditions or stimulus concentrations.

Notwithstanding this, one interesting observation remains that the two compounds,

which perhaps most convincingly showed clinical efficacy (roflumilast and apre-

milast), are among those with clinical plasma levels corresponding to substantial

inhibition of PDE4 and cellular functions.

On the basis of cellular and specifically animal studies, the therapeutic potential

of PDE4 inhibitors may be wide ranging from COPD and asthma to idiopathic

pulmonary fibrosis, inflammatory bowel disease, psoriasis, and atopic dermatitis,

then rheumatoid arthritis, osteoporosis to B-cell chronic lymphocytic leukemia

(B-CLL), acute promyelocytic leukemia, and even Alzheimer’s and cognitive

deficits to name but a few. What could be the strategies for design of PDE4

inhibitors with an even improved therapeutic index compared with those that

currently are rather promising?

One strategy may be topical administration when possible, such as for respira-

tory or skin disorders, by designing compounds with a high local, yet very limited,

systemic exposure, mostly based on physical chemistry and pharmacokinetic

optimization. As some of the ailments with prominent local manifestations bear

critical systemic components (such as in COPD or psoriasis), these approaches may

eventually reveal to be of limited potential as based on their design the compounds

may not address these systemic components of the disorder.

Another strategy that was exploited for cilomilast, and perhaps tetomilast,

has been to design compounds that based on their pKa are cationic or anionic at

physiological pH. These charged species may be expected to bear low passive

penetration over the blood–brain barrier to limit CNS-related adverse events.

However, this approach may not reduce the appearance of emesis because the

area postrema is located outside the blood–brain barrier. In addition, as observed

with cilomilast and tetomilast, compounds being anionic at physiological pH may

show a high plasma protein binding.

A third approach has been to generate PDE4B-selective compounds, following

the optimism generated by results from the PDE4B- versus PDE4D-deficient mice

that PDE4B accounts for many anti-inflammatory effects, whereas PDE4D may be

related to emesis. While generating subtype selectivity for PDE4B appears a

challenging endeavor for the medicinal chemist, over the past few years, evidence
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has accumulated that PDE4D as well is intimately related to many inflammatory

and remodeling processes, and PDE4B to some CNS effects. In summary, it is

currently unclear whether an improved therapeutic index can be expected from a

selective PDE4B inhibitor, or if, with such a compound, a possible gain in safety is

counterbalanced by a loss in anti-inflammatory effects. This reasoning has tem-

pered somewhat the enthusiasm of PDE4B-selective inhibitors.

Perhaps the most exciting approach emerged with the allosteric PDE4 modula-

tors interacting also with the Upstream Conserved Regulatory domain-2 (UCR2)

(Burgin et al. 2010). If the promise of a large therapeutic index between improved

cognitive function and the emesis-correlate in mice for the PDE4D-selective,

allosteric inhibitors is translated into clinics, it may in fact herald the dawning of

a novel era in PDE4 research.

Finally, there have been attempts to design dual-selective, for example, PDE3/4,

PDE4/7, or PDE1/4 inhibitors based on reasoning that synergisms between PDE4

inhibition and that of the other enzyme shown on a cellular level may allow to

reduce the extent of PDE4 inhibition required to attain similar therapeutic effects

(Giembycz 2008). One should consider that inhibition of the other PDE family may

carry a risk of additional adverse effects. Several attempts in the past have been

abandoned.

In conclusion, optimizing pharmacokinetic characteristics has been critical to

the design of clinically useful PDE4 inhibitors.
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Structural Insight into the Substrate Specificity

of Phosphodiesterases
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Abstract Cyclic nucleotide phosphodiesterases (PDEs) share a highly conserved

catalytic domain that hydrolyzes cAMP, cGMP, or both nucleotides. However, the

mechanism that allows the PDE catalytic sites to specifically recognize these

nucleotides and distinguish between their subtle differences is still unclear. An

early model, called the “glutamine switch”, proposed that the side chain of an

invariant glutamine adopts two different conformations to allow for formation of

two hydrogen bonds with cAMP and cGMP, thereby differentiating these nucleo-

tides. However, the structure of PDE4D2 in complex with cAMP shows that

Gln369 forms only one hydrogen bond with the substrate. In addition, the structures

of PDE10A in complex with cAMP and cGMP reveal that cAMP and cGMP bind to

the active site in different orientations and have different interactions with PDE10A

residues. These structures suggest that the invariant glutamine does not appear to be

a key residue to differentiate between cAMP and cGMP, although it is important for

substrate binding. The structure-based sequence alignment shows that most of the

active site residues change across PDE families. These residues may not only

contribute differently to the substrate specificity, but also generate slightly different
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shapes and sizes of the active sites in different PDE families. Therefore, the

substrate specificity of PDEs is likely to be determined jointly by multiple elements

at the active site, yet the detailed mechanism needs further study.

Keywords cAMP � cGMP � Crystal structure � Substrate specificity

1 Introduction

The second messengers adenosine and guanosine 30, 50-cyclic monophosphate

(cAMP and cGMP) mediate the response of cells to a wide variety of hormones

and neurotransmitters and modulate many physiological processes, including car-

diac and smooth muscle contraction, steroid hormone function, platelet aggrega-

tion, apoptosis, leukocyte migration, adrenal hyperplasia, inflammation, axon

guidance and regeneration, memory, and circadian regulation (Houslay 1998;

Antoni 2000; Zaccolo and Movsesian 2007; Piper et al. 2007; O’Neill et al. 2008;

Horvath and Stratakis 2008; Hannila and Filbin 2008). The signaling of cAMP and

cGMP in vivo involves three types of enzymes: cyclases, cyclic nucleotide (cN)

phosphodiesterases (PDEs), and cN-dependent protein kinases. PDEs are the sole

enzymes that hydrolyze cN (Fig. 1) and thus play pivotal roles in these cN signaling

pathways.

The human genome contains 21 PDE genes that are classified into 11 families

and encode more than 100 isoforms of PDE proteins via alternative mRNA splicing

(Bender and Beavo 2006; Omori and Kotera 2007; Conti and Beavo 2007).

PDE molecules can typically be divided into a variable regulatory domain at the

N-terminus and a conserved catalytic domain at the C-terminus; in some instances,

additional regulatory elements are found near the C-terminus. The conserved

catalytic domains show different substrate preferences. PDEs 4, 7, and 8 preferen-

tially hydrolyze cAMP while PDEs 5, 6, and 9 are specific for cGMP. PDEs 1, 2, 3,

10, and 11 possess activities toward both nucleotides and are known as dual-specific
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PDEs (Conti and Beavo 2007; Lugnier 2006). This chapter reviews the progress on

the understanding of structural features that contribute to determining the substrate

specificity of these enzymes.

2 The Active Site of PDEs

The first crystal structure of the PDE4B catalytic domain (Xu et al. 2000) and the

later structure of the PDE4D2 catalytic domain in complex with AMP (Huai et al.

2003) provide a full definition of the active sites of PDE families. The active sites of

PDEs can be divided into two major subpockets: a cN-binding subpocket and a

divalent metal-binding subpocket (Fig. 2). All the PDE families contain two

divalent metal ions that are essential for their catalytic functions. The first metal

was identified by X-ray anomalous scattering as zinc and coordinates with four

invariant residues (His164, His200, Asp201, and Asp318 in PDE4D2, Table 1) and

two water molecules in an octahedral configuration (Fig. 2b). The second metal also

forms six co-ordinations with an aspartic acid (Asp201 in PDE4D2) and five waters

in an octahedral configuration, but its chemical nature is not clear. Magnesium has

been in general accepted as the second catalytic ion for all PDE families, although

early reports showed that other divalent metal ions such as manganese and cobalt

promote the catalytic activity as effectively as does magnesium (Hitchcock 1973).

Besides, manganese was shown to support twice the catalytic activity of PDE9 and

PDE8 as that supported by magnesium (Fisher et al. 1998; Huai et al. 2004; Wang

et al. 2008). Moreover, the affinity of PDE5 for manganese is 30–100-fold that for

magnesium, although maximum catalytic activity is similar for the two metal ions

Fig. 2 Active site pocket of PDE4D2 in complex with 50-AMP. (a) The product (50-AMP) binding

at the active site. The dotted lines represent hydrogen bonds or metal coordinations. (b) Each of

two divalent metal ions forms six coordinations (dotted lines) in octahedral conformation. The

small red balls are water molecules. The identity of the second metal has not been determined, but

is depicted here as magnesium
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(Francis et al. 2006). Thus, it remains puzzling whether the second metal ion is

magnesium or manganese in biological systems and whether different PDE families

prefer different divalent metals.

The structure-based sequence alignment reveals the conservation of residues in

the active site of PDE families (Table 1). In addition to the four invariant metal-

binding residues, three residues at the active sites are invariant across PDE

families (His160, His204, and Gln369 in PDE4D2). His160 was proposed to

serve as a general acid for the catalysis (Huai et al. 2003; Liu et al. 2008),

while the exact role of His204 remains to be identified. In the nucleotide-binding

pocket, the invariant glutamine (Gln369 in PDE4D2, Table 1) forms at least one

hydrogen bond with substrates or inhibitors, and a conserved phenylalanine

(tryptophan in PDE11) stacks against substrates and inhibitors (Fig. 2). These

interactions are two characteristics for binding of substrates or inhibitors in all

PDE families.

3 Substrate Specificity

After the first report of the isolation of the cAMP-specific PDE from beef heart

(Butcher and Sutherland 1962), various isoforms of PDEs were discovered to have

different capabilities for hydrolyzing cAMP and cGMP (Beavo et al. 1970; Monn

and Christiansen 1971). For over 48 years, the essential characteristics of the

mechanism whereby the conserved catalytic domains of PDE families selectively

recognize the subtle differences between cAMP and cGMP have remained elusive.

In kinetic theory, the substrate specificity is quantitatively defined by the ratio of the

specific constants of one substrate versus another, specifically by (kcat/KM)
cAMP

over (kcat/KM)
cGMP for PDEs. However, since the pure PDEs, and thus the kcat

values, were not easily obtained in early times, the apparent equilibrium constant

KM has been conveniently used to represent the substrate specificity of PDEs

(Mehats et al. 2002). In recent years, due to great progress on the expression and

purification of high quality recombinant PDEs, the kcat values and the specific

constants can now be measured, and thus the substrate specificity can be fully

defined. As shown in Table 2, the KM is indeed dominant in determination of the

substrate specificity. However, caution should be taken for evaluation of the para-

meters, respectively, obtained from the catalytic domain and full-length enzymes.

Although several PDE families show similar kinetic parameters for the catalytic

domains and the full-length enzymes, the allosteric modes of certain PDE families

may have different KM and kcat of these enzymes. In addition, the potential

dimerization of some highly purified PDEs may offer the possibility of alterations

in kcat, relative to a monomer. For example, the PDE4 model suggests that a long-

form dimer may have an activity that is half that of the dimer due to capping of one

of the active site in one partner by a regulatory portion of the other partner (Burgin

et al. 2010).
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4 An Early Proposal for the Substrate Specificity:

“Glutamine Switch”

In the analysis of the first X-ray crystal structure of a PDE4B catalytic domain,

Xu et al. (2000) proposed that the orientation of the side chain of the invariant

glutamine in PDEs might play a strict role to select substrates cAMP and cGMP. In

2004, Zhang et al. advanced this concept and called it the “glutamine switch”. This

hypothesis was based on the crystal structures of PDE4 and PDE5 in complex with

their products 50-AMP and 50-GMP (Zhang et al. 2004). The crystal structures

showed that the side chain of the invariant glutamine is fixed in opposite orienta-

tions in the nucleoside-binding pockets of PDE4 and PDE5 and forms two hydrogen

bonds with 50-AMP and 50-GMP, respectively (Fig. 3). These workers assumed that

the binding of the products simulates binding of the guanine or adenine portion of

the substrates. A 180o rotation of the glutamine side chain in either enzyme would

allow for formation of only one hydrogen bond with the less preferred substrate. For

the PDE families with a dual-specificity of the substrates, according to the “gluta-

mine switch” hypothesis, the invariant glutamine side chain would be free to rotate

and therefore form two hydrogen bonds when either cAMP or cGMP binds (Fig. 3).

Thus, the difference in the orientation of the glutamine side chain would make a

difference of one hydrogen bond and account for the substrate preference of the

enzymes. The “glutamine switch” mechanism was supported by the structures of

dual cAMP/cGMP-specific PDE1B (Zhang et al. 2004) and PDE3B (Scapin et al.

2004), in which the invariant glutamine was not bonded with other protein residues

and was therefore free to rotate.

5 Evidence Against the “Glutamine Switch” Mechanism

Several lines of evidence suggest that the glutamine switch mechanism, while being

conceptually inviting, may be “too good to be true”. The structure of PDE2A3,

which has similar affinity for cAMP and cGMP and hydrolyzes both substrates

equally well, shows that the side chain of the invariant glutamine (Gln859) is fixed

by a hydrogen bond with Tyr827 in the unliganded state of the enzyme (Iffland et al.

2005). In addition, the recently published structure of PDE10A2 showed Gln726 is

locked in place by two hydrogen bonds; one bond involves Tyr693 and the other

occurs through a water that is bound to Tyr730 and Trp762 (Wang et al. 2007a).

Thus, in order for the invariant glutamine in either PDE2 or PDE10 to switch

orientation, these pre-existing hydrogen bonds would have to be broken, a process

that would be energetically costly. On the contrary, the Q817A mutation of PDE5

reduced KM for cGMP by 60-fold, but did not significantly change KM for cAMP

(Zoraghi et al. 2006). Since the Gln817 side chain should have been free to rotate in

the Q759A mutant, it would have been predicted to improve affinity for cAMP.

Furthermore, mutation of the amino acid (Gln759) that tethers the side chain of the
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invariant Gln817 decreased affinity for cGMP, but did not improve affinity for

cAMP (Zoraghi et al. 2006). These combined results suggest that the invariant

glutamine in PDEs is important for the substrate binding, but that the orientation of

its side chain may not be a key factor for the differentiation of cAMP and cGMP.

Fig. 3 The proposed mechanism of the “glutamine switch” (Zhang et al. 2004). (a) Gln369 forms

two hydrogen bonds (dotted lines) with the product 50-AMP in the cAMP-specific PDE4D2

structure. (b) Gln817 of the cGMP-specific PDE5A1 is in an orientation opposite to that of

Gln369 and forms two hydrogen bonds with 50-GMP. (c) and (d) Gln421 in the dual-specific

PDE1B switches its side chain conformation to form two hydrogen bonds with 50-AMP or 50-GMP
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6 Binding of the Products Does Not Simulate Binding

of the Substrates

The glutamine switch mechanism is based on the assumption that the products

simulate the binding of the substrates because they share the nucleoside portions.

However, since products of enzymatic reactions serve as leaving groups and often

have much lower affinity than substrates, significant differences in binding of

substrates and products are expected and therefore the suitability of the model is

in question. To this purpose, the structure of a PDE4D2 mutant in complex with

cAMP was determined at high resolution (Wang et al. 2007b). The superposition of

PDE4D2-cAMP over PDE4D2-AMP (Huai et al. 2003) yielded the small RMSD of

0.26 Å, indicating overall similarity of the protein structures. In addition, cAMP and

50-AMP have the same anti configuration and interact with a similar set of amino

acids (Fig. 4). However, the hydrogen bonding patterns of cAMP and 50-AMP in the

structures of PDE4D2-cAMP and PDE4D2-AMP are very different (Fig. 4a). First,

a phosphate oxygen of 50-AMP bridges the two divalent metal ions, but cAMP does

not directly contact the metal ions. Second, the side chain of Asn321 in the

Fig. 4 Binding of substrate cAMP and product 50-AMP in the PDE4D2 structures. (a) Binding of

cAMP to the pocket of PDE4D2. Gln369 forms only one hydrogen bond (dotted line) with cAMP.

(b) Superposition of cAMP (white bonds) over 50-AMP (golden bonds). The green colored bonds

represent residues from the PDE4D2-cAMP structures, while cyan is for residues of PDE4D2-

AMP. The side chain conformation of Asn321 is different in the two structures. Phe372 shows

some positional changes while other residues have no significant difference
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PDE4D2-AMP complex changes its conformation in the unliganded state to form

two hydrogen bonds with N6 and N7 of 50-AMP. In comparison, Asn321 in the

PDE4D2-cAMP complex when compared with the unliganded state retains its

conformation and does not form hydrogen bonds with cAMP. Finally, two hydrogen

bonds are formed between N1 and N6 of 5
0-AMP and Ne2 and Oe1 of Gln369 in the

PDE4D2-AMP complex. In contrast, Gln369 in the PDE4D2-cAMP structure forms

only one hydrogen bond with N1 of cAMP, and the distance of 3.7 Å between Oe1
of Gln369 and N6 of cAMP indicates their weak van derWaals’ interaction (Fig. 4a).

The observation of only one hydrogen bond between cAMP and the invariant

glutamine in the PDE4D2-cAMP structure provides direct evidence against the

mechanism of “glutamine switch”, in which two hydrogen bonds were assumed

(Zhang et al. 2004).

Further support for the argument that the 50-nucleotide products are not good

models for substrates comes from the structures of PDE10A (Wang et al. 2007a).

These structures showed that both substrates cAMP and cGMP bound to PDE10A

with the syn configuration, but the products (50-AMP and 50-GMP) are in the anti
configuration (Fig. 5). These different conformations lead to different interactions

in terms of hydrogen bonding and van der Waal’s contacts. In summary, the

different conformations between the substrates and products in the PDE10 struc-

tures and the different hydrogen bonding pattern in PDE4 strongly support the

conclusion that the products of cN hydrolysis are not reasonable models for

describing the details of substrate binding.

Fig. 5 Comparison of binding of substrates and products in the PDE10 structures. (a) cAMP

(golden bonds) has an orientation different from cGMP (pink bonds). The colors blue and green
represent residues from the cAMP and cGMP structures, respectively. (b) Superposition of

PDE10-cAMP (blue and golden bonds) over PDE10-AMP (green and pink bonds). Dotted lines
represent hydrogen bonds or coordination with the metal ions. (c) superposition of PDE10-cGMP

(blue and golden bonds) over PDE10-GMP (green and pink bonds)
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7 Equilibrium of Syn/Anti Configuration of cAMP and cGMP

It has long been known that cAMP and cGMP exist in equilibrium of syn and anti
configurations in solution, with syn/anti ratios of 30:70 and 95:5, respectively

(Yathindra and Sunderalingam 1974), in contrast to the predominant anti configu-
ration of the products, 50-AMP and 50-GMP (Lee et al. 1975). The early studies of

PDE catalytic function using cN analogs rationalized that the preferred configura-

tion for the cN substrates was: syn for cAMP and cGMP in PDE1 and PDE2, anti
for cAMP in PDE3 and PDE4, and anti for cGMP in PDE3 and PDE5 (Butt et al.

1995a, b). The crystal structures show only the syn configuration of cAMP and

cGMP bound to the active site of PDE10A2 (Wang et al. 2007a), anti-cAMP in

PDE4D (Wang et al. 2007b), and anti-cGMP in PDE9A (Liu et al. 2008).

Since the PDE10A structures showed syn configuration for cAMP and cGMP, and

anti for AMP and GMP (Fig. 5), it is a question whether PDE10 requires an additional

step in the catalytic process to perform the syn to anti conversion before the product is
released. We hypothesize that the syn product leaves the active site immediately after

hydrolysis and that the syn to anti conversion is an automatic process of equilibrium

in solution. This is supported by the observation that only one configuration of the

substrates is identified in the PDE10 structures, and also by the fact that the products

(50-AMP and 50-GMP) in the anti configuration have very poor affinity for the

enzymes, typically in the millimolar range (our unpublished data). The occupancy

of the anti 50-AMP and 50-GMP at the active sites of the PDEs in the X-ray crystal

structures may reflect artifactual binding of the products at very high concentration.

8 The Substrate Specificity Is Determined Jointly

by Multiple Elements

The different orientations and interactions of cAMP and cGMP in the PDE10

structures suggest that the substrate specificity is determined by the combined

influence of multiple elements in the binding pocket. The structure-based sequence

alignment of the nucleoside-binding pocket, that we tentatively termed “substrate-

specificity pocket” or S-pocket (Wang et al. 2007a), shows significant variation of

amino acids across PDE families (Table 1, Fig. 6). Apparently, the amino acid

variation not only changes the chemical nature of this pocket among PDE families,

but also renders the different shape and size of the binding pockets. To match the

chemical nature and shape of the pocket, substrates may bind to individual PDE

families in either the same or different orientations and configurations with differ-

ent affinities. Although the differences between the binding pockets of the PDE

families may not be dramatic (Fig. 6), they may be sufficient for recognition of

different substrates. Most likely, the dual-specific PDE families will take both

substrates with the same configuration but different interactions, as shown in the

case of PDE10 (Wang et al. 2007a). In the cAMP- or cGMP-specific PDE families,
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one substrate would not effectively bind to the pocket, due to the poor apparent

affinity constants (KM) in the millimolar range (Table 2).

In summary, the structural and biochemical studies support the interpretation

that the substrate specificity of PDEs is jointly determined by multiple elements in

the PDE catalytic S-pocket and that no individual residues play a dominant role.

Moreover, the structural data suggests that amino acids in the S-pocket may

contribute importantly and distinctly to the substrate specificity in different PDE

families, yet their quantitative roles in this process need further study.
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Abstract Fission yeast strains have been engineered so that their growth behavior

reflects the activity of heterologous cyclic nucleotide phosphodiesterases (PDEs).

These strains can be used in High-Throughput Screens (HTSs) for PDE inhibitors

that possess “drug-like” characteristics, displaying activity in a growth stimulation

assay over a 48-h period. Through three generations of development, a collection of

strains expressing 10 of the 11 mammalian PDE families that is appropriate for

small molecule inhibitor screening has been generated in our laboratory. Strains

unable to synthesize cyclic nucleotides allow characterization of PDE activity in

that the enzyme’s potency is reflected in the amount of either cAMP or cGMP that

must be added to the growth medium to stimulate cell growth. In the future, this

system could be used to screen cDNA libraries for biological regulators of target

PDEs and for the construction of strains that co-express PDEs and associated

regulatory proteins to facilitate molecular and genetic studies of their functions

and, in particular, to identify whether different PDE-partner protein complexes

show distinct patterns of inhibitor sensitivity.
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1 Introduction

Mammals express 11 families of cyclic nucleotide phosphodiesterases (PDEs),

encoded by 21 genes that generate more than 100 distinct PDE isoforms by

variations in transcriptional start sites and splicing. Each PDE family includes

proteins encoded by as many as four genes (designated A through D), and are

grouped, in part, according to substrate specificity: PDE4, PDE7, and PDE8 are

cAMP-specific; PDE5, PDE6, and PDE9 are cGMP-specific; and PDE1, PDE2,

PDE3, PDE10, and PDE11 display dual-specificity. PDE families are also grouped

according to conserved domains outside of the catalytic domain and their relative

sensitivity to various chemical inhibitors and other molecules such as calcium/

calmodulin or cGMP (Bender and Beavo 2006; Conti and Beavo 2007; Lerner and

Epstein 2006; Soderling and Beavo 2000). In addition, tissue-specific expression

and subcellular localization of PDEs permit members of this superfamily, though

acting on only two substrates, to influence tissue-specific biological processes or

even distinct processes in a single cell through compartmentalization of cAMP

signaling (Houslay 2010). Thus, inhibition of a specific PDE subpopulation in a cell

may have a therapeutic benefit without altering other cAMP- or cGMP-controlled

processes in the affected cell.

Most, though not all, approaches to PDE inhibitor development focus on com-

pounds that act by binding to the catalytic site. This is true of medicinal chemistry

approaches that produce and characterize analogs of nonselective PDE inhibitors,

as well as rational drug design approaches that are guided by crystal structures of

target PDEs (Card et al. 2004, 2005). Although these methods have led to the

development of many selective PDE inhibitors, there remains a need to develop

specific inhibitors for certain PDE families (PDE1, PDE6, PDE8, PDE11), as well

as subtype-selective inhibitors for families encoded by multiple genes (PDE1,

PDE3, PDE4, PDE6, PDE7, and PDE8).

This chapter describes a fission yeast-based platform for PDE inhibitor screens

that can also be used to characterize PDEs in live cells. Differing from traditional

inhibitor screens, this approach allows inexpensive screening of full-length

enzymes expressed in a eukaryotic cell, following the yeast genetic philosophy of

discovery: “first find something that does what you are looking for and then figure

out the mechanism”. As such, this screening platform is open to the discovery of

both active-site and allosteric inhibitors that are structurally unrelated to current

PDE inhibitors. In addition, it can be used to characterize the PDEs under condi-

tions that closely resemble their natural cellular environment in contrast to in vitro

enzyme assays that are frequently carried out on biochemically stable fragments of

PDEs expressed in and purified from E. coli. Finally, this system is amenable to

conducting cDNA library screens for genes that encode biological regulators of a

target PDE and genetic screens for mutations that affect PDEs or their regulators.
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2 Use of Yeast to Study Mammalian Proteins

As unicellular eukaryotes, the budding yeast Saccharomyces cerevisiae and the

fission yeast Schizosaccharomyces pombe serve as important model organisms for

the study of biological processes that are conserved in human cells. Both yeasts have

been used to clone human genes by functional complementation of a defective gene

in the host yeast strain. For example, the human Cdc2 cyclin-dependent kinase gene

was first cloned by its ability to suppress the temperature-sensitive growth of a S.
pombe cdc2� mutant strain (Lee and Nurse 1987). Yeast strains expressing human

proteins are used to study the function of the human protein and to identify mutations

that alter function, as in a study of the p53 protein expressed in S. pombe (Bischoff
et al. 1992). Furthermore, yeast growth-based High-Throughput Screens (HTSs)

have been successfully deployed to identify inhibitors of various eukaryotic pro-

teins, including sirtuin family NAD-dependent deacetylases (Grozinger et al. 2001),

mammalian K+ channels (Zaks-Makhina et al. 2004), and mammalian p38a MAP

kinase (Friedmann et al. 2006).

Studies using S. cerevisiae first demonstrated the feasibility of cloning and

studying mammalian PDE genes in a yeast system. S. cerevisiae expresses two

PDE proteins, the Pde1 low-affinity enzyme, and the Pde2 high-affinity enzyme

(Nikawa et al. 1987b; Sass et al. 1986). Cells lacking Pde1 and Pde2 have high

cAMP levels that confer heat-shock sensitivity to stationary phase cells. Library

screens for mammalian genes that restore heat-shock resistance led to the identifi-

cation of clones of rat PDE4B and human PDE7A (Colicelli et al. 1989, 1991;

Michaeli et al. 1993). In addition, yeast strains that express mammalian PDE4B

display a heat-shock survival phenotype that is sensitive to treatment with the PDE4

specific inhibitor, rolipram (Engels et al. 1995;McHale et al. 1991; Pillai et al. 1993,

1994; Torphy et al. 1992). The ability to monitor PDE4 activity via heat shock

resistance and the sensitivity of yeast-expressed rat PDE4B to rolipram allowed for

the isolation of rolipram-resistant forms of PDE4B (Pillai et al. 1993). The amino

acids altered in these proteins were later shown to be part of the nucleotide-binding

site in the active site. While this system facilitated the cloning and study of PDEs, it

is not amenable to high-throughput screening as abnormally high concentrations of

rolipram are required for this assay. This may be due to the need to work with

stationary phase cells that are relatively impenetrable to test compounds.

3 cAMP Signaling and fbp1 Transcriptional Regulation

in the Fission Yeast S. pombe

Both S. pombe and S. cerevisiae produce cAMP signals in response to glucose

detection (D’Souza and Heitman 2001; Hoffman 2005a, b; Lengeler et al. 2000;

Thevelein et al. 2000; Thevelein and de Winde 1999). In these yeasts, the increase

in cAMP levels is due to adenylyl cyclase activation, while feedback regulation to
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limit the cAMP signal is, in part, a function of PDE activity (Ma et al. 1999; Nikawa

et al. 1987a; Wang et al. 2005).

Most of the components of the S. pombe cAMP pathway have been identified

from mutant strains that are defective in glucose repression of transcription of the

fbp1 gene, which encodes the gluconeogenic enzyme fructose-1,6-bisphosphatase

(Hoffman and Winston 1990, 1991). Key to these genetic selections is a reporter

construct in which the fbp1 promoter drives expression of the ura4 OMP decarbox-

ylase gene. The ura4 gene is a selectable marker as its expression is required for

uracil biosynthesis, which is needed for growth in medium lacking uracil. It is also a

counterselectable marker, as the pyrimidine analog 5-fluoroorotic acid (5FOA) is

toxic to cells that express it. Normally, S. pombe represses fbp1–ura4 transcription

in glucose-rich medium, preventing growth in medium lacking uracil while allow-

ing growth in 5FOA medium. Mutants defective in glucose/cAMP signaling, which

is required to activate the cAMP-dependent protein kinase (PKA), constitutively

transcribe the fbp1–ura4 construct so as to confer growth on medium lacking uracil,

as well as 5FOA-sensitivity (5FOAS). These strains carry mutations that affect the

Git3 G protein-coupled receptor (Welton and Hoffman 2000), any subunit of the

heterotrimeric G protein composed of Gpa2 (Nocero et al. 1994), Git5 (Landry et al.

2000), and Git11 (Landry and Hoffman 2001), the Git2/Cyr1 adenylyl cyclase

(Hoffman and Winston 1991), the Git1 adenylyl cyclase-binding protein (Kao

et al. 2006), Hsp90 (Alaamery and Hoffman 2008), the Git7 Hsp90 co-chaperone

(Schadick et al. 2002), or the Pka1 PKA catalytic subunit (Jin et al. 1995) (Fig. 1).

Fig. 1 The S. pombe glucose/cAMP signaling pathway presented using the ProteinLounge

Pathway Builder Tool
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Negative regulators of PKA were also identified using fbp1–ura4 reporter-based

screens.Mutations in the cgs1 gene, which encodes the PKA regulatory subunit, were

identified among suppressors of an adenylyl cyclase deletion (Stiefel et al. 2004),

while mutations in the cgs2 gene, which encodes the only S. pombe PDE, were

identified among suppressors of an activation-defective form of adenylyl cyclase

(Wang et al. 2005). In both selections, the cgs1� and cgs2�mutations restore 5FOA-

resistant (5FOAR) growth by repressing fbp1–ura4 transcription. Thus, this system

for studying fbp1 transcriptional regulation is able to identify mutations that either

reduce PKA activity to stimulate growth in medium lacking uracil or increase PKA

activity to stimulate growth in 5FOA medium. The ability to use positive growth

selections for mutations that either decrease or increase cAMP levels greatly

enhances the robustness of these genetic selections. Although this system was

initially used to identify mutations that alter PKA activity, we have recently deployed

it as a HTS to detect small molecule inhibitors of heterologously expressed PDEs

(Alaamery et al. 2010; Ivey et al. 2008). The screen capitalizes on the conversion of a

PDE-expressing strain from 5FOAS into 5FOAR in the presence of a PDE inhibitor.

4 First Generation Screens

The cell growth-based screen to detect PDE inhibitors was developed by exploiting

mutations that reduce glucose detection and cAMP synthesis. Glucose is sensed by

the Git3 GPCR, which activates the Gpa2 Ga subunit of the Gpa2-(Ga) Git5-(Gb)
Git11-(Gg) heterotrimeric G protein. Gpa2-mediated activation of adenylyl cyclase

produces a cAMP signal to activate PKA, which represses fbp1 transcription by

multiple mechanisms (Fig. 1). Deletion of any of the git3, gpa2, git5, or git11 genes
confers a 5FOAS phenotype due to increased expression of the fbp1–ura4 reporter

(Landry and Hoffman 2001; Landry et al. 2000; Nocero et al. 1994; Welton and

Hoffman 2000). Assays of fbp1–lacZ expression in these strains reveal that the

relative importance of these proteins in glucose repression is Gpa2, Git3, Git5, and

Git11. Loss of Cgs2 PDE activity restores 5FOAR growth and repression of

fbp1–lacZ expression in all of these mutants, providing the conceptual basis for

PDE inhibitor screens.

The key to developing a strain suitable for a PDE inhibitor HTS lies in the

interaction between the heterologous PDE and the endogenous cAMP signaling

pathway. The PDE must lower the intracellular cAMP level sufficiently to create a

5FOAS growth phenotype that would be converted to 5FOAR upon inhibition of the

PDE. For highly active PDEs, little or no additional engineering is necessary to

attain 5FOA sensitivity; for example, strains expressing either of two isoforms of

the highly active human PDE4D enzyme (Conti and Beavo 2007; Houslay et al.

2007) display a leaky 5FOAS in cells with an intact cAMP signaling pathway and

require the loss of only the Git11 Gg to produce a tight 5FOAS phenotype. Strains

expressing PDE4A or PDE4B enzymes encoded by two other genes of the PDE4

family, or PDE7A or PDE7B high-affinity cAMP-specific enzymes (Bender and
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Beavo 2006; Conti and Beavo 2007) require more severe disabling of cAMP

signaling conferred by the loss of the Gpa2 Ga to produce a tight 5FOAS pheno-

type. Loss of Gpa2 is not sufficient to confer 5FOAS growth in strains expressing

the cAMP-specific IBMX-insensitive PDE8A enzyme (Bender and Beavo 2006;

Conti and Beavo 2007), suggesting very low activity of this enzyme when

expressed in S. pombe (in these strains, the full-length mammalian genes are

expressed from the yeast PDE gene promoter at its genomic locus). The 5FOAS

strains are suitable for HTSs for PDE inhibitors that elevate cAMP levels and thus

repress fbp1–ura4 transcription to allow 5FOAR growth (Fig. 2). However, this

approach is not amenable for screening strains expressing PDEs such as PDE8A

whose activity is insufficient to confer 5FOAS growth in these mutant backgrounds.

HTSs were optimized using a 384 well format. Assay development involves

optimizing growth conditions prior to screening to prevent ura4 reporter expression
(thus PDE inhibitors maintain, rather than establish, repression of the reporter) and

initial cell density. A 48-h incubation period is required for actively growing strains

to reach saturation, allowing the greatest contrast in optical density between

vehicle-treated cultures (OD600 ¼ 0.05–0.2) and PDE inhibitor-treated or cAMP-

treated cultures that reach a saturated cell density (OD600 ¼ 1.2–1.3). Optimized

assays generally produce Z-factors of 0.7–0.9, indicative of highly robust screens.

Fig. 2 First, second and third generation 5FOA-growth screens. (a) 5FOAS growth in a first

generation screening strain is due to a defective glucose-sensing Git pathway. (b) 5FOAS growth

in a second or third generation screening strain is due to PDE degradation of exogenously added

cAMP or cGMP. (c, d) PDE inhibition elevates intracellular cAMP or cGMP levels to repress

fbp1-ura4 transcription and confer 5FOAR growth
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HTSs using strains that express mouse PDE4A1 (Cherry et al. 2001), rat PDE4A5

(McPhee et al. 1995), mouse PDE4B3 (Cherry et al. 2001), human PDE7A1 (Michaeli

et al. 1993), and S. pombe Cgs2 (DeVoti et al. 1991) were carried out at the Broad

Institute’s screening facility (Alaamery et al. 2010; Ivey et al. 2008). Of ~74,000

compounds screened at ~20 mM in duplicate using a strain expressing PDE4A1,

the PDE4 selective inhibitor rolipram (Wachtel 1982) ranked 34th and the PDE3/4

inhibitor zardaverine (Schudt et al. 1991) ranked 27th byComposite Z score.Ninety-one

compounds produced average OD600 values of>1.2, which represent cultures grown to

near saturation. The ability of these compounds to stimulate this level of growth suggests

that they are permeable to the yeast cells, not toxic to yeast, and remain active formost or

all of the 48-h incubation period. Low toxicity serves as a proxy for selectivity, since

compounds that bind tomany proteins would likely inhibit some essential yeast proteins

and prevent cell growth. The relative potencies of the compounds that confer saturated

growth cannot be determined from these data alone.

To examine potency as judged by this assay, dose–response curves were carried

out to measure the ability of compounds, such as those shown in Fig. 3, to stimulate

cell growth at <20 mM (the concentration used in the initial screens). As seen in

Fig. 4, rolipram increases cell growth of a strain expressing human PDE4B2

(Bolger et al. 1993) to OD600 ¼ 0.6 (half that of a saturated culture) when present

at <2 mM, while some structurally diverse compounds identified in these screens,

such as BC35 (identified in the PDE4 screens) and BC54 (identified in PDE4 and

PDE7 screens), are effective at significantly lower concentrations. Therefore, this

assay is very sensitive with regard to inhibitor detection. In vitro enzyme assays

confirm the relative potencies of these PDE inhibitors.

5 Second Generation Screens

Second generation screening strains were developed to allow screening for inhibi-

tors of enzymes such as PDE8A (Fisher et al. 1998a) for which the activity is

insufficient to confer 5FOAS growth even in strains lacking the Gpa2 Ga. Unlike

Fig. 3 Structures of rolipram

and four PDE inhibitors

identified in HTSs using

strains expressing PDE4 or

PDE7 enzymes
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the budding yeast S. cerevisiae, S. pombe strains that lack either adenylyl cyclase or
PKA are viable. Deletion of the git2 adenylyl cyclase gene abolishes cAMP

synthesis, so that PKA can be regulated by addition of cAMP to the growth

medium. The expressed PDE activity reduces cell growth in response to exogenous

cAMP (Fig. 2), allowing one to determine the optimal concentration of cAMP to

add to the medium for inhibitor detection. For PDE8A-expressing cells, 40 mM
cAMP is optimal for achieving differential growth in 5FOAmedium, as this level of

cAMP stimulates growth to OD600 >1.0 of a strain lacking PDE activity, while

having little effect on a PDE8A-expressing strain (Fig. 5). These conditions were

used to measure PDE8A inhibition by 56 PDE4 or PDE7 inhibitors identified from

the first generation screens and revealed that the PDE4 inhibitor BC69 (Fig. 3) is an

effective inhibitor of PDE8A (Fig. 5). Further work with BC69 allowed the

optimization of a PDE8A inhibitor HTS.

6 Third Generation Screens

The screens described above exploit the fact that the expressed PDE can

hydrolyze endogenously produced or exogenously added cAMP to reduce

PKA activity. As such, these screens detect inhibitors of cAMP hydrolysis.

We have found that S. pombe PKA can also be activated by exogenously-added

Fig. 4 Effect of rolipram, BC35, and BC54 (structures shown in Fig. 3) on 5FOAR growth of a

PDE4B2 expressing strain. OD600 values were measured in the presence of various concentrations

of compounds in 384 well microtiter dishes after 48-h growth
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cGMP, promoting 5FOAR growth of a strain that lacks both adenylyl cyclase

and PDE activity (Fig. 6). Similar to the second-generation screens, cGMP

stimulated growth is reduced upon expression of a PDE that hydrolyzes

cGMP. This allows for screens to detect inhibitors of cGMP-specific PDEs,

while inhibitors of dual specificity PDEs can be screened for using exogenous

cAMP or cGMP (Fig. 2).

The ability to use exogenous cGMP for screening was validated using strains

expressing cGMP-specific PDE5A (McAllister-Lucas et al. 1993) and PDE9A

(Fisher et al. 1998b). As expected for a strain lacking both adenylyl cyclase and

PDE activity, a higher concentration of cGMP is required to stimulate growth

relative to cAMP. 40 mM cGMP produces an OD600 ¼ 0.6 as compared to

12.5 mM cAMP, while 100 mM cGMP results in saturated growth as compared to

25 mM cAMP. Expression of either PDE5A or PDE9A completely eliminates the

response to cGMP at these, as well as significantly higher, concentrations. As

described above for PDE8A, a screen of inhibitors obtained in either PDE4 or

PDE7 HTSs led to the identification of compound BC76 (Fig. 3) as an effective

PDE5A inhibitor. In vitro enzyme assays confirm that BC76 is a PDE5A inhibitor

with an IC50 of ~250 nM (Sharron Francis, personal communication).

These three iterations of screening strains and methods have allowed us to

construct strains that express mammalian PDEs from 10 of the 11 PDE families

(with the exception of the PDE6 family of the visual system), all of which display

sufficient activity to permit inhibitor screens based on 5FOAR growth.
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Fig. 5 5FOAR growth conferred by exogenous cAMP on strains lacking adenylyl cyclase. OD600

values were determined for strains lacking adenylyl cyclase and either lacking PDE activity or

expressing PDE8A. The X-axis indicates the concentration of cAMP (mM) added to the 5FOA

medium. At 40 mM cAMP (vertical dashed line), the OD600 for the strain lacking PDE activity is

fivefold higher than for the strain expressing PDE8A. Addition of 20 mM BC69 (Fig. 3; identified

in a PDE4 inhibitor screen) shifts the cAMP response curve of the PDE8A-expressing strain

toward that of the strain lacking PDE activity
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Fig. 6 cAMP/cGMP profiles for PDE4B, PDE9A, and PDE1B. See text for details
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7 Profiling PDE Activity in Strains Lacking Adenylyl Cyclase

The expression of PDEs in strains lacking adenylyl cyclase provides a favorable

context for observing the properties of PDEs in live cells (although to be sure,

S. pombe lacks many of the PDE-interacting proteins found in mammalian cells).

By comparing the cyclic nucleotide-mediated growth response of a strain that

lacks both adenylyl cyclase and PDE activity to that of a PDE-expressing strain,

one can assess the relative activity of the PDE against cAMP and cGMP (Fig. 6).

We see, for example, that a strain expressing PDE4B requires a final concentra-

tion of ~4 mM cAMP in the medium to stimulate cell growth to OD600 ¼ 0.6,

while the same strain grown in the presence of 40 mM rolipram (Fig. 6a) or a

strain lacking PDE activity (Fig. 6b, c) requires <50 mM cAMP in the medium to

reach this OD600. In contrast, expression of PDE4B shifts the concentration of

cGMP needed to stimulate growth by only ~60 mM (Fig. 6a), although this may

represent enough cGMP hydrolyzing activity by PDE4B to play a role in

controlling cGMP levels in certain mammalian cells. A strain expressing the

cGMP-specific PDE9A requires >3 mM more cGMP to stimulate growth to

OD600 ¼ 0.6 than does a strain lacking PDE activity, while these strains show

identical responses to cAMP (Fig. 6b). A strain expressing the dual cAMP/cGMP

hydrolyzing PDE1B enzyme (Repaske et al. 1992) requires 10 mM more cAMP or

70 mM more cGMP in the medium to stimulate growth to OD600 ¼ 0.6 than does

a strain lacking PDE activity (Fig. 6c). Low activity of mammalian calcium/

calmodulin-activated PDE1B expressed in S. pombe could be because S. pombe
calmodulin is only 74% identical to mammalian calmodulin and may be unable to

activate PDE1B.

8 Additional Uses of this System

The reciprocal growth behavior of strains expressing the fbp1–ura4 reporter in

medium containing 5FOA (in which high cAMP levels are required for growth)

versus medium lacking uracil (in which low cAMP levels are required for growth),

allows for screens of PDE activators as well as PDE inhibitors. While such

compounds should be detectable by their ability to promote growth of strains

with high cAMP levels in medium lacking uracil, two pilot screens failed to identify

compounds that activated either PDE7A or PDE8A. This may be due to the fact that

PDE activators will be much less common than PDE inhibitors, just as dominant

gain-of-function mutations are less common than recessive loss-of-function muta-

tions. The reciprocal growth behavior in medium lacking uracil versus 5FOA

medium conferred by the fbp1–ura4 reporter could also be used to facilitate growth
enrichment and genetic screens for strains expressing mutant alleles of PDE genes

that encode inhibitor-resistant enzymes. The ability of S. pombe to maintain

autonomous plasmids allows for the screening of cDNA libraries, cloned in
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S. pombe expression vectors, for either PDE-activating or inhibiting proteins.

Stably incorporating genes expressing such proteins into PDE-expressing strains

would facilitate genetic studies of PDE regulator activity or small molecule screens

similar to those described above. In summary, the introduction of PDEs (which

could include those from nonmammalian sources) into S. pombe strains allows for a
wide variety of classical and chemical genetic screens to enhance our understanding

of these enzymes, and to advance the discovery of chemical tools and the develop-

ment of therapeutic compounds.

9 Conclusions

Three generations of strain development has produced a S. pombe-based screening

platform that can be used to detect inhibitors of a wide range of full-length PDEs

expressed in a eukaryotic cell. The compounds detected in this manner are stable,

cell permeable, and of low toxicity to S pombe, characteristics that may make them

attractive candidates for drug development. In addition to facilitating new inhibitor

discovery and drug development, this system can be used to characterize PDEs and

to study PDEs together with biological regulators in a heterologous system that is

amenable to detecting subtle changes in PDE activity.
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Abstract Classic PDE5 inhibitors interact with and block the catalytic site of

PDE5. They have been clinically validated for treatment of erectile dysfunction

as well as reduction of pulmonary arterial pressure, improvement of exercise

capacity, quality of life, and arterial oxygenation in patients with secondary pulmo-

nary hypertension. Minor side effects are visual disturbances, headache, migraine,

back pain, and interaction with nitrates (hypotension). Some of those side effects

presumably can be ameliorated by improving selectivity and pharmacokinetics;

other side effects probably are target related due to inhibition of basic physiological

processes. Target related side effects may be bypassed by using PDE5 inhibitors

with a different mode of action: PDE5, like PDE2, PDE6, PDE10, and PDE11, is a

multidomain protein with an N-terminal tandem GAF domain, which in case of

PDE5, is allosterically activated by cGMP. Potential inhibitors acting at the PDE5

GAF domain would be expected to inhibit only pathophysiologically upregulated

PDE5 activity, whereas basal activity of PDE5 would remain unaffected.
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Here, we summarize a high-throughput screening campaign to identify inhibitors

of the regulatory GAF domain of human PDE5. To target the regulatory domain

independently from the catalytic site, we used a chimeric reporter enzyme: The

hPDE5 GAF-tandem domain functionally replaced the GAF domain in the cyano-

bacterial adenylyl cyclase CyaB1. We identified inhibitors that target the GAF

domain and also inhibitors that target the bacterial cyclase.

Compounds binding to the PDE5 GAF domain were reanalysed with native

human PDE5 to demonstrate inhibition using capillary electrophoresis. This iden-

tified 16 compounds that act on the GAF domain of PDE5. Two compounds

fulfilled the initial requirement to inhibit, exclusively, activated PDE5, but not

basal PDE5 activity.

Keywords Adenylyl cyclase � Drug target � GAF domain � High-throughput screen
� Phosphodiesterase 5 inhibitor

Abbreviations

cAMP 30,50-cyclic adenosine monophosphate

cGMP 30,50-cyclic guanosine monophosphate

hPDE Human phosphodiesterase

PDE Phosphodiesterase

SD Standard deviation

1 Introduction and Scope

For decades, 30,50 cyclic nucleotide monophosphate phosphodiesterases (PDEs)

have been valued as potential drug targets (Lugnier 2006; Manallack et al. 2005;

Menniti et al. 2006; Omori and Kotera 2007; Rose et al. 2005; Rotella 2002; Vasta

and Beavo 2004), with, at the beginning of the 1970s in the last century, several

drug companies initiating programs in this field (Bergstrand et al. 1977; Chasin and

Harris 1976; Francis et al. 2001). At that time, evidence had accumulated that

several PDE forms exist; yet their molecular relationship and complexity was

unknown. With the advent of molecular biology, we now know that 11 mammalian

PDE families exist that are encoded by 21 genes (Bender and Beavo 2006; Francis

et al. 2001). Multiple alternative splicing of these genes generates additional PDE

isoforms (Zoraghi et al. 2004). Currently, the number of identified PDE splice

variants exceeds 100 (Conti and Beavo 2007; Omori and Kotera 2007). It is

tempting to ask whether each of these “in vitro” identified gene products will

serve a specific physiological role in the regulation of cellular signaling processes.

So far, with the potential exception of the photoreceptor PDE6, there is evidence

indicating that all mammalian PDEs can form homodimers, albeit the recombinant

catalytic domains are active as monomers (Stroop and Beavo 1991). Insight into
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this discrepancy was recently provided with the publication of the structure of the

human PDE2A holoenzyme, which is a dimer (Pandit et al. 2009). This structure

has provided novel and exciting insights into our understanding of the regulation

of PDE2 activity. It demonstrated that, in the homodimer, the catalytic domains

of PDE2 occlude each other, thus impeding access of substrate to the catalytic site.

PDE2 has an N-terminal tandem GAF domain, GAF-A and GAF-B. Binding of

cGMP to GAF-B in PDE2 is proposed to trigger rotation of the monomers against

each other and, thereby, open the catalytic sites for substrate binding, i.e., the

catalytic center is active as a monomer and dimerization is an instrument for

regulation by controlling the position of the catalytic domains and solvent access

of the catalytic sites (Pandit et al. 2009). Albeit it is debatable whether the insights

with human PDE2 can be extended across different PDE families, this certainly

provides a very attractive hypothesis considering the similarity of several architec-

tural features in mammalian PDEs (Beavo and Brunton 2002; Conti and Beavo

2007; Francis et al. 2001).

The variety of different PDEs recognized during the last two decades has resulted

in a renaissance for PDEs as drug targets. Probably, we are only at the beginning

of exploiting this potential as just a few family-specific PDE inhibitors have reached

the market and a few others are in clinical development (Aversa et al. 2006; Croom

and Curran 2008; Houslay et al. 2005; Wang et al. 2007). The suitability of PDEs as

drug targets appears to be due to several prominent features. (1) Twenty-one distinct

gene families exist, which share certain structural similarities – regulatory domains

generally are located toward the N-terminus and the catalytic domains are located

toward the C-terminus (Conti and Beavo 2007; Handa et al. 2008); regulatory and

catalytic domains of different PDE families have distinct molecular properties,

and hence, may be amenable to development of specific drugs; (2) within individual

PDE families several distinctive isoforms exist, which appear either differentially

regulated or localized to peculiar subcellular compartments or multiprotein com-

plexes (Houslay 2010); (3) the X-ray structures of most catalytic PDE domains

(exceptions are PDE6 and 11) show defined structural variations and the develop-

ment of rather specific inhibitors of individual catalytic domains appears possible

(Conti and Beavo 2007; Pandit et al. 2009; Zhang et al. 2005). In fact, a number of

compounds have been designed and developed, which show a very high degree of

PDE subfamily specificity (Lugnier 2006). Enzymatic assays using recombinant

catalytic domains that are very active as monomers have been adapted to an

industrial high-throughput format. Complications that may arise with the multi-

domain PDE holoenzymes are thereby effectively circumnavigated.

So far, the regulatory domains of PDEs have not been described as drug targets,

although, in principle, they should be quite attractive. PDE2, PDE5, PDE6, PDE10,

and PDE11 contain an N-terminal tandem GAF domain that, upon binding of

cGMP (cAMP for PDE10), enhances catalytic activity (see above). The acronym

GAF is derived from the first identified GAF proteins, namely mammalian cGMP-

regulated PDEs, Anabaena adenylyl cyclase, and the E. coli transcription factor Fhl
A (Aravind and Ponting 1997). On the other hand, PDE1 isoforms that are encoded

by three separate genes possess an N-terminal tandem of two calmodulin-binding
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domains, and long isoforms in the PDE4 family, encoded by four separate genes,

have a tandem of two UCR domains N-terminal to the catalytic domain (the

acronym UCR stands for upstream-conserved region), and phosphorylation in this

region augments PDE4 activity (Houslay and Adams 2003; Sette and Conti 1996).

However, the biochemical characterization of the relationship between regulatory

and catalytic domains remains cumbersome. For PDEs 2, 5, 6, 10, and 11, the

allosteric activator cGMP (cAMP for PDE10) concomitantly serves as a substrate.

This seriously limits the kinetic characterization and renders the design of high-

throughput assays for modulators of these allosteric sites difficult. In 2002, we

demonstrated that the GAF-tandem domain of PDE2 is functionally interchange-

able with the GAF-tandem domain from the cyanobacterial adenylyl cyclase

CyaB1, i.e., the adenylyl cyclase, which intrinsically is regulated by its enzymatic

product cAMP, is turned into a cGMP-regulated adenylyl cyclase by appending the

region of PDE2 that contains the tandem GAF domains (Kanacher et al. 2002).

Activation is robust and the biochemical properties of the tandem GAF domain in

the chimera reflect those reported in studies of recombinant isolated GAF domains

or in conjunction with its catalytic PDE domain (Corbin et al. 2000, 2003). Several

subsequent studies involving the tandem GAF domains from PDE5, PDE10, and

PDE11 in chimeras with the cyanobacterial cyclase have generally confirmed that

the cyclase can be used as an excellent reporter enzyme to characterize biochemical

properties of mammalian PDE GAF-tandem domains (Bruder et al. 2006; Gross-

Langenhoff et al. 2006; Hofbauer et al. 2008). In fact, this has been extended to the

tandem calmodulin-binding domains from PDE1 and the tandem UCR domains

from PDE4 isoforms (Banjac and Schultz, unpublished). The constructs with the

tandem GAF domains offer the advantage that the allosteric activator/regulator and

enzyme substrate are separate, noninterfering chemicals.

Here, we describe the use of a chimeric protein comprising the tandem GAF

domain of human PDE5 (hPDE5) fused to the adenylyl cyclase CyaB1. We have

exploited this novel construct for use in a high-throughput screen of a diverse

chemical library with several 100,000 compounds to identify substances that

might inhibit adenylyl cyclase activation via interaction with the regulatory tandem

GAF domains from hPDE5. Here, we critically review the assay parameters and the

feasibility of such a large-scale assay.

2 Requirements to Run a High-Throughput Screen

The PDE5 tandem GAF–CyaB1 adenylyl cyclase chimera (Fig. 1; PDE5-GAF–

CyaB1) converts ATP to equimolar amounts of cAMP and pyrophosphate. A key

question in developing a high-throughput screen involves determining which prod-

uct of the enzymatic reaction can be measured in a simple, reliable, quick, and cost-

effective way cAMP determination via ELISA, although well established, is costly

and due to several washing steps unsuitable for automation. Sensitive colorimetric

methods to determine inorganic phosphate using ammonium molybdate and
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malachite green have been reported using a microplate format (Cogan et al. 1999).

In the case we describe here, the sensitivity of this method has been enhanced by the

addition of pyrophosphatase to the assay, which then generates two phosphates for

every cAMP molecule formed and so creates a highly sensitive adenylyl cyclase

assay that should be suitable for automation.

The success of a high-throughput screen depends on several parameters that

must be satisfied prior to screening. One prerequisite is a sufficient discrimination

between positive and negative results. This can be assessed by determination of the

Z0 factor for each assay plate. The Z0 parameter is based on the signal difference

between positive and negative controls and the standard deviation of the controls

(Zhang et al. 1999). Second, even more important than signal intensity is a high

sensitivity for inhibition by chemicals in the library to be screened. In our case,

inhibition of activation of PDE5-GAF–CyaB1 by cGMP is to be examined. It can

be anticipated that this assay will be more sensitive for inhibition in the presence of

an intermediate cGMP concentration than in the presence of a saturating cGMP

concentration. As for PDE5-GAF–CyaB1, maximum activation of enzyme activity

is about 45-fold and so using a cGMP concentration that causes less than half-

maximal activation will still be sufficient for a high assay quality in terms of the Z0

factor. Third, signal intensity should be linearly dependent on enzyme concentra-

tion and reaction time. Fourth, the assay should be validated with reference

inhibitors and reveal comparable inhibition. As GAF reference inhibitors have

not been described so far, GAF inhibitory compounds identified “in house” have

been used as internal controls to monitor the sensitivity of our assays.

We describe here a high-throughput assay that satisfies the above parameters.

The enzyme used (PDE5-GAF–CyaB1) is a recombinant chimeric adenylyl

cyclase with an N-terminal hexa-histidine tag comprising the hPDE5 GAF

domain (amino acids 1–513) and the catalytic adenylyl cyclase domain from

CyaB1 from Anabaena (amino acids 386–859; gene ID 1105863, Fig. 1). Three-

hundred milligrams of the recombinant protein was produced in several batches in

E. coli as described and pooled (Bruder et al. 2006). Protein purification was

optimized to achieve a high cGMP-activation factor. A phosphate calibration

curve with phosphate concentrations ranging from 0 to 4 nmol phosphate/reaction

tube was linear up to an OD650 of 0.5 (Fig. 2a). The malachite green assay can

detect 500 pmol phosphate in a 40 ml sample in the presence of 75 mMATP, which

is the planned substrate concentration. Including pyrophosphatase in the assay,

250 pmol of hydrolyzed cAMP can be detected reliably. According to our own

PDE5
GAF A

PDE5
GAF B

Adenylyl-
cyclase

CyaB1386-859

MRGSHis6GSM

PDE51-513

Fig. 1 Construct design of chimeric protein PDE5-GAF–CyaB1 that has been used for the high-

throughput screen. The histidine tag was used for affinity purification of the recombinant protein
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experimental results and previously published data (Bruder et al. 2006), the Km of

PDE5-GAF–CyaB1 for ATP is 15 mM. The assay was performed at 75 mM ATP,

which is close to substrate saturation. A negative protein control was prepared

from E. coli that was transformed with an empty vector (Fig. 2b). This protein was

inactive when assayed in parallel to PDE5-GAF–CyaB1. Obviously, it had no

ATPase activity, which otherwise would have released phosphate from substrate

ATP. The activity of PDE5-GAF–CyaB1 was dependent on Mg2+ ions, and

10 mM Mg2+ was used in the assay. cGMP concentration/activation curves

were carried out from 0 to 50 mM cGMP using reaction times of 30, 60, and

90 min (Fig. 3a). For all tested reaction times, half-maximal activation was

observed with approximately 13 mM cGMP in accordance with earlier data

(Bruder et al. 2006). These concentrations for half-maximal activation are signifi-

cantly higher than the Kd values reported for cGMP-binding (0.027–1.9 mM),

which remains an unexplained discrepancy (Liu et al. 2002; Zoraghi et al. 2005).

A cGMP concentration of 10 mM cGMP was chosen for the high-throughput

assay. While PDE5-GAF–CyaB1 was not enzymatically active at room tempera-

ture, the reaction rate increased in the expected fashion from 30 to 45�C, reflect-
ing the temperature optimum of the cyclase (Kanacher et al. 2002). The assay was

conducted at 37�C in order to provide a physiological temperature for the mam-

malian PDE5 GAF domain. Assay solutions without ATP were preincubated for

15 min at 37�C prior to substrate addition to minimize temperature changes

during the reaction. Furthermore, a concentration–response curve was established
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Fig. 2 Determination of adenylyl cyclase activity by measurement of released phosphate. (a) Phos-

phate calibration curve of the malachite green assay. 40 ml of malachite reagent was added to 40 ml
of phosphate in assay buffer containing 75 mM ATP. OD650 was measured after 10 min using

a Powerwave HT reader (Biotek). (b) PDE5-GAF–CyaB1 and a negative protein control were

assayed under conditions of themalachite assay used in the high-throughput screen (�10mMcGMP).

Each point represents the average of quadruplicates. Square PDE5-GAF–CyaB1, circle PDE5-

GAF–CyaB1 + 10 mM cGMP, triangle protein negative control �10 mM cGMP (signals � cGMP

were identical). Error bars when exceeding the size of the symbol are SD (n ¼ 4)
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for DMSO as this was used as a solvent for library compounds. Up to 10% DMSO

enhanced cGMP-stimulated adenylyl cyclase activity almost linearly. At 10%

DMSO, activation was fourfold (Fig. 3b). Due to the effect of DMSO on enzyme

activity, minimization of the variance of automated pipetting of compounds that

are dissolved in DMSO was extremely important. Pipetting variance was rou-

tinely checked and found to be 2–3%.

Based on the described features of PDE5-GAF–CyaB1, the conditions for the high-

throughput assay were defined (80 min at 37�C, in the presence of 10 mM cGMP).

Under these conditions, 100 ng PDE5-GAF–CyaB1 protein in a 40 ml sample revealed

an OD650 of 0.35 and a linear dependence of signal intensity on enzyme concentration

and reaction time (not shown).

The assay principle was verified by testing the PDE5 inhibitor sildenafil. Known

PDE5 inhibitors inhibit by binding to the catalytic site of PDE5. As expected,

sildenafil up to10 mM had no effect in this assay because PDE5-GAF–CyaB1 does

not contain the catalytic domain of PDE5 (an example is shown in context with Fig. 7a).

Finally, the stability of all reagents was checked. All solutions were stable for at

least 24 h at 2�C and thus suitable to be used on a robotic system.

3 Running a High-Throughput Screen for the hPDE5 Tandem

GAF Domain as a Drug Target

A high-throughput screen with several 100,000 compounds was carried out using

white 384-well plates with clear bottom. Twenty-five percent of additional data

points were spaced in between as internal controls. The assay components in 40 ml
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Fig. 3 Establishment of assay conditions for a high-throughput adenylate cyclase assay.

(a) cGMP dependence of PDE5-GAF–CyaB1 at three different time points using the adapted

malachite assay (square 30 min, circle 60 min, inverted triangle 90 min reaction time). (b) DMSO

dependence of PDE5-GAF–CyaB1. Protein was incubated for 40 min in the presence of DMSO.

The concentration of cAMP in an 8 ml sample was determined using the cAMP dynamic 2 kit

(Cisbio). Error bars when exceeding the size of the symbol are SD (n ¼ 4)
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were 50 mM Tris–HCl, pH 7.4, 10 mM MgCl2, 24 mM compound in DMSO, 2.4%

DMSO, 10% glycerol, 0.005% Tween 20, 0.01% BSA, 5 mM glutathione, 75 mM
ATP, 10 mM cGMP, 100 ng protein of the PDE5-GAF–CyaB1 chimera, and 0.02

unit pyrophosphatase from E. coli. Each plate comprised positive controls (with

cGMP), negative controls (without cGMP), and background controls (without

enzyme). At predetermined intervals, an additional dummy plate was assayed

comprising DMSO instead of compound solutions, compounds with known effects

or controls for pipetting accuracy using a fluorescent dye. Reactions were stopped

after 80 min at 37�C by the addition of 40 ml of malachite reagent (8.5 mM

ammonium molybdate, 0.34% malachite green, and 1 M HCl), and the OD at

650 nm was determined 10 min afterward. Compounds that absorb light of

650 nm interfere with this colorimetric assay and were excluded from evaluation.

In the primary screen, the library was assayed at a single concentration. Continuous

monitoring of data by the Assay Analyzer software from Genedata revealed excel-

lent data quality with an averaged Z0 factor of 0.75 and a 12-fold activation of the

enzyme at 10 mM cGMP. As in every high-throughput screen, limited solubility of

compounds can lead to reduced compound activity and false-negative results. The

high-throughput screen revealed approximately 1,400 hits with an inhibition of

the adenylyl cyclase reaction by>45%. These hits were subsequently retested: The

assay setup will not only reveal inhibitors of the tandem GAF-mediated cGMP

activation, but also inhibitors of the adenylyl cyclase reporter enzyme and com-

pounds that interfere with protein stability. Elimination of these interferences

requires additional, secondary assays.

4 Evaluation and Retest of Hits

From the 1,400 initial hits, 1,246 were retested with PDE5-GAF–CyaB1 both under

the conditions of the primary screen and in additional retests without cGMP andwith a

saturating concentration of 100 mM cGMP. Compounds that are equally active under

activated conditions (in the presence of 10 mM cGMP or more) and nonactivated

conditions (without cGMP) are not considered to exert inhibition by interaction with

the tandem GAF domain. The comparison of inhibition at 10 and 100 mM cGMPwill

reveal if compounds compete with cGMP for binding to the tandem GAF domain.

In the retest that we carried out under the conditions of the primary assay, 924

compounds revealed IC50 values of more than 10 mM and were excluded from

further experiments due to insufficient inhibitory potency (IC50 > 10 mM). Twenty

two from these were weakly active in the presence of 10 mM cGMP, but inactive in

the absence of cGMP. These substances were useful in subsequent evaluations in

order to define chemical clusters of compounds that bind to the GAF domain.

Three-hundred and twenty-two compounds had an IC50 of 10 mM or less in the

presence of 10 mM cGMP. Upon further testing, these compounds could be grouped

into four categories.
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The first group of 92 compounds inhibited the adenylyl cyclase reporter enzyme of

PDE5-GAF–CyaB1 and had no discernible effect on GAF-mediated allosteric regu-

lation. These compounds were equally active at saturating cGMP concentrations of

100 mM and at 10 mM cGMP and, thus, are not considered to be competitive with

cGMP. This group of chemicals may be of interest as inhibitors of adenylyl cyclase in

mammals because the cyanobacterial cyclase is a class III isoform as are all eukary-

otic isoforms. NYC92338 (shown in Fig. 4) is a representative for the first group of

compounds. In the absence of cGMP, it inhibited nearly as potent (logIC50 ¼ �5.7)

as in the presence of 10 or 100 mM cGMP (logIC50 ¼ –6.1) (Fig. 5a).

The second group comprised 166 compounds that inhibited both cyclase activa-

tion via the GAF domain and the adenylyl cyclase reporter enzyme. Most of these

were equally effective in the retests with 10 and 100 mM cGMP and, thus, were not

competitive with respect to cGMP. The large number of compounds in this group

suggests that the site of action may be a purine-binding site in either subdomain of

PDE5-GAF–CyaB1. NYC292005 (shown in Fig. 4) is a representative for the

second group: In the absence of cGMP a partial inhibition of PDE5-CyaB1 was

observed (log IC50 ¼ �5.4), while in the presence of 10 mM or 100 cGMP the

inhibition was complete (logIC50 ¼ �5.6) (Fig. 5b); thus, both the tandem GAF

domain and other parts of the chimeric protein are involved in inhibition.

The third group comprised seven compounds that inhibited PDE5-GAF–CyaB1 in

spite of activating the adenylyl cyclase reporter in PDE5-GAF–CyaB1. As the ade-

nylyl cyclase activity determines signal intensity, it is assumed that these compounds

inhibit GAF activation more potently than observed in this assay. NYC57569 (Fig. 4)

is a representative for this group (Fig. 5d, e). These chemicals could, in principle, be of

further interest as GAF inhibitors. However, due to undesirable chemical and physi-

cochemical properties, these compounds were excluded from further evaluation.
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Fig. 4 Chemical structures of compounds used in retests (see above)
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The last group of 57 compounds clearly inhibited activation of the GAF domain

and did not interfere with adenylyl cyclase activity. These compounds are less

active in the presence of 100 mM cGMP compared to 10 mM cGMP and are,

therefore, expected to compete with cGMP for binding to the GAF domain.

NYC118277 (Fig. 4) is a representative for this last group: It is considered to be

competitive with cGMP because it inhibited more potently at 10 mM cGMP

(logIC50 ¼ �5.8) than at 100 mM cGMP (logIC50 ¼ �5.2) and not at all in the

absence of cGMP (Fig. 5c).

Taken together the high-throughput screen and further testing using the PDE5-

GAF–tandem-CyaB1 adenylyl cyclase chimera identified four classes of compounds

that may be of future interest for different reasons. Foremost, the identification of

compounds that clearly stimulate or inhibit class III adenylyl cyclases is exciting

because all mammalian adenylyl cyclases are class III isoforms. It would be worth-

while to investigate whether these compounds have similar inhibitory effects on the

nine isoforms of the mammalian membrane-bound adenylyl cyclases.

log  NYC92338 [M]

0

–7 –6 –5 –4

–7 –6 –5 –4 –7 –6 –5 –4

–100

–75

–50

–25

0

–100

–75

–50

–25

%
 A

ct
iv

ity

log  NYC57569 [M]

%
 A

ct
iv

ity

100

0

log  NYC57569 [M]

200

300

%
 A

ct
iv

ity

–7
log  NYC292005 [M]

0

–100

–75

–50

–25

%
 A

ct
iv

ity
log  NYC118277 [M]

0

–100

–75

–50

–25

%
 A

ct
iv

ity

–6 –5 –4 –7 –6 –5 –4

a b c

d e

Fig. 5 Retest of compounds using the PDE5-GAF–CyaB1 malachite assay at 10 or

100 mM cGMP. (a) NYC92338 is an example for a group of compounds that inhibit mainly the

adenylyl cyclase. (b) NYC292005 is an example for a group of compounds that inhibit both the

adenylyl cyclase part of PDE5-GAF–CyaB1 and the GAF domain. (c) NYC118277 is an example

for a group of compounds that inhibit cyclase activation via the GAF-tandem domain.

(d) NYC57569 is an example for a group of compounds that inhibit the chimeric PDE5-GAF–

CyaB1 protein in spite of activation of the adenylyl cyclase part of PDE5-GAF–CyaB1 shown in

(e). 0% activity corresponds to the average signal obtained with a positive control. An activity

of �100% corresponds to the average signal obtained with a negative control. Test conditions/

symbols for a–d: closed circles 100 ng PDE5-CyaB1 protein, 10 mM cGMP, open triangles 1 mg
PDE5-GAF–CyaB1, w/o cGMP, filled triangles 40 ng PDE5-CyaB1, 100 mM cGMP
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5 Hit Confirmation Using Assays with Human PDE5

From 1,242 retested compounds, 67 were selected for hit confirmation using

hPDE5. The selection was based on chemical properties (e.g., elimination of

reactive compounds), biological properties (e.g., elimination of compounds that

are active on multiple targets), and physicochemical properties. Considering that

the affinity of cGMP for the regulatory GAF domain is lower than for the catalytic

domain (Corbin et al. 2000; Rybalkin et al. 2003b), an allosteric inhibitor of the

GAF domain is expected to inhibit hPDE5 only under conditions of increased

intracellular cGMP levels, while basal PDE5 activity at low cGMP concentrations

should remain unaffected. On the other hand, a classical PDE5 inhibitor that

competes with cGMP at the catalytic center is expected to inhibit more effectively

at lower cGMP concentrations.

To compare the activity of nonactivated and activated PDE5, a two-step assay

procedure has been described. Protein is preincubated with up to 100 mM of cGMP

on ice to activate PDE5, rapidly diluted, and, after addition of a 3H-cGMP spike,

enzyme in 5 min at 37�C activity is determined. Under these conditions, a four- to

sixfold activation by cGMP is observed (Rybalkin et al. 2003a). Using a similar, but

nonradioactive assay setup, we were unable to validate this assay with in-house

identified inhibitors of the tandem GAF domain in PDE5-GAF–CyaB1. Instead, we

used an alternative approach: Hydrolysis of fluorescein-tagged cGMP (Molecular

Devices) by native hPDE5 was detected by capillary electrophoresis using the

Labchip 3000 reader (Caliper Life Sciences). The enzymatic reaction was carried

out in 384 assay plates. Afterward, fluorescein-tagged cGMP and 50-GMP were

separated in a microfluidic device, the 12 sipper chip, and detected fluorimetrically

after excitation with a 488 nm laser by a CCD camera combined with a 510–550 nm

band pass filter (Fig. 6a). Peak heights of fluorescein-tagged cGMP and 50-GMP are

used to calculate the percent of cGMP hydrolysis. Nonfluorescent constituents are

not detected and do not interfere. Fluorescein-tagged cGMP (200 nM) was used as

substrate either alone or in combination with untagged cGMP in order to obtain a

total cGMP concentration of either 5 or 20 mM. Control experiments demonstrated

that hydrolysis of fluorescein cGMP is representative of total cGMP hydrolysis.

Thus, this assay is suitable for a broad range of cGMP concentrations. According to

preliminary experiments (e.g., Fig. 6b), suitable enzyme amounts for the three total

cGMP concentrations were determined in order to obtain a turnover of 35% within

90 min at room temperature and a linear dependence of the turnover on enzyme

amount and reaction time.

A lysate of human platelets served as source for native hPDE5 (WO 2008/095835):

Platelet-rich plasma was prepared by centrifugation of citrate-treated blood (200 � g,
10min), and 1/10 volume of 85mMNa3 citrate/111mMD-glucose/71mMcitric acid/

pH 4.4 was added. After centrifugation (1,400 � g, 10 min), the pellet was first

suspended in 140 mM NaCl/3.8 mM KCl/1 mM EGTA/1 mM MgCl2/20 mM

Tris–HCl/1 mM beta-mercaptoethanol/pH 8.2 plus a protease-inhibitor cocktail,

then sonicated, and centrifuged (15 min, 10,000 � g).
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The assays were carried out on the robotic system in 384-well plates. Within

40 ml, the samples comprised 2.4% DMSO, 20 mM HEPES, 0.01% Tween 20,

0.01% BSA, 1 mMMgCl2, 10 mMof the PDE3 inhibitor Motapizone, 100 nM of the

PDE2 inhibitor Bay 60-7550, and 0.2, 5, or 20 mM cGMP. The reaction was stopped

by the robot with 40 ml of stop buffer (100 mM HEPES, 5% DMSO, 1% coating

reagent from Caliper Life Sciences, 5 mM EDTA, pH 7.4). Then the plates were

transferred to the Labchip 300 capillary electrophoresis reader (Caliper Life

sciences) and detection was carried out automatically overnight, thus opening up

this method to medium throughput. The assay was validated by means of a

concentration–response curve for the established PDE5 inhibitor sildenafil (logIC50

¼ �8.2 when assayed with 200 nM fluorescein-tagged cGMP as substrate; Fig. 7c).

Sixty-seven compounds were assayed at three cGMP concentrations (see above).

Fourteen compounds inhibited hPDE5 activity better or equally good at 20 mM
compared to 200 nM cGMP. This indicates that these compounds inhibited both

activation via GAF domain and the catalytic site of PDE5. NYC175273, an inhibi-

tor of PDE5-GAF–CyaB1 (Fig. 7c), is shown as a representative example for this

group of compounds (Fig. 7d). Two further compounds inhibited exclusively at

higher cGMP concentrations. We assume that they act as allosteric inhibitors at the

GAF domain, while the catalytic site of PDE5 remains unaffected.
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Fig. 6 Establishment of a capillary electrophoresis phosphodiesterase assay. (a) Raw data of an

hPDE 5 assay with 200 nM fluorescein-tagged cGMP as a substrate as detected by capillary

electrophoresis using a 12 sipper chip and the Labchip 3000 reader (Caliper Life Sciences;

conditions: upstream voltage –250 V, downstream voltage –2,500 V, – 2.7 bar). Shown is the

elution profile of one sipper (two sips) with a negative control eluting between 550 and 600 s and a

positive sample with cGMP and GMP eluting between 600 and 650 s. To analyze a 384-well plate,

each of the 12 sippers takes in 32 sips in a defined geometric fashion. Substrate and product peaks

are automatically assigned to individual wells, and percent turnover is calculated from the relative

peak heights of substrate and product. (b) Time course of the hPDE5 capillary electrophoresis

assay using 200 nM fluorescein-tagged cGMP as a substrate to determine a suitable enzyme

amount for retesting with native PDE5 from platelet cytosol (quadruplicates). Note the excellent

reproducibility of the assay as evident by the minute error bars. In the screen, cGMP turnover was

adjusted to 35% (90 min, 20�C) by adding a suitable amount of enzyme protein
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6 Conclusions and Outlook

A sensitive colorimetric phosphate assay has been established that is suitable as

high-throughput assay for the PDE5-GAF–CyaB1 fusion protein. Combined with

several secondary assays including an automated capillary electrophoresis system,
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Fig. 7 Analysis of mode of action using the PDE5-GAF–CyaB1 malachite assay in presence of

10 mM cGMP and the hPDE5 capillary electrophoresis assay at different cGMP concentrations.

(a) Concentration–response curve for sildenafil and (b) for NYC175273 in the PDE5-GAF–CyaB1

assay. (c) Concentration–response curves for sildenafil and (d) for NYC175273 in the hPDE5

assay. 0% activity corresponds to the average activity of the respective positive controls. �100%

activity corresponds to the average activity of the respective negative controls. Assay conditions of

the hPDE5 assays (c and d): filled circle with 200 nM cGMP, open circle with 5 mM cGMP, filled
triangle with 20 mM cGMP. Note that sildenafil, an inhibitor of the PDE5 catalytic domain, does

not inhibit the chimeric protein PDE5-GAF–CyaB1 (a). When assayed with hPDE5 (c), it is more

active in the presence of a low substrate concentration (log IC50 ¼ �8.2 at 200 nM cGMP;�7.6 at

5 mM cGMP; and �7.0 at 20 mM cGMP). NYC175273 is an example for a compound that inhibits

the chimeric protein PDE5-GAF–CyaB1 due to interaction with the PDE5 GAF-tandem domain

(b). When assayed with hPDE5 (d), it is more active under activated conditions in the presence of a

high cGMP concentration (log IC50 ¼ �4.7 at 200 nM cGMP; �4.7 at 5 mM cGMP; and �5.9 at

20 mM cGMP). Data evaluation of library compounds was carried out using Condoseo software

from Genedata
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we identified 16 compounds that inhibited the allosteric activation of the hPDE5 via

the tandem GAF domain. Two from these inhibited hPDE5 exclusively by interac-

tion with the tandem GAF domain while the catalytic domain was not inhibited,

thus fulfilling the initial requirements. All inhibitors of the hPDE5 tandem GAF

domain were assayed in additional PDE2 assays and revealed to be inhibitory under

activating and nonactivating conditions (with and without the allosteric PDE2

activator cGMP), which indicates interference with the catalytic site, but not the

allosteric site of PDE2 (unpublished results). Efforts have been started to crystallize

the newly identified GAF inhibitors together with the hPDE5 GAF domain. Crys-

tallization data might lead to a deeper understanding of the mechanism of binding

of the hPDE5 GAF inhibitors and will help to optimize binding properties.

In addition to the GAF inhibitors, the retests with the chimeric enzyme PDE5-

GAF–CyaB1 revealed another potentially highly interesting group of chemicals

that inhibited the class III adenylyl cyclase reporter enzyme.
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Abstract Phosphodiesterase 4 (PDE4) inhibitors have shown benefit in human

clinical trials but dosing is limited by tolerability, particularly because of emesis.

Novel cocrystal structures of PDE4 catalytic units with their regulatory domains

together with bound inhibitors have revealed three different PDE4 conformers that

can be exploited in the design of novel therapeutic agents. The first is an open

conformer, which has been employed in the traditional approach to the design of

competitive PDE4 inhibitors. The second is an asymmetric dimer in which a UCR2

regulatory helix from one monomer is placed in a closed conformation over the

opposite active site in the PDE4 dimer (trans-capping). Only one active site can be

closed by an inhibitor at a time with the consequence that compounds exploiting

this conformer only partially inhibit PDE4 enzymatic activity while retaining
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potency in cellular and in vivo models. By placing an intrinsic ceiling on the

magnitude of PDE4 inhibition, such compounds may better maintain spatial and

temporal patterning of signaling in cAMPmicrodomains with consequent improved

tolerability. The third is a symmetric PDE4 conformer in which helices from

the C-terminal portion of the catalytic unit cap both active sites (cis-capping). We

propose that dual-gating of PDE4 activity may be further fine tuned by accessory

proteins that recognize open or closed conformers of PDE4 regulatory helices.

Keywords Phosphodiesterase 4 (PDE4) � PDE4 Gating � Accessory Proteins �
Active Site � Asymmetric Conformer

1 Introduction

Four genes encode mammalian phosphodiesterase 4 (PDE4), all of which contain

multiple upstream exons that undergo complex splicing to generate multiple PDE4

isoforms that differ in N-terminal amino acid sequence (Swinnen et al. 1989;

Bolger et al. 1993; Monaco et al. 1994; Houslay and Adams 2003). Downstream

exons are common to all splice isoforms and encode the PDE4 catalytic domain,

which is highly conserved across the four genes (PDE4A–D). Three principle types

of PDE4 splice isoforms are found. Long isoforms of the enzyme contain an

N-terminal targeting sequence followed by an Upstream Conserved Regulatory

domain known as UCR1, a Linker Region domain (LR1), a regulatory domain

known as UCR2, another linker domain (LR2), the catalytic domain and, finally, an

extreme C-terminal sequence that is unique to each PDE4 (Conti et al. 1995;

Houslay 2001; Houslay et al. 2007) UCR1 contains a site for protein kinase A

(PKA) phosphorylation (Sette and Conti 1996; Hoffmann et al. 1998). Short isoforms

of PDE4 lack UCR1, while supershort isoforms contain an N-terminally truncated

UCR2. The different splice isoforms of PDE4 are illustrated in Fig. 1.

UCR1 and UCR2 were described by Bolger (Bolger et al. 1993) as upstream

conserved regions in multiple amino acid sequence alignments of long transcripts

encoding PDE4A-D. UCR1 and UCR2 represent ancestral domains of PDE4 as

these are conserved in Drosophila (Davis et al. 1989) and Caenorhabditis elegans
(Charlie et al. 2006) but not in Dictyostelium or yeast (Table 1). Thus, the UCR1

and UCR2 regulatory domains may have developed when eukaryotes made the

evolutionary leap to multicellularity. Unlike mammals, which possess four PDE4

genes, Drosophila and C. elegans possess a single PDE4 gene (Day et al. 2005;

Charlie et al. 2006). Nonetheless, the PKA phosphorylation site on UCR1 is con-

served across organisms, as are important structural features of UCR2 as discussed

below (Table 1). PKA phosphorylation of UCR1 increases PDE4 activity greater than

two- to threefold in long isoforms from all four PDE4 subfamilies (Sette and Conti

1996; Hoffmann et al. 1998), while deletion of UCR2 can increase PDE4 activity as

much as sixfold (Kovala et al. 1997), implying that it can exert an inhibitory effect

on PDE4 catalytic activity. UCR1 and UCR2 have been proposed to act in concert as
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a negative regulatory module, although structural information has been lacking

(Beard et al. 2000; Houslay 2001).

PDE4 is the major cAMP hydrolyzing enzyme in most cells, tissues, and

organisms. The complex pattern of splice isoforms allows PDE4 to be targeted to

ErkPKA

Long
UCR1 UCR2 Catalytic4D3/4/5/7/8/9; 4B1/3/4;

4A4/5/8/10/11; 4C1/2/3  

Short
4D1; 4B2

Super-short

High Affinity Rolipram Binding Site
4D2/6; 4B5; 4A1

  Catalytic Domain

PDE4A
PDE4B
PDE4C
PDE4D

Super-shortShort

Fig. 1 Depiction of long, short and supershort splice isoforms of PDE4. Long isoforms of PDE4

contain UCR1(blue) and UCR2 (green) regulatory domains. The catalytic domain and C-terminal

sequence is identical across splice isoforms. Sites of protein kinase A (PKA) phosphorylation on

UCR1 (Ser54) and Erk phosphorylation on the catalytic domain (S579) are indicated. High-affinity

rolipram binding requires the C-terminal region of UCR2 (pink). UCR2 in long and short isoforms

of PDE4 contains amino acids 134–222. UCR2 is truncated to amino acids 167–222 in supershort

isoforms

Table 1 PDE4 UCR 2 gating elements are conserved across species

Human PDE4D 191 Asn-Gln-Val-Ser-Glu-Phe-Ile-Ser-
Asn-Thr-Phe-Leu-Asp 213
Human PDE4B Asn-Gln-Val-Ser-Glu-Tyr-Ile-Ser-
Asn-Thr-Phe-Leu-Asp
Drosophila (SwissProt Q9W4S9) Asn-Gln-Ile-Ser-Glu-Tyr-Ile-Cys-
Ser-Thr-Phe-Leu-Asp
C.elegans (SwissProt Q22000) Thr-Gln-Val-Ser-Lys-Phe-Leu-Ile-
Thr-Thr-Tyr-Met-Asp
Key contact residues ----Gln----------Phe------------
-----Phe--------

The PDE4 UCR2 a-helical gating sequence is shown for human PDE4D, Human PDE4B,

Drosophila melanogaster (Chen et al. 1986), and Caenorhabditis elegans (Charlie et al. 2006).

Numbering of PDE4D UCR2 is based on the reference PDE4D3 isoform (GenBank AAA97892).

Gln192 is proposed to stabilize UCR2 in the closed conformation by forming a hydrogen bond

with Asn528 on the surface of the PDE4 catalytic domain. The Phe196/Tyr polymorphism affects

apparent KM with respect to cAMP hydrolysis, perhaps through a hydrogen bond formed between

the Tyr on UCR2 and the 20OH of AMP or cAMP. Phe201 fits into a hydrophobic pocket on the

surface of the PDE4 catalytic domain and has been shown by mutation analysis to be critical for

UCR2 capping (Burgin et al. 2010)
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different cellular microdomains and for isoform-selective regulation of PDE4

activity by accessory proteins (Houslay et al. 2007). PDE4 plays an important

role in spatial and temporal patterning of signaling within cAMP microdomains

(Cooper 2003; Terrin et al. 2006; Willoughby et al. 2006; Warrier et al. 2007).

2 Structure of PDE4 Regulatory Domains

The catalytic domains from seven different PDE superfamily family members

(PDE1, PDE3, PDE4, PDE5, PDE7, PDE9, and PDE10) have been crystallized

including all four PDE4 subtypes (4A, 4B, 4C, 4D) (Ke and Wang 2007). Compari-

son of these crystal structures shows that all catalytic domains have very similar

overall folds, and the major features of the active site are conserved through evolution

for enzymes able to hydrolyze both cAMP and cGMP to the corresponding monopho-

sphate (Card et al. 2004). These features include two catalytic metals (magnesium

and zinc) coordinated by histidine residues that activate water during catalysis

(M site). In addition, nucleotide-bound structures show a conserved hydrophobic

clamp (P clamp), which positions the planar purine ring of the nucleotide. Selectivity

for binding adenine or guanine is not the result of different residues making

differential contacts to adenine or guanine, but instead due to the conformation of a

single glutamine residue (Zhang et al. 2004). The carbonyl and amine groups of

the conserved glutamine make specific hydrogen bonds to the adenine or guanine

base depending upon the conformation of the glutamine residue (Q switch). In some

enzymes, the conformation of the glutamine residue is not constrained resulting

in dual-specific enzymes able to hydrolyze both cAMP and cGMP. The understand-

ing of the active site pocket has allowed the design of inhibitors competitive

with cyclic nucleotide binding, and there are sufficient differences between differ-

ent superfamily members to create family specific inhibitors (e.g., PDE4 vs. PDE5).

However, the active site residues of PDE4A, 4B, 4C, and 4D are completely

superimposable, and there are no sequence or structural differences that can allow

the design of subtype-selective PDE4 competitive inhibitors, for example, PDE4B

vs. PDE4D (Wang et al. 2007b).

We recently solved the structures of PDE4 regulatory domains with bound

inhibitors (Burgin et al. 2010). Key to this achievement was cocrystallization

with an atypical PDE4 inhibitor (Saldou et al. 1998). These are compounds with

complex kinetics of inhibition with rolipram being the archetype (Huston et al.

1996). The bulk of industry effort has been devoted to the design of active site-

directed PDE4 inhibitors with simple Michaelis–Menten kinetics that bind to the

catalytic site and thus are competitive with the cAMP substrate (Wang et al. 2007b).

Atypical PDE4 inhibitors such as rolipram were recognized to bind both high- and

low-affinity sites on PDE4, although the structural basis of those sites was not

known (Souness and Rao 1997). Clues to the basis of high-affinity rolipram binding

could be gleaned from two different studies where a portion of the regulatory UCR2

domain was implicated in the generation of high-affinity binding of rolipram.
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Jacobitz implicated this region by truncation analysis of PDE4A to UCR2 residues

265–332 (Jacobitz et al. 1996), Fig. 1, while Rocque and colleagues mapped a

requirement for high-affinity rolipram binding to a similar region within the UCR2

of PDE4B2, namely residues 81–152 (Rocque et al. 1997). Both groups recognized

that high-affinity rolipram binding required the presence of the catalytic domain

and that further truncation of the enzyme to remove UCR2 yielded proteins with

low-affinity rolipram binding to the catalytic site. Two additional atypical PDE4

inhibitors, RS25344 and PMNPQ, were described by Saldou, who also showed by

truncation analysis a requirement for UCR2 to achieve potent enzyme inhibition

(Saldou et al. 1998; Brideau et al. 1999). Whether the high-affinity rolipram binding

site was an allosteric site or instead altered the conformation of the catalytic site to

induce a change from low- to high-affinity rolipram binding was unclear (Jacobitz

et al. 1996; Houslay 2001; Liu et al. 2001; Houslay et al. 2005).

We initially attempted cocrystallization of a truncated form of PDE4 containing

the catalytic domain and C-terminal sequences. Crystal structures obtained with

(R/S)-rolipram (PDB ID: 3G4K), RS25344 (PDB ID: 3G4I), and PMNPQ (PDB ID:

3G58) revealed a novel binding mode in which chemical elements determining

potency were oriented out of the active site toward solvent. The three inhibitors

have a central planar ring that stacks between Phe372 and Ile336, and each forms a

hydrogen bond with Gln535. These features are common to all known PDE4

inhibitors (Wang et al. 2007b). Active site-directed, competitive PDE4 inhibitors

often coordinate to the catalytic metals in the active site. The atypical PDE4

inhibitors, in contrast, did not contact the metals, but instead had two aromatic

groups that reached out of the active site and interacted with the solvent (Fig. 2).

This result was surprising since previous studies had demonstrated that modifica-

tions of either aromatic group could significantly alter the ability to inhibit long

forms of PDE4 (Wilhelm and Axt 1995). Close examination of the catalytic domain

also showed a groove across the active site that could, potentially, “dock” with a

regulatory domain such as UCR2.

C

N N

C
N

C
C

PDE4D
C-Terminus

PDE4D
UCR2

PDE4B
UCR2

Fig. 2 Surface rendered view of PDE4 regulatory helices capping the active site. The surface

rendered catalytic domain is shown in blue, the C-terminal helix is shown in yellow, and UCR2 in
green. The entire supershort UCR2 was visible in the PDE4B structure, while only the UCR2

gating helix is visible in the PDE4D structure (Burgin et al. 2010)
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Based on these crystal structures, we surmised that a regulatory helix, most

likely in UCR2, might close across the active site and contact the aromatic arms of

the atypical PDE4 inhibitors. This proved to be correct as we were able to obtain

cocrystal structures of RS25344 (PDB ID: 3G4G) and PMNPQ (PDB ID: 3G45) in

contact with an a-helical region of UCR2 that closed across the active site (Fig. 2).

The protein constructs used for cocrystallization experiments were highly engi-

neered using our Gene Composer™ software (Lorimer et al. 2009). We modified

surface residues on the catalytic domain to promote crystal packing, evaluated the

effect of different linker sequences between UCR2 and the catalytic domain on

crystallization, and evaluated literally hundreds of different protein constructs.

Gene Composer™ also allowed us to design synthetic genes with codon usage

optimized for either bacteria, insect or mammalian expression systems (Raymond

et al. 2009). Indeed, we explored upward of 180 synthetic gene constructs before

obtaining cocrystals of RS25344 or PMNPQ with forms of PDE4D and PDE4B

containing UCR2 expressed and purified from insect cells. We found in these

experiments that crystallization was ligand dependent.

Our PDE4B UCR2 cocrystal structure with PMNPQ reveals nearly a complete

structure of the truncated UCR2 seen in supershort PDE4 isoforms (Fig. 2). In this,

an N-terminal a-helix of UCR2 lies over one wall of the PDE4B catalytic domain.

This is joined by a sharp beta-turn to a second a-helix that caps the active site and

contacts the two aromatic arms of the otherwise buried PMNPQ. In the PDE4D

UCR2 cocrystal structure, although the first 27 residues are disordered and not

visible in the crystal lattice, a well-defined helix spanning residues Asn191 to

Asp203 was observed over the active site. Unfortunately, in both structures, the

LR2 linker region between UCR2 and the N-terminal portion of the catalytic

domain is disordered and cannot be modeled. It is therefore not possible to

unequivocally determine from these structures whether the UCR2-catalytic domain

interaction is intramolecular or occurs between two different molecules in a dimer

formation, for example.

The UCR2 a-helix closing across the PDE4 active site is identical in sequence

between isoforms, except for one key residue which contacts the PDE4 inhibitor

(Table 1). This residue is a phenylalanine (Phe) in PDE4D and a tyrosine (Tyr) in

PDE4A–C. Fascinatingly, the phenylalanine polymorphism in PDE4D arose in the

mammalian lineage giving rise to primates, as PDE4D contains the ancestral

tyrosine in mice, rats, and dogs. This then has important consequences for drug

discovery when trying to extrapolate the pharmacology and tolerability of atypical

PDE4 selective inhibitors from, as is invariably done, rodents to man.

In addition to the interaction with the bound inhibitor, it is important to note that

closure of the UCR2 helix across the active site is stabilized by direct interactions

between the helix and the PDE4 catalytic domain. For example, there is good shape

complementarity between the UCR2 helix and the catalytic domain groove, Gln192

is positioned to make a hydrogen bond to the main chain carbonyl of Asn528, and

Phe201 fits within a hydrophobic cleft made by Ile376 and Met439 (numbering

based on PDE4D3 isoform, GenBank accession No. AAA97892). Mutation of

Phe201 alters inhibitory potency of atypical inhibitors interacting with UCR2
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even though these compounds do not directly contact Phe201. Gln192 and Phe201

in PDE4D UCR2 are conserved across PDE4A-C, and indeed, in UCR2 from

Drosophila (Table 1). Despite the amino acid sequence conservation between

human and Drosophila UCR2, Drosophila PDE4 is not inhibited by rolipram

(Henkel-Tigges and Davis 1990). The basis for this has yet to be resolved, although

it is unlikely to be a simple Phe-Tyr switch. C. elegans UCR2 has a conservative

substitution of Tyr at the hydrophobic docking residue equivalent to Phe201.

The UCR2 gating helix also affects the apparent KM for cAMP. Human PDE4D

has a lower KM for cAMP (1.5 mM) as compared to PDE4B (7.7 mM). Docking

studies suggest that closure of UCR2 over the active site may allow Tyr275 in

PDE4B to form a hydrogen bond to the 20OH of cAMP or 50 AMP, and indeed

mutation of PDE4D Phe196 to Tyr raises the apparent KM for cAMP to 7.5 mM as

predicted (Burgin et al. 2010). Formation of a hydrogen bond between UCR2 and

the 20OH of 50 AMP may affect KM by stabilizing the product bound form of the

enzyme–substrate complex. C. elegans UCR2 also contains a Phe at the homolo-

gous position rather than a Tyr as in Drosophila, suggesting that there may have

been natural selection in C. elegans for a low KM PDE4.

In addition to the UCR2 regulatory helix, we solved a cocrystal structure of

PMNPQ with a C-terminal a-helix closing across the active site (PDB ID: 3 G58),

Fig. 2. Previous X-ray structures of PDE4B (1F0J and 1XM6) (Xu et al. 2000; Card

et al. 2004), a recently deposited structure (Kranz et al. 2009), and a deposited but

unpublished structure (PDB ID: 3KKT), all show a C-terminal helix spanning

residues Asn422 to Phe434. C-terminal residues of PDE4 are important for protein

expression and therefore present in most N-terminally truncated constructs used to

crystallize the catalytic domains of PDE4B and PDE4D; however, these residues

are typically disordered in the crystal lattice and are therefore absent in most

models. The helices from the 1F0J and 1XM6 structures do not overlay and do

not fit into the same groove that we have observed with the UCR2 helix; however,

we speculated that this C-terminal helix could also come across and be visualized if

stabilized by an appropriate inhibitor. In our cocrystal structure with PMNPQ, the

PDE4D C-terminal helix was clearly defined in only one of the four monomers in

the asymmetric unit suggesting that the inhibitor only weakly interacts with this

C-terminal helix. The observed C-terminal helix does overlay with the C-terminal

helix modeled in 3KKT, and with the UCR2 helix in both PDE4D and PDE4B

(RMSD values of 0.90 and 0.76 Å for ca-carbons) structures, and a conserved

phenylalanine protruded into the active site and stacked upon the aromatic group

of PMNPQ. The helix was also stabilized by a hydrophobic interaction between

the helix (Leu436) and the catalytic domain (Ile376/Met439); however, we do not

identify any potential hydrogen bond interactions between the helix and the cata-

lytic domain as for UCR2. The linker between the C-terminus of the catalytic

domain and the N-terminus of the helix were not visualized in the 1F0J and

1XM6 structures, and could not be modeled in our structure; however, the linker

region is visible in the 3KKT structure showing an intramolecular interaction.

Unlike LR2 between UCR2 and the catalytic domain, which is relatively long

(>40 amino acids), the linking portion between the catalytic domain and the
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C-terminal helix is short (~15 amino acids) and likely only allows the C-terminal

helix to interact intramolecularly with the adjacent active site of the same monomer

in all of these structures.

The UCR2 and C-terminal regulatory domain structures suggest a “dual-gating”

mechanism regulating PDE4 hydrolysis of cAMP (Houslay and Adams 2010;

Burgin et al. 2010). In this model, UCR2 and the C-terminal gating helix indepen-

dently regulate PDE enzymatic activity (Fig. 3). The C-terminal helix likely acts

intramolecularly to regulate the adjacent active site, while UCR2 may act intermo-

lecularly. We propose that the kinetic behavior of atypical PDE4 inhibitors indi-

cates that the two active sites are negatively cooperative such that when the UCR2

from one of the monomers in the dimer closes over the active site of the other

monomer in the dimer, this engenders a greatly reduced affinity of the other UCR2

for interacting with the other active site in the proposed dimeric unit. Indeed, this

can be best explained by a model in which biological isoforms of PDE4 are

functional dimers(Lee et al. 2002; Richter and Conti 2002). Closing UCR2 creates

an asymmetric dimer in which one active site is fully inhibited and the opposite

active site has reduced catalytic activity (Burgin et al. 2010). In this model, we

have suggested that UCR2 likely acts intermolecularly such that UCR2 from one

monomer closes across the active site of the opposite monomer, Fig. 3 (Burgin et al.

2010). This highlights the functional importance of PDE4 dimerization with respect

to regulation of activity. Indeed, accessory proteins that interact with the PDE4

monomer and thereby prevent dimerization may prevent UCR2 gating.

Symmetric Closed Conformer
Active sites are independent
Inhibitors close C-terminal helices
across both active sites
Inhibitors can be isoform selective
PDE activity is completely 
inhibited

Symmetric Open Conformer
Active sites are independent
Inhibitors bind in active site
competitively with cAMP
Inhibitors are non-selective
PDE activity is completely
inhibited

Asymmetric Closed Conformer
Active sites are negatively cooperative
Allosteric modulators close UCR2 from one
monomer across the active site of the
opposite monomer, but cannot close
UCR2 across both active sites
Modulators can be isoform selective
PDE activity is only PARTIALLY inhibited

cAMP

Fig. 3 PDE4 conformers that may be exploited by therapeutic agents. In the model, the PDE4

dimer can exist as a symmetric closed conformer with the C-terminal helix capping both active

sites, it can exist as an open symmetric monomer with both active sites uncapped, and it can exist as

an asymmetric dimer with UCR2 capping one active site, while the other active site remains open.

The catalytic domains of the PDE4 monomers are surface rendered in blue or magenta. The
C-terminal gating helix is rendered in yellow, while the UCR2-gating helix is rendered in green
or red
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3 Fine Tuning of PDE4 Gating by Accessory Proteins

In addition to the A Kinase Anchoring Proteins (AKAPs) which provide a scaffold

for organizing PDE4 within the cell, other accessory proteins regulate PDE4

activity by interacting with PDE4 regulatory domains (Houslay et al. 2007).

Examples of both positive and negative regulators of PDE4 activity have been

described (Table 2). These types of accessory proteins have been shown by

mutational and biochemical analysis to interact with UCR2 or with the C-terminal

regulatory helix. The ability of accessory proteins to stabilize particular PDE4

conformations may be reflected in the tissue-specific distribution of high-affinity

rolipram binding (Zhao et al. 2003).

Myomegalin was identified as a PDE4-interacting protein by Verde et al. (2001).

Myomegalin has multiple tissue variants and can be best viewed as a scaffolding

protein associated with multiple subcellular organelles including golgi, centro-

somes, and skeletal muscle sarcomeres. Myomegalin interacts with long and short

forms of PDE4D (PDE4D3 and PDE4D1, respectively), but not with a supershort

form (PDE4D2) containing a truncated UCR2 (see Fig. 1). More importantly,

PDE4D retains enzymatic activity when co-immunoprecipitated with myomegalin,

suggesting that myomegalin interacting with the N-terminus of UCR2 may prevent

UCR2 from gating PDE4 activity by closing across the active site. This would be

predicted to impair high-affinity binding of atypical PDE4 inhibitors interacting

with UCR2 in the closed conformation. As myomegalin is highly expressed in

heart, such an accessory protein interaction with PDE4 may decrease the potential

for cardiotoxicity by atypical PDE4 inhibitors (Lehnart et al. 2005).

Correspondingly, accessory proteins have been described, which likely recog-

nize UCR2 in the closed conformation, thereby increasing sensitivity to atypical

PDE4 inhibitors, such as rolipram (Bolger et al. 2003b). PDE4A5 was identified

as a potential interactor with the immunophilin AIP/XAP2/ARA9 in a yeast two-

hybrid screen (Bolger et al. 2003a). The arylhydrocarbon interacting protein

(AIP) interacts with the aryl hydrocarbon receptor, which is needed for transcrip-

tional responses to xenobiotics and for normal cardiac development (Houslay

et al. 2007). AIP binding to UCR2 inhibits PDE4A5 hydrolysis of cAMP >50%

in a noncompetitive fashion and increases the potency of inhibition by rolipram.

In our model, rolipram may stabilize the protein interaction surface for AIP

binding by shifting the equilibrium of PDE4 from an open to a closed conforma-

tion of UCR2. Accessory proteins binding the LR2 linker region between UCR2

and the catalytic domain, as shown for the SH3 domains of SRC family tyrosyl

kinases in binding to the proline- and arginine-rich LR2 that is unique to PDE4A

(McPhee et al. 1999), also markedly potentiate rolipram binding and elicit

kinetics of partial competitive inhibition, which would be explained by our

model (Burgin et al. 2010) if this interaction acted in stabilizing the closed

conformation of UCR2.

DISC1 (disrupted in schizophrenia) also may hold UCR2 in a closed form,

thereby inhibiting the PDE catalytic activity of the complex. Disruption of DISC1
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by a balanced chromosomal translocation is associated in a large Scottish family

with major psychiatric illness including schizophrenia, bipolar disorder, and severe

recurrent depression (Blackwood and Muir 2004). DISC1 mutant mice display

altered behavioral phenotypes suggestive of PDE4 dysregulation (Clapcote et al.

2007). DISC1 has been shown to interact with residues on the catalytic domain of

PDE4D, and with regions of UCR2 upstream of the gating helix (Murdoch et al.

2007). This has led us to the hypothesis that DISC1 binding stabilizes the closed

conformation, by simultaneously binding to both UCR2 and the catalytic domain.

Consistent with this proposal, Millar et al. have shown that PKA phosphorylation

disrupts DISC1 binding to PDE4B, which results in an activation of enzyme activity

(Millar et al. 2005). This activation may occur as a response to increased cAMP

concentration, providing an additional level of local control of PDE4 activity, in

this example, perhaps at individual neuronal synapses.

Finally, the signaling scaffold protein RACK1 (receptors for activated C-kinase)

has been shown to bind the N-terminal region of PDE4D5 as well as the C-terminus

(Yarwood et al. 1999). The residues important for the binding of RACK1 to the

C-terminus of PDE4D5 were mapped by peptide array scanning to the C-terminal

regulatory helix and the face of the PDE4D catalytic domain (Bolger et al. 2006).

PDE4D5 complexes with RACK1 showed no change in KM or Vmax toward cAMP

(Yarwood et al. 1999) suggesting that RACK1 may hold the C-terminal regulatory

helix in an open conformation. RACK1 may also hinder UCR2 closure, as binding

of RACK1 slightly attenuates the sensitivity of PDE4D5 to inhibition by rolipram

(Yarwood et al. 1999).

4 Active Site-Directed Competitive Inhibitors Bind

an Open PDE4 Conformer

We suggest that the two active sites in the PDE4 dimer act independently when

UCR2 and the C-terminal regulatory helix are in the open conformation (Fig. 3). As

a consequence, active site-directed PDE4 inhibitors that purely compete with

cAMP at the active site display simple Michaelis–Menten kinetics of enzyme

inhibition. The design of competitive PDE4 inhibitors has converged on com-

pounds that exploit a binding pose similar to cAMP (Fig. 4). Competitive PDE4

inhibitors generally contain three binding elements, which mimic those found in the

cyclic nucleotide substrate. These are a hydrogen bond acceptor, a planar aromatic

ring system, and functional groups that coordinate with catalytic site metals (mag-

nesium or zinc). All PDE inhibitors have a central planar ring that stacks in a clamp

(P clamp) formed by highly conserved hydrophobic residues that sandwich the

inhibitor in the active site (Card et al. 2004). All PDE inhibitors also hydrogen bond

to an invariant glutamine (Q switch) at the bottom of the hydrophobic clamp. In

PDE4D, Phe538 and Ile502 form the walls of the hydrophobic clamp with Gln535

corresponding to the invariant glutamine. These features of the active site are
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present in all PDEs. Surrounding residues anchor the glutamine in orientations that

allow hydrogen binding to a ring nitrogen of cAMP or cGMP. Competitive PDE4

inhibitors have also been optimized for interaction with binding pockets in the

PDE4 active site or for interaction with the catalytic metals (Wang et al. 2007a).

The absolute sequence conservation of the PDE4 active site across the PDE4A–D

subfamilies has made it difficult to develop subtype selective PDE4 inhibitors

(Fig. 4). Indeed, potent compounds such as roflumilast are equipotent against

PDE4A–D (Fig. 5).

Cilomilast and roflumilast are the competitive PDE4 inhibitors for which the

most extensive clinical data are available. The compounds were developed for

treating respiratory disease with a particular focus on asthma and chronic obstruc-

tive pulmonary disorder. Both compounds show noninferiority to inhaled steroids

in mild-to-moderate asthma supporting the therapeutic concept of PDE4 inhibition

(Reid 2002; Giembycz 2005, 2006; Lipworth 2005; Spina 2008). Key features

of asthma are the recruitment of inflammatory cells to lung and airway hypersen-

sitivity, both of which are blunted by PDE4 inhibitors. Eosinophils are sensitive to

inhibition of PDE4D (Chambers et al. 2006), while inflammatory activation of

monocytes is sensitive to PDE4B inhibition (Jin and Conti 2002; Spina 2008).

Measurement of eosinophil or monocyte activation in human whole blood thus

provides a convenient pharmacodynamic marker of PDE4 inhibition and a metric

by which to evaluate therapeutic margin as shown in Table 3. Comparing the two

compounds, roflumilast is the more potent PDE4 inhibitor with an in vitro IC50

of 2 ng/ml for inhibition of eosinophil production of leukotriene E4 (LTE4).

Monocytes are tenfold less sensitive to roflumilast than eosinophils with an

Phe538Q Switch M Site

Gln535

Zn
Mg

Ile502

P Clamp

Fig. 4 Architecture of the PDE4 catalytic domain and active site. (Left) Surface-rendered view of

the PDE4D catalytic domain (blue) with roflumilast (yellow) bound in the active site. Amino acids

that differ between PDE4D and PDE4B are colored red. There are no sequence differences within
the active site that can be used to achieve subtype selectivity. (Right) Surface-rendered view of the

PDE4 catalytic site. The invariant glutamine (Gln535), hydrophobic P-clamp (Ile502 and Phe538),

and the M-site comprising the catalytic metals are indicated
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in vitro IC30 of 20 ng/ml with respect to inhibition of lipopolysaccharide-

stimulated production of tumor necrosis factor alpha (TNFa) (Hatzelmann and

Schudt 2001). The clinical dose of roflumilast explored in human clinical trials

(0.5 mg once daily) exceeded the no observable effect level (NOEL) for emesis

(Table 3). Roflumilast was emetic in 8% of subjects at that dose. Emesis in

animals occurs quickly and violently after dosing with such a PDE4 inhibitor,

suggesting that emetic threshold is driven by the rising or maximum concentration

reached by the drug. The clinical dose of roflumilast achieved a Cmax of 3.9 ng/ml

in plasma and a steady-state average concentration (Cav) of 1.5 ng/ml. Thus, the

clinical dose of roflumilast did not produce sustained blood levels greater than the

IC50 for in vitro inhibition of eosinophil and monocyte inflammatory responses.

Presumably, additional therapeutic benefit would be obtained if the dose could be

increased, but dose escalation is limited by tolerability. Emesis can be reduced to

some extent by designing PDE4 inhibitors that distribute poorly to the brain (Aoki

et al. 2001), but the trade-off may be high plasma protein binding, poor cellular

permeability, or low oral bioavailability.
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Fig. 5 Inhibition of PDE4 enzymatic activity by compounds exploiting ligand-binding modes

unique to the three PDE4 conformers. Roflumilast binds the open PDE4 conformer competitively

with cAMP, inhibits the enzyme completely (Imax ¼ 100%), and has no subtype-selectivity for

PDE4D versus PDE4B. D159153 binds the asymmetric PDE4 conformer noncompetitively with

cAMP, there is a ceiling to the maximum inhibition of PDE4D (Imax ¼ 90%), and the compound

shows subtype selectivity due to the Phe/Tyr polymorphism in UCR2. Compound 33 (Naganuma

et al. 2009) may bind the symmetric closed PDE4 conformer with the C-terminal helices capping

both active sites. Compound 33 inhibits PDE4 completely (Imax ¼ 100%) and has subtype-

selectivity for PDE4B over PDE4D. Potency and PDE4B selectivity require the C-terminus. It

inhibits long (PDE4B1) and supershort (PDE4B5) subtypes of PDE4B with equal potency.

Truncation of the PDE4B5 C-terminus causes a 150-fold drop in potency from an IC50 ¼ 0.09 mM
against PDE4B5 to an IC50 ¼ 14 mM when the C-terminus is removed. D159153 and compound

33 share a common chemotype characterized by a planar, aromatic ring from which a pair of

aromatic arms project. Biochemical assay data were generated using a novel, real-time kinetic

assay (Box) in which hydrolysis of cAMP is coupled to NADH formation, which can be measured

spectroscopically (Burgin et al. 2010)
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5 UCR2-Directed Allosteric Modulators Bind an Asymmetric

PDE4 Conformer

The binding pose of UCR2-directed allosteric modulators exploits an asymmetric

PDE4 conformer in which one active site is capped by UCR2, while the second

active site remains open (Fig. 3). Polymorphism in a key residue on UCR2, Phe196

in PDE4D and Tyr274 in PDE4B, has allowed the design of compounds that are

100-fold selective for either PDE4D (Burgin et al. 2010) or PDE4B (unpublished).

Compounds acting allosterically to close UCR2 act as bi-dentate ligands with one

end binding UCR2 and the other binding within the active site.

Atypical PDE4 inhibitors such as rolipram, RS25344, and PMNPQ that bind to

UCR2 (Jacobitz et al. 1996; Rocque et al. 1997; Saldou et al. 1998; Burgin et al.

2010) are highly emetic (Hebenstreit et al. 1989; Robichaud et al. 1999, 2001).

However, early in our studies of the structure–activity relationship (SAR) for

compounds binding to UCR2, we identified compounds that did not completely

inhibit the enzymatic activity of the PDE4 dimer due to negative cooperativity

between the two active sites. Imax was a maximum of 85–90%. Imax was decreased

Table 3 Effective inhibition of PDE4 subtypes achieved in human clinical trials related to emesis

Units Cilomilast Roflumilast Roflumilast

N-oxide

MW gm/mol 343 403 419

hPDE4D7 IC50 ng/ml 36.7 1.7 4.6

hPDE4B1 IC50 ng/ml 122 2.9 4.3

LTE4 IC50 ng/ml 395 2.2 13.4

TNFa IC30 ng/ml 1,715.0 20.2 21.0

Clinical dose 15 mg b.i.d. 0.5 mg q.d.

Cmax ng/ml 990 3.9 8.4

AUC (0-24) ng.h/ml 22,000 35 147

Cav (AUC/24) ng/ml 916.7 1.5 6.1

Occurrence of

adverse events

>10% Subjects

reported nausea

Diarrhea (8%),

nausea (8%)

Therapeutic index Clinical Cmax/

LTE4 IC50

2.5 1.7 0.6

LTE4 effective

dose (Cav)

% Inhibition ED70 ED39 ED31

TNFa effective

dose (Cav)

% Inhibition ED19 ED3 ED11/ED22(ss)

Biochemical in vitro assay data (hPDE4D7, hPDE4B1) and human whole blood LTE4 production

after Sephadex-stimulation (LTE4 IC50) are from [(Burgin et al. 2010) and unpublished]; data on

human whole blood TNFa production after LPS-stimulation are from (Hatzelmann and Schudt

2001). Cilomilast clinical dose, pharmacokinetic data and occurrence of adverse events are from

(Giembycz 2006) or from US FDA Docket 3976B1, Pulmonary-Allergy Drugs Advisory Com-

mittee, Preclinical Considerations, FDA, Table 1; single dose AUC. Roflumilast clinical dose,

pharmacokinetic data and occurrence of adverse events are from (Lipworth 2005) or Wurz W

(2002) Altana Pharma, Roflumilast, Frankfurt/Main slides 21-22.
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more than 50% for the dimer as closing UCR2 across one active site also reduced

the kcat of the other active site (Burgin et al. 2010). We thought such partial

inhibitors might provide a “safety valve” preventing complete enzyme inhibition

and thereby improve tolerability.

Compounds able to bind UCR2 when located in the active site share a common

pharmacophore and binding pose. The pharmacophore consists of four elements; a

planar scaffold providing a hydrogen bond to Gln535, a linker, and two aromatic

substituents which create a clamp that holds UCR2 in the closed conformation. Key

to the design of partial inhibitors was the deliberate weakening of the P-clamp

interaction with the hydrophobic walls of the active site. For example, we obtained

potent compounds based on pyridine and quinoline scaffolds, but compounds based

on bicyclic ring systems fully inhibited PDE4 activity. In contrast, compounds

designed with catechol and biaryl scaffolds having less aromaticity afforded com-

pounds with both full and partial inhibition behavior. With respect to the aromatic

arms, subtle changes to Ar1 substituents affected full or partial inhibition behavior.

Flexibility in Ar1 may allow full inhibitors to access additional interactions with

active site residues. Ar2 substituents affected potency but not full or partial kinetic

behavior. Full and partial inhibitors close UCR2 across the active site identically, so

differences in the positioning of UCR2 do not explain the differences in kinetic

behavior (Burgin et al. 2010).

We found that examples of PDE4 allosteric modulators were potent in cellular

assays. Studies of eosinophil production of LTE4 in human whole blood demon-

strated that PDE4 allosteric modulators could provide complete inhibition of a

biological response, even though they have partial enzyme inhibition kinetics in

biochemical assays (Burgin et al. 2010). For reference, simple competitive PDE4

inhibitors, such as roflumilast, exhibit similar potency in biochemical assays, by

assay of inhibition of cAMP hydrolysis in forskolin-stimulated HEK293 cells, and

in an eosinophil assay of LTE4 production (IC50 values were 5.8 nM, 4 nM and

5.6 nM, respectively, across the three assays). PDE4D is the dominant PDE4

subtype in human embryonic kidney HEK293 cells with respect to cAMP hydroly-

sis (Lynch et al. 2005). In contrast to roflumilast, PDE4 allosteric modulators

showed similar potency with respect to inhibition of PDE4D in biochemical assays

and in the eosinophil assay, but were 10- to15-fold less potent with respect to

inhibition of cAMP hydrolysis in HEK293 cells. For example, the clinical lead

compound D159687 had IC50 of 28 nM and 44 nM, respectively, for biochemical

inhibition of PDE4D and inhibition of eosinophil LTE4 production, but an IC50 of

253 nM with respect to inhibition of cAMP hydrolysis in HEK293 cells (Burgin

et al. 2010). Rolipram similarly is potent in biochemical and eosinophil assays but

tenfold less potent versus inhibition of cAMP hydrolysis. Why should this be so?

Differences between membrane-bound and cytosolic PDE4 with respect to

inhibition by rolipram have been noted previously (Huston et al. 1996; Souness

and Rao 1997). Huston et al. report that rolipram inhibits membrane-bound PDE4

with high affinity, suggesting that the compound is inhibiting PDE4 through closing

UCR2. Rolipram was found to be much less potent against cytosolic PDE4,

which behaved kinetically as if rolipram only competed with cAMP for binding
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in the active site (Huston et al. 1996). Imaging of cAMP concentrations in cortical

neurons using biosensors also suggests that submembrane and cytosolic cAMP

microdomains are affected differently by rolipram (Castro et al. 2010). Rolipram

affects free cAMP more strongly in the apical dendrites of parietal cortex neurons

as compared to the bulk cytosol. The basis for these differences between cytosolic

and membrane-bound forms of PDE4 is not understood, but could include an effect

of interacting proteins on UCR2 gating or on PDE4 dimer formation.

Recently, we have shown that PDE4D selective allosteric modulators have

similar efficacy and slightly greater potency than rolipram in tests of short- and

long-term memory, Table 4 (Burgin et al. 2010). Before the interest in the use of

PDE4 inhibitors for treating anti-inflammatory conditions, the prototypical PDE4

selective inhibitor, rolipram, was explored in animal models and human clinical

trials for the treatment of depression (Wachtel 1983; Zeller et al. 1984; Bobon

et al. 1988; Laux et al. 1988; Hebenstreit et al. 1989; Scott et al. 1991; Fleisch-

hacker et al. 1992). However, the nausea/emesis side-effect profile led to a cessa-

tion of interest in this. Interestingly, there recently has been a resurgence of interest

in this use for PDE4 inhibitors, which have again now entered clinical development

to treat depression and improve cognition (Tully et al. 2003). With regard to the

antidepressant effect in animal models, PDE4 inhibitors have immediate effects on

behavior (Zhang et al. 2006) as well as long-term effects on growth factor expres-

sion in brain (Fujimaki et al. 2000) and hippocampal neurogenesis (Li et al. 2009).

Indeed, rolipram has benefit in multiple animal models of short- and long-term

memory formation (Blokland et al. 2006), enhances long-term potentiation of

synaptic efficacy (Vecsey et al. 2009), and is protective in transgenic models

of Alzheimer’s disease (Gong et al. 2004; Smith et al. 2009) and Huntington’s

disease (DeMarch 2008). PDE4 modulates cAMP-dependent phosphorylation of

the CREB transcription factor, a pathway critical for long-term memory formation

Table 4 Procognitive benefit of rolipram and a PDE4D selective, allosteric modulator in com-

parison to emetic dose in Suncus murinus (Asian house shrew), the beagle dog, and cynomolgus

monkey

Procognitive benefit in mice

Test Rolipram MED (mg/kg) D159687 MED (mg/kg)

Scopolamine impaired Y-maze 0.03 0.01

Novel object recognition after 24 h 0.10 0.03

Emetic threshold

Species Rolipram NOEL (mg/kg) D159687 NOEL (mg/kg)

Suncus murinus 0.10 10

Beagle dog 0.10 300

Cynomolgus monkey 0.02 10

Compounds were dosed orally. The minimum effective dose (MED) for procognitive benefit was

the lowest dose at which discrimination in the Y-maze or NOR test was statistically significant

(Burgin et al. 2010). The No Observable Effect Level (NOEL) for emesis was the maximum dose

at which no effect on emesis was observed. Rolipram data in Suncus are from (Hirose et al. 2007),

rolipram data in dog are from (Heaslip and Evans 1995), and the rolipram emetic threshold in the

cynomolgus monkey is projected based on allometric scaling from human (Hebenstreit et al. 1989)
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(Bailey et al. 1996). CREB regulates a transcriptional cascade ultimately leading to

the remodeling of synaptic structure (Tully et al. 2003).

6 Improved Tolerability of UCR2-Directed, PDE4

Allosteric Modulators

The emetic response to PDE4 inhibitors is mediated in part by a brainstem norad-

renergic pathway (Robichaud et al. 2001) and tolerability can be improved by

limiting distribution to brain (Aoki et al. 2001). Until recently, subtype selective

PDE4 inhibitors were not available, so it was not possible to link emesis with

inhibition of a particular PDE4 subtype. Although PDE4 gene-deleted mice have

been created by Conti and coworkers (Jin et al. 1999; Jin and Conti 2002), emesis

cannot be explored directly in mice. Unlike humans, rodents cannot relax their

crural sling, a band of muscles closing off the esophagus, while forcefully con-

tracting their diaphragm, so they are unable to vomit. Since vomiting cannot be

assessed directly, reduction of the duration of ketamine/xylazine anesthesia has

been introduced as a behavioral correlate of emesis that is sensitive to PDE4

inhibition (Robichaud et al. 2002a). PDE4D null mice, but not PDE4B null mice

show a shortening of anesthesia duration in this test, suggesting that inhibition of

PDE4D may be the cause of emesis in nonrodent species (Robichaud et al. 2002b).

This is in contrast to the emetic effect reported for highly selective PDE4D and

PDE4B inhibitors. Chambers et al. reported nicotinamide-based inhibitors that

are at least 25� selective for PDE4D (Chambers et al. 2006), which later were

found to be emetic in animals and humans (unpublished). Naganuma et al. reported

2-arylpyrimidine-based inhibitors that are up to 100� selective for PDE4B; how-

ever, the lead compound was emetic in ferrets (Naganuma et al. 2009). Transcripts

for both PDE4D and PDE4B can be detected in brainstem emetic centers of rodents

and human (Perez-Torres et al. 2000), so the simple conclusion that inhibition of

PDE4D is the cause of emesis based on the Robichaud data in mice (Robichaud

et al. 2002b) may not be correct.

We found it possible to design potent UCR2-directed compounds with high

selectivity for PDE4D (>100-fold). Comparing compounds with full and partial

inhibition of PDE4D, full inhibitors reduced anesthesia in the ketamine/xylazine

anesthesia test while partial inhibitors did not, even when dosed intravenously at a

1,000-fold greater dose than needed for procognitive benefit in the least sensitive

cognitive test (Burgin et al. 2010). Emetic potential was investigated further in

Suncus murinus (Asian house shrew), the beagle dog and cynomolgus monkey.

Suncus have an emetic response to motion, ethanol overdose, and many classes

of drugs that are emetic in human (Ueno et al. 1987; Hirose et al. 2007). A UCR2-

directed, full inhibitor with >100-fold selectivity for PDE4D over PDE4B

(D157140) caused emesis at 0.1 mg/kg, indicating that potent PDE4D inhibitors

are emetic (Robichaud et al. 2002b). In contrast, the clinical lead compound,
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D159687, a UCR2-directed, partial inhibitor was 300-fold less emetic than the

D157140 or rolipram, despite equal potency in cognition assays (Table 4). D159687

was 3,000-fold less emetic than rolipram in the beagle dog, and 500-fold less emetic

in monkey. Thus, there is a striking difference between full and partial PDE4D

selective-inhibitors directed against UCR2 with respect to tolerability. As discussed

above, PDE4 allosteric modulators have less impact on cAMP hydrolysis in a cellular

model than traditional, active site-directed compounds. Allosteric modulators that

only partially inhibit PDE4D activity may achieve improved tolerability by main-

taining temporal and spatial aspects of cAMP signaling.

7 C-Terminal-Directed Inhibitors Bind a Closed,

Symmetric PDE4 Conformer

It also may be possible to exploit for drug design a symmetric conformer of PDE4

in which the C-terminal helices cap both active sites (Fig. 3). Naganuma and

colleagues recently reported the discovery of PDE4 inhibitors that are >100-fold

selective for PDE4B over PDE4D (Naganuma et al. 2009). The chemical series

explored by Naganuma utilized a pyrimidine core, which provides a ring nitrogen

able to hydrogen bound to the invariant, active site glutamine, as well as a planar

aromatic scaffold that will be sandwiched by the active site P-clamp. Their pyrimi-

dine series additionally explored the SAR around a pair of aromatic arms, which our

molecular superposition studies suggest are similar to the chemotype described

above for UCR2-directed, allosteric modulators (Fig. 5).

Our studies of Naganuma compound 33 indicate that it likely interacts with the

C-terminus of PDE4B, thereby achieving selectivity and potency (Fig. 5). We

compared activity of compound 33 against PDE4B5, a supershort isoform, and a

truncation lacking the C-terminus. This demonstrated that the compound required

the PDE4B C-terminus and not the PDE4B UCR2 for potency and subtype selec-

tivity. We think it likely that compound 33 exploits a binding pose similar to that

which we reported for PMNPQ (PDB ID: 3G45) and a C-terminal PDE4D regulatory

helix (Burgin et al. 2010). In that structure, the aromatic arms of PMPQ clamps a

phenylalanine in a C-terminal helix that caps the active site. The C-terminal helix

spans residues Gly593 to Thr603 (GQTEKFQFELTL) and contains a conserved FQF

motif. The region is homologous to Gly673 to Thr683 in PDE4B3. Thus, we think it

likely that compound 33 is acting as a bifunctional intramolecular clamp bridging

Gln615 in the PDE4B active site and an aromatic residue, likely a phenylalanine on

an a-helix in the PDE4B C-terminus.

Naganuma et al. report that compound 33 inhibits TNFa production in mice

in vitro and in vivo (Naganuma et al. 2009). In mice, it decreases LPS-induced

TNFa production with a 50% inhibitory oral dose of 14 mg/kg. The compound also

decreases LPS-induced neutrophil migration to lung in ferrets at a 50% inhibitory

dose of 12.5–25 mg/kg. In ferrets, the NOEL for emesis is reported as an oral dose
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of 100 mg/kg. Thus, the therapeutic margin in ferret is four- to tenfold. This is

the first exploration of PDE4B pharmacology in preclinical models. Although

compound 33 did cause emesis in ferret at a high dose, the compound is only

~120� selective for PDE4B over PDE4D. Thus, it is not clear whether PDE4B

inhibition was producing emesis or whether the PDE4D inhibition was sufficient to

reach a threshold for emesis. Perhaps, compounds with even greater selectivity for

PDE4B will be found to have proportionately lower potential for emesis.

8 Conclusions

Our new structures of the PDE4 catalytic unit include, for the first time, the key

portion of UCR2, which characterizes PDE4 super-short isoforms. This provides a

functional regulatory domain, where we demonstrate (Burgin et al 2010) that

this portion of UCR2 is able to cap the PDE4 active site. In this, we develop a

dual-gating model of PDE4 regulation where enzyme activity is controlled by such

“capping” in a way that can be regulated by previously described changes in the

phosphorylation status of the enzyme and fine-tuned by interaction with specific

accessory proteins.

Three different PDE4 conformers have been identified that can be exploited for

the design of subtype-selective or kinetically novel PDE4 allosteric modulators.

The first is an open conformer in which both active sites are accessible to substrate

and are catalytically independent. The second is a symmetrical, closed conformer in

which a C-terminal regulatory helix closes intramolecularly across the active of

each PDE4 monomer. In this conformation, the enzyme is completely inhibited

with both active sites closed to cAMP. The third is an asymmetric PDE4 dimer in

which one UCR2 is closed intermolecularly across the active site of the opposite

monomer.

PDE4 subtype selectivity can be achieved by designing compounds that interact

selectively with the gating helices in UCR2 or at the C-terminus. Subtype-selectivity

can be achieved in the case of the UCR2-binding site by exploiting the Phe/Tyr

polymorphism in PDE4D that is unique to primates. How subtype-selectivity is

achieved by compounds that engage the C-terminal gating helix (Naganuma et al.

2009) awaits detailed structural information.

In the open PDE4 conformer, the traditional approach to the design of competitive,

active site-directed inhibitors has yielded potent compounds that nonselectively

inhibit all PDE4 subtypes. PDE4 competitive inhibitors have shown therapeutic

benefit in human clinical trials, primarily in respiratory diseases such as asthma

and chronic obstructive pulmonary disorder (Giembycz 2002; Lipworth 2005).

However, the clinical dose for such actions of these compounds appears to be

limited by emesis.

By weakening the interaction with the active site P-clamp, UCR2-directed,

allosteric modulators can be designed that only partially inhibit PDE4 hydrolysis

of cAMP. As only one active site can be capped in the dimer, allosteric modulators
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exploiting this binding pose cause partial inhibition of activity. UCR2 capping of

one active site not only blocks catalysis at that site but also decreases the turnover

rate at the other active site. This explains why the maximum inhibition is >50%.

Such compounds are potent in cellular and in vivo assays, but have less effect on

cellular cAMP levels than do competitive PDE4 inhibitors. The intrinsic ceiling

on the magnitude of PDE4 inhibition may better maintain spatial and temporal

patterning of signaling in cAMP microdomains with the consequence that tolera-

bility is improved.

We showed that UCR2 capping affects cAMP hydrolysis as the Phe196/Tyr274

polymorphism affects apparent KM (Burgin et al. 2010). Given such insights, one

wonders whether endogenous ligands, other than cAMP, that modulate PDE4

activity in a cellular context exist. The gating mechanism for regulating PDE4

activity is probably general to other families of PDE as many of these contain

unique upstream regulatory domains (e.g., GAF domains in PDE2, 5, 6, 10, and 11;

Ca2+/calmodulin domains in PDE1; the PAS domain in PDE8) (Lugnier 2006).

Pandit et al. have reported structures of the PDE2 catalytic domain with the GAF

regulatory domain (Pandit et al. 2009). cGMP binding to the GAF domains induces

an allosteric shift in the PDE2 dimer interface that allows a regulatory helix to

uncap the active site, thereby allowing access of substrate. Sequence alignment of

PDE7 with PDE4 reveals homology across the UCR2 helix, inspection of the PDE7

catalytic domain (PDB ID: 3G3N) reveals a groove across the active site as in PDE4

suggestive of a capping site for a regulatory helix, and indeed, the PDE4 UCR2

regulatory helix can be docked into that groove in silico (Burgin, unpublished).

Thus, in PDE4, PDE2 and probably in PDE7, regulatory helices may control

enzymatic activity by gating access of substrate to the active site. PDE activity

may be fine tuned further by accessory proteins binding closed or open PDE

conformers.

References

Aoki M, Fukunaga M, Sugimoto T, Hirano Y, Kobayashi M, Honda K, Yamada T (2001) Studies

on mechanisms of low emetogenicity of YM976, a novel phosphodiesterase type 4 inhibitor.

J Pharmacol Exp Ther 298:1142–1149

Asirvatham AL, Galligan SG, Schillace RV, Davey MP, Vasta V, Beavo JA, Carr DW (2004)

A-kinase anchoring proteins interact with phosphodiesterases in T lymphocyte cell lines.

J Immunol 173:4806–4814

Bailey CH, Bartsch D, Kandel ER (1996) Toward a molecular definition of long-term memory

storage. Proc Natl Acad Sci U S A 93:13445–13452

Baillie GS, Adams DR, Bhari N, Houslay TM, Vadrevu S, Meng D, Li X, Dunlop A, Milligan G,

Bolger GB, Klussmann E, Houslay MD (2007) Mapping binding sites for the PDE4D5 cAMP-

specific phosphodiesterase to the N- and C-domains of beta-arrestin using spot-immobilized

peptide arrays. Biochem J 404:71–80

Beard MB, Olsen AE, Jones RE, Erdogan S, Houslay MD, Bolger GB (2000) UCR1 and UCR2

domains unique to the cAMP-specific phosphodiesterase family form a discrete module via

electrostatic interactions. J Biol Chem 275:10349–10358

186 M.E. Gurney et al.



Blackwood DH, Muir WJ (2004) Clinical phenotypes associated with DISC1, a candidate gene for

schizophrenia. Neurotox Res 6:35–41

Blokland A, Schreiber R, Prickaerts J (2006) Improving memory: a role for phosphodiesterases.

Curr Pharm Des 12:2511–2523

Bobon D, Breulet M, Gerard-Vandenhove MA, Guiot-Goffioul F, Plomteux G, Sastre-

y-Hernandez M, Schratzer M, Troisfontaines B, von Frenckell R, Wachtel H (1988) Is

phosphodiesterase inhibition a new mechanism of antidepressant action? A double blind

double-dummy study between rolipram and desipramine in hospitalized major and/or endoge-

nous depressives. Eur Arch Psychiatry Neurol Sci 238:2–6

Bolger G, Michaeli T, Martins T, St John T, Steiner B, Rodgers L, Riggs M,Wigler M, Ferguson K

(1993) A family of human phosphodiesterases homologous to the dunce learning and memory

gene product of Drosophila melanogaster are potential targets for antidepressant drugs. Mol

Cell Biol 13:6558–6571

Bolger GB, McCahill A, Huston E, Cheung YF, McSorley T, Baillie GS, Houslay MD (2003a) The

unique amino-terminal region of the PDE4D5 cAMP phosphodiesterase isoform confers

preferential interaction with beta-arrestins. J Biol Chem 278:49230–49238

Bolger GB, Peden AH, Steele MR, MacKenzie C, McEwan DG, Wallace DA, Huston E,

Baillie GS, Houslay MD (2003b) Attenuation of the activity of the cAMP-specific

phosphodiesterase PDE4A5 by interaction with the immunophilin XAP2. J Biol Chem

278:33351–33363

Bolger GB, Baillie GS, Li X, Lynch MJ, Herzyk P, Mohamed A, Mitchell LH, McCahill A,

Hundsrucker C, Klussmann E, Adams DR, Houslay MD (2006) Scanning peptide array

analyses identify overlapping binding sites for the signalling scaffold proteins, beta-arrestin

and RACK1, in cAMP-specific phosphodiesterase PDE4D5. Biochem J 398:23–36

Brideau C, Van Staden C, Styhler A, Rodger IW, Chan CC (1999) The effects of phosphodiesterase

type 4 inhibitors on tumour necrosis factor-alpha and leukotriene B4 in a novel human whole

blood assay. Br J Pharmacol 126:979–988

Burgin AB, Magnusson OT, Singh J, Bjornsson JM, Thorsteinsdottir M, Hrafnsdottir S, Hagen T,

Witte P, Staker BL, Kiselyov AS, Stewart LJ, Gurney ME (2010) Design of Phosphodiesterase

Type 4D (PDE4D) allosteric modulators for cognition with improved safety. Nat Biotechnol

28:63–70

Card GL, England BP, Suzuki Y, Fong D, Powell B, Lee B, Luu C, Tabrizizad M, Gillette S,

Ibrahim PN, Artis DR, Bollag G, Milburn MV, Kim SH, Schlessinger J, Zhang KY (2004)

Structural basis for the activity of drugs that inhibit phosphodiesterases. Struc-

ture 12:2233–2247

Carlisle Michel JJ, Dodge KL, Wong W, Mayer NC, Langeberg LK, Scott JD (2004)

PKA-phosphorylation of PDE4D3 facilitates recruitment of the mAKAP signalling complex.

Biochem J 381:587–592

Castro LR, Gervasi N, Guiot E, Cavellini L, Nikolaev VO, Paupardin-Tritsch D, Vincent P (2010)

Type 4 phosphodiesterase plays different integrating roles in different cellular domains in

pyramidal cortical neurons. J Neurosci 30:6143–6151

Chambers RJ, Abrams K, Castleberry TA, Cheng JB, Fisher DA, Kamath AV, Marfat A, Nettleton

DO, Pillar JD, Salter ED, Sheils AL, Shirley JT, Turner CR, Umland JP, Lam KT (2006) A new

chemical tool for exploring the role of the PDE4D isozyme in leukocyte function. Bioorg Med

Chem Lett 16:718–721

Charlie NK, Thomure AM, Schade MA, Miller KG (2006) The Dunce cAMP phosphodiesterase

PDE-4 negatively regulates G alpha(s)-dependent and G alpha(s)-independent cAMP pools in

the Caenorhabditis elegans synaptic signaling network. Genetics 173:111–130

Chen CN, Denome S, Davis RL (1986) Molecular analysis of cDNA clones and the corresponding

genomic coding sequences of the Drosophila dunce + gene, the structural gene for cAMP

phosphodiesterase. Proc Natl Acad Sci U S A 83:9313–9317

Clapcote SJ, Lipina TV, Millar JK, Mackie S, Christie S, Ogawa F, Lerch JP, Trimble K,

Uchiyama M, Sakuraba Y, Kaneda H, Shiroishi T, Houslay MD, Henkelman RM, Sled JG,

Small Molecule Allosteric Modulators of Phosphodiesterase 4 187



Gondo Y, Porteous DJ, Roder JC (2007) Behavioral phenotypes of Disc1 missense mutations

in mice. Neuron 54:387–402

Conti M, Iona S, Cuomo M, Swinnen JV, Odeh J, Svoboda ME (1995) Characterization of

a hormone-inducible, high affinity adenosine 30-50-cyclic monophosphate phosphodiesterase

from the rat Sertoli cell. Biochemistry 34:7979–7987

Cooper DM (2003) Regulation and organization of adenylyl cyclases and cAMP. Biochem J

375:517–529

Davis RL, Takayasu H, Eberwine M, Myres J (1989) Cloning and characterization of mammalian

homologs of the Drosophila dunce + gene. Proc Natl Acad Sci U S A 86:3604–3608

Day JP, Dow JA, Houslay MD, Davies SA (2005) Cyclic nucleotide phosphodiesterases in

Drosophila melanogaster. Biochem J 388:333–342
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Abstract The endothelium plays an important role in maintaining normal vascular

function. Endothelial barrier dysfunction leading to increased permeability and

vascular leakage is associated with several pathological conditions such as edema

and sepsis. Thus, the development of drugs that improve endothelial barrier func-

tion is an active area of research. In this chapter, the current knowledge concerning

the signaling pathways regulating endothelial barrier function is discussed with a

focus on cyclic nucleotide second messengers (cAMP and cGMP) and cyclic

nucleotide phosphodiesterases (PDEs). Both cAMP and cGMP have been shown
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to have differential effects on endothelial permeability in part due to the various

effector molecules, crosstalk, and compartmentalization of cyclic nucleotide sig-

naling. PDEs, by controlling the amplitude, duration, and localization of cyclic

nucleotides, have been shown to play a critical role in regulating endothelial barrier

function. Thus, PDEs are attractive drug targets for the treatment of disease states

involving endothelial barrier dysfunction.

Keywords cAMP � cGMP � Endothelial barrier � Endothelial permeability �
Phosphodiesterase

1 Introduction

One of the major functions of the endothelium is to act as an active barrier between

the circulating blood and the underlying vessel wall and tissues (Mehta and Malik

2006; Michel and Curry 1999; van Hinsbergh 1997; van Nieuw Amerongen et al.

2001; van Nieuw Amerongen and van Hinsbergh 2002). The endothelium can

respond to a variety of signals to regulate the passage of proteins, fluid, and solutes

through the endothelial barrier. While oxygen, water, and solutes can pass through

this barrier via diffusion, channels, and slits in the cellular junctions, macromole-

cules can cross the endothelial barrier via three different mechanisms. These include

(1) transcellular passage through the cell via vesicles, (2) passage via pores in the

cell membrane usually formed by fused vesicles at the apical and basolateral

membrane, or (3) passage between endothelial cells paracellularly (Mehta and

Malik 2006; van Hinsbergh 1997). Dysregulation of endothelial barrier function is

characteristic of many diseases and pathological conditions including atherosclerosis,

asthma, tumor growth, edema, and sepsis (van Hinsbergh 1997; van Nieuw Amer-

ongen and van Hinsbergh 2002). Thus, understanding the mechanisms that regulate

endothelial permeability may allow for the development of drugs that can enhance

or decrease barrier function. In this chapter, we briefly summarize what is currently

known about the various mechanisms and signaling pathways that regulate endo-

thelial permeability by focusing on the role of cyclic nucleotide phosphodiesterases

as a potential drug target for the regulation of endothelial barrier function.

2 Transcellular and Paracellular Transport of Molecules

Through the Endothelial Barrier

Transport of macromolecules such as proteins, carbohydrates, and lipids across the

endothelial barrier occurs transcellularly or paracellulary. Most studies of trans-

cellular transport of macromolecules have focused on the role of caveolae and

vesiculo-vacuolar organelles (VVOs) as the transport vesicles. The proteins and

mechanisms involved share many similarities to those that regulate neuronal vesicle
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trafficking. Caveolae are hypothesized to play a role in both receptor-mediated

and nonreceptor-mediated transcellular transport of macromolecules across the

endothelial barrier (Cohen et al. 2004). Caveolae were first identified by electron

microscopy as “flask-shaped” invaginations of the plasma membrane. It is these

invaginations that are hypothesized to form the vesicles that mediate transcellular

transport of macromolecules across the endothelium (Komarova and Malik 2010).

For example, albumin transcytosis is initiated by binding of albumin to the albumin-

binding protein gp60 found in caveolae, resulting in endocytosis and transport of

the caveolae through the endothelial cell (Mehta and Malik 2006). VVOs, unlike

caveolae, are uncoated interconnected vesicles and vacuoles present in endothelial

cells. VVOs have been shown to be able to participate in transcellular transport of

macromolecules across the endothelium, but their regulation is unknown. Roles

for dynamin, SNARE complexes, actin, and microtubules in the transport of VVOs

through endothelial cells have been suggested (Komarova and Malik 2010; Mehta

andMalik 2006). Transcellular transport has been suggested to be regulated in part by

Src kinases, certain PKC isoforms, PI3 kinases, Ca2+, and the albumin-binding

protein gp60 (Komarova and Malik 2010; Mehta and Malik 2006).

Paracellular transport of macromolecules across the endothelial barrier is achieved

by opening of intercellular gaps between cells. Endothelial cells are connected with

each other by a variety of junctional proteins that form (a) tight, (b) adherent, and

(c) gap junctions. Tight junctions consist of proteins such as claudins, occludin, and

junctional adhesion molecules. These transmembrane proteins have extracellular

domains that bind tightly to each other via homotypic or heterotypic bonds and are

linked intracellularly to the actin cytoskeleton. They are also linked to a variety of

signaling molecules such as PKC-z and VASP. Tight and adherent junctions form

zipper-like structures between endothelial cells, while gap junction proteins such as

connexons form transmembrane channels between endothelial cells.

Adherent junctions are comprised primarily by vascular endothelial (VE)-cadherin

whose extracellular domains participate in transoligomeric binding between endo-

thelial cells forming the junction. The cytoplasmic domain of VE-cadherin, like

those of the proteins found in tight junctions, is also proposed to be associated

with the actin cytoskeleton as well as a variety of signaling molecules such as

b-catenin, RhoGTPases, VASP, casein kinase II, Src kinases, and phosphatases

such as SHP-1.

Both tight and adherent junctions link endothelial cells together forming a

barrier. It is thought that changes in binding of tight and adherent junction proteins

function to regulate the opening and closing of gaps between endothelial cells

allowing paracellular transport of macromolecules.

Gap junctions consist of transmembrane hydrophilic proteins called connexons.

A connexon from each neighboring endothelial cell pair forms an intercellular

pore that can be regulated by serine/threonine and tyrosine phosphorylation. The

pores formed between cells by gap junctions allow for the propagation of trans-

membrane potentials as well as the exchange of signals between endothelial cells

via second messengers such as Ca2+ and IP3 (Komarova andMalik 2010; Mehta and

Malik 2006).
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3 Signaling Pathways Shown to Regulate Endothelial

Permeability

There are a large number of studies on endothelial permeability focused on trying

to unravel the mechanisms by which permeability is both increased and decreased

and how these mechanisms are regulated. The majority of the studies have

addressed paracellular mechanisms of barrier function. Similar to smooth muscle,

endothelial cells have a contractile system that requires actin, nonmuscle myosin,

ATP, calcium, and calmodulin. Stimulation of endothelial contraction leads to the

formation of small gaps between endothelial cells that, in time, lead to increased

permeability. A variety of agents, including thrombin, VEGF, bradykinin, and

histamine, have been found to increase endothelial permeability via increases in

intracellular calcium. As with smooth muscle, increases in intracellular calcium

will lead to the activation of myosin light chain kinase (MLCK). MLCK can then

phosphorylate myosin light chains leading to actin-myosin-mediated endothelial

cell contraction.

In addition to pathways that increase calcium, activation of other signaling

pathways can also increase endothelial cell contraction. Thrombin has been

shown to activate the small GTPase, RhoA. RhoA, via activation of Rho kinase,

inhibits PP1M, the phosphatase that dephosphorylates myosin light chain. Thus,

thrombin, in addition to increasing calcium and phosphorylation of myosin light

chain via MLCK, inhibits dephosphorylation of myosin light chain via a RhoA-

mediated mechanism. The cumulative effect is an increase in contraction. Other

agents known to increase endothelial permeability such as TNF-a and H2O2 have

also been shown to regulate RhoA and thus the contractile function of endothelial

cells. All of these agents have also been shown to activate a variety of kinases that

can lead to changes in the phosphorylation status of junctional proteins and barrier

function and also to changes in gene expression.

While there are several pharmacological agonists that have been shown to

decrease endothelial barrier function, there are only a few endogenous factors

that have been shown to increase barrier function. These include sphingosine-

1-phosphate (S1P), angiopoietin-1, and cAMP (Jho et al. 2005; Komarova et al.

2007; Moore et al. 1998; Satchell et al. 2004). S1P is a phospholipid formed by the

phosphorylation of sphingosine by sphingosine kinase. S1P is found in and released

from platelets. The lack of sphingosine lysase, a key regulator of S1P degradation,

leads to S1P storage in platelet granules (Yatomi et al. 1995). Endothelial cells

express G-coupled receptors for S1P and the endothelial differentiation gene (EDG)

receptors, Edg-1, Edg-3, and Edg-5 (Ozaki et al. 2003). These receptors are Gi

coupled and lead to activation of the small GTPase Rac and adherent junction

assembly (Takuwa 2002).

Finally, angiopoietin-1 is a ligand for the endothelial-specific tyrosine kinase

receptor, Tie-2 (Tsigkos et al. 2003). Angiopoietin-1 has been shown to inhibit

permeability induced by thrombin, bradykinin, histamine, and VEGF (Pizurki et al.

2003). In studies with VEGF, angiopoietin-1 was shown to prevent Ca2+ influx and
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contraction (Jho et al. 2005). However, the detailed mechanisms of angiopoietin-1

action on barrier function remain to be elucidated.

4 The Role of cAMP in the Regulation of Endothelial

Barrier Function

While the study of S1P and angiopoietin-1 as agonists of endothelial barrier

enhancement is just beginning, the role of cAMP and agonists that increase this

second messenger, such as b-adrenergic agonists and serotonin, has been studied

extensively (Mehta and Malik 2006; van Hinsbergh 1997). In general, cAMP has

been shown to improve barrier function and decrease permeability under both basal

and stimulated conditions in vitro and in vivo. Until recently, it had been accepted

that cAMP improves endothelial barrier function only via activation of PKA

(Mehta and Malik 2006). PKA has been shown to inhibit thrombin-induced RhoA

activation (Qiao et al. 2003). RhoA is a member of the superfamily of Rho GTPases

whose activity is determined by the binding of GTP. PKA has been shown to

directly phosphorylate and inhibit RhoA (Lang et al. 1996). Another possible

mechanism by which PKA inhibits RhoA is via the phosphorylation of GTP

dissociation inhibitor (GDI) (Qiao et al. 2008). Since RhoA has been implicated

in inhibiting MLC phosphatase, which can result in increased MLC phosphoryla-

tion and contraction, PKA activation would lead to increased phosphatase activity,

decreased MLC phosphorylation, and relaxation. This should improve barrier

function. PKA has also been shown to phosphorylate and inhibit MLCK (Verin

et al. 1998). By preventing MLC phosphorylation by MLCK, PKA can reduce

endothelial cell contraction. These decreases in contraction caused by PKA pre-

sumably lead to improved tight and adherent junction stabilization, decreased gap

formation, and improved barrier function.

More recently, another cAMP effector molecule, Epac, was also shown to

mediate at least part of the barrier-enhancing actions of cAMP (Fukuhara et al.

2005; Kooistra et al. 2005; Wittchen et al. 2005). Epac1 and Epac2 are guanine

nucleotide exchange factors for the small G protein Rap (Gloerich and Bos 2010).

The discovery of Epac as a target of cAMP signaling explained the various effects of

cAMP that could not be attributed to PKA and cyclic nucleotide-gated ion channels.

It was demonstrated that Epac can also inhibit thrombin-induced RhoA activation

(Cullere et al. 2005). Similar to PKA, Epac-mediated inhibition of RhoA activity

presumably leads to decreased MLC phosphorylation, endothelial relaxation, and

increased barrier function. The relative contributions of PKA and Epac in mediating

the barrier-enhancing effects of cAMP are just now beginning to be determined. Of

the early studies describing the role of Epac in mediating the barrier-enhancing

effects of cAMP, only one attempted to rule out the involvement of PKA via the use

of H89, a PKA inhibitor (Fukuhara et al. 2005). However, H89 has also been shown

to inhibit other kinases including Rho kinase (Leemhuis et al. 2002; Murray 2008).
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Thus, H89 inhibition of Rho kinase, which is downstream of RhoA and PKA

(Qiao et al. 2008), may lead to decreased permeability and may not rule out the

possible role of PKA in decreasing permeability. Kooistra et al. demonstrated the

role of Epac in regulating endothelial cell permeability via the use of RNAi

(Kooistra et al. 2005). Kooistra et al. also used Epac-specific analogues in combina-

tion with RNAi knockdown of Epac to demonstrate the role of Epac in regulating

endothelial cell permeability. RhoA seems to be regulated by both PKA and Epac.

The use of PKI, a specific inhibitor of PKA, was shown to partially reverse the

inhibitory effect of cAMP on RhoA (Qiao et al. 2003). On the other hand, it was

shown that an Epac-specific cAMP analogue, 8-pCPT-20O-Me-cAMP, could mimic

completely the inhibitory effects of forskolin- and rolipram (PDE4-specific inhibitor)-

induced cAMP on RhoA, suggesting that the effects of cAMP are via Epac (Cullere

et al. 2005). Further studies are needed to clarify the relative roles of PKA and Epac

in mediating the inhibitory effects of cAMP on RhoA. Unpublished data from our

laboratory suggest that the barrier-enhancing effects of cAMP may be due to both

PKA and Epac. We found that inhibition of PKA by Rp-8-Br-cAMP increased

thrombin-induced permeability, suggesting a role for PKA in preventing decreases

in barrier function (Fig. 1). However, forskolin was still able to attenuate thrombin-

induced permeability, and low doses of ANP, via inhibition of PDE3, were able to

potentiate this effect, suggesting that another effector molecule also mediates

the barrier-enhancing effect of cAMP (Surapisitchat et al. 2007). We also found

that the activation of Epac was able to decrease thrombin-induced permeability using

the Epac-specific activator, 8-CPT-2-O-ME-cAMP (Fig. 2). These results suggest

that there may be different pools of cAMPmediating the effects of PKA and Epac on

permeability. A recent report has demonstrated that cAMP can act via both PKA and
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Fig. 1 PKA mediates some of the effects of cAMP on endothelial permeability. Permeability

assays with thrombin, forskolin, and 0.3 nM ANP � 100 mM Rp-8-Br-cAMP were performed as

described previously (Surapisitchat et al. 2007). Rp-8-Br-cAMP was added 15 min prior to

stimulation with thrombin, forskolin, and ANP. Data represent mean (mean�SEM) from two

independent experiments using HUVEC isolated from two different umbilical cords
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Epac to effect independent and complementary pathways to regulate endothelial

barrier function (Lorenowicz et al. 2008).

While cAMP has been shown to inhibit increases in endothelial cell permeability

and various mechanisms have been proposed and demonstrated, recent reports from

the Steven’s group demonstrate that the effects of cAMP on permeability are more

complex. Sayner et al. and Prasain et al. describe results that show a barrier-

disruptive effect of cAMP can be produced in the cytosol by activation of the

soluble adenylyl cyclases (Prasain et al. 2009; Sayner et al. 2004, 2006). These

studies suggest that cytosolic-produced cAMP decreases barrier function, but

cAMP made by membrane adenylyl cyclases improves barrier function via PKA

and/or Epac. The concept of compartmentalization of cyclic nucleotide signaling

has been an area of increasing study of late (Fischmeister et al. 2006; Houslay

2010). It is possible that there are several cAMP “pools” that are responsible for the

regulation of endothelial permeability. While the role of cAMP in regulating

endothelial permeability has received substantial study, more work is needed to

understand the relative contribution of the cAMP effector molecules PKA and Epac

in mediating the effects of cAMP as well as the roles of compartmentalization of

cAMP and its regulation in endothelial barrier function.

5 The Role of cGMP in the Regulation of Endothelial

Barrier Function

The role of cGMP on endothelial barrier function is even more controversial than

that of cAMP. Both barrier-enhancing and impairing effects of cGMP have been

reported (Draijer et al. 1995a; van Nieuw Amerongen and van Hinsbergh 2002;
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Fig. 2 Epac mediates some of the effects of cAMP on endothelial permeability. HUVEC

were stimulated with thrombin, thrombin + 10 mM forskolin, or thrombin + 100 mM 8-CPT-

20OMe-cAMP, and permeability assays were performed as described previously (Surapisitchat

et al. 2007). Data represent mean (mean�SEM) from two independent experiments using HUVEC

isolated from two different umbilical cords

Regulation of Endothelial Barrier Function by Cyclic Nucleotides 199



Zimmerman et al. 1990). cGMP is produced by soluble and particulate guanylyl

cyclases (sGC and pGC), which are stimulated by nitric oxide or natriuretic

peptides, respectively. In vitro studies have shown that NO can improve barrier

function, presumably via activation of sGC and production of cGMP. Several

groups demonstrated this effect via the use of exogenous NO donors such as sodium

nitroprusside and DETA NONOate (Hempel et al. 1996; Suttorp et al. 1996b;

Westendorp et al. 1994; Wong et al. 2004). Others have used nitric oxide synthase

(NOS) inhibitors such as L-NAME to show that NO is required for maintaining

endothelial barrier function (Draijer et al. 1995a; He et al. 1997b; Liu and Sundqvist

1997). In vivo, loss of NO via either genetic ablation of eNOS or treatment with

L-NAME resulted in increased endothelial permeability (Predescu et al. 2005).

On the other hand, several groups have shown that NO can increase endothelial

permeability. For example, it was demonstrated that while NO donors and cGMP

can decrease permeability in resting endothelial cells, cells stimulated with iono-

mycin to increase permeability showed a further increase in permeability upon

addition of NO donors in vitro (Holschermann et al. 1997). Furthermore, in an

ex vivo model using frog mesenteric venular microvessels, it was further demon-

strated that the ability of ionomycin to increase permeability is attenuated by NOS

inhibitors, suggesting a role of NO in increasing permeability (He et al. 1997a).

Finally, in vivo models, including the same eNOS �/� mice, were used to show

that NO is involved in mediating increases of permeability under inflammatory

conditions (Bucci et al. 2005; Hatakeyama et al. 2006).

Like NO, the role of natriuretic peptides in regulating endothelial permeability is

also controversial. Five different groups studying endothelial permeability found

that atrial natriuretic peptide (ANP) decreases endothelial permeability (Baron et al.

1989; Hempel et al. 1996; Klinger et al. 2006; Suttorp et al. 1996b; Westendorp

et al. 1994). On the other hand, ANP has also been shown to increase endothelial

permeability in vitro by one group (Holschermann et al. 1997). In vivo, ANP

has also been shown to increase endothelial permeability (Tucker et al. 1992;

Zimmerman et al. 1990). This was further supported by the finding that endothelial-

specific ablation of the ANP receptor, guanylyl cyclase-A (GC-A), resulted in

decreased permeability in vivo (Sabrane et al. 2005). Further complicating this

issue is the questionable involvement of PKG. For example, it was reported that

the barrier-enhancing effects of cGMP is PKG dependent (Moldobaeva et al. 2006).

Others also found that PKG mediated the barrier regulating effects, but instead

of decreasing permeability, they found that PKG increased permeability

(Holschermann et al. 1997). Additionally, the barrier-enhancing effects of cGMP

were reported to be PKG independent (Gupta et al. 2001). Further complicating

the issue, it has been reported that the effects of cGMP are PKG dependent in

endothelial cells that express PKG, while they are independent in endothelial

cells that do not express PKG (Draijer et al. 1995a, b). Thus, while it is fairly clear

that increased cAMP from endogenous membrane cyclases improves endothelial

barrier function, the role of cGMP, whether from stimulation of sGC by NO or

from pGC activated by ANP, has until recently remained unresolved.
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6 Endothelial Cell Cyclic Nucleotide Phosphodiesterases

While PKA, Epac, PKG, and cyclic nucleotide-gated channels (CNG) play critical

roles in mediating the effects of cAMP and cGMP in endothelial cells, the role of

cyclic nucleotide phosphodiesterases (PDEs) is emerging as an equally important

player in endothelial function. In addition to regulating the amplitude, duration, and

compartmentalization of cyclic nucleotides, PDEs are also effector molecules of

cyclic nucleotides and calcium, making them critical mediators of crosstalk

between various second messengers. Endothelial cells have been shown to primar-

ily express cGMP-stimulated PDE2, cGMP-inhibited PDE3, cAMP-specific PDE4,

and cGMP-specific PDE5 (Netherton and Maurice 2005). The expression of Ca2+/

CaM-regulated PDE1 and the cAMP-specific PDE7A has also been described

(Keravis et al. 2000; Miro et al. 2000). While these PDEs have been shown to be

expressed in the endothelium, significant differences in their relative expression

levels have been found in endothelial cells of different origin. The relative expres-

sion and PDE activity levels in bovine aortic endothelial cells (BAEC), human

aortic endothelial cells (HAEC), human umbilical vein endothelial cells (HUVEC),

and human microvascular endothelial cells (HMVEC) were determined, and large

differences in the expression levels of PDE2, PDE3, PDE4, and PDE5 were found

among these cells (Netherton and Maurice 2005). For example, measuring PDE

activity at a substrate concentration of 1 mM cAMP, it was shown that PDE3

accounted for 15 and 36% of the cAMP activity in BAEC and HAEC, respectively,

while only 7 and 6% of the cAMP activity in HUVEC and HMVEC, respectively.

Differences were also seen at the protein level by immunoblot analysis. In addition

to differences in PDE expression between endothelial cells of different origins,

there have been differences reported in endothelial cells over time in culture. For

example, early passage BAEC (4–6) expressed PDE2 and PDE5 cGMP hydrolytic

activity, which were lost with passage (> 10) (Ashikaga et al. 1997). As for cAMP,

PDE2 and PDE4 cAMP hydrolytic activity was found in early passage BAEC that

later become predominantly PDE4 at later passages. Furthermore, there are

reported differences in PDE expression in endothelial cells of different phenotypes.

Confluent and resting endothelial cells take on a cobblestone-shaped morphology,

while proliferating, noncontact-inhibited endothelial cells appear elongated and

spindle-like. The PDE profile of BAEC has been characterized in these two

different states (Keravis et al. 2000). While resting cobblestone BAEC expressed

PDE2 and PDE4 cAMP hydrolytic activity, measured at a substrate concentration

of 1 mM cAMP, spindle-shaped proliferating BAEC expressed increased cAMP

hydrolytic activity due to increased PDE2 and PDE4 activity as well as PDE1

and PDE3 activity. cGMP-PDE activity was primarily due to PDE2 in resting

cobblestone BAEC, while spindle-shaped proliferating BAEC expressed both

PDE2 and PDE5. Finally, various stimuli can alter PDE expression in endothelial

cells. The inflammatory cytokine, TNF-a, shown to increase endothelial expression
of various adhesion molecules and decrease barrier function has also been shown

to upregulate the expression of PDE2, PDE4, and PDE7 in endothelial cells
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(Koga et al. 1995; Miro et al. 2000; Seybold et al. 2005). The reasons for the

differences in expression of PDEs in endothelial cells of different origins and in

response to different stimuli are not well understood. Many of these presumed

differences may relate to differences in passage number of the cells being compared.

7 The Role of Phosphodiesterases in the Regulation

of Endothelial Permeability

Since cAMP and cGMP play significant and sometimes conflicting roles in endothe-

lial barrier function, endothelial cell PDEs may play critical roles in the regulation of

endothelial permeability. The expression of cGMP-activated PDE2, cGMP-inhibited

PDE3, cAMP-specific PDE4, and cGMP-specific PDE5 by endothelial cells may

allow for differential regulation of barrier function by different PDEs. For example,

we have recently demonstrated that cGMP elevating agents such as ANP and NO

have biphasic effects on cAMP inhibition of thrombin-induced endothelial perme-

ability (Surapisitchat et al. 2007). The reason for the biphasic actions of cGMP on

cAMP inhibition of thrombin-induced endothelial permeability is due to differen-

tial regulation of PDE2 and PDE3 by cGMP. Furthermore, altering the expression

levels of PDE2 and PDE3 in endothelial cells can alter the effect of cGMP on

endothelial permeability as is seen upon stimulation of the cells by TNF-a (Fig. 3).

These results likely explain many of the conflicting results reported in the literature

concerning the actions of cGMP on endothelial permeability and suggest important

High cGMP

PDE3

TNF-α

PDE2

cAMP

Endothelial
permeability

cAMP

Endothelial
permeability

High ANP, NO

Low cGMP

Low ANP, NO

Fig. 3 Proposed model of the effect of cGMP on endothelial cell permeability. cGMP generated

by NO or ANP stimulation can effect endothelial permeability in several ways. cGMP can inhibit

PDE3 leading to increased cAMP in the endothelial cell and decreased permeability. cGMP can

also activate PDE2 leading to decreased cAMP and increased permeability. The concentration of

cGMP within the cell plays a central role in whether the dominant effect is due to PDE3 inhibition

(low cGMP) or PDE2 activation (high cGMP). TNF-a can increase the amount of PDE2 expressed

in the endothelial cell and thus alter the response of the cell to cGMP and permeability (from

Surapisitchat et al. 2007)
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roles for PDE2 and PDE3 in regulating endothelial function. Until recently, PDE4

inhibition was thought to improve endothelial barrier function via increased

cAMP/PKA levels in the cell (Suttorp et al. 1993). However, other data have

demonstrated that in some circumstances increased cAMP in the cytosol can

cause increased endothelial permeability (Sayner et al. 2004, 2006). Recently, it

was demonstrated that PDE4D4 is responsible for containing cAMP to a membrane

pool, restricting cAMP access to the cytosol where it can lead to increased perme-

ability (Creighton et al. 2008). These findings demonstrate the complexity of cyclic

nucleotide signaling in the control of endothelial permeability and the critical role

of PDEs in regulating this important function.

8 Crosstalk Between cGMP and cAMP: The Role of PDEs

The findings that cGMP can regulate cAMP hydrolysis by both PDE2 and PDE3 to

alter cAMP levels are in agreement with previous work demonstrating a barrier-

enhancing effect of cAMP and further our understanding of the regulation of cAMP

in endothelial cells (Surapisitchat et al. 2007). At low concentrations, cGMP can

regulate cAMP-mediated enhancement of barrier function via inhibition of PDE3,

but, at higher cGMP concentrations, via activation of PDE2, it can mediate break-

down of barrier function. These results are some of the few in which the same pool

of cGMP has been shown to both inhibit PDE3 and activate PDE2 to regulate the

same cellular function. For example, in human atrial myocytes, cGMP can regulate

L-type Ca2+ channel current by modulating cAMP and PKA via PDE2 and PDE3

(Vandecasteele et al. 2001). The functional effect of cGMP is concentration-

dependent since the IC50 of cGMP for PDE3A is nearly 20-fold less than

the EC50 for activation of PDE2 (Leroy et al. 1996; Surapisitchat et al. 2007;

Yamamoto et al. 1983). This difference correlates well with normal versus patho-

logical levels of guanylyl cyclase agonists such as ANP and NO. In healthy

individuals, these agonists are relatively low, resulting in low levels of cGMP

leading to inhibition of PDE3A, increased cAMP, and enhanced barrier function.

Under several pathological conditions such as heart failure and inflammation, ANP

and NO increase significantly leading to greatly increased cGMP levels, activation

of PDE2A, decreased cAMP levels, and thus decreased barrier function. In addition

under some pathological conditions, the relative expression of PDEs can be altered.

For example, TNF-a, an inflammatory cytokine, induces PDE2 and decreases

PDE3 expression, thereby altering the cellular responses to cGMP signaling

(Seybold et al. 2005; Surapisitchat et al. 2007). Thus, PDE2 and PDE3 in the

endothelium may act as sensors or switches to detect normal versus pathological

concentrations of cGMP and thus regulate endothelial permeability accordingly.

Furthermore, the relative expression of these PDEs controls the sensitivity of this

switch to cGMP.
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9 Cyclic Nucleotide Pools in Endothelial Barrier Function

Studies suggest that there may be multiple pools of cAMP and cGMP in endothelial

cells regulated by PDEs (Creighton et al. 2008; Sayner and Stevens 2006; Sayner

et al. 2006). This is not unexpected since it is becoming increasingly clear that

cellular signaling is a highly compartmentalized phenomenon in which there are

many microdomains that are differentially regulated by various proteins and stimuli

(Houslay et al. 2007; Houslay 2010).

Even with our recent realization that different amounts of PDE2 and PDE3 may

account for much of the variability in responses reported for cAMP and cGMP on

barrier function, substantial controversy still exists. For example, in contrast to our

results (Surapisitchat et al. 2007) and that of others (Adamson et al. 1998; Langeler

and van Hinsbergh 1991; van Hinsbergh 1997) indicating that cAMP produced

by transmembrane adenylyl cyclases decreases permeability, Sayner et al.’s (2004,

2006) work suggests that increases in a cytosolic pool of cAMP increase perme-

ability. These authors go on to propose a model in which cAMP made by trans-

membrane adenylyl cyclases is maintained in a microdomain near the plasma

membrane by PDE4. The idea is that if PDE4 is inhibited, cAMP can diffuse into

the cytosolic compartment (Sayner et al. 2006). Recently, it has been proposed that

PDE4D4 is the PDE4 isoform responsible for maintaining cAMP at the membrane

(Creighton et al. 2008). This contrast, to previous results by several other groups

and our own data demonstrating a barrier-enhancing effect by forskolin and PDE4

inhibition (Suttorp et al. 1996a). Our data indicate that forskolin (10 mM) can

almost completely abolish thrombin-induced permeability and that rolipram can

potentiate the barrier-enhancing effects of lower forskolin concentrations (Fig. 4).

This discrepancy might, however, be explained by differences in the types of

endothelial cells studied, microvascular versus macrovascular (Creighton et al.

2008). In particular, microvascular cells are almost always more greatly expanded

and studied at a later passage number. Nevertheless, these findings strongly suggest

that there are different “pools” of cAMP regulating different aspects of barrier

function.

As with cAMP, pools of cGMP regulating various distinct cellular functions

have been described. This was expected with the existence of soluble and particu-

late guanylyl cyclases. In our studies, we found that cGMP generated from either

soluble or particulate guanylyl cyclases had the same biphasic effect on permeabil-

ity. It is possible though that there are still distinct pools of cGMP regulating barrier

function via both PDE2 and PDE3. One possibility is that PDE2 and PDE3 are

regulating the same pool of cAMP that controls permeability and two pools of

cGMP regulate these PDEs, but they cannot be detected by measuring changes in

permeability. For example, cGMP made by soluble guanylyl cyclases may be more

effective than that of cGMP made from particulate cyclases, but this difference, a

shift in the dose–response curves for the agonists, cannot be detected by measuring

permeability. Complicating this further is the time variable in which levels of either

cAMP or cGMP may change within a certain pool and with time. Again, many
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combinations of PDEs, cyclases, effector molecules, and pools are possible. Until

more sensitive techniques with increased resolution become available, an accurate

description of cyclic nucleotide signaling pools in time and space will have to wait.

The findings that the inflammatory cytokine, TNF-a, can increase PDE2 and

decrease PDE3A expression demonstrates that endothelial cells can be altered by

various stimuli to respond to cGMP signaling under different conditions. The

alteration in PDE expression in response to various stimuli is a common mechanism

that many cells and tissues use to alter cyclic nucleotide signaling. For example,

nitroglycerine (NTG) is used in the treatment of hypertension for its vasorelaxing

effects, but its therapeutic use is limited due to the development of nitrate tolerance.

In rats treated with NTG, PDE1A expression and activity is upregulated (Kim et al.

2001). Inhibition of PDE1A leads to partial restoration of smooth muscle respon-

siveness to nitrates. PDE1C is found to be upregulated in proliferating smooth

muscle, suggesting a potential target in the treatment of atherosclerosis or restenosis

after angioplasty (Rybalkin et al. 1997). PDE7 upregulation is required for T-cell

activation by CD3 and CD28 (Li et al. 1999). Other examples of PDE upregulation

include the upregulation of PDE1B in monocyte to macrophage differentiation and

PDE5 in vascular smooth muscle in response to angiotensin II stimulation (Bender

et al. 2005; Kim et al. 2005). Few examples of downregulation of PDEs have been

reported to our knowledge. PDE3A expression and activity has been found to be

decreased in patients with heart failure (Ding et al. 2005). In 3T3-L1 adipocytes,

TNF-a decreased PDE3B expression, implicating a mechanism by which TNF-a
regulates lipolysis (Rahn Landstrom et al. 2000). The findings that TNF-a can also

decrease PDE3A in addition to increasing PDE2 to alter endothelial response to
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Fig. 4 Effects of PDE inhibitors on forskolin-inhibited thrombin-induced permeability. HUVEC

were stimulated with vehicle, 1 U/ml thrombin (Thr), 1 U/ml thrombin and 0.1 mM forskolin (Fsk),

or thrombin, forskolin, and PDE inhibitors. Bay 60-7550 (PDE2) was used at 100 nM. Trequinsin

(PDE3) was used at 30 nM. Rolipram (PDE4) was used at 10 mM. Sildenafil (PDE5) was

used at 100 nM. IBMX (nonspecific) was used at 100 mM. All inhibitors were added 15 min

prior to thrombin + forskolin stimulation. Permeability was analyzed as described previously

(Surapisitchat et al. 2007). Data represent means (mean�SEM) from three independent experi-

ments using HUVEC isolated from three different umbilical cords
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cGMP signaling add to this growing list of examples in which alteration of PDE

expression and activity in response to physiological stimuli can lead to altered

cellular responses. Changes in PDE expression may change the “size and shape” of

the normal cyclic nucleotide pool to one that is pathologic. Understanding how

changes in PDE expression by pathological stimuli alter endothelial barrier function

will be important for the development of treatments of disease states involving

endothelial barrier dysfunction.

10 Conclusions

The last several years have been filled with new and exciting findings concerning

the role of cyclic nucleotides and PDEs in the regulation of endothelial barrier

function. Whereas less than ten years ago the dogma had been that cAMP improved

endothelial barrier function while the role of cGMP was debatable, today the role

of these two second messengers in endothelial permeability has been shown to

be highly dependent on the concentration and localization of these two second

messengers within the endothelial cell. PDEs have been shown to play a critical

role in regulating the amplitude, duration, and localization of cAMP and cGMP in

endothelial cells and thus regulate endothelial barrier function. The concept of

different subcellular pools of cAMP and cGMP, controlled by PDEs, regulating

different cellular functions is becoming increasingly important. Altered PDE expres-

sion in pathological states may alter these pools and thus the effects of these cyclic

nucleotides. Thus, understanding the role of PDEs in regulating cyclic nucleotide

signaling in normal and pathological endothelial functions may be important for the

development of drugs targeting specific PDEs in order to treat diseases that are

caused by endothelial dysfunction.
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Abstract Intermittent claudication (IC) is one of the most frequent forms of lower

extremity peripheral arterial disease (PAD) and is most commonly caused by arterial

atherosclerosis. Its clinical manifestation includes fatigue, discomfort, or pain occur-

ring in limb muscles due to exercise-induced ischemia, thus limiting the ability of IC

patients to walk and exercise. In addition to lifestyle changes (diet, exercise, and

smoking cessation), pharmacological treatments are needed. Pathologically, athero-

sclerotic lesions cause a mismatch in oxygen supply and metabolic demand in the leg

muscles during walking/exercise. This subjects the muscles to repeated ischemia and

reperfusion injury that can alter structure and oxidative metabolism, resulting in
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insufficient utilization of oxygen supply. Despite extensive research efforts, cilostazol

and pentoxifylline are the only drugs indicated for relieving the symptoms of IC,

with cilostazol demonstrating significant improvement in walking distance and

quality of life in these patients. Originally developed as a PDE3 inhibitor, cilostazol

was later found to have several other pharmacological actions, and its success has

been attributed to its multifactorial actions on platelets, endothelium, smooth

muscle, and lipid profiles. Using cilostazol as an example, we discuss the rationales

and pitfalls of targeting PDEs in IC, and potential strategies for the development of

new and more effective pharmacological treatments.

Keywords Adenosine � Atherosclerosis � Cilostazol � Intermittent claudication �
Peripheral arterial disease � Phosphodiesterase

Abbreviation List

ABI Ankle-brachial index

AC Adenylyl cyclase

ADP Adenosine diphosphate

GC Guanylyl cyclase

Gi Inhibitory G-protein

GP Glycoprotein

Gs Stimulatory G-protein

IC Intermittent cladication

NO Nitric oxide

PAD Peripheral arterial disease

PDE Phosphodiesterease

TXA2 Thromboxane A2

VSMC Vascular smooth muscle cell

1 Overview of Intermittent Claudication

Peripheral arterial disease (PAD) is a common manifestation of systemic athero-

sclerosis. Age, cigarette smoking, and diabetes mellitus are the major risk factors,

along with hyperlipidemia, hypertension, and hyperhomocysteinemia. Many people

with this disease are asymptomatic, but about one third of patients with PAD of

the lower extremities have intermittent claudication (IC) (Hiatt 2001). IC limits the

ability to walk and perform daily activities and severely affects the quality of life

of patients. The severity of claudication progresses slowly, and patients may eventu-

ally develop critical limb ischemia, with substantial risk of limb loss.

212 Y. Liu et al.



1.1 Pathophysiology of IC

Typical symptoms of IC are leg-muscle fatigue, discomfort, or pain on exertion that

are relieved with rest. The underlying pathophysiology involves a limitation in

blood supply during walking/exercise leading to repeated ischemia-reperfusion

injury and dysfunctional skeletal muscle metabolism (Fig. 1). Individuals with IC

have sufficient blood flow to the leg at rest so that limb ischemic symptoms are

absent. However, during walking, the oxygen demand in the leg skeletal muscle is

increased and in atherosclerotic arteries such demand cannot be met by increasing

blood flow. Continued muscle performance must then rely on oxygen-independent

ATP production from phosphocreatine hydrolysis and glycolysis (Greenhaff et al.

2004). Ischemia and the accumulation of metabolic byproducts can lead to the rapid

onset of muscle pain and fatigue.

In addition to reduced blood supply, persistent pathophysiological changes occur

in the skeletalmuscle of IC patients as a consequence of repeated episodes of ischemia

and reperfusion injury. Histologically, patients with PAD have a lower portion of type

I muscle fiber and fewer capillaries per muscle fiber (Askew et al. 2005). Skeletal

muscle in these patients also demonstrates defectivemitochondrial function, including

the accumulation of acyl-coenzyme A intermediate and acylcarnitine, implying

Pathophysiology of IC

Mismatch of blood supply vs. 
demand during exercise

(arterial defect due to atherosclerosis)

Structural changes in muscle 
Insufficient metabolism 

Increase blood supply
by attacking atherosclerosis
(PDE3 inhibitors and statins)

Improve metabolism
(Exercise, Carnitine, PDE 

inhibitors?)

Future drugs

Reduced exercise capacity
Reduced quality of life

Fig. 1 Pathology of IC (gray box, top). Due to atherosclerosis, arteries are significantly narrowed,
resulting in reduced perfusion to the leg muscles during walking/exercise. Repeated ischemia and

reperfusion of the muscle causes pathological changes to the structure of the muscle and its energy

metabolism. The manifestation of these changes results in the symptoms of intermittent claudica-

tion (IC) and reduced quality of life. Future drug development may be directed toward improve-

ment of blood supply and normalization of muscle metabolism (white box, bottom)
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that acyl-CoA is not being efficiently oxidized, which can lead to reduced energy

production in the affected muscle (Hiatt 2004). Thus, defects in both the blood supply

and the muscle metabolismmay contribute to symptoms and reduced exercise perfor-

mance in IC patients.

1.2 Diagnosis

Diagnosis involves initial screening using the ankle-brachial index (ABI). ABI is

the ratio of systolic blood pressure in the ankle to blood pressure in the arm (Hirsch

et al. 2006). The severity of PAD can be classified using the Fontaine Staging

System. IC is categorized as stage 2 when the ABI is in the range of 0.4–0.9. The

gold standard for diagnosis and evaluation of IC is treadmill (exercise) testing. For

the best evaluation of a treatment regimen, two walking distances are valuable: the

initial claudication distance, i.e., the distance at which the patient first experiences

pain with exertion, and the absolute claudication distance, i.e., the distance at which

the patient can no longer ambulate (Mohler et al. 2001).

1.3 Management

There are generally two objectives for treatment of IC. The first is the overall

reduction of cardiovascular morbidity and mortality. PAD is an important manifes-

tation of systemic atherosclerosis, and thus a diagnosis often indicates an increased

atherosclerotic risk in other vascular areas. The severity of PAD is closely asso-

ciated with the risk of myocardial infarction, ischemic stroke, and death from

vascular causes (Hirsch et al. 2006). Thus, treatments in general should include

aggressive risk factor modification. Because atherosclerosis is the hallmark of PAD

and IC, lifestyle changes, such as smoking cessation and exercising, that can

alleviate and reduce the progression of atherosclerosis can often reduce cardiovas-

cular risk. Pharmacological treatments that improve lipid profiles, inhibit platelet

activation, and reduce blood pressure have also been shown to offer cardio- and

cerebral protection (Hankey et al. 2006; Hirsch et al. 2006).

The second objective involves treatment strategies specific to the clinical mani-

festation of IC: reduced walking capacity and quality of life. To this end, exercise is

the most established therapy for relief of symptoms associated with IC. The benefit

of exercise is most likely related to an improvement in muscle microcirculation,

endothelial function, and muscle metabolism, rather than an increase in blood

supply in the large vessels (Stewart et al. 2002). Other beneficial effects of exercise

include lowering of lipids, glucose, and blood pressure (Hirsch et al. 2006).

However, pharmacotherapies for risk reduction, such as statins, antiplatelet, and

blood pressure control have not demonstrated a clinically meaningful improvement

in walking distance and exercise capacity (Hiatt 2001). Currently, there are only
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two approved pharmacological agents in the USA that are indicated for relief of

IC symptoms and increased walking distance: cilostazol and pentoxifylline, with

cilostazol demonstrating superiority over pentoxifylline. The mechanisms underly-

ing their effects are not entirely clear, but both compounds have the property of

inhibiting phosphodiesterases (PDEs), albeit with different isoform selectivity and

potency. In this chapter, we use cilostazol as an example to discuss the potential

utilization and limitation of PDE inhibitors in the treatment of IC. We hope that this

will serve as a primer for future drug development in IC, and PAD in general, in the

search for improved drugs that can both reduce cardiovascular risk and improve

exercise capacity and quality of life.

2 Cells Contributing to Atherosclerosis

Since the root cause of PAD, including IC, is atherosclerosis, it is important to

understand the pathology of this process as summarized in Fig. 2. The major players

include endothelium, macrophages, platelets, lipid, and smooth muscle cells.

Smooth muscle cell

Endothelial cell 

Macrophage

Activated platelet

Foam cell

Subendothelial extracellular matrix

Laminar flow

thrombus

Turbulent flow

Fig. 2 Major players of arterial atherosclerosis. Endothelial damage is likely to be the initiating

event in plaque formation arising as a result of chemical forces such as oxidized low-density

lipoprotein, which can increase oxygen free radical production (Galle et al. 2000) and induce

endothelial cell apoptosis (Dimmeler et al. 1997). Damaged endothelium leads to the activation

and attachment of platelets, monocytes, and T lymphocytes at the site of the injury. Inflammatory

cytokines and growth factors, released by these cells as well as smooth muscle cells of the vascular

wall, promote the migration of monocytes and leukocytes into the subendothelial space. Macro-

phages, generated by differentiation of monocytes, then ingest oxidized lipid to form foam cells

and fatty streaks. Proliferating VSMCs along with the continuing influx and propagation of

macrophages converts fatty streaks to more advanced lesions and ultimately to a fibrous plaque

that protrudes into the arterial lumen. Arterial atherosclerosis also produces favorable conditions

for thrombosis to occur. Platelets may be attracted to the dysfunctional endothelium expressing

high levels of adhesion molecules or directly interact with subendothelial thrombogenic extracel-

lular matrix proteins. Hemodynamics also favor the formation of thrombi downstream of the

protruding plaque due to the low shear and turbulent flow (Nesbitt et al. 2009)
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Atherosclerosis is a progressive disease that evolves over a lifetime and ultimately

results in a fibrous plaque that protrudes into the arterial lumen (Madamanchi et al.

2005). An atherosclerotic plaque poses several problems to the patient. Significant

narrowing of the artery can reduce downstream blood flow, especially during

elevated demand as occurs in walking and exercising. Maximal vasodilation may

be unable to compensate, resulting in a mismatch in oxygen supply and metabolic

demand, leading to ischemia and accumulation of metabolic byproducts that can

cause the symptoms of IC. In addition, atherosclerotic vasculature may have

reduced relaxation capacity (Barton and Haudenschild 2001; Wang et al. 2002)

further exacerbating the situation. The narrowing of the vessel also increases the

risk of thrombus development in low-shear zones downstream of the plaque

(Nesbitt et al. 2009). Finally, an unstable plaque may rupture and the resulting

emboli may occlude arteries in other vascular sites. The rupture also exposes highly

prothrombogenic extracellular matrix components, including collagen, at the site,

and partial or complete thrombotic occlusion may occur.

3 PDE Expression and Effects of PDE Inhibition in Cells

Involved in Atherosclerosis

Cyclic nucleotides including cAMP and cGMP are major regulators of cellular

function in the cardiovascular system and likely influence atherosclerotic pathways.

Cyclic AMP and cGMP are produced by adenylyl and guanylyl cyclases (AC and

GC), respectively, and hydrolyzed by PDEs. The pharmacological inhibition of

PDEs increases intracellular levels of cyclic nucleotides. PDEs have been classified

into 11 genetically distinct families displaying different biochemical and pharma-

cological properties (Maurice et al. 2003; Bender and Beavo 2006; Conti and Beavo

2007).

In this section, we discuss the expression of PDEs in platelets, vascular smooth

muscle cells (VSMCs), endothelium, and adipocytes, all major contributors to

atherosclerosis and thus potential mediators of PAD, including IC. PDE expression

in macrophages and the effects of PDE inhibitors on inflammatory pathways are

discussed in Page and Spina (2011).

3.1 Platelets

Platelets play an important role in normal hemostasis. They respond to leaks in the

circulation and, acting in synergy with the coagulation system, form a thrombus

to stop the bleeding. However, under pathophysiological conditions, activation of

platelets (including adhesion, degranulation, and aggregation) and generation of

thrombi may reduce/block blood flow causing ischemia. Thrombosis is often
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caused by the exposure of collagen, the most thrombogenic constituent of the

subendothelial matrix. The interaction of platelet glycoprotein GPIb-V-IX receptor

complex via von Willebrand factor with exposed collagen initiates reversible

recruitment of platelets to the injured site. Subsequently, binding of platelet glyco-

protein (GP) VI and the inside-out activation of integrins, such as GPIa/IIa and

GPIIb/IIIa, results in the firm adhesion of platelets to the injured vessel wall.

Thereafter, a platelet plug is formed by the recruitment of additional platelets

from the circulation, by linking through GPIIb/IIIa and the release of the secondary

mediators, adenosine diphosphate (ADP) and thromboxane A2 (TXA2). These

agonists, together with locally produced thrombin, contribute to platelet activation

by stimulating receptors that couple to heterotrimeric G proteins (Gq and Gi). The

end result is the elevation of intracellular calcium, leading to platelet shape change

and to a further increase and production of local mediators that foster activation.

This, in turn, serves as a positive-feedback mechanism to amplify the initial signals,

ensuring the rapid activation and recruitment of platelets in the growing thrombus

(Jackson et al. 2009; Nieswandt and Watson 2003).

Many platelet antagonists that are currently in clinical use block only one

activation pathway: for example, ADP-receptor antagonists inhibit the ADP-

mediated pathway, while aspirin blocks the formation and secretion of TXA2.

However, elevation of intracellular cyclic nucleotides interferes with all known

platelet activation pathways, including adhesion, degranulation, aggregation, and

even downregulation of proinflammatory platelet surface molecules, an effect very

important for the prevention and development of atherosclerotic lesions (Schwarz

et al. 2001), making cyclic nucleotides attractive targets for inhibiting platelet

activation.

In platelets, three types of PDEs (PDE2, 3, and 5) have been detected. Among

these, inhibitors of PDE3 have been shown to be the most potent in inhibiting

platelet activation. These inhibitors include milrinone, cilostamide, enoxamide,

cilostazol, and NT-702 (Ishiwata et al. 2007). Thus, there has been much interest

in PDE3 inhibitors for blocking platelet activation. There are two subtypes of

PDE3, PDE3A, and 3B, with 3A being the predominant subtype in platelets

(Sun et al. 2007). Current PDE3 inhibitors inhibit both PDE3A and 3B. The effects

of cilostazol on platelets are discussed in more detail in Sect. 4.1. PDE2 inhibitors

have been reported to have no effect on platelet activation (Dunkern and Hatzelmann

2005; Zhang and Colman 2007). Although PDE5 inhibitors are able to potentiate

nitric oxide donor-mediated inhibition of platelet activation (Gudmundsdottir et al.

2005; Schmidt et al. 2001; Wilson et al. 2008), contradictory findings have been

reported on the effect of PDE5 inhibitors alone, with some studies reporting

inhibition (Chiu et al. 1997; Gudmundsdottir et al. 2005) and others reporting a

lack of inhibition of platelet activation (Dunkel et al. 2007; Schmidt et al. 2001;

Wilson et al. 2008). However, in those studies that demonstrating a PDE5 inhibitor-

mediated suppression of platelet activation, it is not clear whether this effect is

due directly to cGMP-dependent protein phosphorylation or to an indirect effect

involving cGMP-mediated inhibition of PDE3 via cGMP’s competition for cAMP

hydrolysis at the active site of PDE3 (Maurice 2005; Zaccolo and Movsesian 2007).
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The latter elevates cAMP indirectly, and could explain the observed inhibition of

platelet activation by PDE5 inhibitors.

3.2 Vascular Smooth Muscle Cells

VSMCs have been defined to exist in two distinct phenotypes: (1) the contractile/

quiescent state, which functions primarily to regulate blood vessel size in healthy

undamaged blood vessels, and (2) the proliferative/migratory state, which is asso-

ciated mainly with the development of pathological conditions (Maurice et al.

2003), such as the development of plaque and restenosis (renarrowing of an artery

previously treated by angioplasty or stenting). Both cAMP and cGMP can produce

relaxation of VSMCs. While PDEs 1, 2, 3, 4, and 5 are reportedly expressed in

VSMCs (Maurice et al. 2003), only inhibitors of PDE3 and 5 have demonstrated

significant effects on relaxation. PDE3 inhibitors produce broad vasodilatory

effects in vitro and in vivo. Vasorelaxation by PDE5 inhibitors is more profound

in the penile corpus cavernosum and the pulmonary arteries. PDE3 inhibitors, in

particular cilostazol, reduce VSMC proliferation in vitro and significantly slow the

restenosis process in animals and patients (see Sect. 4.1.3.1). Thus, PDE3 inhibitors

can modulate both phenotypes of VSMCs by relaxing the contractile cells and

inhibiting the proliferative cells.

3.3 Endothelium

The expression of PDEs in vascular endothelium varies depending in different

vascular beds, with PDEs 2, 3, 4, and 5 as the most often detected (Keravis et al.

2007; Netherton and Maurice 2005). The expression levels are also influenced by

the phenotypic state (quiescent as in the healthy state, and proliferative as in the

angiogenic state) (Keravis et al. 2007), and in vitro culture conditions (Ashikaga

et al. 1997). Elevation of cAMP via inhibition of PDE4 inhibits cell proliferation,

migration, and cell cycle progression in vascular endothelial cells (Keravis et al.

2007; Netherton and Maurice 2005). Similar effects have also been observed using

PDE5 inhibitors (Zhu et al. 2005). In addition, increases in cAMP via inhibition of

either PDE3 (Yang et al. 2006; Torii et al. 2007) or PDE4 (Sanz et al. 2007;

Thompson et al. 2002) resulted in decreased leukocyte–endothelium interaction

and a reduction of microvascular permeability. Thus, PDE3 and PDE4 inhibitors

may offer protection for the endothelium under ischemia or inflammatory stress.

3.4 Adipocytes

PDE3B is the major PDE isoform expressed in adipocytes, and its inhibition

increases lipolysis (Snyder 1999; Snyder et al. 2005). Increased lipolysis was
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observed in both milrinone-treated rats (Cheung et al. 2003) and PDE3B-null mice,

and consequently, fatty acid release was increased in these mice (Choi et al. 2006).

In contrast, cilostazol reduces plasma triglycerides (Elam et al. 1998; Nakamura

et al. 2003), suggesting that this effect may be mediated by a PDE3-independent

mechanism.

Figure 3 summarizes the effects of PDE3 inhibitors on cells involved in athero-

sclerosis. As discussed above, these effects may mitigate atherosclerosis-associated

diseases such as IC.

4 Pharmacotherapy for Claudication

Increasing walking distance by drug therapy has proved to be very challenging. As

summarized in the ACC/AHA 2005 practice guidelines (Hirsch et al. 2006),

vasodilators, including papaverine, prostaglandins (beraprost and iloprost), and

calcium-channel blockers, have not demonstrated clinical efficacy. Nutritional

supplements that exhibit vasodilatory or antioxidant properties, e.g., ginkgo biloba,

vitamin E, and L-arginine, have also failed in large clinical trials. Antiplatelet

agents, including aspirin and clopidogrel, which may reduce cardiovascular events,

do not increase walking distance. L-carnitine and propionyl-L-carnitine, which were

designed to facilitate the transfer of acyl groups from CoA into mitochondria and

improve energy utilization, were investigated in several small clinical studies

(Barker et al. 2001; Dal et al. 1999; Hiatt et al. 2001; Hiatt 2004). Although some

improvement in walking distance was observed, large clinical studies are lacking,

and neither drug is approved for this indication.

Currently, only cilostazol and pentoxifylline (for chemical structures, see Fig. 4)

are approved to relieve symptoms associated with IC and increase walking distance.

A head-to-head comparison between cilostazol and pentoxifylline has demon-

strated the superior efficacy of cilostazol (Dawson et al. 2000). While both com-

pounds are PDE inhibitors, cilostazol shows greater selectivity for PDE3 than

pentoxifylline (Table 1). Both cilostazol and pentoxifylline inhibit adenosine

PDE3
Inhibition

Platelet Activation
Adhesion molecule 

in endothelium

Vasodilation VSMC Proliferation

Fig. 3 Major effects from PDE3 inhibition in the vascular system. Due to the wide expression of

PDE3 in the cardiovascular system, PDE3 inhibitors exert a plethora of beneficial effects targeting

different cells involved in the atherosclerosis pathway
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uptake, but cilostazol is a much more potent inhibitor [IC50: 3–5 mM (Liu et al.

2000) vs. >100 mM for pentoxifylline (de la Cruz et al. 1993)].

4.1 The Success Story of Cilostazol

4.1.1 Clinical Studies Leading to the Approval of Cilostazol

for Relief of IC Symptoms

In the early 1990s, Otsuka began to evaluate the effect of cilostazol to increase

walking distance in IC patients. Results from clinical trials in the USA in patients

with moderate-to-severe IC demonstrated that cilostazol significantly increased

pentoxifyllineCilostazol

K-134 (OPC-33509) NM-702 (NT-702)
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N
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Fig. 4 Chemical structures of PDE inhibitors that have been evaluated for the treatment of

intermittent claudication

Table 1 IC50 (mM) of PDE inhibitors developed for use in treatment of intermittent claudication

PDE 1 2 3A 3B 4 5

Cilostazol >100 (Sudo
et al.
2000)

45.2 (Sudo
et al.
2000)

0.2 (Sudo et al.
2000)

0.38 (Sudo
et al. 2000)

88.0 (Sudo
et al. 2000)

4.4 (Sudo et al.
2000)

Pentoxifyllinea >100a >100a 30 ~ 100a 44a

NT-702
(NM-702)

3,340
(Ishiwata
et al.
2007)

137 (Ishiwata
et al.
2007)

0.179
(Ishiwata
et al.
2007)

0.260
(Ishiwata
et al. 2007)

1,240
(Ishiwata
et al. 2007)

87.2 (Ishiwata
et al. 2007)

K-134 (OPC-
33509)

>300 (Sudo
et al.
2000)

>300 (Sudo
et al.
2000)

0.10 (Sudo
et al.
2000)

0.28 (Sudo
et al. 2000)

>300 (Sudo
et al. 2000)

12.1 (Sudo
et al. 2000)

Values were obtained using recombinant human PDEs expressed in Sf9 insect cells. For details,

please see corresponding references. Also, isoform-specific values for particular PDE families are not

listed, except for PDE3. In general, these inhibitors do not discriminate between different isoforms
aValues for pentoxifylline were obtained from Caliper Life Sciences website http://www.caliperls.

com/assets/022/8270.pdf (last access on Dec 2009)
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walking distances on the treadmill and improved quality of life in comparison with

placebo (see review by (Kambayashi and Liu 2007)). This led to the approval of

cilostazol in the USA, and subsequently several EU countries, for the relief of

symptoms of IC and improvement in walking distance.

4.1.2 Mechanisms of Cilostazol

Cilostazol is a 2-oxo-quinoline derivative that was synthesized in 1983 by Otsuka

Pharmaceutical Company, Tokushima, Japan (Nishi et al. 1985) as a PDE3 inhibitor.

The biological effects of cilostazol that may potentially be relevant to the treatment

of IC are discussed below. However, the exact mechanisms underlying the observed

benefits have not yet been fully elucidated.

Antiplatelet and Vasodilatory Effects

The antiplatelet effect of cilostazol has been reviewed extensively elsewhere

(Goto 2005; Kambayashi and Liu 2007). Cyclic AMP-mediated effects inhibit the

common pathways of platelet activation, and so inhibition by cilostazol has a broad-

spectrum of effects irrespective of the platelet activator that is used: ADP, collagen,

epinephrine, arachidonic acid, thrombin receptor activating peptide, and shear

stress-induced platelet activation.

Compared to the substantial research that has been conducted on the antiplatelet

effects of cilostazol, its effects on vasodilation have been less well investigated.

Studies have shown that cilostazol has broad vasodilatory effects, but with variable

magnitude in different vascular beds. Vasodilation was reported to be most potent

in femoral arteries (Kimura et al. 1985). In a recent investigation, we reported that

cilostazol was able to increase tissue blood flow in working leg muscle, while

having no effect on resting muscle (Fong et al. 2010).

Additional Mechanism: Inhibition of Adenosine Uptake

In addition to PDE3 inhibition, we found that cilostazol inhibits adenosine uptake

and increases interstitial and circulatory adenosine levels in ischemic tissue

(Liu et al. 2000; Manickavasagam et al. 2007; Sun et al. 2002; Wang et al. 2001).

A later study confirmed this observation by showing that cilostazol can increase

tissue adenosine levels during ischemia (Manickavasagam et al. 2007). Adenosine

possesses a wide range of biological activities that are mediated via the activation of

G-protein-coupled adenosine receptors. In platelets and VSMCs, Gs-coupled aden-

osine A2 receptors dominate, and their stimulation increases intracellular cAMP.

Thus, cilostazol can both increase the production and inhibit the breakdown of cAMP

in platelets and VSMCs resulting in a sustained increase in the level of intracellular

cAMP (Kambayashi et al. 2003; Kambayashi and Liu 2007; Liu et al. 2001).
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In contrast, cardiac myocytes express mainly Gi-coupled adenosine A1 receptors,

activation of which reduces cAMP generation, thus limiting the inhibition of PDE3

in the heart. This unique feature may contribute to the safety profile of cilostazol

(see Sect. 4.1.5).

4.1.3 Other Effects

In addition to its vasodilatory and inhibitory effects on platelet activation, other

beneficial effects of cilostazol, resulting from PDE3-depedent and -independent

actions, are discussed below.

Reduction of Restenosis

Proliferation and migration of VSMCs contribute to the growth of atherosclerotic

lesions and narrowing of the vascular lumen. In addition to numerous small

controlled studies (see Kambayashi and Liu 2007), one large clinical study (The

Cilostazol for RESTenosis (CREST) trial) clearly demonstrated a reduction in

restenosis when cilostazol was administered (Douglas et al. 2005). PDE3 inhibition

and increases in intracellular cAMP levels are likely the causes of inhibition of

restenosis since several studies have demonstrated PDE3 inhibitors can inhibit

VSMC proliferation (Indolfi et al. 2000; Osinski and Schror 2000; Zhao et al.

2008). However, it remains to be determined whether the mechanism of cilostazol’s

action actually slows the progression of atherosclerosis or inhibits VSMC prolifer-

ation in IC patients.

Effects on Endothelium

Two studies have shown that cilostazol can increase PGE1 (Igawa et al. 1990) and

PGI2 (Ito et al. 2010) release from vascular endothelial cells. These prostaglandins

can stimulate Gs to increase cAMP production and are thus likely to synergize with

PDE3 inhibitors as demonstrated by Igawa’s study (Igawa et al. 1990) on inhibition

of platelet activation. In addition, cilostazol has been shown to reduce both high-

glucose-mediated expression of adhesion molecules in endothelium (Omi et al.

2004) and platelet-derived growth factor production (Mizutani et al. 1996). Cilos-

tazol can also inhibit leukocyte adhesion to endothelium (Mori et al. 2007; Omi

et al. 2004). Protection of the endothelium by cilostazol has also been observed

following injury induced by ischemia (Iwama et al. 2007) or lipopolysaccharide

(Kim et al. 2002). It remains to be determined whether the protective effects of

cilostazol on the endothelium are due to PDE3-dependent or independent actions,

or both. One study has confirmed the involvement of cAMP-mediated signaling

pathways in the modulation of endothelial cells adhesive interactions by cilostazol

(Mori et al. 2007). Since endothelium plays an important role in atherosclerosis and
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thrombosis, the effect of cilostazol to protect against endothelial damage may

contribute substantially to its overall efficacy.

Effects on Lipid Metabolism

Hyperlipidemia is one of the risk factors for PAD, and it is interesting that cilostazol

has favorable effects on the plasma lipid profile. Following 12 weeks of cilostazol

treatment, plasma levels of triglycerides were decreased and high-density lipopro-

tein cholesterol and apolipoprotein A1 were increased while remnant lipoprotein

concentrations were decreased in IC patients (Elam et al. 1998; Wang et al. 2003).

Furthermore, cilostazol seems to be particularly effective in improving lipid meta-

bolism in type 2 diabetes patients (Ikewaki et al. 2002; Ishikawa et al. 1997;

Mishima et al. 2000; Takayoshi et al. 2001; Tamai et al. 1992; Watanabe et al.

1996). However, there is insufficient information to determine whether these

beneficial effects are the result of cAMP-mediated mechanisms.

Protection Against Ischemia/Reperfusion Injury

Leg muscles in IC patients are expected to experience periods of ischemia during

walking/exercise. Thus, treatments that can reduce ischemia-induced tissue injury

may be beneficial. Preclinical studies have shown such protection by cilostazol in

cardiac muscle. Cilostazol reduced myocardial infarct size after ischemia and

reperfusion (Fukasawa et al. 2008; Manickavasagam et al. 2007). However, this

protection may not be related to PDE3 inhibition, as milrinone, a PDE3 inhibitor,

demonstrated no protection (Fukasawa et al. 2008). Reduction of cerebral infarction

by cilostazol after stroke has also been reported in numerous studies (Choi et al.

2002; Honda et al. 2006; Ito et al. 2010; Lee et al. 2004;Wakida et al. 2006; Yuzawa

et al. 2008). However, the data also pointed to PDE3-independent mechanisms

being involved in the neuroprotection by cilostazol (Lee et al. 2004; Wakida et al.

2006). These mechanisms include an increase in adenosine levels (Manickavasagam

et al. 2007), activation of calcium-activated potassium channels (Fukasawa et al.

2008; Lee et al. 2004) and metallothionein induction (Wakida et al. 2006).

Nitric Oxide

Several studies have reported the ability of cilostazol to increase NO release from

endothelial cells (Nakamura et al. 2001), through PDE3 inhibition (Hashimoto et al.

2006). Similar effects have also been reported in other cell types and in vivo (Ikeda

et al. 1996; Inada et al. 1999; Manickavasagam et al. 2007). This may be an

important part of cilostazol’s action, since a reduction in NO availability impairs

vascular relaxation and accelerates the progression of atherosclerosis (Barton

and Haudenschild 2001; Loscalzo 2001; Traupe et al. 2003). NO activates the

soluble (NO-sensitive) GC, thus increasing production of cGMP. Another possible
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mechanism resulting in elevation of cGMP by cilostazol is via inhibition of PDE5.

Inhibition of PDE5 expressed in insect cells (IC50 of 4.4 mM) has been reported

for cilostazol (Sudo et al. 2000). However, we did not observe an inhibitory effect

of cilostazol on recombinant human PDE5 expressed in mammalian cells (unpub-

lished observation). If indeed cilostazol elevates cGMP in cells involved in athero-

sclerosis, either via NO release or PDE5 inhibition, this effect could potentially

contribute to its therapeutic efficacy, as cGMP has very broad biological effects

(Kemp-Harper and Schmidt 2009; Tsai and Kass 2009), with some of these effects,

including vasodilation, antiplatelet and endothelium protection, being similar to

those of cAMP. Furthermore, cross-talk between cAMP and cGMP signaling path-

ways may also be involved in modulating these cellular functions (Zaccolo and

Movsesian 2007). Section 5 discusses the attempts to evaluate potential benefits of

cGMP elevation for the treatment of IC.

4.1.4 Minimal Bleeding Risk with Cilostazol

Thrombosis and hemostasis share many similar molecular events. Thus, antiplatelet

therapies are usually associated with increased risk of bleeding. Cilostazol seems to

be an exception. Clinical studies have demonstrated no increase in bleeding risk in

patients treated with cilostazol, and no added risk if co-administered with other

antiplatelet agents, such as aspirin and clopidogrel (see review by Goto 2005). The

lack of effect on bleeding is important as an increase in such events is associated

with major ischemic complications in PAD patients (van Hattum et al. 2009). There

is no obvious explanation for this unique property of cilostazol. Further studies are

warranted to understand this unique feature of cilostazol so the knowledge can be

applied in future drug development.

4.1.5 Class Effect of PDE3 Inhibitor on the Heart

The development of PDE3 inhibitors has been hindered by the observation that

some inhibitors including milrinone worsen mortality in heart failure patients [more

details in Movsesian and Kukreja (2011)]. Because of this, patients with heart

failure with any severity were excluded in clinical trials for cilostazol, and its use

has been contraindicated in patients with heart failure. All cause and cardiovascular

mortality were compared in IC (excluding those with heart failure) patients taking

cilostazol or placebo in a phase IV study (Hiatt et al. 2008). No indication of

increased mortality was associated with the use of cilostazol in these patients. The

finding that cilostazol elevates extracellular adenosine has been suggested to

alleviate any potentially toxic effects arising from excessive cAMP elevation

caused by PDE3 inhibition in the heart (Wang et al. 2001). This can be explained

by the predominance of adenosine A1 receptors, which inhibits AC via the stimula-

tion of Gi, in cardiac myocytes (Kambayashi and Liu 2007).
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4.1.6 Summary

Cilostazol has multiple activities; some are mediated through inhibition of PDE3,

while others are caused by different mechanisms. The inhibitory effect of cilostazol

on PDE3, together with its effects on signaling through adenosine, prostaglandins

and NO on platelets, VSMCs, and endothelium (Fig. 5), likely contributes to its

overall benefits in IC patients. Nevertheless, the exact underlying mechanisms are

still unidentified. Direct measurement of blood flow after cilostazol treatment has

not been attempted in IC patients. Using ABI as an indirect evaluation of blood

supply to the leg, one study showed an improvement after several weeks of

treatment with cilostazol (Mohler et al. 2001), while another study demonstrated

no effect (Dawson et al. 1998). The increase in walking distance by cilostazol also

required weeks of treatment (Beebe et al. 1999; Dawson et al. 1998), suggesting
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Fig. 5 Possible PDE-independent actions for cilostazol in the ischemic zone (a) and potential

actions relating to PDE3 inhibition in the affected cells (including VSMCs, platelets, and endo-

thelium) (b). A: Atherosclerosis results in the stenosis and narrowing of the artery. Thrombi can

also form downstream of the lesion site. In the IC patients, ischemia can be induced during

walking/exercise due to these pathological changes. Cilostazol can increase extracellular adeno-

sine (Ado), prostaglandin (PG) E1 and I2, and nitric oxide (NO) concentration. B: By activating

Ado A2A and prostaglandin receptors, adenosine and prostaglandin(s) stimulate adenylyl cyclases

(AC) to generate cAMP, which can be further elevated by the inhibition of PDE3. NO stimulates

cellular soluble GC that generates cGMP. cAMP and cGMP both have anti-aggregatory effects on

platelets, promote vasodilation and have cytoprotective properties. These effects likely work in

concert to produce the clinical benefits of cilostazol in IC patients. CLZ cilostazol, VSMC vascular

smooth muscle cells, Gs stimulatory G-protein
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a progressive modulation of the disease state. Thus far, no studies have investigated

the effect of cilostazol on muscle metabolism. While cilostazol can relieve symp-

toms associated with IC, it does not reverse or cure the disease and it has not been

associated with any improvement in mortality in the IC population (Beebe et al.

1999; Hiatt et al. 2008).

4.2 Pentoxifylline

Pentoxifylline was the first drug specifically approved for increasing walking

distance in IC patients and is a weak, nonselective PDE inhibitor (Table 1).

Mega-analyses of clinical trials found a marginal but statistical significant improve-

ment in pain-free and maximal walking distance (Girolami et al. 1999; Moher et al.

2000). Little is known about the mechanisms involved, but some studies have

suggested that pentoxifylline and its metabolites improve the flow properties of

blood by decreasing its viscosity (Ambrus et al. 1984; Berman et al. 1994; Ehrly

1978; Ferraresi et al. 1983; Ohshima and Sato 1981). This can theoretically increase

blood flow to the affected microcirculation and enhance tissue oxygenation in

patients with chronic PAD. However, in a more recent study, no such modification

of blood rheologic properties was found in patients treated with pentoxifylline

(Dawson et al. 2002). Regardless of the mechanism of action, inhibition of PDEs

by pentoxifylline, which occurs with low potency and specificity, is unlikely to

provide a significant contribution to pentoxifylline’s effects.

4.3 Other PDE3 Inhibitors Entering the IC Arena

Encouraged by the success of cilostazol, companies especially in Japan are devel-

oping new and more potent PDE3 inhibitors for IC. Nissan Chemical and Taisho of

Japan have evaluated NT-702 (NM-702, parogrelil, Fig. 4) for the treatment of IC.

NT-702 inhibits PDE3 very potently. It also inhibits PDE5 and platelet TXA2

synthase (Table 1). In a rat femoral artery ligation model, NT-702 increased

walking distance (Ishiwata et al. 2007). In a Phase II study, treatment with

NT-702 for 24 weeks was associated with improvement in walking distance

compared with placebo (Brass et al. 2006). The improvement was very similar to

that observed with the use of cilostazol. As with cilostazol, there was no significant

bleeding risk associated with the use of NT-702 in this study (Brass et al. 2006).

Another Japanese company, Kowa Pharmaceuticals, has developed a PDE3

inhibitor K-134 (OPC-33509, Fig. 3) which is under Phase II trial for IC. This

compound is a derivative of cilostazol and its inhibitory potency for PDE3 is similar

to that of cilostazol (Koga et al. 1998; Sudo et al. 2000) (Table 1). It is unknown

whether K-134 has any inhibitory effect on adenosine uptake, but it seems to

possess additional PDE-unrelated activity as one study found that it inhibited the
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binding of CD36 to type 1 collagen, whilst other PDE3 inhibitors do not (Ikenoya

et al. 2007).

5 Targeting PDEs for Treatment of IC in Future

Drug Development

Current pharmacotherapies for IC are limited and outcomes are far from optimal

with only modest relief of symptoms. None can reverse the progression of the

disease. In future drug development, PDE3 should still be considered a prime

target, as inhibition has a plethora of benefits on platelets and the vasculature.

However, the association of PDE3 inhibitors with unwanted cardiac effects and the

assumed class effect in heart failure patients (worsening of mortality) makes PDE3

inhibition a potential safety liability. Recent advances in studies on intracellular

compartmentalization of PDE isoforms in cardiac myocytes suggest that it is

possible to generate cAMP levels in local microdomains (Fischmeister et al.

2006; Hambleton et al. 2005; Movsesian 2002). This characteristic may enable

separation of the inotropic effect of PDE3 inhibitors from the arrhythmogenic and

other detrimental effects on the heart. However, designing isoform-selective PDE

inhibitors has proven difficult (Thompson et al. 2007) and identification of spatially

selective inhibitors (i.e., only inhibiting PDE3 in one compartment of the cell) is

likely to be even more challenging.

Synthetic analogues of prostacyclins such as beraprost and iloprost have been

evaluated on the basis of their ability to activate Gs and increase intracellular cAMP

in endothelium, platelets, and VSMCs. Some improvement in walking distance was

observed in small clinical studies (Lievre et al. 2000; Muller-Buhl et al. 1987), but

larger and two recent studies failed to confirm the effect on walking distance

(Creager et al. 2008; Mohler et al. 2003b).

Like cAMP, cGMP has also been a target for the treatment of IC, via the direct

activation of the soluble GC by the NO donor, L-arginine. However, the overall

benefits are largely negative (Boger et al. 1998; Oka et al. 2005; Wilson et al. 2007).

Ataciguat (HMR-1766), a NO-independent, soluble GC activator, developed by

Sanofi-Aventis (Schindler et al. 2006), was shown, in preclinical studies, to protect

coronary endothelium against ischemia/reperfusion (Kasseckert et al. 2009) and

inhibit platelet activation (Schafer et al. 2006). A clinical trial evaluated its effect

on patients with IC (ACCELA, clinicaltrials.gov). The trial results have not been

published, but in February 2009 development for this indication was terminated

without explanation (https://www.thomson-pharma.com). Another mechanism for

increasing intracellular cGMP is via inhibition of PDE5 as this enzyme is abundant

in VSMC and vascular endothelium, and has also been shown to be abundant in

platelets. In tissues thus far studied, PDE5 has the highest expression in the VSMCs

of the corpus cavernosum of the penis (Morelli et al. 2004), allowing inhibitors to

be effective in the treatment of male erectile dysfunction. However, at this time,

PDE5 inhibitors have not been evaluated in IC.
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6 Combinatorial Therapies for the Future

PAD including IC is often caused by underlying arterial atherosclerosis, and is a

complex disease resulting from multiple molecular abnormalities. Thus, targeting a

single defect by highly specific drugs may be less effective than using more

promiscuous or “dirty” drugs in treating such complex diseases (Frantz 2005).

Cilostazol may be an example of this latter category of drug because it has multiple

actions including inhibition of PDE3 (which targets platelets, VSMCs, and endo-

thelium), as well as increasing adenosine, prostaglandin, and NO concentrations.

Another advantage of multitargeted therapy is the possibility that potential unde-

sired side effects may be reduced through the interaction of different signaling

pathways. For example, in the case of cilostazol, increased adenosine accumulation

may reduce the positive cardiac inotropic and chronotropic effects caused by PDE3

inhibition (Liu et al. 2001; Wang et al. 2001).

A multitargeted approach can also be achieved through treatment of completely

different disease components. An on-going clinical trial is evaluating the effects of

combining cilostazol with L-carnitine (Clinicaltrials.gov) on walking distance in

patients with IC. Because cilostazol and L-carnitine may modify different aspects of

the disease, a combined therapy may have added benefits. Several studies have

investigated the effects of statins on walking distance and exercise performance

in IC patients. These studies reported either an improvement in walking distance

(Mohler et al. 2003a; Mondillo et al. 2003), or no effect (Bregar et al. 2009). Statins

are unlikely to have a direct effect on platelet and vascular functions, but the

improvement in lipid profile by statins may reduce the progression of atherosclero-

sis, thus alleviating the symptoms of IC. Since cilostazol and statins target different

cellular mechanisms, it is possible that a combination therapy may provide added

benefit. Indeed, two studies provide support for such a combination: one demon-

strated that cilostazol and atorvastatin protect the ischemic heart in a synergistic

fashion (Manickavasagam et al. 2007), and the other demonstrated that a combina-

tion of cilostazol and probucol, which lowers cholesterol by a different mechanism

from statins, was more effective in preventing atherosclerotic lesion formation than

the administration of each drug alone (Yoshikawa et al. 2008).

7 Summary

Intermittent claudication is most commonly caused by atherosclerotic arteries in the

leg limiting the patient’s ability to walk and exercise and severely reducing quality

of life. PDE3 is highly expressed in the cardiovascular system and inhibitors of

this enzyme have a plethora of effects that are beneficial for treatment of IC,

including the inhibition of platelet activation, relaxation of VSMCs, inhibition of

VSMC proliferation, and the modulation of lipid profiles. One of these inhibitors,

cilostazol, is approved for this indication as it significantly increases walking
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distance in IC patients. Inhibition of adenosine uptake by cilostazol may also

contribute to its efficacy and safety. While PDE3 inhibition is still being pursued

for the treatment of IC, improved treatment in the future may result from pharma-

cological targeting of multiple pathways. Finally, an optimal pharmacological

treatment should relieve both the symptoms of IC and reduce cardiovascular

morbidity and mortality.
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Abstract Compounds that inhibit the catalytic activity of cyclic nucleotide phos-

phodiesterases are used as therapeutic agents to increase intracellular cAMP and/or

cGMP content in cells or tissues of interest. In patients with heart failure, inhibitors

of enzymes in the PDE3 family of cyclic nucleotide phosphodiesterases are used to

raise intracellular cAMP content in cardiac muscle, with inotropic actions. These

drugs are effective in acute applications, but their long-term use has been compli-

cated by an increase in cardiovascular mortality in clinical trials. Inhibitors of

enzymes in the PDE5 family have been used to raise cGMP content in cardiac

muscle in animal models of pressure overload, chronic b-adrenergic receptor

stimulation, ischemic injury, and doxorubicin toxicity, and have been shown to

have antihypertrophic and cardioprotective actions. Recent experimental results

raise some question as to the likely applicability of these findings to humans, in

whose hearts PDE5 is present at much lower levels than those seen in animal

models, and raise the possibility of PDE1, a dual-specificity phosphodiesterase
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present at high levels in human myocardium, as an alternative target for inotropic

and cardioprotective actions.

Keywords cAMP � Cardiomyopathy � Cardioprotection � cGMP � Inotropy � PDE1 �
PDE3 � PDE5 � PDE4

1 PDE3 Cyclic Nucleotide Phosphodiesterases in Human

Myocardium

PDE3 isoforms constitute the majority of the membrane-associated cAMP-hydrolytic

activity and a large fraction of the cytosolic cAMP-hydrolytic activity in human

myocardium (Hambleton et al. 2005; Vandeput et al. 2007). These enzymes are

dual-specificity enzymes, hydrolyzing both cAMP and cGMP with high affinities

(Km ~ 0.1 mM). Their catalytic rates for cAMP are much higher than their catalytic

rates for cGMP; for this reason, they have generally been thought of primarily as

cGMP-inhibited cAMP phosphodiesterases. Inhibition of the cAMP-hydrolytic activ-

ity of PDE3 by cGMP has been shown to be involved in its regulation of delayed-

rectifier K+ currents and L-type Ca2+ currents in cardiac myocytes (Shimizu et al.

2002; Frace et al. 1993; Vandecasteele et al. 2001), and there is evidence that cGMP

may have inotropic effects in hypertrophic right ventricular myocardium that result

from PDE3 inhibition (Nagendran et al. 2007). It should be noted, however, that

the cGMP-hydrolytic activity of PDE3 comprises a significant fraction of the cGMP-

hydrolytic activity recovered in soluble (cytosolic) and particulate (membrane-

derived) fractions of human myocardium (Vandeput et al. 2007, 2009) (Fig. 1),

and the possible role of these enzymes as cGMP phosphodiesterases has, to our

knowledge, not been explored.

Within the PDE3 family, two genes – PDE3A and PDE3B – have been identified.

Most of the PDE3 activity in cardiac myocytes appears to consist of three isoforms –

PDE3A1, PDE3A2, and PDE3A3 – that appear to be generated from the PDE3A
gene through transcription and translation from alternative start sites (Fig. 2)

(Wechsler et al. 2002; Choi et al. 2001). As a result, the amino acid sequences of

these isoforms are identical except for differences in the lengths of N-terminal

sequence that are included. PDE3A1, the longest isoform, has thus far been found

only in cardiac myocytes and oocytes; in the former, this isoform is recovered

exclusively in membrane-derived particulate fractions (Han et al. 2006). PDE3A1

contains two membrane-localizing domains: “NHR1”, which consists of hydropho-

bic loops that insert into intracellular membranes, and “NHR2”, which appears to

be important in protein–protein interactions (Kenan et al. 2000; Shakur et al. 2000).

PDE3A1 also contains three sites – P1 (S293/S294), P2 (S312), and P3 (S428) –

that are phosphorylated, with overlapping specificities, by PKA, PKB, and PKC.

Two shorter isoforms, PDE3A2 and PDE3A3, are recovered in cytosolic as well

as membrane-derived and fractions. PDE3A2 lacks NHR1 and the upstream

phosphorylation site, while PDE3A3 lacks NHR1, NHR2, and the three phosphory-

lation sites. The three isoforms all contain the C-terminal catalytic region (CCR),
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and are identical with respect to catalytic activity and inhibitor sensitivity

(Hambleton et al. 2005).

There are conflicting reports regarding the level of PDE3 activity in normal and

failing human myocardium. In one study, the expression of PDE3 was reported

to be decreased in patients with dilated cardiomyopathy (Ding et al. 2005a).
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Fig. 2 PDE3A isoforms in human myocardium. Two messages appear to be generated by

transcription from alternate sites in the first exon of PDE3A. The longer message appears to be
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Others have found that levels of PDE3 activity are more or less comparable in

normal and failing human myocardium, or at least that the differences are not

statistically significant (Vandeput et al. 2009; Movsesian et al. 1991). The reasons

for the different results among these studies are not known.

2 PDE3 Inhibitors in the Treatment of Heart Failure

PDE3 inhibitors are used in the treatment of heart failure resulting from dilated

cardiomyopathy, a disease of several etiologies that is characterized by chamber

enlargement and a reduction in myocardial contractility related to a reduction in

b-adrenergic receptor-stimulated cAMP generation (Bristow et al. 1986). By inhi-

biting cAMP hydrolysis in cardiac muscle, PDE3 inhibitors “overcome” the reduc-

tion in intracellular cAMP content and increase myocardial contractility (Baim

et al. 1983; Sinoway et al. 1983; Uretsky et al. 1983; Jaski et al. 1985). PDE3

inhibition also raises cAMP content in vascular smooth muscle, where the conse-

quence is relaxation of smooth muscle myocytes and vasodilation. The vasodilatory

actions of PDE3 inhibitors contribute to some degree to the hemodynamic

responses to these agents, but the primary response that is sought in clinical

situations is inotropic rather than vasodilatory.

A large number of clinical trials of PDE3 inhibitors in patients with heart failure

have been carried out. Unfortunately, despite short-term inotropic effects, adverse

effects on mortality were common. In a recent meta-analysis covering every

published clinical trial of PDE3 inhibitors, the long-term administration of these

drugs was associated with an ~3%-per-year increase in cardiac mortality that

corresponded to a similar increase in the incidence of sudden death (Amsallem

et al. 2005) (Fig. 3). The fact that increases in mortality have also been observed in

patients treated with b-adrenergic receptor agonists while reductions in mortality

have been seen in patients treated with b-adrenergic receptor antagonists has led to
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the understanding that the reduction in cAMP-mediated signaling in failing hearts,

despite its negative effect on myocardial contractility, confers some advantages that

are forfeited when cAMP-raising therapeutic strategies are implemented (for

review, see (Movsesian and Bristow 2005)). Most of the studies showing increased

mortality with PDE3 inhibition were carried out before the implantation of cardiac

defibrillators in patients with dilated cardiomyopathy became standard therapy, and

it is possible that these adverse effects would be less of an issue in patients with

defibrillators. In addition, several studies suggest that the concomitant administra-

tion of antiarrhythmic agents can improve clinical outcomes in patients receiving

long-term PDE3 inhibition, but this has not, to our knowledge, been tested in a

large, randomized prospective trial (Nanas et al. 2004; Drakos et al. 2009).

The specific molecular mechanisms to which the inotropic and proarrhythmic

consequences of PDE3 inhibition are attributable have not been established with

certainty, but inotropic effects are likely to result from increases in the phosphory-

lation of several membrane-bound substrates of protein kinase A. Phosphorylation

of L-type Ca2+ channels increases Ca2+ influx during systole (Sculptoreanu et al.

1993); phosphorylation of ryanodine-sensitive Ca2+ channels increases Ca2+ release

by the sarcoplasmic reticulum (Takasago et al. 1989); and phosphorylation of

phospholamban blocks its inhibitory interaction with SERCA2, the Ca2+-transporting

ATPase of the sarcoplasmic reticulum, resulting in an increase in Ca2+ accumula-

tion during diastole (Simmerman and Jones 1998). These actions increase the

amplitude of intracellular Ca2+ transients, which are attenuated in dilated cardio-

myopathy (Beuckelmann et al. 1992). Studies in animal models suggest that the

phosphorylation of phospholamban may be the most therapeutically relevant of

these mechanisms. Depletion of phospholamban and expression of a nonfunctional

mutant form of the protein – which mimics the stimulation of SERCA2 activity

seen with phospholamban phosphorylation – increase contractility in cultured

cardiac myocytes, while germline ablation of phospholamban, knockdown with

antisense RNA and expression of anti-phospholamban antibody-derived proteins

improve contractile function and prevent pathologic remodeling (Minamisawa et al.

1999; He et al. 1999; Hoshijima et al. 2002; Iwanaga et al. 2004; Eizema et al. 2000;

Watanabe et al. 2004; Suckau et al. 2009; Dieterle et al. 2005; Meyer et al. 2004).

Less is known about the molecular mechanisms responsible for the adverse long-

term effects of PDE3 inhibition. It is not clear whether the increase in arrhythmias

and sudden death observed in clinical trials is due to proarrhythmic consequences of

the increase in intracellular Ca2+ cycling or to a cAMP-mediated acceleration

of pathologic remodeling. The reductions in sudden death seen in clinical trials of

angiotensin-converting enzyme inhibitors, isosorbide dinitrate/hydralazine, and

b-adrenergic receptor antagonists may be evidence for the latter explanation

(Amsallem et al. 2005). Pathologic remodeling has been associated with an increase

in apoptosis in human disease and in animal models (for review, see Dorn 2009).

Recent studies in rats suggest that PDE3 inhibition has proapoptotic consequences

associated with a sustained increase in the expression of inducible cAMP early

repressors (“ICERs”), and that this effect is mediated through the phosphorylation

of the transcription factor CREB by PKA (Ding et al. 2005a, b; Yan et al. 2007).
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3 Altered PDE4 Activity and Heart Failure

While the focus of this chapter is on phosphodiesterase inhibition and heart failure,

it is worth noting the possible involvement of another phosphodiesterase in this

disease. A leak of sarcoplasmic reticulum-sequestered Ca2+ through ryanodine-

sensitive Ca2+ channels has been identified as a possible pathogenetic mechanism

in heart failure in humans, and this leak has been associated with hyperphosphory-

lation of these channels (Nimer et al. 1995; Reiken et al. 2003; Marx et al. 2000).

PDE4D3, a cAMP-specific phosphodiesterase present at relatively low levels

in human myocardium, co-immunoprecipitates with ryanodine-sensitive Ca2+

channels, and the activity of ryanodine-sensitive Ca2+ channel-bound PDE4D3 is

significantly decreased in patients with heart failure (Lehnart et al. 2005). This

decrease in associated PDE4D3 activity might explain the hyperphosphorylation

of the ryanodine-sensitive Ca2+ channels. These findings are evidence of a potential

adverse effect of PDE4 inhibition in heart failure. The consideration at this point is

hypothetical, as PDE4 inhibitors are not used in the treatment of cardiovascular

disease.

4 Effects of PDE5 Inhibition in Cardiac Disease

Enzymes in the PDE5 family are characterized by their high selectivity and

moderately high affinity for cGMP (KM ~ 2.0 mM) and by their importance in the

regulation of vascular smooth muscle contraction. One gene, PDE5A, gives rise to

three isoforms, of which two, PDE5A1 and PDE5A2, are expressed in heart (Lin

et al. 2002). PDE5 inhibitors such as sildenafil increase intracellular cGMP content

in vascular smooth muscle cells, and the resulting potentiation of cGMP-mediated

vasodilatory responses is the basis for their use in the treatment of erectile dysfunc-

tion and pulmonary hypertension (Francis and Corbin 2005; Kass et al. 2007;

Movsesian et al. 2009). These subjects are covered elsewhere in this volume.

More recently, investigators have been studying effects that are more likely

attributable to the inhibition of PDE5 activity in cardiac muscle itself (as opposed

to effects that can be attributed to the vasodilating effects of PDE5 inhibition).

Sildenafil blocks the development of isoproterenol-induced cardiac hypertrophy in

rats, an effect that is accompanied by an increase in survival (Hassan and Ketat 2005).

Similar observations have been made in mice, where sildenafil blocks and reverses

the development of hypertrophy following aortic constriction (Takimoto et al. 2005;

Nagayama et al. 2009). Other benefits have been demonstrated in models of myo-

cardial infarction, and sildenafil has been shown to reduce infarct size following

ischemic injury in rabbit and mouse models (Ockaili et al. 2002; Salloum et al. 2003).

Sildenafil protects against the apoptotic consequences of hypoxia in isolated mouse

ventricular myocytes (Das et al. 2005), and antiapoptotic and survival benefits of

sildenafil have been demonstrated in mice whose left anterior descending coronary

arteries were ligated (Salloum et al. 2008). Finally, sildenafil has been shown to have
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antiapoptotic effects and to protect against the development of contractile dysfunc-

tion in a mouse model of doxorubicin toxicity (Fisher et al. 2005). While the

mechanisms of these effects in different models cannot be assumed to be identical,

they all appear to be dependent upon increases in intracellular cGMP content and the

consequent activation of protein kinase G (PKG) (Salloum et al. 2003; Nagayama

et al. 2008; Das et al. 2008). Downstream signaling pathways involving calcineurin/

NFAT, phosphoinositide-3 kinase (PI3K)/Akt, and ERK have been implicated, and

evidence for the role of ERK phosphorylation and the induction of NO synthases and

Bcl-2 in the cardioprotective effects following ischemic injury is especially strong

(Takimoto et al. 2005; Das et al. 2008, 2009). The vasodilatory action of PDE5

inhibitors could potentially release endogenous mediators of cardioprotection,

including adenosine and bradykinin, that trigger a signaling cascade that includes

the activation of protein kinase C and generation of NO by phosphorylation of eNOS

(Das et al. 2009). NO activates guanylyl cyclase resulting in enhanced formation of

cGMP, which activates PKG (Das et al. 2008; Salloum et al. 2009).

One mechanism by which PKG induces cardioprotection is the ERK-dependent

opening of mitochondrial KATP (mitoKATP) channels (Das et al. 2009). MitoKATP

channels feature prominently in the mechanism of cardioprotection because their

opening partially depolarizes mitochondrial membranes; this leads to an attenuation

of mitochondrial calcium accumulation during ischemia by decreasing the driving

force for Ca2+ uptake (Liu et al. 1998). Also, it has been shown that sildenafil causes

PKG-dependent phosphorylation and inactivation of glycogen synthase kinase 3ß

(GSK3b) in conjunction with an increase in Bcl-2/Bax ratio in cardiac myocytes

and in the intact heart (Das et al. 2008). Inhibition of GSK-3b delays the opening of

the mitochondrial permeability transition (MPT) pore, a large-conductance pore in

the inner mitochondrial membrane that is opened under conditions associated with

ischemia/reperfusion, such as high matrix reactive oxygen species and high matrix

calcium (Juhaszova et al. 2004). MitoKATP opening also inhibits MPT and

decreases cell death through mechanism involving activation of mitochondrial

PKC-e (Garlid et al. 2009). Moreover, pharmacological inhibitors of MPT have

been shown to reduce ischemia/reperfusion injury, suggesting that activation of

MPT might have a role in ischemia/reperfusion-mediated cell death (Lim et al.

2007). Thus, the PKG-dependent opening of mitoKATP channels or phosphorylation

of GSK-3b, with subsequent blocking of MPT, may have significant therapeutic

implications in protection against ischemia-reperfusion injury with sildenafil and

other PDE5 inhibitors (Fig. 4).

5 Possible Involvement of PDE1 Inhibition in the Effects

of Sildenafil

The benefits of PDE5 inhibition in mouse models would be impressive if applicable

to the treatment of cardiac disease in humans, but there is reason to question whether

this is likely. In studies of cyclic nucleotide phosphodiesterases in normal human
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myocardium, PDE5 seemed to be present at low levels compared to other cGMP-

hydrolytic activities, though other reports indicated that PDE5 expression increased

in pathologic human myocardium (Hambleton et al. 2005; Vandeput et al. 2007;

Nagendran et al. 2007; Pokreisz et al. 2009). Recently, the contribution of PDE5 to

cGMP-hydrolytic activity in the left ventricles of mice with normal hearts and mice

with heart failure as a result of myocardial infarction was compared to its contribu-

tion to cGMP-hydrolytic activity in normal and failing human left ventricles. In

normal mice, PDE5 comprised ~ 22% of the Ca2+/calmodulin-independent cGMP-

hydrolytic activity of the left ventricles; the percentage was ~ 43% in failing mouse

hearts. In left ventricular myocardium from normal and failing human hearts, in

contrast, PDE5 comprised � 5% of the Ca2+/calmodulin-independent cGMP-

hydrolytic activity (Vandeput et al. 2009). This large difference in the relative levels

of PDE5 in mouse and human myocardium raises some doubt as to whether PDE5

inhibition is as likely to be as beneficial in humans as in mouse models.

At the same time, while sildenafil is generally regarded as PDE5-selective, its

potency as an inhibitor of PDE5 is only ~30-fold higher than its potency as an

inhibitor of PDE1 (Vandeput et al. 2009). Enzymes in the latter family are character-

ized by their activation by Ca2+ and calmodulin and their moderately high affinity for

cGMP and, for some isoforms, cAMP (Bender 2007). PDE1 is present in high

abundance in human left ventricular myocardium (Fig. 1) and in mouse left ventricu-

lar myocardium. In several of the studies showing cardioprotective effects in mouse

hearts, sildenafil was used at concentrations � 1.0 mM (Nagendran et al. 2007; Das

et al. 2005; Fisher et al. 2005; Pokreisz et al. 2009; Takimoto et al. 2007), and at this

concentration its inhibition of cGMP-hydrolytic activity in mouse left ventricles is
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attributable to inhibition of both PDE5 and PDE1 (Vandeput et al. 2009). This finding

would suggest that inhibition of PDE1 may have contributed to sildenafil’s potentia-

tion of cGMP-mediated signaling and its consequent cardioprotective actions in

animal models. A recent study in mouse models has, in fact, shown that PDE1

inhibition was effective in blocking phenylephrine-induced hypertrophy of cardiac

myocytes in vitro and isoproterenol-induced hypertrophy in vivo (Miller et al. 2009).

These effects were additive with those of sildenafil, raising the possibility that the

antihypertrophic effects of PDE5 inhibition and of PDE1 inhibition involve different

mechanisms.

6 Conclusions

The role for phosphodiesterase inhibitors in the treatment of cardiac muscle disease

is unclear. The use of PDE3 inhibition to raise intracellular cAMP content is a

widely accepted approach to acute decompensation in patients with heart failure,

but its usefulness as an option for long-term therapy is controversial. The large

number of studies whose results, taken together, show an increase in sudden death

in patients treated with PDE3 inhibitors have led most clinicians to try to avoid the

chronic use of these agents and most pharmaceutical companies to “pass” on

investing in new approaches to PDE3 inhibition.

At this time, there is probably much more interest in the cardioprotective actions

of inhibiting cGMP-hydrolytic activity in cardiac myocytes. The benefits seen with

sildenafil in animal models of cardiac disease are very impressive, and there is

growing insight into the downstream mechanisms that are involved. The low

abundance of PDE5 in human myocardium relative to the animal models is a

cause for some concern regarding the therapeutic potential of PDE5 inhibition in

cardiac muscle disease, at least with regard to direct myocardial actions. The results

of ongoing clinical trials of sildenafil in humans with heart failure are likely to

provide greater insight. The possibility that the benefits of potentiating cGMP-

mediated signaling demonstrated in these animal models might alternatively be

achieved through inhibition of other cGMP-hydrolytic enzymes, especially PDE1,

is a very new concept that warrants further investigation.
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Abstract Pulmonary hypertension in the neonate is associated with multiple

underlying problems such as respiratory distress syndrome, meconium aspiration

syndrome, congenital diaphragmatic hernia, bronchopulmonary dysplasia, sepsis,

or congenital heart disease. Because of the heterogeneous group of disorders, the

therapeutic approach and response often depends on the underlying disease. In

many of these conditions, there is evidence that cyclic nucleotide signaling and

specifically phosphodiesterases (PDEs) are disrupted. PDE inhibitors represent an

emerging class of pulmonary vasodilators in adults. Studies are now under way to

evaluate the utility, efficacy, and safety of such therapies in infants with pulmonary

hypertension.
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Abbreviations
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1 Phosphodiesterases in the Pathophysiology of Neonatal

Pulmonary Hypertension

1.1 Normal Pulmonary Vascular Transition

Pulmonary hypertension is normal during fetal life. Because the placenta, not the

lung, serves as the organ of gas exchange, only 10% of the cardiac output is

circulated through the pulmonary vascular bed. In utero, pulmonary pressures are

equivalent to systemic pressures due to elevated pulmonary vascular resistance.

As gestation and fetal lung growth progress, rapid vascular growth increases the

number of small pulmonary arteries within the lung by tenfold, preparing the lungs

to accept the dramatic increase in blood flow that occurs at birth (Levin et al. 1976).

Despite this increase in vascular surface area, pulmonary vascular resistance actu-

ally increases with gestational age when corrected for lung or body weight. These

findings indicate that vascular constriction must play a key role in maintaining high

pulmonary vascular tone during fetal life. There are multiple pathways involved in

maintaining high pulmonary vascular tone in utero. Some of the known pulmonary
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vasoconstrictors include hypoxia (a defining feature of fetal development), as well

as endothelin-1 (ET-1), thromboxane, acidosis, and various mediators of inflam-

mation (Lakshminrusimha and Steinhorn 1999).

As gestation progresses, the mediators of pulmonary vasodilation become more

dominant. In particular, pulmonary expression of endothelial nitric oxide (NO)

synthase (eNOS), inducible NO synthase (iNOS), and NO production increase near

the time of birth (Abman et al. 1990; Shaul et al. 2002). Coincident increases in

soluble guanylate cyclase (sGC) activity promote increased vascular cGMP, which

then leads to vasorelaxation via decreasing intracellular calcium (Bloch et al. 1997).

Another potentially important vasodilatory pathway in the fetal lung is the prosta-

cyclin pathway. Cyclooxygenase (COX) is the rate-limiting enzyme that generates

prostacyclin from arachadonic acid. COX-1 in particular is upregulated in late

gestation (Brannon et al. 1994, 1998), leading to an increase in prostacyclin

production in late gestation and early postnatal life (Brannon et al. 1994; Leffler

et al. 1984). Prostacyclin upregulates adenylyl cyclase to increase intracellular

cAMP levels, which then lead to vasorelaxation.

Phosphodiesterases (PDEs) counteract these cAMP and cGMP vasodilatory

pathways, and as described extensively within this text, they comprise a super-

family of enzymes that includes 11 different PDE families with specific tissue and

cellular distributions (Conti and Beavo 2007; Lugnier 2006). The prevalent PDE

within the lung is PDE5, although there are significant amounts of PDE1, PDE3,

and PDE4 as well (Maclean et al. 1997). PDE5, a cGMP-specific PDE, was initially

characterized in bovine lung and has since been found in multiple other tissues

(Loughney et al. 1998). In rats, PDE5 expression and activity steadily increase

through the end of gestation, peak on day of life one, and then drop dramatically

into adulthood, strongly suggesting developmental regulation (Sanchez et al. 1998).

In contrast, in neonatal lambs, PDE5 activity and expression appear to acutely

decrease within 1 h after birth and then rise again at 4–7 days of life (Farrow et al.

2008a; Hanson et al. 1998a; Okogbule-Wonodi et al. 1998; Sanchez et al. 1998).

Furthermore, PDE5 activity is higher in pulmonary arteries than pulmonary veins in

lambs, suggesting location-dependent as well as developmental regulation (Okog-

bule-Wonodi et al. 1998). As the primary enzyme responsible for regulating cGMP,

PDE5 potentially represents the most important regulator of NO-mediated vascular

relaxation in the normal pulmonary vascular transition after birth (Abman et al.

1990; Lakshminrusimha and Steinhorn 1999).

Unlike PDE5, less is known about the developmental regulation of other cGMP

PDEs in the fetal and neonatal lung. PDE1, a dual specificity PDE, consists of

three isoforms in mammals; PDE1A and PDE1B have higher affinity for cGMP

but hydrolyze both cyclic nucleotides with similar efficacy. In contrast, PDE1C

hydrolyzes cGMP and cAMP with equal affinity and rate. All three isoforms of

PDE1 have been described in the pulmonary vasculature of various animals and in

human pulmonary artery smooth muscle cells (Evgenov et al. 2006). While their

presence has been documented in older animals and adult humans, there has been

little study of PDE1 expression or activity in the perinatal period. A recent study in

neonatal mice indicates that PDE1A mRNA decreased postnatally in normoxia, but
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was increased by exposure to hyperoxia for 21 days, although PDE1A protein

expression remained unchanged (Woyda et al. 2009). Thus, regulation of PDE1

in the neonatal pulmonary vasculature is unclear, and further investigation is

needed.

As described above, prostacyclin–cAMP signaling operates in parallel to the

NO–cGMP pathway for perinatal pulmonary vasodilation and is regulated in

part by cAMP-hydrolyzing PDEs such as PDE3 and PDE4. Our group recently

published that PDE3A expression and activity in the resistance pulmonary arteries

increase dramatically by 24 h after birth. These results were surprising and unex-

pected, as we would have predicted that similar to PDE5, PDE3 activity would

decrease after birth to facilitate increased cAMP levels (Chen et al. 2009). This

increase may be acting to establish cAMP-containing regulatory regions within the

pulmonary vascular smooth muscle cell after birth, although it is unclear what role

PDE3 has in normal pulmonary vascular transition after birth.

Even less is known about the perinatal regulation of PDE4, which has strong

specificity for cAMP hydrolysis. PDE4 in the lung has been most extensively

studied in the airway smooth muscle (Fan Chung 2006). However, more recent

studies have demonstrated the presence of PDE4 in adult human pulmonary

artery smooth muscle cells and that exposure to hypoxia increases expression

of several PDE4 isoforms without impacting total PDE4 activity (Millen et al.

2006). Thus, while no one has specifically examined PDE4 around the time of

birth, it is plausible to hypothesize that PDE4 might be differentially regulated

between the relatively hypoxic in utero environment and the normoxic extra-

uterine environment.

At birth, a rapid and dramatic decrease in pulmonary vascular resistance allows

half of the combined ventricular output to be redirected from the placenta to the

lung, leading to an eight- to tenfold increase in pulmonary blood flow. The stimuli

that seem to be most important are lung inflation with a gas, a decrease in carbon

dioxide tension, and an increase in oxygen tension. Each of these stimuli will

independently decrease PVR and increase pulmonary blood flow, with the largest

effects seen when the two events occur simultaneously. For instance, oxygen

directly and indirectly stimulates the activity of both eNOS and COX-1 immedi-

ately after birth, leading to increased levels of the vasodilators, NO and prostacyclin

(Shaul et al. 1992; Shaul and Wells 1994; Steinhorn et al. 1994). Shear stress is also

known to regulate the synthesis of NO in the fetal circulation. During transition, the

initial increase in pulmonary blood flow in response to ventilation or oxygenation

likely leads to increased shear stress in the vasculature, which further potentiates

NO production (Uematsu et al. 1995). In contrast, PDE5 expression and activity

fall after birth in the pulmonary vasculature, further accentuating upstream

effects leading to increased cGMP and vasodilation (Farrow et al. 2008a;

Sanchez et al. 1998). It is unclear which specific signals cause PDE5 to fall as

part of the normal transition. However, if events in utero and at the time of birth

impair these critical transition steps, they may lead to elevated pulmonary pres-

sures and the symptomatic infant with persistent pulmonary hypertension of the

newborn (PPHN).
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1.2 Pathophysiology of Persistent Pulmonary Hypertension
of the Newborn

When the normal cardiopulmonary transition fails to occur, the result is PPHN.

PPHN describes a syndrome characterized by common pathophysiologic features

including sustained elevation of pulmonary vascular resistance and hypoxemia due

to right-to-left extrapulmonary shunting of blood flow across the ductus arteriosus

or foramen ovale. PPHN affects 2–6 per 1,000 live births or approximately 10% of

all infants admitted to neonatal intensive care and is accompanied by an 8–10% risk

of death and significant short-term and long-term morbidity (Walsh-Sukys et al.

2000). The physiologic findings of PPHN may be found in association with a wide

range of cardiopulmonary disorders such as meconium aspiration, sepsis, pneumo-

nia, asphyxia, congenital diaphragmatic hernia (CDH), respiratory distress syn-

drome, and others. Pathological findings include pulmonary vascular remodeling

and smooth muscle hyperplasia, often in the absence of significant lung paren-

chyma pathology (Haworth 1988; Murphy et al. 1981). PPHN can largely be

thought of as one of three types: (1) the abnormally constricted pulmonary vascu-

lature, which is the most common type and includes diagnoses such as meconium

aspiration syndrome (MAS), respiratory distress syndrome, and sepsis; (2) the

structurally abnormal vasculature, which is often termed idiopathic PPHN; or (3)

the hypoplastic vasculature such as is seen in CDH or alveolar capillary dysplasia,

a rare malformation of lung development. The pathophysiology of each type

is dependent on the point in gestation when the normal transition to extrauterine

life fails. Thus, since the underlying pathophysiology differs, different pulmonary

vasodilators may be more or less successful for treatment and a thorough under-

standing of the pathways that are disrupted in each condition will be key to

determine the most appropriate therapy.

1.2.1 Meconium Aspiration Syndrome

The most common cause of PPHN is meconium aspiration syndrome (MAS), which

affects 25,000–30,000 infants with 1,000 deaths annually in the United States

(Gelfand et al. 2004). In these cases, the infant passes meconium while still in

utero, usually in response to stressful stimuli. Affected infants aspirate the meco-

nium into their airways, where it can impede ventilation, cause severe pneumo-

nitis, and induce lung inflammatory changes. While a fair bit is known about the

parenchymal disease associated with MAS, there is much less known about the

utility of specific pulmonary vasodilators. In the NINOS trial, 51% of the infants

had MAS as the underlying cause of their PPHN. In that study, treatment with

inhaled nitric oxide (iNO) decreased the combined outcome of death or cardio-

pulmonary bypass support (known as ECMO), suggesting that modulation of

the NO–cGMP pathway may be a useful treatment modality for infants with

MAS (Group 1997). However, little data exist to address whether the PDEs are

Phosphodiesterases: Emerging Therapeutic Targets 255



specifically dysregulated in MAS. Interestingly, a recent study demonstrated that

sildenafil is a potent pulmonary vasodilator in a neonatal piglet model of MAS

(Shekerdemian et al. 2002, 2004).

1.2.2 Idiopathic PPHN

Idiopathic PPHN is the second most common etiology of PPHN and is classically

described in near-term (>34 weeks gestation) and term newborns (Konduri 2004;

Walsh-Sukys et al. 2000). Autopsy studies of fatal PPHN demonstrate severe

hypertensive structural remodeling with vessel wall thickening and smooth muscle

hyperplasia even in newborns who die shortly after birth, suggesting that many

cases of severe disease are associated with chronic intrauterine stress. In these

patients, the vascular smooth muscle extends to the level of the intra-acinar arteries,

which does not normally occur until much later in the postnatal period (Haworth

1988; Murphy et al. 1981). The severity of vascular remodeling does not allow the

pulmonary vasculature in these infants to appropriately vasodilate in response to

birth-related stimuli, and they will present with profound hypoxemia and clear lung

fields on X-ray, leading many to refer to this as “black-lung” PPHN (Farrow et al.

2005; Konduri 2004; Lakshminrusimha and Steinhorn 1999).

Because idiopathic PPHN is characterized by “pure” vascular disease, it is

probably the best studied of the various causes of neonatal pulmonary hypertension,

and many groups have worked to characterize the underlying fetal and neonatal

pathophysiology that might lead to abnormal remodeling of the fetal and early

neonatal pulmonary vasculature. For instance, a well-known cause of idiopathic

PPHN is constriction of the fetal ductus arteriosus in utero from exposure to

nonsteroidal anti-inflammatory drugs (NSAIDs) during the third trimester

(Manchester et al. 1976). A fetal lamb model was developed by surgically closing

the ductus in utero, which induces rapid increases in fetal pulmonary artery

pressure, pulmonary vascular remodeling, and a subsequent failure to transition to

extrauterine life (Morin 1989; Wild et al. 1989).

Decreased expression and activity of eNOS have been documented in infants

with PPHN, as well as in the ductal-ligation lamb model (Shaul et al. 1997;

Villanueva et al. 1998). Increased production of reactive oxygen species (ROS)

by multiple sources leads to vasoconstriction, smooth muscle hypertrophy, and

NOS dysfunction (Brennan et al. 2003; Konduri et al. 2003). Further, activity of

vascular sGC is diminished in PPHN lambs (Steinhorn et al. 1995), and activity of

PDE5 is increased (Hanson et al. 1998b), both of which lead to decreased cGMP

concentrations (Tzao et al. 2001).

While prostacyclin appears to be important in the normal pulmonary vascular

transition, much less is known about potential dysregulation of the prostacyclin

pathway in PPHN (Konduri 2004; Lakshminrusimha et al. 2009a). Our group has

recently demonstrated decreased expression of the prostacyclin synthase (PGIS)

and the prostacyclin IP receptor in PPHN lambs, leading to reduced vasodilation to
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prostacyclin analogues. Pretreatment with milrinone, a PDE3 inhibitor, restores

relaxations to prostanoids to levels similar to that seen in control fetuses. While

fetal levels of PDE3 are not altered by PPHN, PPHN suppresses the normal rise in

PDE3 expression and activity following delivery and mechanical ventilation (Chen

et al. 2009; Lakshminrusimha et al. 2009a). Interestingly, nitric oxide increases

PDE3 expression and activity in these lambs, demonstrating the interrelated nature

of cGMP and cAMP pathways in PPHN.

Because neonatal PPHN is associated with severe hypoxemia, the use of high

oxygen concentrations, up to 100% oxygen, is typically considered as a first-line

therapy in infants with PPHN (Farrow et al. 2005; Tiktinsky and Morin 1993).

However, the use of oxygen may greatly exaggerate oxidative stress in multiple

cellular compartments of the diseased vasculature. Recent data suggest that hyper-

oxia may diminish vascular responses to endogenous and exogenous nitric oxide in

both the normal and remodeled pulmonary vasculature, indicating that ROS may

inactivate NO or other enzymes responsible for mediating its vascular effects

(Lakshminrusimha et al. 2007a, 2009b). The mechanisms by which ROS lead to

pulmonary vasoconstriction and diminished NO responsiveness is certainly compli-

cated, but emerging data indicate multiple targets in the pulmonary vascular regu-

latory pathways, including the PDEs. We recently published that exposing normal

fetal pulmonary artery smooth muscle cells (FPASMC) to hyperoxia for 24 h leads

to decreased cGMP response to exogenous NO. We further demonstrated that

exposure to hyperoxia for 24 h increases PDE5 mRNA and protein expression as

well as increased level of PDE5 phosphorylation and activity. We also noted a

dose–response effect of hyperoxia on PDE5 activity, with a stepwise increase noted

in PDE5 activity as the cells were treated with 21, 50, and 95% O2 (Fig. 1).

Inhibition of the hyperoxia-induced PDE5 activity with sildenafil was sufficient to

partially rescue the cGMP response to exogenous NO, further indicating that PDE5

is a critical regulator of cGMP in the context of hyperoxia (Farrow et al. 2008a).

As might be expected, exposure to hyperoxia for 24 h led to increased oxidative

stress within the FPASMC. As such, we hypothesized that ROS may serve as

critical mediators in the crosstalk between oxygen and PDE5. In support of that, a

single dose of an exogenous oxidant, hydrogen peroxide (H2O2), was sufficient to

induce long-lasting changes in PDE5 expression, phosphorylation, and activity,

which mirrored those seen after exposure to hyperoxia. Similarly, the changes in

PDE5 expression and activity as well as the decreased cGMP responsiveness

in hyperoxia were all reversed with pretreatment with a chemical antioxidant,

N-acetyl-cysteine (NAC). This confirms that ROS, in general, and H2O2, in partic-

ular, are sufficient to induce significant increases in PDE5 expression and activity in

the pulmonary artery smooth muscle cell, which may promote vasoconstriction,

poor NO response, and vascular remodeling (Farrow et al. 2008a).

In order to better understand the impact of ROS on the intact neonatal pulmonary

vasculature, we recently ventilated both healthy control and PPHN lambs immedi-

ately after birth with 100% oxygen, in order to simulate the clinical scenario seen

with a human infant with severe PPHN. Resuscitation of healthy lambs with

100% oxygen significantly exaggerated pulmonary arterial contractile responses
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to norepinephrine compared to vessels from animals resuscitated with 21% oxygen

(Lakshminrusimha et al. 2006). Use of 100% oxygen ventilation significantly

increased pulmonary vascular PDE5 expression and activity (Fig. 2) (Farrow et al.

2008a), indicating that PDE5 activity is an important mediator in the vascular

response to oxygen and hyperoxia. More recently, we reported that ventilation

of PPHN lambs with 100% oxygen results in pulmonary vasoconstriction and

diminished pulmonary vascular relaxation to inhaled NO (Lakshminrusimha et al.

2009b). Very recent studies indicate that these abnormal responses are mediated in

part by a greatly exaggerated increase in PDE5 activity (Farrow et al. 2010a, b).

Ventilation of healthy control lambs with either 21 or 100% oxygen blunts the

increase in PDE3 expression and activity normally seen in the healthy spontaneously

breathing 1-day lambs, suggesting that PDE3 may be dysregulated by mechanical

forces associated with ventilation rather than by hyperoxia (Chen et al. 2009). This

dysregulation of PDE3 expression and activity may lead to a disruption of the normal

cAMP signaling within the pulmonary vascular smooth muscle during this critical

transition time. Recent studies have shown that the PDE3 inhibitor milrinone, when

used in conjunction with either iNO or iloprost, can help to restore normal vascular

responses (Chen et al. 2009; Lakshminrusimha et al. 2009a).

Thus, idiopathic PPHN is a complex pathological process induced by dis-

ruption of multiple signaling pathways, including the NO–cGMP–PDE5 and

prostacyclin–cAMP–PDE3 pathways, leading to vasoconstriction and structural

remodeling of the vasculature. Postnatal treatment with high levels of oxygen

exacerbates these abnormalities, leading to decreases in cGMP and cAMP and

impaired vasodilation. Inhibitors of PDE5 and PDE3, such as sildenafil and

Fig. 1 Hyperoxia increases PDE5 activity in Ovine FPASMCs. FPASMCs were exposed to 21%

O2–5% CO2, 50% O2–5% CO2, or 95% O2–5% CO2 for 24 h, and total protein was harvested.

PDE5-specific activity was measured as the sildenafil-inhibitable fraction of total cGMP hydroly-

sis, normalized for total milligrams of protein (200 mM cGMP substrate in assay; 100 nM sildenafil

for inhibition). Data are shown as mean � SEM (n ¼ 8; read in duplicate). *P < 0.05 vs. 21% O2,
#P < 0.05 vs. 50% O2. Reproduced with permission from Farrow et al. (2008a)
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milrinone, represent novel and particularly attractive new therapies for these infants

(Fig. 3) (Lakshminrusimha and Steinhorn 2009).

1.2.3 Congenital Diaphragmatic Hernia

CDH is a serious birth defect that includes disordered development of the diaphragm

and a variable degree of pulmonary hypoplasia. It occurs in 1 of every 2,000–4,000

live births and accounts for 8% of all major congenital anomalies. Severe CDH

develops early in the course of lung development, and as a result airway divisions

and alveolarization may be significantly impaired. Because development of the

pulmonary arterial system parallels development of the bronchial tree, fewer arterial

Fig. 2 Ventilation of healthy neonatal sheep with 100% O2 induces PDE5 protein expression

and activity. Ovine lung parenchyma and resistance PAs from healthy lambs ventilated with 100%

O2 were harvested after 24 h and compared with both fetal lambs (Fetus) and healthy 1-day

nonventilated lambs (1DNV). (a) PA PDE5 protein expression was analyzed via Western blot,

with b-actin normalization. Data are shown as mean � SEM. *P < 0.05 vs. fetal lambs, #P < 0.05

vs. 1-day nonventilated lambs. (b) Lung PDE5-specific activity was measured as the sildenafil-

inhibitable fraction of total cGMP hydrolysis, normalized for total milligrams of protein (200 mM
cGMP substrate in assay; 100 nM sildenafil for inhibition). Data are shown as mean � SEM.
*P < 0.05 vs. fetal lambs, #P < 0.05 vs. 1-day nonventilated lambs. (c) PDE5 expression is

localized within the PA smooth muscle and nearby airways. The left column shows phase-contrast
images (�10) of frozen lamb lung sections. The right column shows the corresponding sections

stained for PDE5, with immunofluorescence shown as red. Reproduced with permission from

Farrow et al. (2008a)
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branches are observed in CDH. Further, abnormal medial muscular hypertrophy is

observed as far distally as the acinar arterioles. Pulmonary capillary blood flow is

decreased because of the small cross-sectional area of the pulmonary vascular bed,

and flow may be further decreased by abnormal pulmonary vasoconstriction

(de Buys Roessingh and Dinh-Xuan 2009; Farrow et al. 2005).

There is no ideal animal model in which the disruption in the diaphragm occurs

at the same stage of lung development as is seen in human fetuses. The most widely

utilized is the nitrofen-induced rat model of CDH. In this model, reduced lung

eNOS activity and expression has been described, thereby pinpointing the

eNOS–cGMP pathway as important in the pathogenesis of CDH and its accompa-

nying pulmonary hypertension (Karamanoukian et al. 1996). Another group has

Fig. 3 Mechanism of action of phosphodiesterase inhibitors in PPHN. PDEs play a critical role in

regulating cGMP and cAMP within the vascular smooth muscle. Elevations in cGMP and cAMP

lead to vasorelaxation by decreasing intracellular calcium via decreasing calcium efflux from the

sarcoplasmic reticulum and increasing calcium efflux from the cell. PDEs hydrolyze cGMP and

cAMP, thereby preventing cyclic nucleotide-mediated vasorelaxation. Thus, PDE inhibitors such

as sildenafil and milrinone represent promising therapies for neonates with PPHN resistant to

traditional therapy with inhaled nitric oxide. Dashed lines represent inhibition. Figure kindly

provided by Dr. Satyan Lakshminrusimha
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shown that response to exogenous nitric oxide and a cGMP analogue, 8-Br-cGMP,

is impaired in resistance pulmonary arterioles of the CDH animals. Of note,

pretreatment of CDH resistance pulmonary arterioles with the PDE5 inhibitor

zaprinast completely restored their vasodilatory response to 8-Br-cGMP (Vukcevic

et al. 2005), suggesting that PDE5 may also be involved with the pathogenesis of

pulmonary hypertension in the infant with CDH.

1.3 Pathophysiology of Pulmonary Hypertension in the Older
Infant

There are two other major classes of infants who develop pulmonary hypertension –

former preterm infants who develop pulmonary hypertension as a result of their

underlying lung disease and infants, both term and preterm, who develop pulmo-

nary hypertension as a result of their congenital heart disease. In both cases, the

disease process begins during the neonatal period, but symptoms may not become

manifest until the infant is several months old. Further, the resulting pulmonary

hypertension is not only a disease of altered vasoreactivity, but it also involves

significant vascular remodeling. The role of PDEs in the pathophysiology of these

infants is just beginning to be elucidated.

1.3.1 Bronchopulmonary Dysplasia and Cor Pulmonale

Bronchopulmonary dysplasia (BPD) is a common complication of preterm birth that

affects approximately 30% of infants (or roughly 10,000 babies per year) with

extreme prematurity (typically defined as a birthweight <1,000 g). BPD results in

significant long-term morbidity in childhood, including poor lung function, dimin-

ished growth, and impaired neurodevelopment (Jobe and Bancalari 2001; Walsh

et al. 2006). A recently recognized complication of moderate or severe BPD is

pulmonary hypertension and right-sided heart failure, or cor pulmonale. While the

overall risk of BPD clearly correlates with gestational age and birthweight, it

remains unclear why some infants develop mild or severe disease. Even less is

known about why some infants develop pulmonary hypertension and how to

appropriately treat these infants. Poor outcomes, including mortality, are distress-

ingly common (Jobe and Bancalari 2001; Khemani et al. 2007; Mourani et al. 2008).

Recent clinical trials have laid the foundation for the use of iNO for prevention

of BPD (Ballard et al. 2006; Kinsella et al. 2006). Smaller case series also suggest

that the use of iNO may also improve oxygenation in those BPD infants with

established pulmonary hypertension (Mourani et al. 2008). Additionally, premature

babies are forced to live in an environment with higher oxygen concentrations than

would be encountered during fetal development. Not surprisingly, emerging evi-

dence indicates that oxidative stress may produce significant lung parenchymal and
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vascular injury (Farrow et al. 2008a, b, 2010a, b; Lakshminrusimha et al. 2006,

2007a, b; Thebaud et al. 2005; Vento et al. 2001). As discussed above, PDE5

expression and function may be adversely affected by ROS-mediated events

(Farrow et al. 2008a, 2010a, b).

Consistent with this hypothesis, three studies address the role of cGMP and

PDE5 in models of preterm lung disease – one study in preterm lambs and two

studies in neonatal rats. In the preterm lamb model of BPD, treatment with a cGMP

analogue that is not hydrolyzable by PDE5 decreased pulmonary vascular resis-

tance, which would indirectly suggest that PDE5 plays a role in the elevated

pulmonary vascular resistance seen with BPD (Bland et al. 2003). Perhaps more

intriguing are the results seen in the rat model of BPD, induced by hyperoxia. In

that model, treatment of the neonatal rats with sildenafil resulted in decreased

pulmonary vascular resistance, decreased right ventricular hypertrophy (RVH), and

decreased medial wall thickness of pulmonary arteries. This study also showed that

sildenafil improved lung alveolarization, suggesting that PDE5 may play a critical

role in both alveolar and vascular development (Fig. 4) (Ladha et al. 2005). A

more recent study in the rat model extends these studies and demonstrated that

treatment with sildenafil prior to hyperoxia exposure increased lung cGMP levels

and improved survival as well as lung alveolarization and angiogenesis. In another

arm of that study, rescue treatment with sildenafil (administration of drug 6 days

after initiation of hyperoxia) significantly decreased pulmonary vessel medial wall

thickness and reduced RVH (de Visser et al. 2009).

Interesting new data have recently emerged implicating a role for PDE4 in the

pathogenesis of BPD. In one study (de Visser et al. 2008), preterm rats were

exposed to room air, hyperoxia, or hyperoxia with either of the PDE4 inhibitors,

rolipram or piclamilast (Houslay et al. 2005). PDE4 inhibition prolonged median

survival and decreased lung inflammation and vascular leakage as well as decreased

markers of inflammation (de Visser et al. 2008). Another model of BPD, produced

by prolonged exposure of mice to hyperoxia, results in decreased alveolarization

and increased septal wall thickness (Woyda et al. 2009). Pretreatment with a

PDE4 inhibitor decreased septal wall thickness and increased total airspace area,

suggesting that PDE4 may be of critical importance in neonatal lung development

(Woyda et al. 2009).

1.3.2 Congenital Heart Disease

Congenital heart disease, particularly that associated with increased pulmonary

arterial blood flow from left-to-right shunts, increased right-sided pressures from

nonrestrictive septal defects and aorto-pulmonary shunts, and increased pulmonary

venous congestion, can lead to remodeling of the pulmonary vascular bed with

associated pulmonary hypertension (Hoffman et al. 1981). The risk of developing

pulmonary hypertension in these patients is dependent on many factors including

the age of the patient, the type of congenital heart disease, and the degree of

pulmonary overcirculation. Endothelial dysfunction has been hypothesized to
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play a major role in this vascular dysfunction and remodeling. Adult patients with

pulmonary hypertension have impaired endothelium-dependent pulmonary vasodi-

lation and decreased eNOS expression (Giaid and Saleh 1995). Children with

pulmonary hypertension due to congenital heart disease are also thought to have

endothelial dysfunction, and they have also been described to have extension of

smooth muscle cells to peripheral pulmonary arteries, neointimal formation due to

smooth muscle cell migration, medial hypertrophy, and plexigenic lesion formation

(Rabinovitch et al. 1978, 1984, 1986).

A number of studies in a juvenile lamb model of pulmonary hypertension due to

chronic pulmonary overcirculation have indicated its pathophysiology includes

Fig. 4 Sildenafil reduces pulmonary hypertension associated with oxygen-induced BPD. (a)

Right ventricular hypertrophy. Hyperoxia-exposed rats had significant right ventricular hypertro-

phy (RVH) as indicated by the increase in RV/LV+S ratio compared with normoxic controls.

Sildenafil treatment reduced RVH (sildenafil 100 mg/kg subcutaneously daily during hyperoxia

exposure). (b) Medial wall thickness. A representative picture of pulmonary arteries is shown

displaying a thickened medial arterial wall in hyperoxic rat lungs as compared with normoxic

controls. Sildenafil treatment significantly reduced the % medial wall thickness as compared with

untreated hyperoxic pulmonary arteries (sildenafil 100 mg/kg subcutaneously daily during hyper-

oxia exposure). Reprinted with permission of the American Thoracic Society. Copyright American

Thoracic Society; Ladha et al. (2005); Official Journal of the American Thoracic Society, Diane

Gern, Publisher
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abnormal NO–cGMP–PDE5 signaling and excess production of ROS and endo-

thelin (Black et al. 1998, 2000, 2001, 2003; Lakshminrusimha et al. 2007b;

Steinhorn et al. 2001). In this model (Reddy et al. 1996), an aortopulmonary

shunt is placed in fetal lambs during the last week of gestation, followed by

spontaneous delivery. The lambs have impaired endothelium-dependent vasorelaxa-

tion by 4 weeks of age (Reddy et al. 1996), associated with complex vascular

changes including increased pulmonary vascular eNOS expression and downstream

derangements such as increased pulmonary sGC protein expression and increased

PDE5 protein expression and activity (Black et al. 1998, 2001). Further studies

demonstrate that antioxidants such as superoxide dismutase normalized vascular

reactivity in the shunt vessels and that the ROS in these lambs likely are the result of

uncoupled NOS (Lakshminrusimha et al. 2007b; Steinhorn et al. 2001).

Other studies have explored the impact of various treatment strategies on the

NO–cGMP–PDE5 pathway in lambs with congenital heart disease. Inhaled NO

treatment of shunted lambs decreases lung eNOS expression without changing

NOS activity, decreases sGC protein expression, and has no effect on PDE5 protein

expression (Ross et al. 2005). However, acute withdrawal of the iNO rapidly and

dramatically increases pulmonary vascular resistance by 45% and decreases in

cGMP levels (Ross et al. 2005). These findings would suggest that the PDE5 in

these lambs becomes the dominant determinant of cGMP concentration after with-

drawal of iNO (Ross et al. 2005). An additional study attempted to address the role of

cAMP in rebound pulmonary hypertension upon iNO withdrawal (Thelitz et al.

2004). Treatment of shunt lambs with iNO for 24 h decreased lung cAMP concen-

trations, both during iNO treatment and upon acute withdrawal of iNO. Concomitant

treatment with milrinone, a PDE3 inhibitor, normalized cAMP concentrations during

iNO treatment and upon acute withdrawal. Milrinone also prevented the increase in

pulmonary vascular resistance seen upon acute iNOwithdrawal (Thelitz et al. 2004).

The increased pulmonary vascular resistance seen in these shunted lambs

upon withdrawal of iNO is consistent with the well-known phenomenon of rebound

pulmonary hypertension seen in human infants upon acute withdrawal of iNO

(Atz et al. 1996). Taken together, these studies suggest that iNO may alter expres-

sion and activity of PDEs, such as PDE3 and PDE5, and that inhibitors of PDE3

and PDE5 may be of clinical utility to treat rebound pulmonary hypertension upon

iNO withdrawal (Ross et al. 2005; Thelitz et al. 2004).

2 PDE Inhibitors in Neonatal Pulmonary Hypertension

The initial treatment of the neonate with pulmonary hypertension depends in part

on the underlying disorder. Therapy often includes aggressive support of cardiac

function and perfusion with volume and inotropic agents to enhance cardiac output

and systemic O2 transport. While most infants require mechanical ventilation to

allow for lung recruitment, an important goal is to avoid postnatal lung injury,

which worsens the degree of pulmonary hypertension (Farrow et al. 2005).
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When supportive treatment is insufficient, the only FDA-approved pulmonary

vasodilator in neonates is iNO. Multicenter randomized, placebo-controlled,

blinded trials of iNO in term and near-term infants with PPHN demonstrated that

iNO significantly decreased the need for ECMO in newborns with PPHN (Clark

et al. 2000; Group 1997). However, up to 40% of infants do not respond or sustain

their response to iNO, and it does not reduce mortality, duration of mechanical

ventilation, or length of hospitalization. Follow-up studies to 12–24 months also

show that iNO does not significantly decrease the incidence of chronic lung disease

or adverse neurodevelopmental sequelae (Clark et al. 2003; Group 2000).

In addition to the problem of inadequate response to iNO, many infants will

acutely develop “rebound” pulmonary hypertension upon its discontinuation

(Atz et al. 1996; Farrow et al. 2005). As noted above, this finding was first described

in young infants receiving inhaled NO after surgery for congenital heart disease,

although the phenomenon frequently occurs in infants with PPHN as well. Rebound

pulmonary hypertension tends to be most severe if discontinuation occurs when

infants are breathing higher concentrations of iNO, but may also occur even after

more gradual iNO weaning. It is important for clinicians to understand that rebound

pulmonary hypertension can occur even in infants who were apparent nonresponders

to iNO therapy, particularly after treatment has been delivered for more than an hour.

While rebound pulmonary hypertension typically responds to reinstitution of iNO, it

represents a significant limitation of this therapy (Atz et al. 1996; Farrow et al. 2005).

Additional pulmonary vasodilators are urgently needed for infants with pulmo-

nary hypertension. Inhibition of PDEs represents a potentially powerful and novel

way to achieve safe, sustained, and even selective pulmonary vasodilation in these

infants.

2.1 PDE5 Inhibitors

PDE5 is by far the best studied of the PDEs for involvement in the pathophysiology

of neonatal pulmonary hypertension. Its dysregulation has been implicated in most

of the major causes of neonatal pulmonary hypertension including PPHN, CDH,

BPD, and congenital heart disease. The PDE5 inhibitor sildenafil has been shown

to be an effective treatment in adult pulmonary arterial hypertension (Galie et al.

2005) and is now marketed as Revatio for this purpose. Not surprisingly, PDE5

inhibitors have been among the first PDE inhibitors used in neonates. While many

have proposed their use to augment iNO therapy, there is some evidence to suggest

that PDE5 inhibitors may serve as effective vasodilators in their own right.

2.1.1 Dipyridamole

One of the earliest drugs used to manipulate the pulmonary circulation was

the nonspecific PDE5 inhibitor dipyridamole (Persantin) (al-Alaiyan et al. 1996;
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Dukarm et al. 1998; Ivy et al. 1998). In neonatal lambs with PPHN, dipyridamole

significantly decreased pulmonary vascular resistance and pulmonary blood pres-

sure, and increased pulmonary blood flow. Unfortunately, it was not selective for the

pulmonary vasculature, and it decreased systemic blood pressure to a similar degree

(Dukarm et al. 1998). In human neonates, there are a handful of case reports reporting

the use of dipyridamole to facilitate iNO weaning in infants with PPHN, congenital

heart disease, and CDH. In two case reports, treatment with dipyridamole facilitated

iNO weaning in infants with PPHN, and in both cases, the infants survived

(al-Alaiyan et al. 1996; Worwag et al. 2000). In infants with CDH, successful

treatment with dipyridamole has been reported, but improvement was transient in

at least two cases (Buysse et al. 2001; Thebaud et al. 1999). The largest report

of dipyridamole use was in infants who required postoperative iNO therapy for

pulmonary hypertension after repair of congenital heart disease. In a series of 23

consecutive children receiving iNO postoperatively, seven developed rebound pul-

monary hypertension when iNO was acutely stopped. In those seven, dipyridamole

attenuated the rise in pulmonary pressure after acute withdrawal of iNO (Ivy et al.

1998). None of these case reports described a significant decrease in systemic blood

pressure similar to that observed in the PPHN lamb model (Dukarm et al. 2005).

2.1.2 Sildenafil

Sildenafil has been demonstrated to acutely decrease pulmonary vascular resis-

tance and improve pulmonary blood flow in a neonatal porcine model of MAS

(Shekerdemian et al. 2002, 2004). Chronic use of sildenafil decreased medial wall

thickness and RVH in a rat model of BPD (Ladha et al. 2005). Like dipyridamole,

one of the earliest clinical uses of sildenafil was to facilitate weaning from iNO in

infants with congenital heart disease following corrective surgery. In an initial case

series, enteral sildenafil increased circulating cGMP and allowed two of three

infants to wean from iNO without rebound pulmonary hypertension (Atz and

Wessel 1999). Two subsequent studies have expanded these initial observations.

Oral sildenafil facilitated iNO discontinuation in seven infants (ages 3 days to

21 months) who had previously failed to wean from iNO (Lee et al. 2008).

Namachivayam et al. delivered enteral sildenafil (n ¼ 15) or placebo (n ¼ 14) to

a total of 29 infants with critical illness (most with congenital heart disease), who

were breathing 2 ppm iNO in preparation for a discontinuation trial. Ten out of 14

patients (71%) receiving placebo experienced rebound pulmonary hypertension

after iNO was stopped. In contrast, administration of a single dose of oral sildenafil

(0.4 mg/kg) prevented rebound pulmonary hypertension in all 15 treated patients.

The authors also noted a significant reduction in the duration of mechanical ventila-

tion and ICU length of stay in the group that received sildenafil (Namachivayam

et al. 2006).

Some data raise specific concerns regarding the use of sildenafil in combination

with iNO. In piglets with meconium aspiration, intravenous sildenafil in combina-

tion with iNO enhanced the decrease in pulmonary artery pressure and pulmonary
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vascular resistance, but also produced systemic hypotension and decreased oxyge-

nation (Shekerdemian et al. 2004). Similarly, in neonates after repair of ventricular

or atrioventricular septal defects, systemic hypotension and decreased oxygenation

were noted when sildenafil and iNO were given concurrently (Stocker et al. 2003).

It is possible that sildenafil in combination with iNO may increase pulmonary

perfusion to underventilated lung segments, thereby leading to worsening VQ

mismatch and decreasing oxygenation. Furthermore, when given intravenously,

sildenafil may not be selective to the pulmonary vascular bed. It is possible that a

drop in systemic blood pressure may be poorly tolerated if combined with dimin-

ished oxygenation due to worsened VQ mismatch. We have shown that idiopathic

PPHN is associated with increased PDE5 expression and activity in the pulmonary

vascular bed (Farrow et al. 2008a, 2010a, b). Thus, those infants may be better able

to tolerate the combined therapy of iNO and intravenous sildenafil.

The clinical use of sildenafil has recently been reported in infants with PPHN,

including one small, randomized controlled trial with oral sildenafil, and one pilot

pharmacokinetic, pharmacodynamic trial with intravenous sildenafil (Baquero et al.

2006; Steinhorn et al. 2009). As mentioned previously, the only FDA-approved

pulmonary vasodilator for infants is iNO. However, iNO therapy is currently

expensive and unavailable in many parts of the world, leading to much higher

mortality from PPHN in those regions. For this reason, the use of oral sildenafil as

the primary treatment for severe PPHN was studied in term and near-term infants in

Colombia. This study randomized 13 infants (>35 5/7 weeks gestation and age

<3 days) with an oxygenation index greater than 25, indicating severe PPHN.

In the sildenafil treatment group, a significant improvement in oxygenation was

observed by 24 h and six of the seven infants survived. In contrast, the infants in the

placebo group did not improve their oxygenation and only one of the six infants

survived (Baquero et al. 2006). Despite these encouraging results, significant

concerns exist regarding giving sildenafil enterally to infants who may have

compromised intestinal perfusion with unknown and inconsistent rates of gastro-

intestinal absorption.

Two recently published papers described the results of a multicenter pilot trial

examining the safety and pharmacokinetics of intravenous sildenafil in term

and near-term neonates with PPHN (Mukherjee et al. 2009; Steinhorn et al.

2009). Thirty-six neonates (>34 weeks gestation) were enrolled at a mean age of

34 � 17 h when they had moderate to severe pulmonary hypertension with an

oxygenation index >15 (Mukherjee et al. 2009; Steinhorn et al. 2009). Infants with

congenital anomalies including CDH were excluded. Infants received IV sildenafil

administered within eight progressive, “step-up” dosing groups, and the study also

determined the optimal loading dose and duration. Infants received sildenafil for a

minimum of 48 h. After that time, sildenafil was discontinued once infants had been

successfully weaned from iNO for at least 1 h, or after 7 days (168 h). Based on data

from adults, clearance via the hepatic CYP3A4 and CYP2C9 enzymes was

expected. In the study, sildenafil clearance in neonates increased threefold between

day of life one and the end of the first week of life, likely reflecting postnatal

maturation of this CYP system. Hence, postnatal age at the time of sildenafil
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initiation has a significant impact on drug clearance. Similarly, significant increases

in sildenafil concentration should be expected when it is used concomitantly with

CYP3A4 inhibitors such as cimetidine and erythromycin (Mukherjee et al. 2009).

Hypotension was the most commonly observed adverse effect. One infant was

withdrawn from the study because the sildenafil loading infusion (scheduled to be

given over 5 min) had to be stopped after 2 min due to systemic hypotension.

Hypotension was not observed when the loading dose was delivered over 3 h. An

additional infant died due to bilateral tension pneumothoraces, not related to

sildenafil infusion. For the remaining 34 infants, oxygenation improved signifi-

cantly through the course of the sildenafil infusion, with no significant changes in

systemic blood pressure. Only one infant required cannulation for extracorporeal

life support. Of the seven infants enrolled without prior use of iNO, all experienced

a significant improvement in oxygenation within 4 h after sildenafil administration

(Fig. 5). Only one of the seven infants required iNO, and the other six infants

improved and survived to hospital discharge without requiring either iNO or ECMO

(Steinhorn et al. 2009). Unlike the previously mentioned studies, sildenafil used in

combination with iNO did not significantly decrease systemic blood pressure or

Fig. 5 Response to sildenafil intravenous infusion without iNO. Seven infants were enrolled

before the need for iNO. Oxygenation index (OI) was improved by 1 h (24.6 � 4.6 to 16.1 � 9.9;
*P ¼ 0.0502), with significant and sustained improvement by 4 h after the initiation of sildenafil

(14.7 � 6.4, p ¼ 0.0088). Of the seven infants who received sildenafil only, the majority (n ¼ 5)

were in cohorts 6–8, meaning that they received the highest maintenance infusion dose of

1.64 mg/kg/day, and differed only in the approach to the loading dose. Of these seven infants,

only one infant required additional treatment with iNO, and that infant was in cohort 4, receiving

loading and maintenance doses that were approximately 20% of the final dose tested in trial.

Reprinted from Steinhorn et al. (2009) with permission from Elsevier

268 K.N. Farrow and R.H. Steinhorn



oxygenation. We speculate that it is because there is increased PDE5 expression

and activity in the pulmonary vessels of infants with PPHN (Farrow et al. 2008a,

2010a, b). Future studies are planned to further evaluate efficacy of IV sildenafil

in neonates with PPHN. Of note, the intravenous form of sildenafil was FDA-

approved in December of 2009 for adults with pulmonary arterial hypertension.

Smaller case reports and case series have examined the efficacy of oral sildenafil

in infants with CDH and BPD. In one case report, oral sildenafil facilitated weaning

from iNO in a 7-week-old infant with CDH, although the infant ultimately died

(Keller et al. 2004). In another series of seven infants with CDH, oral sildenafil

improved right cardiac output and decreased pulmonary vascular resistance as

measured by echocardiography, and five of the seven infants survived (Noori et al.

2007). A larger, double-blind, randomized controlled trial of oral sildenafil in infants

with CDH and severe pulmonary hypertension is ongoing (NCT00133679). Infants

are recruited between 10 and 42 days of age if they continue to have a significant FiO2

requirement, if they need ECMO beyond 10 days of age, or if they have a pulmonary

artery pressure >2/3 systemic pressure beyond 14 days of age. Target enrollment is

32 infants, who will receive placebo or sildenafil for 5 weeks. The primary outcome is

pulmonary artery pressure on echocardiogram at the end of the treatment period.

Sildenafil is an attractive therapeutic option for infants with chronic pulmonary

hypertension because of its relative ease of administration and apparent low

toxicity. A recent case series examined the effect of oral sildenafil in 25 infants

and children with pulmonary hypertension due to chronic lung disease, who

initiated sildenafil treatment at <2 years of age (14–673 days). Most patients

(88%) achieved hemodynamic improvement after a median treatment interval of

40 days, and the majority of infants receiving iNO could be weaned off. Five

patients died after initiation of sildenafil treatment, but none died from refractory

pulmonary hypertension or right heart failure. This important pilot study suggests

that sildenafil is safe for infants with pulmonary hypertension due to chronic lung

disease and indicates that further studies are warranted (Mourani et al. 2009).

Because sildenafil improved lung alveolarization in neonatal rats, a small double-

blind randomized controlled trial of oral sildenafil in the prevention of BPD is

ongoing (NCT00431418). The target population is extremely preterm infants

<28 weeks gestation who still require ventilatory support at 7 days of age. This

study should also provide important initial data about the safety of sildenafil in

young preterm infants.

2.2 PDE3 Inhibitors

The PDE3 inhibitor milrinone is most commonly used in pediatric patients for its

inotropic effects(Chang et al. 1995; Hoffman et al. 2003; Zaccolo and Movsesian

2007). However, by raising cAMP in the pulmonary vasculature, milrinone can

potentially act as a pulmonary vasodilator and improve oxygenation in patients with

poor response to iNO. In neonatal lambs with PPHN, one of the unexpected results
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of iNO was a dramatic increase in PDE3 activity to levels similar to those observed

in normal 1-day lambs. Further, milrinone was found to significantly relax pulmo-

nary arteries isolated from PPHN lambs ventilated with iNO (Chen et al. 2009). In

infants with PPHN, there have been two small case series of treatment with

milrinone. In both series, the infants were already receiving iNO at the time that

the milrinone was started, and significant improvements in oxygenation were

observed with milrinone treatment (Bassler et al. 2006; McNamara et al. 2006).

Similarly, in pediatric patients (n ¼ 46, average age 5 years) undergoing a Fontan

procedure, postoperative use of milrinone in conjunction with iNO resulted in

greater improvements in the transpulmonary gradient and arterial oxygen saturation

versus those children treated with iNO alone or milrinone alone (Cai et al. 2008a, b).

These clinical case series all support an interesting potential role for milrinone in

the treatment of neonatal pulmonary hypertension, especially when used in con-

junction with iNO. However, more study is needed to determine optimum dosing

and timing of therapy initiation for milrinone in these infants.

2.3 PDE1 and PDE4 Inhibitors

To date, there have been no trials or case reports of PDE1 or PDE4 inhibitors in

neonates with pulmonary hypertension. However, data from adult patients and

animal models would suggest that this should be an area of investigation for future

potential therapies. For instance, zaprinast, initially thought to be a selective PDE5

inhibitor, has recently been described to have significant inhibitory activity against

PDE1. This agent was found to enhance relaxations to iNO in neonatal lambs with

PPHN (Thusu et al. 1995). Increased PDE1C mRNA and protein have been

described in resistance pulmonary arteries and pulmonary artery smooth muscle

cells derived from lung specimens of human pulmonary arterial hypertension

patients (Murray et al. 2007; Schermuly et al. 2007). Thus, a PDE1C inhibitor

might have clinical utility across all of the different types of neonatal pulmonary

hypertension. Similarly, PDE4 inhibitors have reached clinical trials in adults with

asthma and chronic obstructive pulmonary disease (Fan Chung 2006). In light of the

recent publications that PDE4 inhibition is beneficial in neonatal mice with BPD, it

is reasonable to hypothesize that PDE4 inhibitors might be clinically useful in the

patients with pulmonary hypertension due to BPD.

3 Conclusions

Neonatal pulmonary hypertension is a clinical syndrome that affects approximately

10% of all infants admitted to neonatal intensive care units. It has multiple

etiologies that involve complex alterations in multiple signaling pathways. As

such, no one therapy is likely to be appropriate or effective in every patient.
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There is growing evidence from vascular smooth muscle cells and various animal

models that PDEs play a critically important role in regulating pulmonary vascular

tone in the neonatal period. Two early clinical trials of sildenafil have been

completed in infants with PPHN with encouraging results, and double-blind rando-

mized controlled trials are under way to assess the effectiveness of sildenafil in

CDH and BPD. There is new clinical evidence to suggest that milrinone may be

useful in patients with neonatal pulmonary hypertension, particularly when used

in conjunction with inhaled NO. However, more data are needed from both

preclinical and clinical studies to know how to select the best combination of

PDE inhibitors for specific disease states and age groups. Until such studies have

been conducted and evaluated, the use of PDE inhibitors for neonatal pulmonary

hypertension should be confined to appropriately designed clinical trials (Shah and

Ohlsson 2007).
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Abstract Pulmonary arterial hypertension (PAH) is characterized by increased

mean pulmonary artery pressure (mPAP) due to vasoconstriction and structural

changes in the small pulmonary arteries (PAs); proliferation of pulmonary artery

smooth muscle cells (PASMCs) contributes to the remodeling. The abnormal

pathophysiology in the pulmonary vasculature relates to decreased cyclic nucleotide

levels in PASMCs. Phosphodiesterases (PDEs) catalyze the hydrolysis of cAMP and

cGMP, thereby PDE inhibitors are effective in vasodilating the PA and decreasing

PASMC proliferation. Experimental studies support the use of PDE3, PDE5, and

PDE1 inhibitors in PAH. PDE5 inhibitors such as sildenafil are clinically approved to

treat different forms of PAH and lower mPAP, increase functional capacity, and

decrease right ventricular hypertrophy, without decreasing systemic arterial pressure.

New evidence suggests that the combination of PDE inhibitors with other therapies
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for PAH may be beneficial in treating the disease. Furthermore, inhibiting PDEs in

the heart and the inflammatory cells that infiltrate the PA may offer new targets to

reduce right ventricular hypertrophy and inhibit inflammation that is associated

with and contributes to the development of PAH. This chapter summarizes the

advances in the area and the future of PDEs in PAH.

Keywords Inflammation � Proliferation � Pulmonary arterial hypertension �
Pulmonary artery � Pulmonary artery smooth muscle cells � Right ventricular

hypertrophy � Vasodilation

1 Pulmonary Arterial Hypertension

The normal pulmonary circulation is a low pressure (mean pulmonary artery

pressure [mPAP] of ~15 mmHg), low resistance (1/8 of the systemic), high flow

circulation, which unlike the systemic circulation is maximally dilated at all times.

The highly compliant structure of the pulmonary arterial tree and the circulating and

locally produced vasoactive mediators that regulate pulmonary vascular tone and

permeability maintain the low-pressure environment and allow the pulmonary

vasculature to accommodate the entire cardiac output (Barnes and Liu 1995;

Humbert et al. 2004; Morrell et al. 2009; Tuder et al. 2009). An imbalance of

vasoconstrictor/co-mitogen and vasodilator/antiproliferative mediators in the pul-

monary circulation leads to vasoconstriction, cellular proliferation, and thrombosis,

and thereby increased pulmonary vascular resistance (PVR), which can manifest

as pulmonary hypertension (PH). The World Health Organization (WHO) has

classified PH into five major groups, which include Group 1, pulmonary arterial

hypertension (PAH), Group 2, PH with left heart disease, Group 3, PH associated

with lung diseases and/or hypoxemia, Group 4, PH due to chronic thrombotic and/or

embolic disease, and Group 5, miscellaneous causes of PH. Group 1, termed PAH,

which is the focus of this chapter, is further classified and comprises patients with

similar pathophysiological, histological, and prognostic features (Table 1) (Galie

et al. 2009c; McLaughlin et al. 2009; Simonneau et al. 2009). PAH is a disease that

is associated with multiple genetic, molecular, and humoral abnormalities that can

lead to right ventricular failure and death.

PAH is defined as a resting mPAP >25 mmHg or >30 mmHg with exercise,

pulmonary arterial wedge pressure of �15 mmHg and increased PVR. The preva-

lence of PAH is around 15 per million (although this varies depending on the

underlying condition and between national databases) and affects people of all

races and cultures, usually developing in adults between the ages of 20 and 60

(mean ~ age 48), (Humbert et al. 2006; Peacock et al. 2007). PAH in adults can be

idiopathic (IPAH, incidence of 2.4 per million), heritable (formally called familial),

or secondary to drug/toxin exposure or to other conditions such as congenital heart

disease, connective tissue disorder, portal hypertension or HIV. Table 1 outlines the

updated clinical classification for PAH (Galie et al. 2009b; McLaughlin et al. 2009;
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Simonneau et al. 2009). Younger women are more than twice as likely to develop

IPAH (life expectancy <3 years if untreated), which has an unknown etiology;

therefore, one focus of current research is to determine the link between gender and

PAH (D’Alonzo et al. 1991; Humbert et al. 2006; Peacock et al. 2007).

Heritable PAH, in around 70% of cases, has been shown to be the result of

mutations in the bone morphogenetic protein receptor 2 (BMPR2) gene; more

recently, mutations in receptor members of the transforming growth factor-b
(TGF-b), activin-like kinase-type 1 and endoglin families, have been implicated

in a subset of patients (Chaouat et al. 2004; Lane et al. 2000; Machado et al. 2001;

Trembath 2001). Mutations in BMPR2 include frameshifts, partial deletions,

insertions, missense, and splice-site mutations, and although many reduce BMPR2

expression and lead to dysfunctional SMAD signaling and an increase in TGF-b
signaling, the full impact of these mutations still needs to be determined (Machado

et al. 2009). Interestingly, animal models of PAH are also associated with a

reduction in the expression of BMPR2 mRNA, protein and BMP signaling, sug-

gesting that the alteration in BMP/TGF-b pathways may also underlie other forms

of PAH (Long et al. 2009).

Despite different mechanisms of PAH, much of the remodeling in the lung is

similar and the prognosis is poor for all forms; therefore, novel therapeutic

approaches are much needed. Current treatments for PAH (Group 1) include anti-

coagulants, diuretics, digoxin, supplemental oxygen, calcium-channel blockers,

prostanoids, endothelin-receptor antagonists, and phosphodiesterse-5 inhibitors,

the focus of this chapter (Galie et al. 2009b; McLaughlin et al. 2009; Simonneau

et al. 2009). Future successful treatments of PAH will likely require a better

understanding of the physiology, pathophysiology, and triggers of the disease.

The adventitial, medial, and intimal thickening that leads to the remodeling of

the pulmonary artery (PA) and the development of PAH are the result of the

complex interaction between activation of fibroblasts and smooth muscle cells,

endothelial dysfunction, and infiltration of inflammatory mediators such as

Table 1 Outline of the

updated clinical

classification of pulmonary

arterial hypertension

(PAH), modified from

(Galie et al. 2009c;

McLaughlin et al. 2009;

Simonneau et al. 2009)

Clinical classification of pulmonary arterial hypertension (Group 1)

1.1 Idiopathic

1.2 Heritable

1.2.1 BMPR2

1.2.2 ALK-1, endoglin

1.2.3 Unknown

1.3 Induced by drugs and toxins

1.4 Associated with:

1.4.1 Connective tissue disease

1.4.2 HIV

1.4.3 Portal hypertension

1.4.4 Congenital heart disease

1.4.5 Schistosomiasis

1.4.6 Chronic hemolytic anemia

1.5 Persistent pulmonary hypertension of the newborn
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monocytes/macrophages, T- and B-lymphocytes, and dendritic cells (Barnes and

Liu 1995; Humbert et al. 2004; Morrell et al. 2009; Tuder et al. 2009). Although

each cell type contributes to PAH, increased vasoconstriction is currently the main

target for investigative and approved therapies. Studies of PAH often involve use of

animal models, most commonly, the chronically hypoxic rat/mouse and monocrota-

line-treated rat (Stenmark et al. 2009). Genetically manipulated mice are used to

study the role of specific genes in the pathogenesis of PAH: mice overexpressing

the serotonin transporter develop elevated mPAP and are more susceptible to

hypoxia-induced PAH (Dempsie et al. 2008). Although such models

have provided insight into mediators of the disease and aided in the development

of drugs for PAH, species-specific function of certain targets, which will be

discussed below in relation to PDE1, may have resulted in their importance being

overlooked.

2 Role of Cyclic Nucleotides in PAH

Both adenosine 30,50-cyclic monophosphate (cAMP) and guanosine 30,50-cyclic
monophosphate (cGMP) are intracellular second messengers that vasodilate pul-

monary vessels. Increased levels of cyclic nucleotides lower [Ca2+]i, to relax PAs,

decrease pulmonary artery smooth muscle cells (PASMCs) proliferation, and

increase PASMC apoptosis (Koyama et al. 2001; Rybalkin and Bornfeldt 1999).

In PASMCs, cGMP exerts the majority of its actions through activation of protein

kinase G (PKG), whereas cAMP actions are mediated via protein kinase A (PKA)

and Epac [Exchange protein directly activated by cAMP; Epac-1 and Epac-2 are

known (Grandoch et al. 2010)]: the relative importance of these mediators in the

vasodilation of the pulmonary circulation is currently under investigation. The PAs

from rats with experimental PAH and PASMCs isolated from PAH patients have

decreased cyclic nucleotide levels (MacLean et al. 1996, 1997; Murray et al. 2007).

Many endogenous pulmonary vasodilators and therapies for PAH, such as nitric

oxide (NO) and stable analogues for prostacyclin, act by increasing the cellular

content of cGMP and cAMP, respectively. Increasing [cGMP]i, by addition of NO

or natriuretic peptides (atrial natriuretic peptide [ANP] and brain natriuretic peptide

[BNP]), reduces mPAP and PVR in experimental models of PAH; however, since

they require continuous delivery, such agents are difficult to use clinically (Baliga

et al. 2008; Ghofrani et al. 2002). Epoprostenol, treprostinil, and iloprost, which are

stable prostacyclin analogues, are approved to treat PAH; in severe PAH, iloprost

is effective in ~15% of patients (Ghofrani et al. 2002; Olschewski et al. 2002). The

therapeutic potential of prostacyclin analogues is hampered somewhat by issues

related to their delivery and the development of tolerance, hence new drugs that act

via increasing cyclic nucleotides are required.
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3 Targeting Phosphodiesterases in PAH

The rationale for targeting cyclic nucleotide phosphodiesterases (PDEs) in PAH is

based on the favorable effects achieved by increasing the intracellular concentration

of cAMP and cGMP, and the idea that the amplitude and duration of their increase in

concentration can be enhanced by decreasing their degradation. Tissue-related

variations in distribution and physiological function of PDEs make them good

pharmacological targets for PAH, i.e., by tailoring cyclic nucleotide signaling in

a pulmonary-specific manner (Bender and Beavo 2006). For example, since PDE5

and other components of the cGMP-signaling pathway are abundant in the lung, this

helps explain the interest and success of PDE5 inhibitors in effectively promoting

pulmonary vascular smooth muscle relaxation (Corbin et al. 2005). Activities of

both cAMP-PDE and cGMP–PDE are increased in the PA from experimental

models of PAH, which is also true in PASMCs isolated from PAH patients (Maclean

et al. 1997; Murray et al. 2007;Wharton et al. 2005). The increased PDE activity has

important consequences: unless a PDE inhibitor is present, cAMP accumulation in

PAH–PASMCs in response to agonists that increase cAMP synthesis, for example,

forskolin or beraprost (an analogue of prostacyclin) is attenuated compared to that of

control-PASMCs (Murray et al. 2007).

In the lung, the main PDEs that control cyclic nucleotide levels were initially

shown to be PDE3 (cGMP-inhibited, cAMP-specific) and PDE5 (cGMP-specific);

inhibitors for each of these PDEs relax isolated preconstricted human and rat PAs

(Cohen et al. 1996; Dent et al. 1994; Maclean et al. 1997; Phillips et al. 2005; Pyne

et al. 2007; Rabe et al. 1994). Real-time polymerase chain reaction (PCR) data

(Fig. 1a), although confirming that PDE3A and PDE5A are the highest expressed

PDE isoforms in PASMCs, also detect mRNA expression of PDE1A, 1C, 2A, 3B,

4A, 4B, 4C, 4D, 7A, 7B, 8A, 9A, 9B, 10A, and 11A, thereby suggesting that a

number of other PDEs could contribute to the maintenance of low pulmonary

vascular tone. In all patients with PAH–PASMCs whom we studied, we found

increased expression of PDE1A, PDE1C, PDE3B, PDE5A, and PDE7A (PDE3A

was only increased in IPAH patients, Fig. 1b): the increase in expression correlated

with an increase in the relative contribution of PDE1 and PDE3 to total cAMP–PDE

activity in PAH–PASMCs compared to control (Fig. 1c). PDE activity was deter-

mined using 1 mM cAMP as substrate through a two-step radioassay procedure

(Keravis et al. 2005; Thompson et al. 1974). Substrate and protein were incubated

over a period of time that PDE activity was linear. To identify the contribution of

specific PDEs, activity assays were performed in the presence of specific PDE

inhibitors [PDE1, 30 mM vinpocetine, 30 mM 8-methoxy-methyl-3-isobutyl-1-

methylxanthine (8-MM-IBMX); PDE2, 10 mM erythro-9-(2-hydroxy-3-nonyl)-

adenine (EHNA) in the presence of excess cGMP; PDE3, 10 mM milrinone; and

PDE4, 10 mM rolipram] and with or without Ca2+/calmodulin in the presence of

EGTA. In addition to being therapeutic targets for PAH, the upregulation of these

PDE isoforms may provide insights into the mechanisms of the disease (Murray

et al. 2007). In this chapter, we review the basic research and clinical data that
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support the role of PDEs in their vasodilator capacity in PAH and other aspects

of the disease for which targeting of PDEs may be beneficial.

3.1 Targeting PDEs in Pulmonary Artery Vasoconstriction
and Remodeling

3.1.1 Role of PDE5 in Pulmonary Vasculature

PDE5, the main cGMP–PDE in the lung, is thought to contribute to ~80% of cGMP

hydrolysis in PASMCs and therefore is important for the regulation of normal

pulmonary vascular tone (Ahn et al. 1991; Corbin et al. 2005; Fink et al. 1999;
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Fig. 1 Multiple PDE isoforms are expressed in PASMCs and upregulated with PAH. (a) Real-

time PCR shows that mRNA of multiple PDEs are expressed in PASMCs, Ct normalized to

PDE11. (b) PDE1A, 1C, 3B, 5A, and 7A are upregulated in PAH-PASMCs vs. control-PASMCs.

(c) The relative contribution of PDE1 and PDE3 to total cAMP-PDE activity is increased with

PAH. PDE activity was determined using 1 mM cAMP as substrate through a two-step radioassay

procedure (Keravis et al. 2005; Thompson et al. 1974). To identify the contribution of activity

of specific PDEs, assays were performed in the presence of specific PDE inhibitors [PDE1, 30 mM
vinpocetine, 30 mM 8-methoxy-methyl-3-isobutyl-1-methylxanthine (8-MM-IBMX); PDE2,

10 mM erythro-9-(2-hydroxy-3-nonyl)-adenine (EHNA) in the presence of excess cGMP; PDE3,

10 mM milrinone; and PDE4, 10 mM rolipram] and with or without Ca2+/calmodulin in the

presence of EGTA. PASMCs used in these experiments were between passage 4 and 6. n ¼ 5,

*P < 0.05 vs. control
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Wharton et al. 2005). The level of expression of PDE5 is much higher in the

pulmonary circulation than the systemic circulation, suggesting that pulmonary

specificity is possible by targeting PDE5 (Corbin et al. 2005). With respect to PAH,

increased expression, both at the level of mRNA and protein, increased phosphory-

lation and activity of PDE5 have been reported in a number of animal models of

PAH, and importantly, also in patients with PAH, which would, at least in part,

explain the disease-related decrease in cGMP levels and impaired endothelium-

dependent pulmonary vasodilation (Black et al. 2001; Cohen et al. 1996; Hanson

et al. 1998; Maclean et al. 1997; Murray et al. 2007; Wharton et al. 2005). In animal

models of PAH, the PDE5 inhibitors zaprinast, E4021, and E4010, via increasing

[cGMP]I, vasodilate the pulmonary circulation; importantly, this vasodilation

occurs without systemic effects (Cohen et al. 1996; Eddahibi et al. 1998; Hanasato

et al. 1999; Ichinose et al. 1998; Jeffery and Wanstall 1998). E4010 was shown

to improve mortality in monocrotaline-treated rats by 84% and in parallel to

attenuate the development of hypoxia-induced PAH by reducing the increase in

mPAP and the characteristic increase in medial wall thickness (Hanasato et al.

1999; Kodama and Adachi 1999). These data, together with those in Fig. 2a,

which show that zaprinast significantly decreases serum-induced proliferation of

PAH–PASMCs, suggest that in addition to being potent vasodilators PDE5 inhibi-

tors are also antiproliferative and proapoptotic. However, since 10 mM zaprinast

can also block PDE1 activity, its effects could also be attributed to inhibition of

this isoform.

The approval by the FDA of three oral PDE5 inhibitors for the treatment of

erectile dysfunction, namely sildenafil (Viagra™), tadalafil (Cialis™), and varde-

nafil (Levitra™) opened up the possibility that PDE5 inhibitors could be used

clinically to treat PAH. Evidence supports both the acute and the long-term use

of these PDE5 inhibitors in a number of forms of experimental and clinical PAH.

In 2007, the same formulation of sildenafil (marketed as Revatio) was approved for

treatment of PAH, and the two other PDE5 inhibitors, tadalafil (marketed as

Adcirca) and vardenafil (marketed as Levitra, used off-label), have more recently

been tested in patients with PAH. Zhao et al. (2001) examined the effect of

sildenafil on hypoxia-induced mice and healthy human volunteers in whom PAH

was induced by inhaling a low oxygen concentration, which produced a 56%

increase in mPAP (Zhao et al. 2001). A single dose of sildenafil (100 mg) inhibited

the hypoxic rise in mPAP without systemic vasodilation and attenuated the increase

in mPAP, RV hypertrophy, and remodeling in mice chronically exposed to hypoxia.

Figure 2c, d show that sildenafil relaxes both the main and the first branch PA from

the chronic-hypoxic rat, a response that is comparable to that in control-PA. It is

important to highlight, which will be discussed below in further detail, that some of

the effects of sildenafil may be due to partial blockade of PDE1 activity [since the

IC50 of sildenafil for PDE1 is achievable both in vivo and in vitro, (Paul et al.

2005)].

Clinically, sildenafil has been shown to be therapeutically useful in 80–90%

of IPAH, and PAH secondary to HIV, thromboembolic pulmonary hypertension

or portopulmonary hypertension: however, a lack of evidence has as-yet been
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provided to show such benefit in other classes of pulmonary hypertension or that

life expectancy is improved (Ghofrani et al. 2002; Michelakis et al. 2002; Wilkens

et al. 2001). The first large-scale clinical trial to show the beneficial effects of

sildenafil (20, 40, and 80 mg three times a day) for PAH was termed SUPER

(Sildenafil Use for Pulmonary Hypertension, a study in which 30% of the patients

had PAH). SUPER demonstrated that 80 mg sildenafil decreased PVR by 177–365

(mean 261) dyne s cm�5, decreased PAP by 2.8–6.7 (mean 4.7) mmHg, and

increased the 6-min walking distance by an average of 48 m over 12 weeks, an

effect that was sustained for >1 year (Galie et al. 2005). Although sildenafil

produced a dose-dependent decrease in PVR in PAH patients, the increase in the

6-min walk test was not, such that the 20 mg dose had an effect similar to that of

both 40 and 80 mg. Explanation for the lack of dose–response of sildenafil may be

Fig. 2 PDE inhibitors decrease proliferation and increase cAMP in PAH-PASMCs and relax PA.

(a) PDE inhibition [PDE1, vinpocetine (Vin); PDE2, erythro-9-(2-hydroxy-3-nonyl)-adenine

(EHNA); PDE3, milrinone (Mil); PDE4, rolipram (Rol) and PDE5, zaprinast (Zap), all 10 mM]

decreased serum-induced proliferation of PAH-PASMCs. (b) PDE inhibition increased cAMP

accumulation, with the exception of PDE5 inhibition, in response to Beraprost (10 mM, 10 min).

(c) Main and (d) first branch PA from control and chronic-hypoxic rat were contracted with

phenylephrine (1 mM) and relaxation was measured after PDE3 (10 mM, SKF94836) and PDE5

inhibition (10 mM, Sildenafil). An organ bath preparation with an isometric force transducer was

used to measure vessel tension in isolated PA. The concentration of PE used resulted in a sustained

contraction that was approximately 80–90% of the maximum KCl response. n ¼ 5 *P < 0.05 vs.

minus PDE inhibitor #P < 0.05 vs. control PA
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the result of changes in the affinity of sildenafil for PDE5 or in the conformational

state of PDE5 on inhibitor binding (Francis et al. 1998; Mullershausen et al. 2003;

Rybalkina et al. 2010). The FDA has approved the use of 20 mg sildenafil three

times a day for PAH, although the dose can be increased to 40–80 mg or until side

effects such as headache or dyspepsia develop.

Subsequently, the PHIRST (Pulmonary Arterial Hypertension and Response to

Tadalafil) trial was undertaken, which demonstrated that vardenafil given 40 mg

once per day (a single dose PDE5 inhibitor is thought to improve patient compli-

ance) to PAH-patients for 16 weeks increased the 6-min walking distance by an

average of 33 m, decreased mPAP and PVR and improved the time to clinical

worsening, which led to FDA approval in June 2009 (Galie et al. 2009a). Vardenafil

(5 mg once daily for the first 4 weeks, then 5 mg twice daily for 1 year) was tested in

a multicenter, open-label study in PAH patients; this study showed comparable

improvements in hemodynamic parameters and exercise capacity as was noted with

sildenafil and tadalafil (Jing et al. 2009).

No clinical trials have directly compared the long-term therapeutic effects of all

three of these inhibitors; however, in patients with IPAH, the acute effects of

sildenafil, tadalafil, and vardenafil vary in terms of kinetics of pulmonary vasodila-

tion (most rapid effect was vardenafil), pulmonary vascular selectivity (vardenafil

also decreased systemic resistance), and ability to improve arterial oxygenation

(only sildenafil improved oxygenation), strongly suggesting that longer-term stud-

ies are needed to determine whether such acute effects translate into clinical

effectiveness (Ghofrani et al. 2004). Experimentally, although all three drugs dose-

dependently relax isolated rat PAs, some data suggest that downstream signaling may

differ among the PDE5 inhibitors. For example, only vardenafil markedly reduces

CaCl2-induced contractions in phenylephrine-treated isolated PA, whereas only

vardenafil inhibits the hypoxia-induced upregulation of TNF-a and IL-1b in PA

(Toque et al. 2008; Tsai et al. 2006).

As has been the case for the treatment of systemic hypertension, it is likely that

combination therapy may be more efficacious in reducing mPAP and PA remodel-

ing in PAH. A number of experimental and clinical studies have demonstrated

that PDE5 inhibition additively or even synergistically improves pulmonary hemo-

dynamics when used with a number of approved or experimental drugs for PAH.

The combination of sildenafil with prostanoids, such as epoprostenol or inhaled

iloprost, has been shown to be effective both experimentally and clinically and to

decrease mPAP more than each agent alone (Ghofrani et al. 2003; Wilkens et al.

2001). In PAH patients, sildenafil reversed the decline in the 6-min walk test that

was observed after three months of inhaled iloprost and sustained this benefit for

over 1 year. Similarly, when the clinical benefits of an endothelin-A receptor

antagonist declined in PAH patients, sildenafil increased the 6-min walk test by

43% and, importantly, no dose adjustment of either agent was required upon

coadministration (Hoeper et al. 2004; Stavros et al. 2010). In the chronic-hypoxic

rat and when administered acutely to PAH patients, the decrease in mPAP and PVR

by sildenafil can be augmented by the addition of ANP, BNP, or inhibitors of

neutral endopeptidase; such data support the hypothesis that the beneficial effects
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of sildenafil on pulmonary hemodynamics is dependent, in part, on the bioactivity

of natriuretic peptides, the latter of which may be possible new therapeutic app-

roaches (Baliga et al. 2008; Klinger et al. 2006). Thus, although long-term studies are

required, therapy with PDE5 inhibitors appears safe and shows clinical benefit.

PDE5 inhibitors are known to enhance cGMP/PKG signaling but themechanisms

and downstream mediators for their antiproliferative and vasodilatory actions have

not been fully elucidated; inhibition of PKG reverses many of the effects of sildenafil

(Li et al. 2009; Sun et al. 2009b). PKG activation in PASMCs, via inhibition of

PDE5, activates calcium pumps, inhibits voltage-gated and receptor operated Ca2+

channels and inhibits BKCa channels, all of which contribute to reduction in intra-

cellular [Ca2+]i, uncoupling of the contractile apparatus by activating myosin light

chain phosphatase (MLCP) and hyperpolarization of the membrane (Archer et al.

1994; Koyama et al. 2001; Lu et al. 2010; Pauvert et al. 2004; Rybalkin and

Bornfeldt 1999; Wang et al. 2009). Sildenafil downregulates the increased expres-

sion of TRPC1 and TRPC6 in PAH–PASMCs, thereby decreasing capacitative

calcium entry (CCE) and inhibiting proliferation by ET-1 and 5-HT; inhibition of

NFAT translocation and activation by sildenafil may be key for the decrease in

TRPC expression (Lu et al. 2010; Pauvert et al. 2004; Wang et al. 2009). In parallel,

PDE5 inhibition can also suppress RhoA activation and attenuate MMP2 produc-

tion, mechanisms that contribute to decreased pulmonary vascular remodeling (Sun

et al. 2009b). Inhibition of RhoA prevents ROCK-dependent inhibition of MLCP,

thereby upregulating MKP-1 that can also decrease phosphorylation of ERK1/2 and

suppress PASMC proliferation (Guilluy et al. 2005). In vascular smooth muscle

cells, sildenafil activates RGS2 (the regulator of G-protein-coupled signaling 2) to

suppress Gq-mediated contraction; if such an effect occurs in PASMCs, it could

contribute to the blunting of ET-1 or 5-HT signaling by PDE5 inhibition (Lu et al.

2010; Pauvert et al. 2004; Takimoto et al. 2009; Wang et al. 2009). Many studies

imply that some of the beneficial effects of PDE5-inhibitors are, at least in part,

mediated by an increase in cAMP, which results from an inhibition of PDE3

(a cGMP-inhibited PDE) by the increased levels of cGMP, as will be discussed

below (Koyama et al. 2001; Zaccolo and Movsesian 2007). However, we find that

the acute stimulation of PAH–PASMCswith zaprinast does not increase the blunting

of agonist-induced cAMP accumulation in these cells (Fig. 2b).

Role of PDE3 in Pulmonary Vasculature

PDE3 is a major PDE in the lung and both PDE3A and PDE3B are expressed in

human and rat PASMCs (Murray et al. 2002, 2007; Palmer and Maurice 2000). The

mRNA and protein expression and activity of PDE3 is increased in animal models

of PAH and PAH–PASMCs (PDE3A and PDE3B, Fig. 1b, c) and after exposure of

PASMCs to chronic hypoxia (which, in particular, enhances expression of PDE3A

(Murray et al. 2002, 2007; Wagner et al. 1997). Elevated PDE3 activity, at least

in part, would explain reduced [cAMP]i in both isolated lung from the chronic-

hypoxic rat and agonist-induced cAMP accumulation in PAH–PASMCs; PDE3
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inhibition increases beraprost (a stable analogue of prostacyclin)-induced cAMP

accumulation from 6 � 1 to 47 � 1 pmol/mg in PAH–PASMCs (Fig. 2b)

(MacLean et al. 1996, 1997; Murray et al. 2007). Increased PDE3 activity con-

tributes to the decrease response to cAMP-elevating agents, such as isoproterenol

and forskolin, in vasodilating the PA from chronic hypoxic rats and decreasing

proliferation of PAH–PASMCs (Murray et al. 2007; Pyne et al. 2007; Schermuly

et al. 2005). The PDE3 inhibitor milrinone decreases proliferation in PAH–

PASMCs to a similar degree as does PDE5 inhibition (Fig. 2a). PDE3 appears

important in maintaining the SMC phenotype in PASMCs, such that PDE3 activity

and PDE3A expression are reduced in synthetic/activated cells (Dunkerley et al.

2002). PDE3 inhibitors, such as milrinone or SCA40, relax preconstricted PA rings

from both control- and PAH-rats, providing evidence that PDE3 activity may help

maintain the low tone of the pulmonary circulation (Jeffery and Wanstall 1998;

Pyne et al. 2007; Wagner et al. 1997). Figure 2c, d show that SK9483 promotes

relaxation of both the main and first branch PA preconstricted with phenylephrine.

Importantly, the effects of the PDE3 inhibitors are not compromised in PAH.

In animal models of PAH, amrinone, cilostamide, milrinone, and cilostazol (Pletal)

have all been shown to decrease mPAP and PVR and even reverse remodeling of

the PA (Clarke et al. 1994; Phillips et al. 2005; Sun et al. 2009a). Cilostazol (Pletal),

which is FDA approved for intermittent claudication, partially reverses PAH in

animal models of the disease and acts synergistically with bone marrow-derived

endothelial progenitor cells to inhibit the inflammatory response that is seen in such

models (Sun et al. 2009a; Thompson et al. 2002). Although PDE3 inhibitors

effectively lower PA wedge pressure and mPAP, because they have positive

inotropic and vasodilatory actions in the systemic circulation, they were deemed

an unsuitable option for treating PAH. In addition, based on results of clinical trials

for heart failure that showed PDE3 inhibitors increased mortality by around 30%

(Packer et al. 1991), there has been a reluctance to consider their use in PAH.

However, PDE3 is being “revisited” as a possible target for PAH because PDE3

inhibition may have therapeutic potential either in combination with approved

drugs such as prostacyclin and its analogues or even PDE5 inhibitors (allowing

the use of lower doses with less cardiovascular side effects), by altering the route

of administration or only using the PDE3 inhibitors in a subset of patients. Combi-

nation therapy for PAH with PDE3 inhibitors can produce potent and selective

pulmonary vasodilation; the coapplication of subthreshold doses of PDE3 inhibitors

amplify prostacyclin, isoproterenol, and forskolin-induced vasodilation of isolated

PA from chronic-hypoxic rats, and attenuate PASMC proliferation (Phillips et al.

2005; Schermuly et al. 2001; Wagner et al. 1997). Distal pulmonary artery muscu-

larization in the chronic-hypoxic rat is inhibited by the combination of iloprost

and cilostamide (more than either agent alone), providing a rationale for their

coadministration in reversing pulmonary vascular remodeling.

A similar interaction has been observed with PDE3 and PDE5 inhibitors,

such that “a low dose” of each type of inhibitor yielded ~4 and 8% reduction

of elevated PVR, respectively; however, together they reduced PVR by ~40%,

implying a synergistic effect of their coadministration in reducing elevated PVR
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(Clarke et al. 1994). A combination of milrinone and sildenafil achieved a better

hemodynamic profile in a porcine model of acute PAH, with greater pulmonary

vasodilatation and increased contractility but without additional systemic vasodila-

tion (Lobato et al. 2006). Furthermore, inhaled NO enhanced the dose-dependent

decrease in PVR by milrinone by a further 20% (Deb et al. 2000). Inhalation of

nebulized milrinone can improve the hemodynamic profile in animal models of

PAH and patients with pulmonary hypertension secondary to congestive heart

failure, suggesting this may be a novel, effective pulmonary-selective strategy;

however, longer-term studies are required (Botha et al. 2009; Hentschel et al. 2007;

Lamarche et al. 2007).

Inhibiting PDE3 increases cAMP, which decreases vasoconstriction and prolif-

eration through a number of mechanisms, although which are necessary and

sufficient for the beneficial effect of cAMP in PASMCs are not fully defined

(Koyama et al. 2001; Rybalkin and Bornfeldt 1999). cAMP, via PKA activation,

phosphorylates MLCK, leading to vasodilation of the PA and inhibits Raf-1

activation, thereby inhibiting ERK1/2 activation and PI3K, both of which attenuate

PASMC proliferation. In smooth muscle cells, cAMP blocks cell cycle progression

from G1 to S phase, inhibits cyclin-dependent kinase 4, and upregulates the cyclin-

dependent kinase 2 inhibitor, p27kip1(Koyama et al. 1996). In PAH–PASMCs,

milrinone inhibited CCE ~50% (Murray et al. 2007). Inhibitors of PDE3 open BKCa

channels in PAH–PASMCs, leading to membrane hyperpolarization, and also block

the vasoconstrictive response to PKC activation in isolated PAH–PA (Barman et al.

2003; Zhu et al. 2008). The latter effects were shown to be independent of PKA,

thereby highlighting a possible role for the other cAMP downstream mediators,

such as Epac, in cAMP-promoted vasodilation and antiproliferation. Epac, a gua-

nine nucleotide exchange factor for the low-molecular-weight G protein Rap-1, has

been shown to mediate a number of effects of cAMP; our unpublished data

show that PDE3 inhibition can activate Epac and that Epac activation decreases

proliferation of both control- and PAH–PASMCs. Of note, PDE3B can integrate

into a complex with Epac (Raymond et al. 2007), suggesting that if such an interac-

tion occurs in PASMCs, increased cAMP that results from PDE3 inhibition might

preferentially enhance Epac-dependent functions.

The notion that specific PDE isoforms can regulate distinct “pools” of cAMP

could be key for the pharmacological actions of specific PDE inhibitors (Raymond

et al. 2007). In addition, PKA-independent effects of PDE3 inhibitors conceivably

may be due to cross-activation by cAMP of PKG (which is known to occur in

numerous systems) or from cAMP-promoted increases in [cGMP]i as a conse-

quence of inhibition of its hydrolysis by interaction with dual-specificity PDEs

(Koyama et al. 2001; Maurice 2005; Zaccolo and Movsesian 2007): such an idea is

worth further investigation in PAH–PASMCs. It can be hypothesized that a poten-

tial way to limit the detrimental effects of PDE3 inhibitors may be targeting drugs

to particular PDE3 isoforms (e.g., PDE3A or PDE3B), which based on their

different subcellular distribution and possibly different downstream mediators,

such inhibitors might have differential effects in the cell; currently, no such drugs

are available.
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3.1.2 Role of PDE1 in the Pulmonary Vasculature

Real-time PCR has demonstrated that a number of other PDEs are expressed in both

whole lung and human PASMCs (Fig.1a), although their roles in PAH have not

been fully investigated. By defining the expression of PDEs in human PASMCs

from normal subjects and patients with PAH, we obtained evidence for a biochemi-

cally and physiologically important role of PDE1 in PAH. PDE1 is encoded by

three separate genes with several splice variants: PDE1A, PDE1B (which is absent

in human PASMCs), and PDE1C, which hydrolyzes cAMP and cGMP with differ-

ent affinities and mediates, at least in part, the decrease in cAMP accumulation in

response to increases in [Ca2+]i (Goraya and Cooper 2005; Miller et al. 2009).

PDE1C has equal affinity for cAMP and cGMP and also hydrolyzes both at roughly

equal rate, whereas PDE1A has ~20-fold higher affinity for cGMP and PDE1B

has ~5-fold greater affinity for cGMP (Bender and Beavo 2006). PDE1 may thus

provide “cross-talk” between the increased [Ca2+]i and decreased levels of cyclic

nucleotides that occur with PAH and unlike PDE5 or PDE3 inhibitors, inhibition of

PDE1 would increase both [cAMP]i and [cGMP]i, depending on the isoform that is

most abundant in that tissue.

We found an increase in the mRNA and protein expression of PDE1A and

PDE1C and increased total PDE1 activity in PASMCs isolated from patients with

both primary and secondary forms of PAH compared to PASMCs from controls,

and this increase contributed to decreased cAMP and cGMP levels and increased

proliferation of PAH–PASMCs (Murray et al. 2007). Moreover, PDE1 inhibition

reduced proliferation in PAH–PASMCs more than did inhibition of PDE2 or PDE4,

decreased CCE by >50% and helped restore forskolin-and beraprost-induced

cAMP accumulation (Fig. 2a, b). Expression of PDE1A, 1B, and 1C are detected

in PA from mice, rat, and lamb and increased expression is observed after develop-

ment of PAH (Evgenov et al. 2006; Schermuly et al. 2007). Figure 3 demonstrates

that PDE1 expression and activity are increased in the monocrotaline-treated rat

lung, providing a further rationale for targeting PDE1, in particular PDE1C, in

PAH.

The data obtained from animal models that implicate a role for PDE1 in PAH

must be interpreted with caution. In human SMCs, unlike SMCs from other species,

PDE1C is more dependent on calmodulin-stimulated cAMP hydrolysis and an

increase in PDE1C is associated with SMC proliferation (Rybalkin and Bornfeldt

1999; Rybalkin et al. 1997, 2002). Due to the marked differences in expression,

activities, and function of PDE1 isoforms in SMCs from different species, animal

models of PAH may not be appropriate to study PDE1 and thus, not show the full

therapeutic potential of PDE1 inhibitors. Even so, in perfused rat lung preparations,

administration of the PDE1 inhibitor vinpocetine attenuates acute hypoxic vaso-

constriction and PDE1 inhibitors augment the therapeutic efficacy of inhaled NO

and iloprost in animal models of PAH: PDE1 inhibitors applied at subthreshold

doses enhanced iloprost-induced decrease in mPAP to a similar degree as a

PDE3 inhibitor and did not decrease systemic pressure (Evgenov et al. 2006;

Phillips et al. 2005; Schermuly et al. 2005; Wagner et al. 1997). The PDE inhibitor

Role of Phosphodiesterases in Adult-Onset Pulmonary Arterial Hypertension 291



8MM-IBMX decreased PVR (2.14 � 0.26 to 1.32 � 0.33 mmHg mL�1 min�1 per

100 g of body weight) in the monocrotaline-treated rat and increased the portion of

nonmuscularized PA in the chronic-hypoxic mouse (Schermuly et al. 2007). How-

ever, since both vinpocetine and 8MM-IBMX can inhibit other PDEs (in particular

PDE7 and PDE5, respectively), this could alter the interpretation of the data.

Due to the lack of specific pharmacological inhibitors for PDE1, no clinical trials

for PAH have been undertaken. However, vinpocentine (up to 40 mg per day) has

been used to decrease smooth muscle tone in the lower urinary tract for urge

incontinence and is approved and used in Eastern Europe to enhance cerebral

blood-flow and improve memory (Kemeny et al. 2005; Truss et al. 2001). Although

one must be cautious in drawing conclusions from such results, the studies suggest

that PDE1 inhibitors are generally well tolerated. Furthermore, PDE5 inhibitors

such as zaprinast and sildenafil interact with PDE1 (sildenafil has a IC50 of 350 nM)

and 100 mg sildenafil can lead to a plasma level of 1.2 mM, suggesting that

potentially some of the beneficial effects of “PDE5 inhibitors” in PAH may, in

fact, result from inhibition of PDE1 (Paul et al. 2005). The data above highlight the

need to test selective PDE1 inhibitors since their use is crucial to define the function

of PDE1 and its potential as a therapeutic target for PAH.

Previous studies regarding specific PDE1 isoforms provide further evidence for

a role of PDE1 in PAH, a disease characterized by reduced sensitivity to vasodila-

tors and excess number and activity of smooth muscle cells. An increase in PDE1A

Fig. 3 PDE1 expression in rat lung and upregulation with PAH. (a) mRNA for PDE1A, 1B,

and 1C is detected in rat lung. (b) PDE1A and PDE1C mRNA, (c) PDE1C protein, and

(d) % contribution of PDE1 to total PDE1 activity is increased in monocrotaline-treated rat lung

(M) relative to control (C). PDE activity was determined using 1 mM cAMP as substrate through a

two-step radioassay procedure (Keravis et al. 2005; Thompson et al. 1974). To identify the

contribution of activity of PDE1, we performed assays in the presence of specific PDE1 inhibitors

[30 mM vinpocetine, 30 mM 8-methoxy-methyl-3-isobutyl-1-methylxanthine (8-MM-IBMX)] and

with or without Ca2+/Calmodulin in the presence of EGTA. n ¼ 3, *P < 0.05 vs. control
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expression has been shown to contribute to a reduced response (“tolerance”) to

drugs that increase NO; the PDE1 inhibitor vinpocetine partially restores sensitivity

of the vasculature to nitroglycerin (Kim et al. 2001). Moreover, in vascular SMCs,

the nuclear localization of PDE1A can, by decreasing cGMP, protect the cells from

apoptosis (Nagel et al. 2006). PDE1C is present in proliferating aortic SMCs but

absent in intact human thoracic aorta and not expressed in contractile/quiescent

cells, findings that suggest PDE1C contributes to the proliferative phenotype of

vascular SMCs (Rybalkin and Bornfeldt 1999; Rybalkin et al. 1997, 2002); PDE1C

has also been shown to associate with chromatin, which may contribute to SMC

replication (Dolci et al. 2006). These data suggest that PDE1 isoforms regulate

smooth muscle function and may be useful targets for the treatment of diseases with

excess smooth muscle cell proliferation. Such ideas are consistent with our data

showing that treatment with PDE1C-siRNA inhibits proliferation of PASMCs, in

particular cells from PAH patients (Murray et al. 2007). Figure 4 shows a schematic

of the signalling pathways and mediators that may contribute to the vasodilatory,

antiproliferative and apoptotic actions of PDE inhibitors in PASMCs and hence

their benefical effects in PAH.

3.2 Role of PDEs in the Right Ventricular Hypertrophy

Much of the research in PAH focuses on developing effective treatments to

vasodilate and reverse the remodeling of the PA and thereby reduce mPAP.

Fig. 4 Schematic of some mechanisms that contribute to the vasodilatory, antiproliferative, and

apoptotic actions of cAMP and cGMP (by PDE inhibition) in PASMCs. The effects of cyclic

nucleotides are mediated by PKG and PKA activation, potassium channel opening, and a decrease

in intracellular [Ca2+] that leads to phosphorylation of a number of downstream proteins, decrease

in ROS and altered activity of transcription factors. Further details are given in the text

Role of Phosphodiesterases in Adult-Onset Pulmonary Arterial Hypertension 293



However, since the main cause of morbidity and mortality in PAH is right

ventricular (RV) failure, and there is limited access to lung transplantation, future

therapeutic approaches must seek to preserve RV function but knowledge is

incomplete regarding the mechanisms for RV failure. In some patients, failure of

the RV progresses even when mPAP is attenuated (Badesch et al. 2009; Bogaard

et al. 2009). RV hypertrophy is a protective mechanism by which the heart

compensates for the increase in PAP, however sustained, high pulmonary pressure

leads to maladaptive remodeling, dilatation, and eventually RV failure. PDE1A,

1C, 3A, 3B, and 5A are all expressed in the heart and PDE family-specific inhibitors

enhance contractility and ameliorate LV hypertrophy, although given the difference

in the structure and function of the ventricles this may not be true for RV hypertro-

phy (Miller et al. 2009; Takimoto et al. 2005; Yan et al. 2007; Zaccolo and

Movsesian 2007). Both in experimental and in clinical in vivo studies (referenced

above), sildenafil and milrinone reverse RV hypertrophy, suggesting that in

addition to improving the hemodynamics of the pulmonary circulation, PDE

inhibitors help preserve RV function, by enhancing contractility and increasing

cardiac output.

Limited data exist as to whether the attenuation of RV hypertrophy by PDE

inhibition is due to a direct cardiac effect or the result of a decrease in mPAP.

Sildenafil significantly increases contractility in both the perfused heart and the

isolated cardiomyocytes with RV hypertrophy; PDE5, but not PDE3, mRNA,

protein and activity are markedly upregulated in hypertrophied RV myocardium

(Nagendran et al. 2007). In contrast, sildenafil does not reverse or prevent RV

hypertrophy when the pressure load is kept constant by surgical banding of the PA,

suggesting that PDE5 inhibitors act indirectly to decrease RV hypertrophy via RV

unloading (Andersen et al. 2008; Schafer et al. 2009).

In isolated heart and myocytes, PDE5 inhibitors do not enhance PKG signaling

but instead increase [cAMP]i (Nagendran et al. 2007). It has been proposed that

increased cGMP (via sildenafil) competitively inhibits PDE3, thereby elevating

cAMP since PKA inhibitors block the positive inotropic effect of sildenafil and

no increase in PKG phosphorylation is observed in the RV after treatment with

PDE5 inhibitors (Mouchaers et al. 2009; Nagendran et al. 2007). Sildenafil also

improves NOS coupling and decreases superoxide levels (which participate in the

transition from hypertrophy to heart failure) in the heart, thus contributing to its

beneficial effects in the RV (Hemnes et al. 2008). Treatment of monocrotaline-

treated rats with bosentan and sildenafil reduces the formation of fibrosis by

increasing the activity of mitochondrial enzymes (succinate dehydrogenase and

cytochrome c oxidase) in the RV (Hemnes et al. 2008; Mouchaers et al. 2009).

More research is needed to determine whether components that contribute to the

protective effect of PDE inhibitors on LV failure, such as RGS2, are also impor-

tant in RV failure and whether their short-term benefits can be translated into long-

term clinical utility.
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3.3 Role of PDEs in the Inflammation Associated with PAH

Another aspect of PAH that may be targeted by PDE inhibition is the inflammatory

component of the disease. Inflammatory cells such as B- and T cells, dendritic cells

(DCs) and macrophages are all present in the vascular lesions of patients with

IPAH or secondary PAH and in animal models such as the monocrotaline-treated

rat (Hassoun et al. 2009; Tuder et al. 1994). PAH is associated with increased

circulating levels of inflammatory mediators such as Il-1b and Il-6 and cytokines

and chemokines such as CX3CL1, CCL2, and CCL5 (Balabanian et al. 2002;

Humbert et al. 1995; Perros et al. 2007). Release of these mediators from pulmo-

nary endothelial and PASMC recruit inflammatory cells is hypothesized to initiate

the release of growth factors, increase [Ca2+]i and transcription and thereby,

to increase remodeling of the PA. Other data have shown that PDE3 and PDE4

regulate cAMP accumulation and proliferation in human CD4+ and CD8+

T-lymphocytes and affect DC function by blocking TNF release, providing evi-

dence that PDE3- and PDE4-inhibitors modulate inflammation [as discussed in

other chapters, (Gantner et al. 1999; Giembycz et al. 1996)].

We have shown that the highest expressed PDEs in peripheral blood mononu-

clear cells (PBMCs) are PDE4B, PDE7A, and PDE3B (Zhang et al. 2008). PDE4,

PDE3, and PDE7 contribute 40, 30, and 15%, respectively, to total-PDE activity in

PASMCs, as determined through a two-step radioassay conducted in the absence or

presence of selective PDE inhibitors. In addition to increasing cAMP in PASMCs

(Millen et al. 2006; Murray et al. 2007; Schermuly et al. 2005), PDE4 inhibitors are

important in modulating the action of immune and inflammatory cells (Souness

et al. 2000), suggesting that PDE4 inhibitors may help decrease PASMC contrac-

tion and proliferation and also inhibit inflammation that contributes to the develop-

ment of PAH. PDE4A10, PDE4A11, PDE4B2, PDE4C, and PDE4D5 isoforms are

expressed in human PASMCs (Millen et al. 2006). Of note, the PDE4 inhibitor

piclamilast inhibits proliferation of pulmonary fibroblasts induced by the basic

fibroblast growth factor (bFGF) and low-dose interleukin-1 (IL-1b), suggesting
that it may prevent inflammation-induced remodeling of the PA (Selige et al.

2010). In vivo the PDE4 inhibitor roflumilast decreased mPAP, RV hypertrophy,

and PA muscularization, thereby attenuating the development of monocrotaline-

induced PAH. Roflumilast reduced the increases in IL-6 and monocyte chemotactic

protein-1 (MCP-1) that was observed in lung tissue after 21 days of monocrotaline-

treatment and reversed established monocrotaline-induced PAH, thereby suggest-

ing that blunting of inflammation associated with PAH can help attenuate PA

remodeling (Izikki et al. 2009).

Since inhibition of PDE4 alone, compared to PDE3 and PDE1, only modestly

decreases PASMC proliferation and increases cAMP accumulation in PAH–

PASMC (Fig. 2a, b), dual PDE3/PDE4 inhibitors may be a rational therapeutic
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approach by targeting both the vascular and the immune aspects of the disease

(Fig. 1) (Izikki et al. 2009). In the monocrotaline-treated rat, in which inflammation

is key to the development of PAH, the PDE3/PDE4 inhibitor tolafentrine alone or

together with iloprost reverses the increase in mPAP, RV hypertrophy, and pulmo-

nary vascular remodeling in fully established PAH and inhibits the associated

increase in activity of MMP-2 and MMP-9: although systemic arterial pressure

decreases on acute exposure to tolafentrine, this is not sustained (Schermuly

et al. 2004). In parallel, the dual PDE3/PDE4 inhibitor pumafentrine, which

dose-dependently increases cAMP and decreases proliferation in isolated human

PASMCs, significantly reversed the muscularization, media hypertrophy, and the

decrease in the lumen of the small PAs, suggesting that this inhibitor is proapoptotic

(Dony et al. 2008). These data imply that targeting PDE4/PDE3 would be beneficial

for PAH. However, due to the dose-limiting side effects of PDE3 and PDE4

inhibitors, more research is required to determine whether such drugs will be

clinically useful. Because PDE7 is also highly expressed in immune cells and

upregulated in PAH–PASMCs, targeting of this PDE could be a novel approach

in the treatment of PAH and merits further investigation.

4 Conclusion and the Future of PDEs in PAH

PAH is a complex, multifactorial disease with no single cause and thus, it is

unlikely that one drug will prove to be therapeutically beneficial for all patients.

Nevertheless, the evidence reviewed here strongly implicates a key role for PDEs

in the increased mPAP and remodeling of the PA that is associated with PAH. The

clinical success of PDE5 inhibitors (e.g., sildenafil) in different forms of PAH

implies that PDE5 expression and activity contribute to the pathophysiology of

PAH. In order to more clearly determine the role of other PDEs, in particular PDE1,

selective inhibitors are needed; the development of inhibitors that can target

specific PDE isoforms has the potential to provide therapeutic utility by providing

efficacy but decreasing side effects.

Since mRNA for PDE1A, PDE1C, PDE3A, PDE3B, and PDE5A are all upre-

gulated in PAH, their regulation in this disease likely occurs at the level of

transcription (Fig. 1b) (Murray et al. 2007). However, relatively limited informa-

tion is available regarding the transcriptional control of specific PDEs. We have

hypothesized that the increase in PDE3A expression with PAH is attributable to

PKA-dependent CREB activation, through an initial accumulation of cAMP to

protect the pulmonary circulation from insult and to try and restore normal tone

(Murray et al. 2002). Studies have suggested that the increase in PDE5A mRNA

occurs via increased NFkB activation; mapping the promoter of PDE5A identified a

number of Sp1-, AP-1, NFkB-, and CRE-binding sites (Lin et al. 2001a, b; Murray

et al. 2002; Pyne et al. 2007). Further data show that PDE5A expression is

upregulated via Ang-II-mediated ERK1/2-activation and increased superoxide

derived from NOX; however, no transcription factors were directly implicated
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(Kim et al. 2005; Muzaffar et al. 2008). Data supporting the role of one or more

transcription factors in the regulation of PDEs in PAH would likely advance

understanding of PDEs and perhaps identify mechanisms that contribute to the

initiation and progression of PAH.

Real-time PCR and immunoblot analyses have demonstrated that a number of

other PDEs and PDE-related proteins, including the two isoforms of the small

inhibitory proteins PDEg1 and PDEg2, which were first shown to be associated

with PDE6 regulation in photoreceptor cells, are expressed in PASMCs; however,

they have not been shown to regulate the PDEs expressed in PASMCs and their

function and relevance to PAH have not been fully investigated (Fig. 1a, Murray

et al. 2003, 2007). These or other PDEs may be highly expressed in the RV or in

inflammatory cells such as lymphocytes, macrophages, and DCs that infiltrate the

PA and may be as important to PAH as those outlined above. Further analyses of

the regulation, expression, and function of PDEs in the pulmonary circulation and

the effectiveness of combination therapy with PDE inhibitors would increase the

understanding of PAH and may aid in the development of novel therapeutic targets

or regimens.
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Abstract To date, it is widely accepted that several disorders of the male and

female urogenital tract, such as erectile dysfunction, bladder overactivity, urinary

stone disease, the benign prostatic syndrome, as well as symptoms of female sexual

arousal and orgasmic dysfunctions, can be therapeutically approached by influen-

cing the function of the smooth musculature of the respective organs. To achieve a

pronounced drug effect without significant adverse events, a certain degree of tissue

selectivity is mandatory. Selective intervention in intracellular pathways regulating
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smooth muscle tone has become the most promising strategy to modulate tissue and

organ function. Since the concept of taking a pill to relieve symptoms of lower

urinary tract dysfunction is now widely accepted following the successes of phos-

phodiesterase 5 (PDE5) inhibitor treatment of erectile dysfunction, the treatment of

urological diseases has focused on orally available drugs acting via influencing

intracellular signaling pathways, thereby combining a high response rate with the

advantage of an on-demand intake. Specifically, the use of isoenzyme-selective

PDE inhibitors offers great opportunities in the medical treatment of various

genitourinary diseases. These agents are regarded to be safe and to be efficacious,

i.e., having a fast onset of drug action and an improved effect-to-side-effect ratio.

As experience with this class of compounds and their use in urology is rapidly

growing, basic and clinical research in this field will most likely expand the

pharmacological armamentarium of innovative treatment options in the next few

years. The purpose of this review is to summarize current, as well as potential,

upcoming indications for the use of PDE inhibitors in the pharmacotherapy of male

erectile dysfunction and lower urinary tract symptoms.

Keywords Lower urinary tract symptoms � Male erectile dysfunction � Oral phar-
macotherapy � Phosphodiesterase (PDE) inhibitors

1 Introduction

Cyclic nucleotide monophosphates cyclic AMP (cAMP) and cyclic GMP (cGMP)

are important intracellular mediators of several processes, including smooth muscle

motility, electrolyte homeostasis, neuroendocrine signals, and retinal phototrans-

duction (Antoni 2000; Lucas et al. 2000). Following a physiological signal, e.g., the

release of nitric oxide (NO) from nonadrenergic, noncholinergic nerve terminals or

activation of specific G-protein-coupled receptors on the outer cell surface, cyclic

nucleotides are synthesized from their corresponding nucleoside triphosphate by

the activity of adenylyl and guanylyl cyclases. This increase in cAMP or cGMP

triggers a signal transduction cascade, which encompasses the activation of cyclic

nucleotide-dependent protein kinases (cAK, cGK), subsequent phosphorylation of

the actin-myosin system, as well as Ca2+ channels and ATP-driven Ca2+ pumps

located in the outer cell membrane or the membrane of the sarcoplasmatic reticu-

lum. This cascade leads to a reduction in cytosolic Ca2+ and, finally, to smooth

muscle relaxation. Cyclic nucleotides are degraded by phosphodiesterase (PDE)

isoenzymes, a heterogeneous group of hydrolytic enzymes. It is because of their

central role in smooth muscle tone regulation that PDEs have become an attractive

target for drug development. PDEs are classified according to their preference or

affinity for cAMP or/and cGMP, kinetic parameters of cyclic nucleotide hydrolysis,

relative sensitivity to inhibition by various compounds, allosteric regulation by

other molecules, amino acid sequences, and chromatographic behavior on anion

exchange columns.
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Eleven families of PDE isoenzymes can be distinguished: Ca2+/calmodulin-

stimulated PDE (PDE1), cGMP-stimulated PDE (PDE2), cGMP-inhibited PDE

(PDE3), cAMP-specific PDE (PDE4), cGMP-binding, cGMP-specific PDE (PDE5),

and the cGMP-binding, cGMP-specific PDE of mammalian rods and cones (PDE6).

While PDE7 (which has high affinity and specificity for cAMP) and PDE8 (IBMX-

insensitive) have preferred selectivity for cAMP, PDE9 exclusively degrades

cGMP. PDEs 10 and 11 can inactivate both cAMP and cGMP (Michaeli et al.

1994; Han et al. 1997; Fisher et al. 1998a; Fisher et al. 1998b; Loughney et al. 1999;

Fawcett et al. 2000). Some of these isoenzyme families consist of more than one

gene (isogenes) and some genes are alternatively spliced so that, to date, more than

50 isoenzymes or variants have been described (Conti and Jin 1999; Essayan 2001).

Some PDE genes are also variably expressed in different tissues. For example,

PDE2 is predominantly found in vascular smooth muscle. Expression of PDE5 in

the corpus cavernosum and the cGMP-mediated relaxation of the cavernous smooth

muscle during sexual stimuli have made inhibition of this enzyme a clinical benefit

in the management of erectile dysfunction (ED). PDE7 is abundant in skeletal

muscle and is also present in the human kidney. Although expressed in other

tissues, high levels of PDE8, -10, and -11 are found in the testis, and PDE9 is

expressed in intestinal smooth muscle, skeletal (striated) muscle, and brain

(Rybulkin et al. 2003; Maurice et al. 2003). To date, 6 out of these 11 isoenzymes

(PDE1, -2, -3, -4, -5, and -11) have been proven to be of pharmacological impor-

tance. Since the distribution and functional significance of PDE isoenzymes can

vary in different tissues, isoenzyme-selective inhibitors have the potential to exert

specific effects on the target tissue.

2 PDE5 Inhibitors in Male Erectile Dysfunction

Due to the demographic development in the populations of industrialized countries,

the prevalence of ED has dramatically increased. While, in 1995, ~152 million men

worldwide reported that they suffered from ED, in 2005, it has been estimated that

320 million men will report this as a medical problem by the year 2025. Since the

early 1980s, the mechanisms of erectile physiology and pathophysiology have been

clarified in detail and extensive coverage was made on the nitric oxide (NO)-cGMP

pathway and its role in the initiation and maintenance of penile erection (Holmquist

et al. 1991; Rajfer et al. 1992) The discovery of NO and cGMP as the major

effectors in penile smooth muscle relaxation was a landmark and has led to the

identification of certain drugs that can foster elevation of intracellular levels of

cGMP. Among these agents are the nitric oxide donor drugs such as sodium

nitroprusside, nitroglycerin and linsidomine (SIN-1), and selective inhibitors of

PDE5 (Truss et al. 1994; Heaton and Morales 1990; €Uckert et al. 2001a). Espe-
cially, the use of selective PDE5 inhibitors in the treatment of ED has gained

widespread acceptance in the field of urology and persists as an important topic.

Sildenafil, vardenafil, and tadalafil are nonhydrolysable analogs of cGMP that
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counteract the degradation of this cyclic nucleotide by binding to the catalytic site

of PDE5 and blocking access by the substrate, cGMP. Hereby, enhancement of NO-

initiated relaxations of cavernous erectile tissue can be obtained (Kalsi and Kell

2004). The efficacy of the PDE5 inhibitors has been evaluated in myriad clinical

trials involving thousands of male subjects with different causes of impotence:

psychogenic, with no identifiable organic cause, as well as patients with diabetes

and histories of spinal cord injury and pelvic surgery (radical prostatectomy). In all

trials, men receiving a PDE5 inhibitor more often reported erections sufficient for

sexual intercourse than did those who received placebo (Fink et al. 2002; Stief et al.

2004; Eardly and Cartledge 2002). However, the action of PDE5 inhibitors requires

some degree of neuronal input to the corpus cavernosum as well as the intact

cavernous endothelial structures. The most common side effects that are reported

following the use of PDE5 inhibitors include headache (18%), flushing (11%),

dyspepsia (7%), nasal congestion (5%) and are related to the presence of PDE5 in

tissues other than the corpus cavernosum (K€uthe et al. 2000). With regard to the

cardiovascular safety, it has been shown that PDE5 inhibitors do not affect the

ability of patients with coronary artery disease to maintain a level of exercise

similar to that required for sexual activity and that patients do not experience

significant side effects from the use of these medications. Studies to evaluate the

interactions between PDE5 inhibitors and organic nitrates demonstrated only modest

synergistic effects on the nitrate-induced reduction in mean systolic and diastolic

blood pressure (Mazzu et al. 2001; Thadani and Mazzu 2002; Emmick et al. 2002).

Nevertheless, due to their mechanisms of action, that is the enhancement of cGMP

accumulation due to increased synthesis and decreased cGMP breakdown, the use

of PDE5 inhibitors is contraindicated in ED patients taking nitrates.

3 Treating ED by Combining PDE5 Inhibitors

with Other Drugs

Since several classes of drugs with different modes of pharmacological action

demonstrate efficacy in treating ED, this creates the potential for therapeutic

combination of some of these drugs. Currently, only the combined application of

sildenafil and alprostadil (PGE1) has been studied comprehensively despite other

possibilities. In a placebo-controlled cross-over study, 40 patients with ED, who

had experienced unsatisfactory erections with both 50 and 100 mg of sildenafil,

were treated for 4 weeks with intracavernous injections of PGE1 (20 mg) (two per

week given in the clinic and then provided with either placebo or 50 mg sildenafil

for use at home). In a subset of 26 subjects (65%), the IIEF-Erectile Function

domain score, the main outcome measure, was found to be considerably higher with

the combined PGE1/sildenafil (50 mg) treatment than with PGE1/placebo or

sildenafil (50 or 100 mg) alone (Gutierrez et al. 2005). There is also evidence that

the combination of an orally effective PDE5 inhibitor, such as sildenafil, tadalafil,
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or vardenafil, with testosterone replacement therapy might be effective in hypogo-

nadal patients with ED when testosterone alone fails (or vice versa). Greco et al.

(2006), by means of an extensive MEDLINE search (2003–2006), reviewed rele-

vant data from basic and clinical studies regarding the efficacy of combined

testosterone replacement and PDE5 inhibitor therapy. Their analysis revealed

that, due to the molecular mechanisms of action of androgen hormones and its

receptor in the regulation of PDE5 expression in the human corpus cavernosum,

PDE5 inhibitors might be ineffective in hypogonadal men with ED. Thus, the

efficacy of this class of drugs might be enhanced by concomitant testosterone

administration whenever necessary. They concluded that screening for hypogonad-

ism in all men with ED is necessary to identify men with severe or moderate

hypogonadism, those who may be refractory to PDE5 inhibitor treatment and

who may benefit from testosterone supplementation (Greco et al. 2006). These

considerations may improve the clinical management of patients who are unre-

sponsive to treatments with PDE5-selective inhibitors. The combination of cen-

trally acting agents, such as the dopaminergic agonist apomorphine, with PDE5

inhibitors has also been considered to be an attractive approach because the

two therapies target different signaling mechanisms (Sommer and Engelmann

2004). However, no prospective randomized clinical trials with adequate numbers

of patients have yet been conducted to provide a scientific rationale for this

combination strategy.

4 Upcoming PDE5 Inhibitors

4.1 Udenafil (DA-8159)

Udenafil is an oral active PDE5 inhibitor currently available in South Korea for the

treatment of ED. Phase II clinical data demonstrated that in men with mild-to-

severe ED, the drug produced a significant improvement in erectile function after

12 weeks of treatment. Udenafil has been reported as being well tolerated. In

a rat model, the effects of acute treatment with DA-8159 were investigated on

erectile dysfunction associated with hypercholesterolemia or diabetes. In the

animals, the administration of DA-8159 (0.3 or 1 mg/kg) induced a dose- and

frequency-dependent increase in intracavernous pressure (ICP). Chronic treatment

with DA-8159 (20 mg/kg/day) over 5 months restored the erectile responses

induced by electric stimulation, improved endothelial function as assessed by

recording thoracic aorta relaxation in vitro in response to the cumulative addition

of acetylcholine to the bathing medium, and also significantly decreased plasma

levels of endothelin and asymmetrical dimethyl arginine (ADMA), an endogenous

inhibitor of nitric oxide synthase (NOS) activity (Kang et al. 2005). These results

provided a rationale for the potential use of DA-8159 for treating ED secondary to

hypercholesterolemia.

Treatment of Erectile Dysfunction and Lower Urinary Tract Symptoms 311



4.2 Avanafil

VIVUS Inc. (Mountain View, CA, USA) is in the process of developing avanafil, a

fast-acting, highly selective PDE5 inhibitor, as an oral medication for the treatment

of ED. VIVUS has announced favorable data from a phase II at-home, multicenter,

double-blind, randomized, and parallel-design study. Patients were instructed to

attempt sexual intercourse 30 min after taking avanafil, with no food or alcohol

restrictions. Results showed that up to 84% of avanafil doses resulted in erections

sufficient for vaginal penetration, as compared with placebo. No serious adverse

events were reported. Positive data were also demonstrated in a twice-daily study

and nitrate interaction study. The results from the twice-daily study showed no

significant plasma accumulation of the drug after the twice-a-day treatment regi-

men. Results from the nitrate study revealed that avanafil had only little impact on

blood pressure and heart rate (Gur et al. 2008; Hatzimouratidis and Hatzichristou

2008). In comparison with sildenafil, vardenafil, and tadalafil, avanafil presents

a unique chemical structure differing from the standard (nucleo)base/sugar/

phosphate diester model of many PDE5 inhibitors. In the avanafil molecule, the

central structure is formed by a nitrogen derivative of a pyrimidine carboxamide

where the nitrogen atom of the amide is bound to a pyrimidinylmethyl group.

It seems likely that the ribose-phosphate component is represented by a cyclic

chloromethoxy benzylamino structure where the Cl-atom and the methoxy-ligand

resemble the phosphate group. Thus, theoretically, the inhibitor can bind to the

catalytic site of PDE5 regardless of the spatial orientation of the molecule. This

property may significantly increase the affinity of the inhibitor toward PDE5 and,

thus, the clinical effectiveness of the drug.

4.3 Lodenafil

Lodenafil carbonate is a novel PDE5 inhibitor that was recently introduced into the

clinical phase of development. The effects of lodenafil have been investigated

in vitro on the relaxation of penile erectile tissue and the activity of PDE5 in

crude extracts from human platelets. The drug caused concentration-dependent

relaxation of both rabbit and human corpus cavernosum and significantly amplified

the nitric oxide-dependent relaxation of the cavernous tissue evoked by acetylcho-

line or transmural electrical field stimulation (EFS). No effects of the drug were

noted on mean arterial pressure. Lodenafil has been shown to be approximately

twofold more potent than sildenafil for inhibition of the hydrolysis of cGMP in

crude extracts prepared from human platelets (Toque et al. 2008). In a phase II,

prospective, randomized, double-blind and placebo-controlled trial in a cohort of 72

men presenting with ED, lodenafil carbonate (20, 40 or 80 mg) significantly

improved IIEF erectile domain scores and sexual encounter profile (SEP) scores

of the patients. The drug was well tolerated, adverse reactions were mild and
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included headache, rhinitis, flushing, color visual disorders, and dyspepsia. On the

basis of these observations, lodenafil is considered as an attractive agent to be used

in the immediate future in the pharmacotherapy of ED (Glina et al. 2009).

5 PDE Inhibitors in the Treatment of ED: Beyond PDE5

Prior to the generally accepted clinical use of PDE5 inhibitors for the management

of ED, compounds proceeding through cAMP-dependent mechanisms were

historically widely used in ED self-injecting regimes. Related drugs include pros-

taglandin E1 (PGE1), vasoactive intestinal polypeptide and forskolin, a diterpene-

stimulating adenylyl cyclase (AC) (Ottensen et al. 1984; Porst 1996; Cahn et al.

1997). By binding to specific G-protein-coupled receptors in the membrane of

smooth muscle cells, prostaglandins or peptidergic ligands can activate AC with

increased intracellular production of cAMP. Cyclic AMP preferably acts on the

cAMP-dependent protein kinase (cAK), which antagonizes the cellular contractile

mechanism via modulation of the activities of other proteins, e.g., Ca2+-channels,

but it can also cross-activate the cGMP-dependent protein kinase (cGK) to affect

many of the same processes. The intracellular level of cAMP in human erectile

tissue is mainly regulated by cAMP production by adenylyl cyclases and cAMP-

degrading PDEs such as PDE3 and PDE4. Although activation of the AC/cAMP

signaling system is established as an effective relaxation-producing pathway in

human cavernous tissue, only few studies have been conducted to characterize

key proteins of the AC /cAMP axis. Evidence for the presence of PDE3 and PDE4

in human erectile tissue has been shown and messenger RNA transcripts encoding

for PDE3A, PDE4(A–D), PDE7A, and PDE8A, all of which are known to hydro-

lyse cAMP, were shown by means of RT-PCR and Northern Blot analysis

(Rajasekaran et al. 1998; K€uthe et al. 2001). Results obtained in vitro suggest

that PDE3 and PDE4 might be the predominant cAMP-hydrolyzing isoenzymes in

human corpus cavernosum (Taher et al. 1997; Stief et al. 1998). Interestingly, it

has been shown that the relaxation of alpha1-adrenoceptor-mediated tension of

isolated human penile erectile tissue induced by sildenafil and tadalafil was

reversed by the protein kinase A inhibitor Rp-8-CPT-cAMPS, suggesting an

involvement of cAMP-mediated mechanisms in the action of PDE5 inhibitors.

A significant role of PDE4 and cAMP in the control of human erectile tissues is

further supported by the finding that immunoreactions specific for PDE4 and

PDE4A were detected in cavernous endothelial and neuronal structures (€Uckert
et al. 2004). On the basis of these observations, an important complementary role

might be considered for the AC/cAMP/cAK pathway in the regulation of cavern-

ous smooth muscle tone. This provides a rationale to further investigate the

effects of selective PDE4-inhibitors, as well as compounds known to inhibit

both PDE5 and PDE4, in models for erectile function and dysfunction (Guay

et al. 2002; Silver et al. 1997).
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6 Nonmalignant Diseases of the Prostate: The Benign

Prostatic Syndrome

Benign prostatic syndrome (BPS) represents a major health care problem in western

countries. BPS comprises obstructive and irritative symptoms: lower urinary tract

symptomatology (LUTS), as well as benign prostatic enlargement (BPE) with vari-

able degrees of bladder outlet obstruction (BOO) (Guess 1995; Chiricos and Sanford

1996). Major symptoms include urinary frequency, nocturia, and slow stream. It is

estimated that approximately 50% of men older than 50 years have moderate to

severe symptoms arising from LUTS (Jacobsen et al. 1993). The current pharmaco-

logical management of LUTS and BPE involves alpha1-adrenergic blockers, such as

alfusozin, doxazosin, and tamsulosin, to diminish urethral resistance by reducing the

tension of smooth muscle fibers located in the transitional zone and periurethral

region (Hieble and Ruffolo 1996). Intervention into the hormonal control of prostate

growth by using inhibitors of 5-alpha-reductase activity is another approach to ease

symptoms (Andersen et al. 1995; Roehrborn et al. 2004).

The expression of several cAMP- and cGMP-PDE isoenzymes (PDEs 1, 2, 4, 5,

7, 8, 9, 10) in the human prostate was shown by means of molecular biology and

protein chemistry. Later, the distribution of PDE4 and PDE5 in stromal and

glandular areas of the transition zone was shown using an immunohistochemical

approach (€Uckert et al. 2001b; €Uckert et al. 2006). In organ bath studies, the tension
of prostate strip preparations mediated via the activation of alpha1-adrenergic

receptors was dose-dependently reversed by the PDE4 inhibitor rolipram and

PDE5 inhibitor sildenafil (€Uckert et al. 2001b). The role of PDE5 inhibitors in the

treatment of symptoms of LUTS/BPH has been addressed by some open-label

studies and, more recently, placebo-controlled clinical trials. Sairam et al. (2002)

were the first who examined the effects of sildenafil citrate in patients presenting

with ED and LUTS. From the 112 patients enrolled in the open-label study, 20

subjects complained of LUTS, from these, 32% had moderate-to-severe symptoms

(IPSS > 7). After 12 weeks of treatment with sildenafil, there was an overall

improvement in the IPSS and LUTS-specific quality of life (QoL) score. All

patients who had severe LUTS showed a moderate improvement of the disease,

60% of those who initially presented with moderate LUTS showed only a mild

symptomatology. The authors concluded that treatment with sildenafil appears to

improve urinary symptom scores (Sairam et al. 2002). McVary et al. (2007a, b)

assessed in a randomized, double-blind, placebo-controlled trial the effects of

sildenafil given for 12 weeks in 366 men suffering from ED and LUTS secondary

to BPH (IPSS � 12). Patients received 50 mg sildenafil at bed-time or up to 1 h

before sexual activity for at least 2 weeks, followed by 100 mg sildenafil once daily

for 10 weeks. Primary outcome measures were changes in the erectile function

domain of the IIEF, secondary outcome measures were changes in all other

domains of the IIEF and IPSS including QoL, BPH Impact Index (BPH II), and

Qmax. Sildenafil significantly improved LUTS, mean IPSS decreased by 6.3

points vs. 1.93 in the placebo group. Interestingly, patients with severe LUTS
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(�8.6 � �2.4) experienced greater improvement in IPSS than those with moderate

LUTS (�3.6 � �1.7). A significant reduction of bladder storage symptoms and an

increase in the BPH II and QoL were also noted in the treatment arm while no

significant changes in Qmax were registered. From the later findings, the authors

concluded that extraprostatic pathophysiological mechanisms related to an

impairment of the activity of the NO-system might be involved in the etiology of

LUTS (McVary et al. 2007a). The efficacy and safety of tadalafil (CIALIS™) were

also investigated in a randomized, double-blind, placebo-controlled study in men

with moderate-to-severe LUTS secondary to BPH. Following a 4-week placebo

run-in phase, 281 men were randomized to 5 mg tadalafil for 6 weeks, followed by

dose escalation to 20 mg for another 6 weeks or placebo for 12 weeks. Primary end

point was the change in IPSS after 6 and 12 weeks of treatment. Secondary efficacy

endpoints included patient IPSS, QoL, BPH II, and the LUTS global assessment
questionnaire (GAQ), as well as parameters from uroflowmetric measurements

(Qmax). After 6 weeks and 12 weeks, tadalafil showed significant improvement in

those with LUTS, the respective mean change from baseline in IPSS was �2.8 in

tadalafil group vs. �1.2 in the placebo group (6 weeks) and �3.8 (verum) vs. �1.7

(placebo). Mean subscores related to irritative and obstructive symptoms also

significantly improved in patients who had received tadalafil. Except for BPH II

after 6 weeks, all assessments of the disease-related QoL had significantly

improved after treatment with tadalafil. In contrast, no significant changes in

uroflowmetric values were observed. (McVary et al. 2007b). In an 8-week rando-

mized, double-blind, placebo-controlled, multicenter study, Stief et al. (2008)

examined the efficacy of vardenafil (LEVITRA™) in a cohort of 222 men

(aged 45–64 years) presenting with LUTS/BPH (IPSS � 12). Patients were rando-

mized either to vardenafil (10 mg twice daily) or placebo. Efficacy outcome

included changes in peak urinary flow rate, as well as scores from the IPSS and a

nine-item BPH-specific QoL questionnaire (UROLIFE QoL 9). After treatment, a

decrease of 5.9 points in the IPSS was observed in the vardenafil group vs. 3.6

points in the placebo group. Significant changes in the IPSS subscores for storage

and voiding symptoms and an improvement in the UROLIFE QoL were also noted

in the vardenafil group. Since baseline values were already close to normal, Qmax

and postvoiding residual urine volume did not change significantly with treatment

(Stief et al. 2008). It was shown more recently that sildenafil treatment also

improves Qmax and Qave (mean average flow rate) rates in men with LUTS sugges-

tive of BPE. A single dose of the PDE5-inhibitor (100 mg) resulted in an improve-

ment in Qmax in 29 of 38 patients. Qave and the mean voided volumes of the patients

also increased while no significant differences were registered in the Qmax, Qave,

and voided volumes of the control group before and after placebo (G€ulcer et al.
2008). These results support the use of PDE5 inhibitors for treating LUTS and

urinary obstruction secondary to BPE. The combination of the PDE5 inhibitors silden-

afil (25 mg once daily) or tadalafil (10 mg once daily) and the alpha-adrenoceptor

antagonist alfuzosin (10 mg once daily) to treat LUTS has also been evaluated. Men

with previously untreated LUTS (and ED) were randomized to either alfuzosin,

sildenafil, or tadalafil or the combination of the alpha-blocker and a PDE5 inhibitor
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for 12 weeks. Primary endpoints with regard to the LUT symptomatology were

changes from baseline in IPSS, maximum urinary flow rate (Qmax), medium urinary

flow rate (Qave), and postvoid residual urine (PVRU) volume. Improvement in IPSS

was significant in all treatments arms, but most pronounced with the drug combina-

tions. PVRU, Qmax, frequency, and nocturia were significantly improved with

alfuzosin only and the combination regimen. From the results, demonstrating the

significant improvement in uroflowmetry measures and IPSS, it was concluded that

combined therapy is more effective than monotherapy with either agent to improve

voiding dysfunction in men with LUTS suggestive of BPH (Kaplan et al. 2007;

Liguori et al. 2009). Combining a PDE5 inhibitor with a 5-alpha-reductase inhibitor

(5-ARI, such as dutasteride or finasteride) or an antimuscarinic drug (such as

darifenacin, fesoterodine, oxybutinin, or tolterodine) has also been suggested as a

potential treatment for LUTS. However, to date, no clinical evidence has been

presented indicating that such treatment regimens are effective and safe in the

individual patient (Andersson 2008).

7 Bladder Overactivity

Anticholinergic drugs are currently the therapy of choice to treat urgency and urge

incontinence (Andersson et al. 2001). Nevertheless, to date, muscarinic receptor

blockers that act exclusively on detrusor smooth muscle are not available. Moreover,

the unstable detrusor seems to be regulated in part by noncholinergic mechanisms.

These factors may explain the common side effects and limited clinical efficacy of

anticholinergic medications. The specific modulation of intracellular second mes-

senger pathways may offer a promising possibility to achieve selective modulation

of tissue function, especially with regard to the contraction and relaxation of human

urinary bladder smooth musculature. Using chromatographic methods, Truss et al.

(1996a) were the first who reported the spectrum of PDEs in the human detrusor;

these include PDE1 (cAMP/cGMP-PDE, Ca2+/calmodulin-dependent), PDE2

(cAMP-PDE, cGMP-dependent), PDE3 (cAMP-PDE, cGMP-inhibited), PDE4

(cAMP-PDE), and PDE5 (cGMP-PDE). They also demonstrated relaxant responses

of isolated human detrusor strip preparations contracted by the muscarinic agonist

carbachol to the nonspecific PDE inhibitor papaverine and the PDE1 inhibitor

vinpocetine. The relaxing effects of the drugs were paralleled by an increase in

tissue levels of cAMP and cGMP. They concluded from their findings that the

cAMP-pathway and PDE1 might be of functional significance in the control of

detrusor smooth muscle contractility (Truss et al. 1996b). The predominant expres-

sion of PDE1 in the human detrusor was later confirmed by RT-PCR analysis

(€Uckert et al. 2009). Results from a randomized, double-blind, placebo-controlled

study to assess effects of the PDE1 inhibitor vinpocetine in patients with urgency

and urge incontinence, who had failed standard pharmacological therapy, demon-

strated that vinpocetine was superior to placebo with regard to the clinical outcome

parameters micturition frequency, bladder volume at first sensation, bladder
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volume at voiding desire, maximum detrusor pressure, and voided volume (Truss

et al. 2001). The hypothesis that detrusor smooth muscle relaxation is mainly

mediated by the cAMP pathway was later supported by a study by Oger et al.

(2007), who aimed to determine the effect of rolipram, a PDE4 inhibitor, on

carbachol-induced contractions of human detrusor in vitro. They found that roli-

pram (1 nM–30 mM) exerted a moderate relaxing effect on the tension induced by

carbachol, but inhibited more effectively the phasic contractile activity of the

tissue. The effect of rolipram on the tonic contraction was enhanced in strips that

had not been denuded of the urothelium or when the production of cAMP was

increased by the adenylyl cyclase activator forskolin. The authors concluded that

PDE4 is involved in the control of the phasic myogenic activity of human bladder

and suggested that PDE4 inhibitors might represent an attractive strategy for

treatment of OAB (Oger et al. 2007).

Recently, the efficacy of the PDE5 inhibitor vardenafil was also assessed in a

single center, randomized, double-blind, placebo-controlled trial in a group of 25

male patients with spinal cord injuries and with micturition disorders who were on

oxybutynin treatment. Following a baseline urodynamic testing, a second test was

performed 1–3 h after administration of 20 mg vardenafil or placebo. Primary

endpoints were changes in maximum detrusor pressure during voiding, maximum

cystometric capacity, and detrusor volume at first (overactivity) sensation.

Although NO does not appear to have direct smooth muscle regulatory functions

in the detrusor muscle, vardenafil administration significantly decreased maximum

detrusor pressure, considerably improved cystometric capacity, and increased vol-

ume at first sensation (Gacci et al. 2007).

Thus, modulating the activity of PDE isoenzymes might represent a novel

approach that could avoid the limitations of anticholinergic therapy in patients

with lower urinary tract dysfunction. Future studies will delineate as to whether

PDE inhibitors, such as the PDE1 inhibitor vinpocetine or selective PDE5 inhibi-

tors, may have significance in the treatment of detrusor instabilities and urge

incontinence.

8 Urinary Stone Disease (“Ureteral Colic”)

Verymuch in contrast to the urinary bladder, prostrate or urethra, little is known on the

peripheral neurotransmission responsible for the relaxation of ureteral smoothmuscle.

Research on ureteral neurotransmitters focused on afferent innervation; studies on the

efferent limb of the autonomic innervation of the ureter were done over two decades

ago when the concept of nonadrenergic/noncholinergic innervation was not yet

established. From 1990 to 1999, reports on the localization of VIP and NOS in nerves

supplying the ureter were published, but no in vitro studies were done to corroborate

the findings (Smet et al. 1994). Later, it was demonstrated that the tension of isolated

human ureteral tissue was dose-dependently reversed by the NO donor drug

molsidomine (SIN-1); preincubation with the sGC-inhibitor methylene blue
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significantly reduced the relaxation response. However, no effects of the NOS-

inhibitor L-NORAG were observed on the relaxation induced by means of EFS.

Immunohistochemistry revealed NOS-containing neuronal axons as well as nerve

endings in the muscular layers of the ureter (Stief et al. 1996). Taher et al. (1994)

reported the presence of the cGMP PDE type 5 (PDE5), cAMP/cGMP PDE1, and

cAMP PDE2 and PDE4 in cytosolic supernatants prepared from human ureteral

tissue. Using the organ bath technique, they demonstrated the potency of the PDE4

inhibitor rolipram and dual PDE5/PDE1 inhibitor zaprinast to reverse the tension

induced by KCl of circular ureteral segments (Taher et al. 1994). K€uhn et al. (2000)

later confirmed the relaxing properties of inhibitors of PDE4 (rolipram) and PDE5 (E

4021, MSPP) on isolated human ureteral smooth musculature and showed that these

effects were paralleled by an elevation in intracellular levels of cAMP or cGMP,

respectively. Based on the results from the experiments on the effects of the NO-donor

drugs sodium nitroprusside and SIN-1, and the PDE5 inhibitor zaprinast on the

tension induced by KCl of proximal segments of the human ureter, Saighi et al.

(2000) concluded that cGMP is an important second messenger in the signaling

pathway leading to the relaxation of the ureteral smooth muscle. In contrast, Gratzke

et al. (2007) registered marginal effects of PDE5 inhibitors (vardenafil, sildenafil, and

tadalafil) on the tension induced by KCl of human ureteral tissue. Although the

responses were paralleled by a three- to fourfold increase in tissue level of cGMP,

the maximum relaxation (Rmax) induced by the drugs ranged from only 23 to 6.0%

(Gratzke et al. 2007). In an in vivo rabbit model, Becker et al. (1998) examined the

potential of the PDE4 inhibitor rolipram in comparison to nonselective PDE inhibitors

(papaverine and theophylline) and the muscarinic antagonist scopolamine to induce

ureteral relaxation. They found that only rolipram induced pronounced decreases in

intraluminal (intraureteral) pressure as well as in the amplitude and frequency of the

phasic (peristaltic) contractions of the ureter. No considerable effects on the systemic

circulation were observed, whereas the application of scopolamine, papaverine, or

theophylline exerted no or only short-lasting effects on the ureter but significantly

affected systemic blood pressure of the animals (Becker et al. 1998). It was concluded

from these findings that the application of PDE inhibitors, especially those of cAMP

PDE4, seems promising to facilitate effectively and with minimal side effects the

spontaneous passage of distal ureteral stones and relieve ureteral colic pain.

9 Conclusion

Based on the knowledge of the physiological mechanisms regulating the male and

female genitourinary tract, the use of selective PDE inhibitors has been suggested to

be a logical approach for the treatment of various urological diseases. The unending

charge to conceive first-line treatments demonstrating advanced efficacy over

previous options offers a promising future for the use of PDE inhibitors in the

therapy of diseases of the urinary tract and reproductive tissues. Although some

approaches are likely to involve the NO/cGMP-cascade, other strategies should also
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take into account modulation of the cAMP-pathway, as well as the combination of

active agents (e.g., combining a PDE5 inhibitor and a NO donor or NO-independent

activator of the soluble guanylyl cyclase) to affect multiple peripheral intracellular

targets. It is assumed that PDE inhibitors will be efficacious in terms of promoting

normal organ function and exert limited systemic adverse events.
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Abstract Duchenne muscular dystrophy (DMD) is a devastating and ultimately

fatal disease characterized by progressive muscle wasting and weakness. DMD is

caused by the absence of a functional dystrophin protein, which in turn leads to

reduced expression and mislocalization of dystrophin-associated proteins including

neuronal nitric oxide (NO) synthase mu (nNOSm). Disruption of nNOSm signaling

results in muscle fatigue and unopposed sympathetic vasoconstriction during exer-

cise, thereby increasing contraction-induced damage in dystrophin-deficient mus-

cles. The loss of normal nNOSm signaling during exercise is central to the vascular

dysfunction proposed over 40 years ago to be an important pathogenic mechanism

in DMD. Recent preclinical studies focused on circumventing defective nNOSm
signaling in dystrophic skeletal and cardiac muscle by inhibiting phosphodiesterase

5A (PDE5A) have shown promising results. This review addresses nNOS signaling
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in normal and dystrophin-deficient muscles and the potential of PDE5A inhibition

as a therapeutic approach for the treatment of cardiovascular deficits in DMD.

Keywords Cardiac muscle � Cardiomyopathy � cGMP � Duchenne Muscular Dys-

trophy � Dystrophin � Mdx � Nitric oxide � nNOS � Neuronal nitric oxide synthase �
PDE5 � PDE5 inhibitors � Sildenafil � Skeletal muscle

1 Introduction

The absence of normal neuronal nitric oxide (NO) synthase mu (nNOSm) signaling
in the muscles of humans and mice is a well-described consequence of the loss of

dystrophin, the primary cause of Duchenne Muscular Dystrophy (DMD). The

absence of nNOSm signaling impairs blood supply to contracting skeletal muscles,

exposing working muscles to continuous damaging ischemic insult (Thomas et al.

1998; Asai et al. 2007). At present, it is not possible to selectively increase nNOS

expression or activity using a pharmacological approach, but it is possible to mimic

some of the effects of increased nNOS activity, which increases synthesis of cGMP

and cGMP signaling (or circumvent aberrant upstream nNOS signaling) by inhibit-

ing the activity of downstream cGMP-hydrolyzing phosphodiesterases (PDEs).

Recent efforts to pharmacologically enhance nNOS-cGMP signaling in dystro-

phic muscles have involved the targeted inhibition of PDE5A with sildenafil

(Viagra®, Revatio®) or tadalafil (Cialis®), commonly used to treat erectile dysfunc-

tion and pulmonary hypertension. In the presence of a stimulus of cGMP synthesis

such as NO, PDE5A inhibitors block cGMP breakdown, thereby raising cellular

cGMP concentrations in many tissues such as smooth muscle. Inhibition of PDE5A

is a highly attractive therapeutic approach for treating DMD for at least five reasons.

First, there is strong evidence for pronounced vascular dysfunction in DMD, partic-

ularly reduced blood delivery to active muscle (Mendell et al. 1971; Thomas et al.

1998; Sander et al. 2000). Second, in several animal models, PDE5A inhibition has

been shown to provide beneficial effects on skeletal, smooth, and cardiac muscle

tissues (Asai et al. 2007; Khairallah et al. 2008; Reffelmann and Kloner 2009).

Third, the ability to treat all muscle tissues is very important since therapeutic

approaches that correct only skeletal muscle dysfunction increase cardiac workload,

which is damaging to the weakened dystrophic heart (Townsend et al. 2008). Those

approaches that fail to address vascular dysfunction resulting from impaired nNOS

signaling in smooth muscle result in significant unopposed sympathetic vasocon-

striction known to exacerbate skeletal muscle damage (Ito et al. 2006). Fourth,

increases in cGMP levels or PDE5A inhibition confer substantial cardioprotective

effects in several animal models including improved diastolic dysfunction (Takimoto

et al. 2005; Das et al. 2008; Reffelmann and Kloner 2009). This is an important

consideration since existing treatments for DMD-associated cardiomyopathy, includ-

ing angiotensin-converting enzyme (ACE) inhibitors and b-adrenergic blockade,

predominantly address systolic, but not the diastolic dysfunction in DMD patients
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(Markham et al. 2006). Fifth, an obvious practical advantage is the availability of

FDA-approved, potent and highly selective PDE5A inhibitors that include Viagra®/

Revatio® (sildenafil), Levitra® (vardenafil), and Cialis® (tadalafil). These drugs have

already been extensively tested in normal adults, while sildenafil has also been tested

in children. Thus, testing of safety and efficacy in DMD and other muscular

dystrophies in humans could occur quite quickly, which is an important consider-

ation for a rapidly progressing and invariably fatal disease. Before discussing studies

of the impact of PDE5A inhibition on the dystrophic pathology of the mdx mouse

model of DMD, we first briefly outline what is known about the function of nNOS-

derived NO-signaling pathways in normal and dystrophin-deficient muscles.

2 nNOS Signaling in Skeletal Muscle

The free radical gas NO is indispensable for normal muscle health and exercise

performance. In skeletal muscle, neuronal nitric oxide synthase (nNOS) isozymes

are the predominant sources of NO. nNOS isozymes are Ca2+/calmodulin-regulated,

heme-containing flavoproteins that synthesize gaseous NO from L-arginine, in an

NADPH and O2-dependent manner (Bredt and Snyder 1990; Stuehr et al. 2004).

Skeletal muscles express at least two alternatively spliced forms of nNOS called

nNOSm and nNOSb (Silvagno et al. 1996; Percival et al. 2010; Fig. 1). nNOSm is

localized to the sarcolemmal and to an undefined cytosolic compartment, whereas

nNOSb is localized to the Golgi complex (Brenman et al. 1995, 1996; Thomas et al.

2003; Percival et al. 2010; Fig. 1). nNOSm contains an amino terminal PDZ

(PSD-95, discs-large, ZO-1) domain and an internal short sequence (mu insert) of

unknown function, while nNOSb lacks both the PDZ domain and the mu insert.

Instead, nNOSb contains a short unique amino terminal sequence that is a putative

Golgi-targeting motif. Thus, exon choice at the amino terminus appears to regulate

the differential targeting of these two nNOS isozymes. Sarcolemmal localization of

nNOSm requires the correct expression and localization of dystrophin, a-syntro-
phin, and a-dystrobrevin (Brenman et al. 1995, 1996; Adams et al. 2000), all of

which are members of the dystrophin glycoprotein complex (DGC). Thus, skeletal

muscle has at least two NO-signaling compartments defined by the localization of

the two NOS isoenzymes to either the subsarcolemmal space or Golgi membranes.

While nNOSm and nNOSb are differentially localized, they both synthesize NO,

which exerts its regulatory effects through cGMP-dependent and cGMP-indepen-

dent pathways. cGMP (guanosine 30:50-cyclic monophosphate) is an important

second messenger produced by the NO receptor, soluble guanylyl cyclase (sGC)

(Mergia et al. 2009). NO binds at multiple sites including the critical heme group

within sGC, stimulating it to convert guanosine triphosphate (GTP) into cGMP. In

turn, cGMP binds and activates downstream effectors including: cGMP-dependent

protein kinases (PKG, also known as cGK), cyclic nucleotide-gated (CNG) chan-

nels, and cGMP-regulated PDEs (Hofmann et al. 2009; Craven and Zagotta 2006;

Bender and Beavo 2006). In skeletal muscle, sGC and PKG isoforms are localized
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Fig. 1 Propagation of NO-cGMP signals in skeletal, smooth, and cardiac muscle. Nitric oxide

synthase enzymes (nNOS and eNOS) regulate, and are regulated by, Ca2+ fluxes in muscle

cells. Ca2+/CaM activation of nNOS (or eNOS) leads to synthesis of NO, which in turn

binds and activates sGC. cGMP produced by sGC then modulates downstream effector activity

(see text) Abbreviations: a-Dg, a-dystroglycan; b-Dg, b-dystroglycan;a-syn, a-syntrophin;
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to the Golgi complex (Percival et al. 2010; Fig. 1). PKG is also localized to the

neuromuscular junction (Chao et al. 1997). NO can also act through cGMP-inde-

pendent pathways by directly reacting with thiol residues of cysteine groups. This

NO-based posttranslational modification, known as S-nitrosylation, is also an

important signal transduction mechanism. For example, the activity of skeletal

muscle RyR1, the ryanodine Ca2+ release channel, is positively regulated by

nitrosylation (Eu et al. 2000, Fig. 1). Therefore, in skeletal muscle, nNOS-synthe-

sized NO signals can be propagated through both cGMP-dependent and cGMP-

independent mechanisms.

Rapid modulation of NO-cGMP signaling is mediated both by the rate of cGMP

synthesis and by cGMP degradation by cGMP-PDEs. Several different PDEs are

able to hydrolyze cGMP including PDEs 1, 2, 3, 5, 6, 9, and 11. cGMP-specific

PDEs, such as PDE5A, hydrolyze only cGMP, thereby decreasing the cellular

levels of cGMP (Bender and Beavo 2006; Fig. 1). Inhibition of these cGMP-

hydrolyzing PDEs can raise cGMP levels and effectively amplify the upstream

NO signal. One of the most studied cGMP-PDEs is PDE5A, which is predomi-

nantly expressed in the vascular smooth muscle cells (VSMCs) of most vascular

beds, fibroblasts, and myofibroblasts (Wallis et al. 1999). PDE5A-mediated cGMP

degradation promotes smooth muscle contraction with concomitant blood vessel

constriction. Active PDE5A is also expressed in skeletal muscle homogenates and

cell lines including C2C12 myoblasts and myotubes (Bloom 2002; unpublished

observations). Although PDE5A expression in cardiomyocytes has been reported,

this issue is contentious since others contend there is no significant PDE5A expres-

sion or activity in these cells (Senzaki et al. 2001; Takimoto et al. 2005; Reffelmann

and Kloner 2009; Lukowski et al. 2010). Thus, PDE5A is expressed in skeletal and

smooth muscles and perhaps at very low levels in cardiomyocytes. nNOS is also

expressed in VSMCs and cardiomyocytes (Xu et al. 1999; Ward et al. 2005).

In VSMCs, nNOS promotes smooth muscle relaxation and blood vessel dilation,

particularly during chronic hypoxia (Ward et al. 2005). It is clear that skeletal,

cardiac, and smooth muscle cells possess the necessary molecular machinery for

localized nNOS-cGMP signaling (Fig. 1). Importantly, inhibition of PDE5 activity

provides a general approach to amplify nNOS-mediated signal transduction, or to

broadly enhance NO-cGMP signaling activity, particularly in smooth muscle cells.

Recent studies of NO signaling in skeletal muscle have provided new insights into

nNOS function. nNOSm participates in pathways that regulate (1) contraction-induced

glucose uptake and glucose homeostasis, (2) muscle mass and atrophy (3) mito-

chondrial integrity (4) susceptibility to fatigue (5) postexercise strength (6) exag-

gerated exercise-induced inactivity, (7) and blood delivery during exercise

�

Fig. 1 (continued) kinase substrate; PKG, protein kinase G (cGK); L-arg, L-arginine; LTCC,

L-type calcium channel; MLCP, myosin light chain phosphatase; NO, nitric oxide; PDE, phos-

phodiesterase; pGD, particulate guanylyl cyclase; PMCA4, plasma membrane calcium ATPase 4;

RGS2, regulator of G protein signaling 2; RyR, ryanodine receptor; sGC, soluble guanylyl cyclase;

SPN, sarcospan; SR, sarcoplasmic reticulum
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(Thomas et al. 1998; Firestein and Bredt 1999; McConell and Wadley 2008;

Suzuki et al. 2007; Percival et al. 2008, 2010; Kobayashi et al. 2008; Wehling-

Henricks et al. 2009). Therefore, nNOSm appears to control physiological pathways

that collectively regulate metabolic energy flux, particularly during muscle con-

traction. These roles also support the proposition that muscle nNOSm function is

most important under conditions of physiological stress, particularly prolonged

inactivity or exercise. In agreement with this proposition, the muscles of trained

athletes express higher levels of nNOSm, while nNOSm levels are lower in less

active or sedentary muscles and often absent in myopathic muscles; therefore,

establishing a close relationship between nNOSm expression and muscle activity

(Brenman et al. 1995; Chang et al. 1996; Chao et al. 1996; Crosbie et al. 2002;

McConell et al. 2007; Suzuki et al. 2007; Kobayashi et al. 2008).

The exercise performance of muscle is highly dependent on oxygen supply.

Perhaps, the best studied function of nNOSm is its ability to attenuate resistance

vessel vasoconstriction, matching oxygen delivery with demand during muscle

contraction (Thomas and Victor 1998; Thomas et al. 1998, 2003). The localiza-

tion of nNOSm to the sarcolemma is critical for this vasomodulatory function and

cannot be compensated for by cytoplasmic nNOSm or Golgi nNOSb (Thomas

et al. 2003; Percival et al. 2010). Taken together, these data demonstrate a role for

nNOSm in regulating oxygen delivery during muscle contraction and strongly

support a role for nNOSm in regulating the exercise performance of skeletal

muscle.

3 nNOS Signaling in Cardiac Muscle

As in skeletal muscle, nNOSm-synthesized NO in the heart has emerged as an

important autocrine regulator of cardiomyocyte contractility and coronary blood

flow (Barouch et al. 2002; Sears et al. 2003; Zhang et al. 2008; Seddon et al. 2009,

Fig. 1). Cardiac nNOSm plays an essential role in promoting relaxation of

the myocardium and may do so via the regulation of Ca2+ flux. For example,

nNOSm-derived NO decreases inward Ca2+ movement (thereby reducing basal

contractility) by negatively regulating the activity of the L-type Ca2+ channel

(Sears et al. 2003). However, in contrast to its distribution in skeletal muscle,

nNOSm is primarily localized to the sarcoplasmic reticulum in cardiac myocytes

in a complex with the ryanodine receptor Ca2+-release channel (RyR2), suggesting

tissue-specific differences in nNOSm function in excitation-contraction coupling

(Xu et al. 1999; Sears et al. 2003; Fig. 1). Cardiac nNOSm is thought to serve

a cardioprotective role under conditions of pathophysiological stress. For example,

nNOSm translocation to the sarcolemma occurs during myocardial infarction and

heart failure, where it blunts b-adrenergic signaling and reduces cardiac contractility

(Bendall et al. 2004). Additional support for a cardioprotective role comes from

findings that nNOSm depletion exacerbates maladaptive cardiac remodeling follow-

ing myocardial infarction (Saraiva et al. 2005). These data strongly support an
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important role for nNOSm in the regulation of cardiomyocyte contractility and Ca2+

flux, functions that are protective in a pathophysiologically distressed heart.

4 Skeletal Muscle Pathogenesis in Duchenne

Muscular Dystrophy

Skeletal muscle nNOSm expression, localization, and signaling are severely dis-

rupted in DMD, an X-linked muscle wasting disease that occurs in 1 in every

3,600–6,000 live male births (Davies and Nowak 2006; Bushby et al. 2009). DMD

patients exhibit elevated serum creatine kinase activity levels (due to increased

sarcolemmal permeability) and progressive muscle wasting and weakness leading

to loss of ambulation by 12 years of age (Davies and Nowak 2006). Voluntary limb

and trunk muscles are initially affected, followed by respiratory and cardiac muscle

involvement. DMD results predominantly from frame shift mutations in the gene

encoding dystrophin (Hoffman et al. 1987).

Dystrophin is a 427 kDa rod-shaped actin-binding protein that resides at the

cytoplasmic face of the sarcolemma (Hoffman et al. 1987; Koenig et al. 1988). It

is the namesake of the DGC (dystrophin glycoprotein complex), a multiprotein

complex that links the extracellular basal lamina with the intracellular g-actin
microfilament system (Ervasti and Campbell 1993). Dystrophin stabilizes myofi-

bers against mechanical forces generated during muscle contraction (Ervasti 2007).

The DGC appears to have a mechanotransduction role whereby dystrophin is

necessary for inhibition of stretch-activated Ca2+ channel activity (Vandebrouck

et al. 2001). As mentioned above, dystrophin also serves as a scaffold on which

signaling molecules are localized primarily by the adaptor protein a-syntrophin
(Percival et al. 2006). nNOSm is the best characterized ligand of a-syntrophin
(Brenman et al. 1996; Kameya et al. 1999; Adams et al. 2000). The mode of

nNOSm binding to a-syntrophin leaves the PDZ domain of nNOSm free to bind

other proteins including phosphofructokinase (Brenman et al. 1996; Hillier et al.

1999; Firestein and Bredt 1999; Adams et al. 2001). Dystrophin deficiency leads to

the loss of a-syntrophin and nNOSm from the DGC. Mislocalized nNOSm fails to

override exercise-induced sympathetic vasoconstriction (Thomas et al. 2003).

Thus, the loss of dystrophin simultaneously impacts muscle structural integrity

and uncouples contraction-induced signaling, including NO-mediated signal trans-

duction.

Disruption of nNOSm expression and signaling occurs not only in DMD, but also

in other myopathies, including: Becker Muscular Dystrophy (also from less patho-

genic mutations of dystrophin), Limb Girdle Muscular Dystrophies 2C, 2D, and 2E

(resulting from mutations of g-, a-, and b-sarcoglycan, respectively), and Ulrich

Congenital Muscular Dystrophy (collagen VI mutation) (Brenman et al. 1995;

Chang et al. 1996; Chao et al. 1996; Crosbie et al. 2002; Kobayashi et al. 2008).

These myopathies are all characterized by the absence of sarcolemmal nNOSm
protein expression, whereas both cytosolic and sarcolemmal nNOSm expression are
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substantially reduced (�80%) in dystrophin-deficient muscles (Chang et al. 1996).

Thus, dystrophin is necessary for the normal expression and localization of nNOSm.
The mechanisms by which nNOSm signaling is disrupted remain to be determined

in other myopathies. In summary, it is clear that nNOS signaling abnormalities are

common to a broad spectrum of muscle diseases.

In addition to the dysregulation of nNOSm, many other proteins and pathways

are deregulated in dystrophin-deficient muscle. The loss of dystrophin increases

muscle instability and permeability, reflected by excessive Ca2+ influx. In turn, Ca2+

overload leads to activation of proteases and mitochondrial dysfunction causing

muscle necrosis and cycles of muscle cell degeneration and regeneration (Davies

and Nowak 2006). Regeneration is easily observed histologically as clusters of

centrally nucleated fibers. Muscle breakdown is accompanied by infiltration of

inflammatory cells, particularly macrophages. Initially, the regenerative capacity

of dystrophin-deficient muscle keeps pace with degeneration, but is soon exhausted

and myofibers are gradually replaced by adipose and fibrous connective tissue

(Davies and Nowak 2006).

Corticosteroid treatment, despite significant side effects and limited efficacy, is

the mainstay therapy for the preservation of skeletal muscle function in DMD

(Manzur et al. 2008). Death typically ensues in the third decade of life with 75%

of DMD patients dying from respiratory failure while the remainder succumbs to

heart failure (Finsterer and St€ollberger 2003). However, the incidence and severity

of cardiac dysfunction are on the rise because of improvements in noninvasive

ventilatory support (Eagle et al. 2007). Better understanding of the cascade of

pathological changes in dystrophin-deficient muscles is necessary to identify new

targets for therapeutic pharmacological intervention in the short term.

The effects of dystrophin-deficiency have been extensively studied in the mdx
mouse, an animal model for DMD. As is the case in humans, mdx mice exhibit

significant skeletal muscle weakness, susceptibility to fatigue, exercise intoler-

ance, shorter lifespan, elevated serum creatine kinase activity, widespread muscle

degeneration and regeneration, muscle necrosis, Ca2+ overload, fibrosis, and

inflammation (Stedman et al. 1991; Davies and Nowak 2006; Chamberlain et al.

2007; Willmann et al. 2009). Dystrophin-deficient mdx myofibers exhibit a char-

acteristic susceptibility to lengthening contraction that may result from inappro-

priate stretch-activated Ca2+ channel activity (Petrof et al. 1993; Dellorusso et al.

2001; Whitehead et al. 2006). The diaphragm muscle in mdx mice best recapitu-

lates the pathology observed in the skeletal muscles from DMD patients (Stedman

et al. 1991). However, mice are less affected by the absence of dystrophin than

humans and exhibit a slower and milder disease progression. Highly effective

compensatory mechanisms are clearly at play in dystrophin-deficient tissues of

mdx mice. Increased expression of utrophin, a functional paralogue of dystrophin,

is thought to play a significant compensatory role (Davies and Nowak 2006).

Overall, however, mdx mice represent a useful model for investigating dystrophic

pathology and for evaluating the efficacy of experimental treatments.
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5 Cardiac Muscle Pathogenesis in Duchenne

Muscular Dystrophy

Like skeletal muscle, cardiac muscle is also severely affected by the loss of

dystrophin with cardiomyopathy beginning early in DMD patients. Left ventricle

(LV) dysfunction is readily detectable in patients in their teens. By 18 years of age,

clinically relevant symptoms of cardiomyopathy are evident in 90% of patients

(Chenard et al. 1993; de Kermadec et al. 1994; Finsterer and St€ollberger 2003).
Substantial improvements in noninvasive respiratory support have extended patient

longevity, but are accompanied by increased incidence of severe cardiac dysfunc-

tion (Eagle et al. 2007). This has necessarily led to an upturn in the management of

cardiac dysfunction that now predominates in the late stages of DMD.

In contrast to skeletal muscle, the impact of dystrophin-deficiency on cardiac

function in humans has received much less attention. Over time, a DMD-asso-

ciated dilated cardiomyopathy (DCM) can develops as a consequence of the

absence of dystrophin from the heart (Finsterer and St€ollberger 2003). Similar

to skeletal muscle, the absence of dystrophin in the cardiomyocyte enhances

membrane permeability leading to Ca2+ overload. Pathologically, high intracellu-

lar Ca2+ concentrations result in excessive protease activity and impair mitochon-

drial oxidative phosphorylation, causing widespread cardiomyocyte necrosis.

Cardiomyocyte death results in inflammation and extensive fibrosis, particularly

of the LV wall, reducing ventricular compliance and diastolic function (Moriuchi

et al. 1993; Frankel and Rosser 1976). Atrial and ventricular chamber walls

stretch and thin out due to cardiomyocyte death, leading to chamber dilation.

As a result, both systolic and diastolic function of the dystrophin-deficient heart is

impaired. Eventually, DCM develops into congestive heart failure. DCM may be

associated with arrhythmias and other electrical impulse conduction defects that

also contribute to cardiac dysfunction (Finsterer and St€ollberger 2003; Thrush
et al. 2009). Sinus tachycardia (abnormally fast heart rate) is a prevalent arrhyth-

mia in DMD. Short PR intervals, tall R waves, and prominent Q waves are also

common impulse conduction abnormalities (Finsterer and St€ollberger 2003;

Thrush et al. 2009).

In the clinic, ACE inhibitors and b-adrenergic blockade provide the mainstay

of therapeutic intervention in DMD (Finsterer and St€ollberger 2003). While these

interventions are often effective for enhancing systolic function in DMD hearts,

diastolic dysfunction is left largely unaddressed. This is an important point relevant

to the potential utility of PDE5A inhibitors in treating DMD-associated DCM since

sildenafil, currently used to treat erectile dysfunction and pulmonary hypertension,

will be tested in large clinical study for efficacy in treating diastolic dysfunction in

heart failure (ClinicalTrials.gov Identifier: NCT00781508). Despite current inter-

ventions, DMD deaths from cardiac failure are on the rise and according to some

estimates, death from congestive heart failure and/or arrhythmias can account for

20–50% of deaths in DMD (Finsterer and St€ollberger 2003; Ishikawa et al. 1999).
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Thus, dystrophin-deficiency has serious negative consequences for cardiac as well

as skeletal muscle function.

Unlike skeletal muscle, the role of nNOS in the dystrophic heart has not been

investigated in humans. Also, studies of NO-cGMP signaling in mdx mouse hearts

are limited. Knowledge of the NOS-signaling pathway activity in dystrophy is very

important from a therapeutic standpoint, since NO is required for many of the

cardioprotective effects of sildenafil (Nagayama et al. 2008). In the absence of NO,

sGC may not be sufficiently active and, consequently, fails to produce physiologi-

cally sufficient amounts of cGMP, rendering the inhibition of cGMP-hydrolyzing

PDEs therapeutically ineffective (Fernhoff et al. 2009).

nNOS activity, but not nNOS protein expression, is inhibited in dystrophin-

deficient cardiac muscle. Cardiac nNOSm levels appear unaffected by dystrophin-

deficiency, despite a significant reduction in nNOSm activity (Bia et al. 1999;

Wehling-Henricks et al. 2005). The activity of endothelial NO synthase (eNOS),

the other NO-generating enzyme in cardiomyocytes, is unaffected by the absence of

dystrophin (Bia et al. 1999). Elevated expression of atrial natriuretic peptide

(the ligand for the transmembrane guanylyl cyclase ANP receptor A [NPR-A])

mRNA in mdx hearts is consistent with deficits in cGMP signaling in dystrophic

cardiac tissue (Khairallah et al. 2007) and suggests that increased ANP pathway

activity may be a compensatory mechanism in the mdx heart.
Although the impact of dystrophin-deficiency on cardiac function has received

less attention than in skeletal muscles, it is clear that mdx mice develop a less

severe, but pronounced cardiomyopathy compared with humans. Two important

distinctions between mdx and DMD hearts are that ventricular fibrosis is less

extensive and chamber dilation is not pronounced in murine mdx hearts (Quinlan

et al. 2004; Wehling-Henricks et al. 2005; Spurney et al. 2008). The reasons for

these differences are unknown. However, as in humans, the absence of dystrophin

initiates a similar cascade of pathological events that leads to increased membrane

permeability and Ca2+ overload, culminating in cardiomyocyte necrosis and death.

Increased cardiomyocyte death likely results in part from an increased susceptibil-

ity to contraction-induced damage (Danialou et al. 2001). The predisposition of

dystrophin-deficient cardiomyocytes to necrosis and mechanical stress results in

significant contractile dysfunction.

Early mdx mouse studies suggested that cardiomyopathy could only be

detected around 8 months of age (Quinlan et al. 2004). However, recent studies

have demonstrated cardiac dysfunction including LV systolic and diastolic dys-

function in mice as young as 8–10 weeks of age (Danialou et al. 2001; Wu et al.

2008; Khairallah et al. 2007). Cardiac dysfunction is not evident from noninva-

sive in vivo analysis at these young ages, suggesting compensatory mechanisms

in vivo. These findings are consistent with the progression of DCM in DMD

patients, where early cardiomyopathy goes largely unnoticed, only becoming

clinically symptomatic in the second decade of life. Hearts from 9- to 10-

month-old mdx mice exhibit marked systolic dysfunction and pathological LV

remodeling (Quinlan et al. 2004; Spurney et al. 2008). Also, myocardial perfor-

mance index (MPI) is significantly increased, indicative of increased cardiac
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dysfunction (Spurney et al. 2008). Thus, collectively, these data indicate pro-

nounced left ventricular dysfunction in mdx hearts.
As observed in humans, contractile dysfunction is often accompanied by

arrhythmias and abnormal electrical impulse conduction. Electrocardiographic

studies reveal that mdx and DMD hearts exhibit similar aberrant impulse interval

characteristics including deep Q waves, a decreased S:R wave ratio, polyphasic

R waves, shortened PR interval and QTc intervals and cardiac arrhythmias, such as

premature ventricular contractions (Chu et al. 2002; Wehling-Henricks et al. 2005;

Bostick et al. 2009). In summary, dystrophin-deficiency negatively affects cardio-

myocyte survival and function in mdx mice. Furthermore, mdx hearts recapitulate

key features of cardiomyopathy in DMD hearts including cardiomyocyte necrosis,

susceptibility to mechanical stress, diastolic dysfunction, systolic dysfunction, and

impulse propagation defects.

6 Vascular Dysfunction Contributes to the Pathogenesis

of DMD

While research in DMD has primarily focused on dystrophin function in skeletal

muscle and, to a lesser extent, cardiac muscle, smooth muscle dysfunction may also

play a role in the dystrophic phenotype. Both dystrophin and nNOSm are expressed

in VSMCs (Ward et al. 2005; Ito et al. 2006; Fig. 1). Indeed, abnormalities in

smooth muscle in mdx mice appear to contribute to the dystrophic phenotype, for

example, by impairing blood supply during exercise (Ito et al. 2006). This is

particularly relevant to the therapeutic utility of PDE5 inhibitors in dystrophy

because PDE5A is highly expressed in VSMCs in the vascular beds of the circula-

tory system; thus, any consideration of the effects of systemic PDE5A inhibition on

mdx pathology must also consider any potential impact on VSMC function (Wallis

et al. 1999). Furthermore, vascular dysfunction has long been suspected to contrib-

ute to the dystrophic pathology of DMD (Mendell et al. 1971).

Evidence of vascular dysfunction, specifically small clusters of necrotic fibers,

was first observed in skeletal muscle biopsies from DMD patients over 40 years

ago. This muscle pathology could be recapitulated by vascular obstruction, suggest-

ing that muscle necrosis could result from defects in a shared blood vessel. This

reasoning formed the basis for the vascular hypothesis proposed by Engel and

coworkers that stated that skeletal muscle microcirculation dysfunction could

account for the pathogenesis of DMD (Mendell et al. 1971). This hypothesis was

largely abandoned when no structural abnormalities of the vasculature were found

(Jerusalem et al. 1974). However, the vascular theory was revisited when Victor

and coworkers demonstrated that a-adrenergic receptor-mediated sympathetic

vasoconstriction was unopposed in the exercising hind limbs of mdx and KN1

(nNOS knockout 1) mice and contracting forearms of DMD patients (Thomas

et al. 1998; Sander et al. 2000). Thus, during exercise, dystrophin-deficient muscles
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lacking sarcolemmal nNOSm would be subjected to repeated rounds of ischemia

(functional ischemia) causing myofiber damage in dystrophin-deficient muscles

and contributing to the profound exercise intolerance observed in DMD patients.

The loss of nNOSm targeting provides a mechanism for the vascular dysfunction

observed in dystrophin-deficient muscle.

Direct evidence that reduced blood flow in postcontraction muscles played a

primary role in the disease pathogenesis came from in vivo microscopy studies.

Pretreatment of dystrophic mdx sternomastoid muscle with the NO donor

SNAP (S-nitroso-N-acetylpenicillamine), or the cGMP analog 8-CPT-cGMP

(8-chlorophenylthio-cGMP) reversed the ischemic effects of primary arteriole

constriction and prevented contraction-induced myofiber damage (Asai et al.

2007). This study provided proof of principle that pharmacological augmenta-

tion of NO-cGMP signaling to increase blood supply to active muscles can

reduce postexercise muscle damage. The key role of sarcolemmal nNOSm in

preventing ischemic damage in dystrophic muscle was later confirmed by a

study of the therapeutic capability of a DH2-R15 minidystrophin cDNA that

could restore sarcolemmal nNOSm expression in mdx mice (Lai et al. 2009).

Sarcolemmal nNOSm expression restored the ability of mdx muscle to oppose

exercise-induced sympathetic vasoconstriction, prevented contraction-induced

fiber degeneration and macrophage infiltration and improved exercise perfor-

mance (Lai et al. 2009). Thus, contraction-induced sarcolemmal nNOSm-
derived NO signaling to the VSMC of adjacent resistance vessels plays an

important role in preserving skeletal muscle integrity.

While the importance of contraction-triggered paracrine signaling from skel-

etal muscle nNOSm-synthesized NO to the adjacent vasculature is apparent,

dystrophin-associated nNOS in VSMC of blood vessels may also facilitate

opposition to sympathetic vasoconstriction during exercise (Fig. 1). In mdx
mice, the loss of dystrophin leads to the reduction of nNOSm isoenzyme expres-

sion in both skeletal and vascular smooth muscle (Ito et al. 2006). It is not clear

whether the nNOS isozyme in question is nNOSm or nNOSa since both may be

expressed in VSMCs (Boulanger et al. 1998; Ward et al. 2005). Nevertheless,

increased smooth muscle specific-expression of dystrophin in mdxmice restored

nNOS protein expression and provided an intermediate level of inhibition of

vasoconstriction during contraction (Ito et al. 2006). Smooth muscle-specific

dystrophin expression in mdx mice reduced serum CK levels, indicating

decreased myofiber permeability (Ito et al. 2006). Unlike the paracrine action

of sarcolemmal nNOSm-derived NO on adjacent blood vessels, VSMC nNOS-

derived NO acts in an autocrine fashion to promote smooth muscle cGMP-

dependent relaxation and vasodilation. Together, these data suggest that aberrant

nNOS signaling in VSMCs can also contribute to the microvascular dysfunction

and dystrophic pathology by increasing myofiber permeability and susceptibility to

ischemic damage during exercise. Thus, the vascular dysfunction in mdx mice

likely results from simultaneous disruption of nNOS isozyme expression and

signaling in both skeletal and smooth muscle.
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7 Augmentation of Nitric Oxide Signaling in mdx Mice

The observations that nNOSm signaling is disrupted in dystrophin-deficient skeletal,

cardiac, and smooth muscle cells, combined with abnormal nNOS and cGMP

signaling in dystrophin-deficient cardiac muscles, provides a compelling rationale

for the use of approaches that enhance nNOS signaling to treat dystrophinopathies.

To date, such approaches have used exogenous sources of NO to enhance NO

signaling, such as NO synthase transgenes or NO donors. Other approaches have

focused on modulating downstream effector activity, specifically by inhibiting

PDE5A activity to enhance cGMP levels that normally result from NO-mediated

activation of sGC.

Targeting nNOS signaling pathways has proved efficacious for reducing muscle

damage and improving exercise performance in the mdx mouse model of DMD.

Reengineering of conventional minidystrophin gene therapy cassettes to restore

sarcolemmal nNOSm expression provides significant additional improvements over

conventional microdystrophin cassettes, including enhanced vasomodulation, exercise

performance, and resistance to exercise-induced muscle damage (Lai et al. 2009).

Thus, the ability to restore sarcolemmal nNOSm expression substantially improves

gene therapy-based intervention in mdx mice. These data are consistent with

reduced contraction-induced myofiber damage observed after the application of

NO donors (Asai et al. 2007). Cytosolic expression of an nNOSa transgene reduced

muscle damage without affecting membrane permeability in adult mdx mice

(Wehling et al. 2001). Substantial reductions in macrophages densities and cyto-

lytic activity were observed, suggesting that the anti-inflammatory properties of NO

were responsible for the reduction in muscle damage (Wehling et al. 2001).

In agreement with this proposal, a compensatory increase in utrophin expression

was not observed (Tidball and Wehling-Henricks 2004). Transduction of mdx
skeletal muscles by adenovirus carrying a constitutively active eNOS gene also

improved dystrophic pathology and increased myofiber size by upregulating follis-

tatin expression (Colussi et al. 2008). Histone deacetylase 2 (HDAC 2) inhibition

by NO-dependent S-nitrosylation is responsible for the anti-dystrophic impact of

increased cytosolic NO, highlighting a novel link between NO signaling and

chromatin remodeling in dystrophic skeletal muscle (Colussi et al. 2008). These

findings provide evidence that NO can also exert beneficial effects on dystrophic

muscle through cGMP-independent pathways. Taken together, these studies

provide a compelling rationale for the potential therapeutic utility of increasing

NO-cGMP signaling in dystrophin-deficient tissues.

As in skeletal muscle, cardioprotective effects of increased NO concentrations

have been reported in mdx cardiac muscle. Cardiomyocyte-specific expression of a

nNOSa transgene in mdx mice significantly reduced interstitial fibrosis (Wehling-

Henricks et al. 2005). Interestingly, ectopic expression of nNOSa in mdx hearts

(nNOSa is not normally expressed in cardiomyocytes) corrected common impulse

conduction defects including deep Q waves, a decreased S:R wave ratio, polyphasic

R waves and shortened PR interval, as well as preventing cardiac arrhythmias, such
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as premature ventricular contractions (Wehling-Henricks et al. 2005). Thus,

increased cardiomyocyte NO levels can improve prominent features of cardiac

dystrophic pathology in mdx mice.

Not only are increases in NO concentrations cardioprotective, but increases in

cGMP concentrations are also cardioprotective in mdx hearts (Khairallah et al.

2008). Indeed, cardiomyocyte-specific expression of constitutively active NPR-A

(atrial natriuretic peptide receptor A guanylyl cyclase), a plasma membrane-associated

guanylyl cyclase, reduced cardiomyopathy in mdx hearts (Khairallah et al. 2008).

The NPR-A transgene-mediated an increase in cGMP in dystrophin-deficient car-

diomyocytes improved cardiomyocyte viability, blunted the progressive increase in

LV end diastolic pressure (preload), and increased the cardiac power two-fold, but

did not protect mdx hearts against contraction-induced damage (Khairallah et al.

2008). These data demonstrated that chronic increases in cardiomyocyte cGMP

levels could reduce cardiac dysfunction in mdx mice. In summary, as observed in

skeletal muscle, several different approaches indicate that enhanced NO-cGMP

signaling has potent antidystrophic effects in dystrophin-deficient hearts.

8 Use of PDE5A Inhibitors to Amplify cGMP Signaling

in mdx Mice

As described above, one of the consequences of NO signaling is an increase in sGC

activity, with a concomitant increase in cytosolic cGMP. While it is not possible to

selectively increase nNOS expression or activity using a pharmacological approach,

it is possible to enhance NO signal transduction by inhibiting the activity of cGMP-

hydrolyzing PDEs, such as PDE5A, thus raising cytosolic cGMP. Three studies of

the impact of PDE5A inhibition on the dystrophic pathology of cardiac and skeletal

muscle in the mdx mouse model of DMD have been reported and will now be

summarized.

In one published study of the cardiac effects of sildenafil-mediated inhibition of

PDE5A in mdx mice, Khairallah and coworkers reported that sildenafil adminis-

tered daily by intraperitoneal injection over 6 weeks (0.7 mg/kg/day) enabled mdx
hearts to sustain a higher heart rate in response to increased workload (Khairallah

et al. 2008). Sildenafil significantly reduced Evan’s Blue dye uptake in mdx
cardiomyocytes, indicative of reduced membrane permeability and suggestive of

decreased susceptibility to contraction-induced damage (Khairallah et al. 2008).

Sildenafil also decreased sgca1 (a1 subunit of sGC) and Anf (atrial natriuretic
factor) transcript expression, suggesting that inhibition of PDE5A improved

upstream cGMP signaling and decreased early pathological remodeling in mdx
hearts, respectively. Cardioprotective effects were not due to utrophin upregulation.

In parallel independent studies, we have found that sildenafil confers significant

cardioprotection to old mdx hearts (Adamo et al. 2010). Twelve-month-old mdx
mice exhibit significant LV dysfunction, as indicated by a higher than normal MPI
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measured by echocardiography (Spurney et al. 2008; Adamo et al. 2010, Fig. 2).

Treatment of 12-month-old mdx mice for 3 months with sildenafil in their drinking

water significantly reduces MPI to wild-type levels (Adamo et al. 2010, Fig. 2).

Thus, sildenafil can reverse established left ventricle dysfunction, even in aged mdx
mice. These data suggest that older DMD patients with established cardiomyopathy

may benefit from PDE5A inhibition.

Since cardiomyocytes express very little or no PDE5A, the question remains as

to how PDE5A inhibition reduces cardiac pathology and dysfunction in the mdx
heart (Takimoto et al. 2005; Lukowski et al. 2010). PDE5A protein expression may

be higher in mdx cardiomyocytes, but at present it is unknown whether PDE5A

levels or action are affected by the loss of dystrophin. Sildenafil may exert some of

its cardioprotective effects by inhibiting PDE5A activity in VSMC of the systemic

or cardiac vasculature. In addition, off-target effects of sildenafil on PDE1C could

contribute to cardiomyocyte-specific effects of sildenafil. Like PDE5A, PDE1C can

hydrolyze cGMP. But unlike PDE5A, PDE1C is found in abundance in cardiomyo-

cytes (Bender and Beavo 2006). High nanomolar concentrations of sildenafil can

inhibit PDE1C activity; therefore, inhibition of PDE1C could also account for some

of the cardioprotective effects of sildenafil (Lukowski et al. 2010; Vandeput et al.

2009). Nonetheless, it is clear that increasing cGMP levels sildenafil treatment

reduces cardiac pathology and dysfunction in mdx hearts (Khairallah et al. 2008).

On the basis of these findings, Khairallah and coworkers proposed that upregulation

of cGMP by PDE5 inhibition should be explored as a new therapeutic approach to

treating DMD.

The impact of PDE5 inhibition on contraction-induced muscle damage during

ischemic exercise has also been investigated in mdx mice (Asai et al. 2007).

Restoration of postcontraction blood flow to the sternomastoid muscle in situ was
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Fig. 2 Sildenafil treatment reverses cardiomyopathy in old mdx mice. Twelve-month-old mdx
mice exhibit significant left ventricle dysfunction as indicated by a high myocardial performance

index compared with wild-type mice (#p < 0.05). Twelve-month-old mdx mice treated for

3 months with the PDE5 inhibitor sildenafil ad libitum exhibited a significantly reduced

(p < 0.05) myocardial performance index comparable to wild-type controls. Sildenafil treatment

can reverse established global left ventricle dysfunction in old mdx mice (Adamo et al. 2010)
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achieved by acute application of the PDE5 inhibitor, tadalafil. Tadalafil treatment

reversed the ischemia and reduced contraction-induced lesions and myofiber death.

Pregnant mice were administered tadalafil in their drinking water (1 mg tadalafil per

100 mL); thus, pups had received tadalafil in utero and then also received tadalafil

in their drinking water until 4 weeks of age (Asai et al. 2007). Treated hind limb

and respiratory skeletal muscles exhibited reduced muscle necrosis and fibrosis

(Asai et al. 2007). In addition, treated mdx muscles also exhibited decreased

variability in myofiber size and a reduction in regenerating centrally nucleated

myofibers, suggesting that tadalafil decreased muscle degeneration.

Taken together, these data suggest that tadalafil-mediated inhibition of PDE5A

was sufficient to restore blood supply to muscles after exercise and significantly

reduced contraction-induced damage in the dystrophin-deficient skeletal muscles.

Like the heart, PDE5A inhibition resulted in less contraction-induced damage in

mdx muscles. The work of Asai and coworkers supports the proposition that

vascular therapy with PDE5A inhibitors may be of therapeutic benefit to DMD

patients.

Consistent with findings that mdx myofibers in situ experience excessive con-

traction-induced damage under ischemic conditions, mdxmice exhibit marked cage

inactivity after mild treadmill exercise (Kobayashi et al. 2008). KN1 (nNOS

knockout 1) mice also exhibited the same postexercise inactivity, suggesting to

the authors that loss of skeletal muscle sarcolemmal nNOSm was responsible. This

postexercise decrease in cage activity is thought to be analogous to the exaggerated

fatigue response to mild exercise observed in patients with neuromuscular diseases

such as DMD.

To test the impact of improved postcontraction blood flow on postexercise cage

activity, Kobayashi and coworkers treated mdx and KN1 mice acutely with tadalafil

or sildenafil. Sildenafil (300 mg/kg/day) was administered in the food, while

tadalafil (300 mg/kg/day) was administered directly by gavage. Both inhibitors

were administered the day before and on the day of exercise testing. PDE5A

inhibition substantially increased perfusion of the mdx hind limb with blood after

exercise. Interestingly, postexercise inactivity was reduced 30–40% by PDE5A

inhibition in mdx mice, but was unaffected in KN1 mice, demonstrating that

nNOS expression (nNOS-2, nNOSa, nNOSm) is required for the postexercise

benefits of PDE5A inhibition. This is consistent with findings that NO is required

for both basal and maximal activation of sGC activity and for many of the

physiological effects of sildenafil (Nagayama et al. 2008; Fernhoff et al. 2009).

This may be an important consideration since nNOS levels may be substantially

lower or absent in DMD patients, thus lowering the potential efficacy of sildenafil

(Chang et al. 1996). Treated mdx mice ran twice the distance of untreated mdx
mice. Despite increased exercise performance, serum CK activity was significantly

reduced, suggesting reduced membrane permeability in agreement with results

reported by Asai et al. (2007). Together, these data suggest that in dystrophin-

deficient muscle tissues, the loss of the vasomodulatory function of nNOSmmay be

compensated for, to some degree, by PDE5A inhibition.
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The relationship between skeletal muscle performance, blood supply, and

nNOSm is complex. Kobayashi and coworkers concluded that the absence of

contraction-induced sarcolemmal nNOSm signaling to the adjacent VSMC was

responsible for postexercise inactivity. While the beneficial effects of PDE5A

inhibition are clear, the mechanisms by which they occur are not. Although it

remains to be determined whether augmentation of nNOSm signaling from skeletal

to VSMC is the sole pathway responsible for these beneficial effects, it seems

unlikely for several reasons. First, augmentation of smooth muscle NO-cGMP

signaling alone in mdx mice can enhance blood supply and reduce membrane

permeability (Ito et al. 2006). Since PDE5A expression is high in VSMC, inhibition

of PDE5A may promote smooth muscle relaxation independently of NO produced

by skeletal muscle. Second, PDE5A inhibition affects vascular bed function

throughout the cardiovascular system and likely enhances systemic hemodynamics

during exercise. Third, additional, recently identified nNOS-sGC-PKG signaling

pathways in skeletal muscle control postexercise muscle strength that could be

affected by PDE5A inhibition in skeletal muscle (Percival et al. 2010). Fourth,

nNOS knockout mice exhibit pronounced muscle fatigue and weakness during

exercise that could contribute to the observed postexercise weakness (Percival

et al. 2008). Finally, acute sildenafil treatment enhances cardiac function in

mdx mice and could assist cardiovascular recovery (Khairallah et al. 2008).

Thus, the factors that contribute to the postexercise inactivity after mild exercise

in mdx mice are many and likely include muscle weakness during and/or after

exercise. The beneficial effects of PDE5A inhibition likely reflect effects at many

sites of action, making mechanistic interpretation of these whole animal studies

very difficult. Nonetheless, while the molecular mechanisms responsible are debat-

able, Kobayashi et al. have clearly shown that PDE5A inhibition in mdx mice

provides nNOS-dependent enhancement of activity during and after exercise as

well as reducing exercise-induced muscle damage.

9 Conclusion

Although the examples of therapeutic benefit are few and the mechanisms are

poorly understood, the evidence that PDE5A inhibition reduces skeletal and cardiac

muscle damage, particularly contraction-induced myofiber damage during exercise,

is compelling. PDE5A inhibition also enhances exercise performance, reduces the

negative effects of mild exercise, and enhances the workload capacity of dystrophin-

deficient hearts. Thus, further studies are required to flesh out this promising

therapeutic approach. However, mice are not men and ultimately, any efficacy of

PDE5A inhibitors in preclinical studies must be validated in a clinical setting.

Efficacy in both skeletal muscle and cardiac tissue makes PDE5A inhibition

particularly attractive as a therapeutic approach and warrants further research into

the potential utility of PDE5A inhibition in the treatment of cardiovascular disease

in DMD.
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Abstract The cAMP–protein kinase A (PKA) signaling pathway is strongly involved

in the regulation and modulation of immune responses, and cAMP is the most

potent and acute inhibitor of T-cell activation. Thus, cAMP levels in the cell must

be tightly regulated. Cyclic AMP-specific phosphodiesterases (PDEs) provide the

only mechanism for degrading cAMP in cells, thereby functioning as key regulators

of signaling. To obtain a complete immune response with optimal cytokine produc-

tion and T-cell proliferation, ligation of both the T-cell receptor (TCR) and the

CD28 receptor is required. However, engagement of the TCR in primary T cells is

followed by rapid cAMP production in lipid rafts and activation of the cAMP–

PKA–Csk pathway inhibiting proximal T-cell signaling. In contrast, TCR/CD28

costimulation leads to the recruitment of a PDE4/b-arrestin complex to rafts in a

phosphatidylinositol 3-kinase (PI3K)-dependent manner, resulting in the down-

regulation of cAMP levels. Thus, the activities of both PKA and PDE4 seem to

be important for regulation of TCR-induced signaling and T-cell function. The use

of selective inhibitors has revealed that PDEs are important drug targets in several

diseases with an inflammatory component where immune function is important

such as asthma, chronic obstructive pulmonary disease (COPD), cardiovascular
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diseases, and neurological disorders. PDEs are also interesting drug targets in

immunosuppression following transplantation and for modulation of immune

responses.

Keywords cAMP � CD28 � TCR � T-cell function

1 Regulation of cAMP Levels in T Cells

The common and versatile second messenger cAMP controls numerous cellular

processes and is known to be a potent inhibitor of T-cell proliferation and cytokine

production (Aandahl et al. 2002; Skalhegg et al. 1992). Cyclic AMP can activate

protein kinase A (PKA) (Walsh et al. 1968), Epac (exchange protein directly

activated by cAMP) (de Rooij et al. 1998; Kawasaki et al. 1998), and cAMP-

regulated ion channels (Kaupp and Seifert 2002; Matulef and Zagotta 2003).

However, effects mediated by cAMP in T cells are most likely a result of PKA

activation as Epac and cAMP-gated channels are absent from or appear to be

expressed at low levels in T lymphocytes (our unpublished data and Kawasaki

et al. 1998). The cAMP–PKA signaling pathway in T cells is initiated by binding of

prostaglandin E2 (PGE2) and other extracellular ligands such as catecholamines,

serotonin, adenosine, and histamine to G protein-coupled receptors (GPCRs),

activation of adenylyl cyclase (AC), and the subsequent generation of cAMP

from ATP (Hanoune and Defer 2001). Endogenous cAMP levels in T cells are

also influenced by other mechanisms such as those described in the following

section involving regulatory T cells (Tregs).

Human Treg cells comprise 5–10% of the peripheral CD4+ T-cell population

(Ng et al. 2001) and are functionally characterized by their ability to suppress

effector T cells in addition to having an essential role in maintaining immunological

tolerance (Sakaguchi et al. 2001, 2006; Sakaguchi 2004). This subset of CD4+ T

cells has been under intense research in the last decade due to its role in various

clinical conditions such as autoimmune disease, cancer, and chronic viral infections

(Beyer and Schultze 2006; Rouse et al. 2006; Sakaguchi et al. 2001). Tregs can

further be subdivided into naturally occurring Tregs that are derived in the thymus

and adaptive or peripherally induced Tregs that are developed from naı̈ve T cells in

the periphery during immune activation (Bluestone and Abbas 2003). The role of

cAMP in induction of Tregs and Treg-mediated suppression is getting increasing

attention (reviewed in Yaqub and Tasken 2008). Naturally occurring Tregs have

been shown to have high cAMP levels and to mediate their suppressive function

by transferring cAMP to effector T cells through gap junctions (Bopp et al. 2007).

The high cAMP levels in Tregs can at least partly be explained by the FOXP3-

dependent downregulation of phosphodiesterase 3B (PDE3B) (Gavin et al. 2007).

Recently, it was also demonstrated that stimulation of mouse Tregs by IL-2 strongly

induced adenylyl cyclase 7 (AC7) activity, resulting in cAMP accumulation (Bazhin

et al. 2010). Furthermore, the ecto-enzymes CD39 and CD73 expressed on naturally
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occurring Tregs may degrade ATP and catalyze the generation of adenosine that acts

via the adenosine A2a receptor on activated effector T cells, thereby suppressing

their function by intracellular production of cAMP (Deaglio et al. 2007). In

addition, continuous antigen exposure to T cells leads to generation of adaptive

Tregs (Aandahl et al. 2004). Adaptive Tregs express cyclooxygenase 2 (COX-2),

leading to secretion of PGE2. PGE2 stimulates FOXP3 expression in Tregs in

addition to inhibit effector T-cell function through activation of the cAMP–P-

KA–Csk signaling pathway (Mahic et al. 2006). The different mechanisms affect-

ing effector T cells described above are schematically summarized in Fig. 1.

The spatiotemporal regulation of cAMP levels within the cell is a result of the

combined action of ACs and phosphodiesterases (PDEs), which provide the only

mechanism for cAMP degradation (Conti and Jin 1999; Houslay and Adams 2003).

Specifically, compartmentalization of receptors, cyclases, and PKA by A-kinase-

anchoring proteins (AKAPs) (Michel and Scott 2002) in addition to generation of

local pools of cAMP within the cell by the action of PDEs (Zaccolo and Pozzan

2002) results in a high degree of specificity in PKA-mediated signaling, although

there are multiple receptors and targets all using cAMP as a second messenger.

Effector T cellNaive T cell Adaptive Treg

CD39/CD73

Adenosine ATP/ADP

Continuous antigen
exposure

Gap junction

A2a-receptor

EP2/EP4

FOXP3

Natural occuring
Treg

FOXP3

CD14/TLR4

LPS

Monocyte

PGE2

PGE2

 [cAMP]

COX-2
 [cAMP]

 [cAMP]

Fig. 1 Schematic model of cAMP-mediated induction of Treg cells and suppression of effector

T cells. Naturally occurring Tregs have high cAMP levels and mediate their suppressive function

by transferring cAMP to responder T cells through gap junctions. In addition, the ecto-enzymes

CD39 and CD73 expressed on naturally occurring Tregs degrade ATP/ADP and catalyze the

generation of adenosine, acting via the adenosine A2a receptor on activated effector T cells and

thereby suppressing their function by intracellular production of cAMP. Furthermore, continuous

activation of T cells results in generation of adaptive Tregs that express COX-2, leading to PGE2

production. Increased PGE2 levels stimulate further FOXP3 expression in Treg cells in addition to

inhibiting effector T-cell function. Finally, T-cell inhibiton and induction of FOXP3 due to PGE2

secretion can also be a result of LPS-activated monocytes

Phosphodiesterases as Targets for Modulating T-Cell Responses 347



Furthermore, AKAPs also contribute to versatility by assembling multiprotein

signal complexes allowing signal termination by phosphoprotein phosphatases

and crosstalk between different signaling pathways (Michel and Scott 2002; Tasken

and Aandahl 2004). More specifically, integrating PDEs into these anchoring

complexes provide an efficient way to tightly regulate cAMP action in specific

cellular environments (reviewed in Baillie et al. 2005; Smith and Scott 2002).

1.1 The cAMP–PKA–Csk Inhibitory Pathway Modulates
T-Cell Immune Function

Proteins involved in proximal T-cell receptor (TCR) signaling are localized in lipid

rafts, membrane microdomains enriched in cholesterol and sphingolipids (Montixi

et al. 1998; Xavier et al. 1998) where they guide signal transduction through formation

of a diversity of signaling complexes (Jordan et al. 2003). The multimeric TCR

complex is composed of two functional units: one involved in ligand binding

(ab) and the other in signal transduction (CD3 g, d, e, and z chains). Upon TCR

engagement one of themost proximal events taking place in T cells is activation of the

Src family protein tyrosine kinases (SFKs), in particular Lck. The following phos-

phorylation of the immunoreceptor tyrosine-based activation motifs (ITAMs) present

in the CD3 subunits results in recruitment of the tandem SH2-containing tyrosine

kinase ZAP-70. ZAP-70 becomes fully active upon Lck-mediated phosphorylation

and plays an essential role with respect to further propagation of the signal down-

stream of the TCR (Zhang et al. 1998). A complete immune response finally leads to

activation of the transcription factors nuclear factor kB (NF-kB) and nuclear factor of
activated T cells (NFAT) initiating cytokine production and T-cell proliferation

(reviewed in Rudd 1999). To obtain proper T-cell activation and to prevent activa-

tion-induced cell death, tight regulation of the initial key enzyme Lck is required.

Phosphorylation of a conserved tyrosine residue (Y394) in the catalytic domain

of Lck gives rise to a conformational change in the activation loop of the enzyme,

thereby allowing substrate binding and catalysis to take place (Yamaguchi and

Hendrickson 1996). In contrast, Lck is negatively regulated by phosphorylation of a

conserved C-terminal tyrosine residue (Y505) by C-terminal Src kinase (Csk),

thereby inducing an intramolecular interaction between this phospho site and the

Lck SH2 domain (Bergman et al. 1992; Okada and Nakagawa 1989). In resting

T cells, Csk is constitutively localized in proximity to its substrates Lck and Fyn

through docking to the hyperphosphorylated transmembrane adaptor protein Cbp/PAG

in lipid rafts (Brdicka et al. 2000; Kawabuchi et al. 2000). However, upon T-cell

activation, Cbp/PAG is rapidly dephosphorylated by CD45, and Csk is transiently

displaced to the cytosol (Brdicka et al. 2000; Davidson et al. 2003; Torgersen et al.

2001). Fyn-mediated phosphorylation of Cbp/PAG results in rerecruitment of Csk

and reestablishment of the inhibitory pathway (Brdicka et al. 2000; Kawabuchi et al.

2000). Docking of Csk to Cbp/PAG in addition to phosphorylation by PKA
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increases Csk activity six- to eightfold and potently inhibits TCR-dependent acti-

vation of Lck (Vang et al. 2001, 2003). Furthermore, both Csk and PKA are located

to lipid rafts through anchoring to a Cbp/PAG–EBP50–Ezrin scaffold and PKA is

thus positioned for precise spatiotemporal regulation of Csk (Ruppelt et al. 2007).

In conclusion, cAMP inhibits TCR-induced T-cell activation and exerts important

immunoregulatory functions through a cAMP–PKA–Csk inhibitory pathway

assembled in lipid rafts and acting on the Src family tyrosine kinase Lck (reviewed

in Torgersen et al. 2002).

1.2 PDEs Are Key Regulatory Players in Modulating
T-Cell Immune Responses

PDEs provide the only mechanism for degrading cAMP in cells and function as

important regulators of signaling. The recent realization that PDEs play a key role

in compartmentalized cAMP signaling may at least partly explain why there are

so many PDE isoforms encoded by mammalian genomes. The PDE superfamily

currently consists of 11 members and more than 50 isoforms that are distributed

in different tissues and at varying levels due to multiple genes within each family in

addition to the use of distinct promoters and mRNA splicing (reviewed in Conti

and Beavo 2007). PDEs share a common structural organization with a conserved

catalytic domain flanked by regulatory domains both in the N- and C-terminus.

These family-specific regulatory domains include phosphorylation sites, membrane

targeting domains, dimerization domains, and binding sites for small ligands

(reviewed in Houslay 2009; Mehats et al. 2002). Most cells express several differ-

ent PDEs and the cellular expression differs between different cell types, suggesting

that each PDE exerts a specialized function. Studies using PDE-deficient mice

(Hansen et al. 2000; Jin et al. 1999, 2005; Jin and Conti 2002; Masciarelli et al.

2004; Yang et al. 2003), siRNA-mediated PDE knockdown (Lynch et al. 2005), and

dominant-negative PDEs (Baillie et al. 2003; Lynch et al. 2005; McCahill et al.

2005) have indeed demonstrated that particular isoforms have unique, nonredun-

dant functional roles. Furthermore, the use of selective inhibitors has revealed that

PDEs are important drug targets in several diseases such as asthma, chronic

obstructive pulmonary disease (COPD), cardiovascular diseases, and neurological

and psychiatric disorders such as schizophrenia and erectile dysfunctions (Corbin

et al. 2002; Feldman and McNamara 2002; Houslay et al. 2005; Manji et al. 2003;

Millar et al. 2005; Spina 2003). PDEs are also interesting drug targets for immu-

nomodulation since cAMP as mentioned above inhibits immune functions. In

addition, crystal structures of different PDE catalytic domains in complex with

substrate products or inhibitors have recently been solved, and this information

is critical for the development of inhibitors with increased potency and selectivity

(reviewed in Ke andWang 2007). The PDE5-specific inhibitors sildenafil (Viagra™),

vardenafil (Levitra™), and tadalafil (Cialis™) are examples of selective inhibitors
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that have been successfully used for treatment of male erectile dysfunction (Francis

and Corbin 2005) and have also been approved for the treatment of pulmonary

hypertension (reviewed in Vlachopoulos et al. 2009). PDE4-selective inhibitors

have shown potential for treatment of asthma and COPD, whereas the PDE3-

specific inhibitors have been approved for treatment of intermittent claudication

(reviewed in Conti and Beavo 2007; Houslay et al. 2005; Spina 2008; Thompson

et al. 2007).

In addition to PDE3, PDE4, and PDE7, T cells also express PDE1, PDE2, PDE5,

and PDE8 (reviewed in Essayan 2001). However, isoforms from the PDE4 subfam-

ily seem to represent the majority of cAMP hydrolyzing activity in T cells (Erdogan

and Houslay 1997; Giembycz et al. 1996). PDE4 isoforms are highly conserved

through evolution and four genes (PDE4A/B/C/D) encode over 20 distinct isoforms

(reviewed in Conti and Beavo 2007; Houslay et al. 2007; Houslay and Adams

2003). The PDE genes have complex structures including several intronic promo-

ters. In addition to alternate splicing, these promoters give rise to a number of

alternately initiated transcripts. The various PDE4 proteins are characterized by a

unique N-terminal region followed by the presence of upstream conserved regions

UPCR1 and/or UPCR2, resulting in long, short, and supershort PDE4 isoforms. It is

now becoming clear that these unique regions are important in intracellular target-

ing as well as for functional significance of individual isoforms (reviewed in Conti

and Beavo 2007; Houslay et al. 2007). Furthermore, an increasing list of proteins

have recently been shown to interact directly with various PDE4 isoforms, includ-

ing scaffolding proteins such as AKAPs, b-arrestin, and RACK1 and kinases such

as Erk and Src family tyrosine kinases (reviewed in Houslay 2009). These diverse

lists of interaction partners that sequester PDE4 isoforms clearly indicate that

targeting of these enzymes is very important. However, relatively little is still

known about the precise function of the different PDE4 isoforms, although

PDE4B1 has been linked to schizophrenia (Millar et al. 2005), PDE4D4 to prostate

cancer (Prins et al. 2008), and PDE4D7 to stroke (Gretarsdottir et al. 2003). PDE4

isoforms in complex with b-arrestin have recently been shown to have an important

role in T-cell activation and this is discussed in detail below.

1.3 TCR-Induced cAMP Production in T-Cell Lipid Rafts

TCR ligation has previously been demonstrated to induce cAMP production in

the cell (Ledbetter et al. 1986). However, since increased cAMP concentrations

inhibit T-cell function and proliferation (Aandahl et al. 2002; Skalhegg et al. 1992),

TCR-mediated cAMP production must be tightly regulated. The significance of

activation-induced cAMP production has still not been fully understood and the

spatiotemporal dynamics of the activation-induced cAMP gradient has not been

completely appreciated. However, we were able to show that upon engagement of

the TCR in primary T cells, cAMP was rapidly produced in lipid rafts (Abrahamsen

et al. 2004). This activates a pool of PKA targeted to rafts by association with the
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anchoring protein Ezrin, forming part of a multimolecular complex where Ezrin,

EBP50, and Cbp/PAG provide a scaffold able to coordinate PKA phosphorylation

and activation of Csk, thereby inhibiting T-cell activation (Ruppelt et al. 2007;

Vang et al. 2001). It has been shown that Gi, Gs, and AC segregate into lipid rafts

(Oh and Schnitzer 2001), and our data indicate that raft recruitment of the stimulatory

G-protein Gs and dissociation of the inhibitory G-protein Gi play an important role in

the cAMP production that occurs after TCR ligation. A local increase in cAMP is,

therefore, generated in T-cell lipid rafts upon TCR stimulation alone. In contrast,

TCR/CD28 costimulated T cells revealed decreased cAMP levels compared to control

cells and an increase in cAMP levels was only observed in the presence of

the nonselective PDE inhibitor IBMX. Furthermore, PKA substrates in lipid rafts

were rapidly phosphorylated in cells only activated through the TCR (Abrahamsen

et al. 2004). In conclusion, this suggests that TCR-induced cAMP production

constitutes a negative feedback loop in the absence of a second stimulatory signal

and that this inhibition can only be lifted through cAMP degradation by PDEs, thus

allowing a complete T-cell activation to proceed (see Fig. 2 for an overview).

1.3.1 PDE4 is Recruited to T-Cell Lipid Rafts Upon

TCR/CD28 Costimulation

As already mentioned, isoforms from the PDE4 subfamily account for the majority

of the cAMP hydrolyzing activity in T cells (Erdogan and Houslay 1997; Giembycz

et al. 1996), and in accordance with this, we have observed PDE4 activity in

lipid rafts upon T-cell activation. In contrast, no PDE3 activity was detected

(Abrahamsen et al. 2004). In particular, TCR/CD28 costimulation resulted in a

rapid recruitment of PDE4 activity to lipid rafts, indicating that temporal changes in

PDE4 activity can play a key role in tuning intracellular activation-induced gradi-

ents of cAMP in T-cell lipid rafts and thereby increase signal propagation upon

costimulation (Abrahamsen et al. 2004). The mechanisms by which PDE4 isoforms

are recruited to specific locations upon T-cell activation are now being unravelled

(Abrahamsen et al. 2004; Arp et al. 2003; Bjorgo et al. 2010). PDE4B has been

reported to associate with the TCR complex (Baroja et al. 1999) and transfected

PDE4B has been shown to relocalize to the synapse area between the Jurkat T cell

and the antigen-presenting cell (APC) upon contact (Arp et al. 2003). We have

demonstrated that PDE4A4, PDE4B2, and PDE4D1/2 are recruited to lipid rafts

upon TCR/CD28 costimulation in human primary T cells (Abrahamsen et al. 2004).

Spatial organization and recruitment of mediators of specific pathways are

essential to ensure both signaling specificity and amplification. The scaffolding

b-arrestin proteins have been reported to confer crosstalk with a growing list of

molecules important in cellular trafficking and signal transduction, including Src

family protein tyrosine and MAP kinases (reviewed in DeWire et al. 2007).

Members of the PDE4 family have previously been described to associate with

b-arrestin, and this scaffolding protein has been shown to be responsible for

bringing PDE4 to the plasma membrane of HEK293 (Bolger et al. 2003;
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Fig. 2 PKA and PDE4 have opposing functions in proximal T-cell signaling. TCR ligation results

in rapid cAMP production in lipid rafts due to G protein coupling to raft-associated adenyl cyclase.

352 E. Bjørgo et al.



Perry et al. 2002). In addition to interacting with a common site in the catalytic

domain of all PDE4Ds (Perry et al. 2002), b-arrestins also interact specifically with
the N-terminus of PDE4D5, making this isoform a preferred binding partner for

b-arrestin (Bolger et al. 2003). Intriguingly, we found that TCR/CD28 costimulation

led to profound recruitment of b-arrestin to T-cell lipid raft fractions concurrently

with PDE4 and that b-arrestin and PDE4D preexist in a complex prior to stimulation,

indicating that they are recruited to rafts together (Abrahamsen et al. 2004).

TCR-induced cAMP production in lipid rafts results in PKA activation and the

subsequent inhibition of proximal T-cell signaling. However, overexpression of

PDE4 isoforms or b-arrestin has been demonstrated to increase T-cell activation,

revealing regulatory roles for both proteins in T-cell signaling (Abrahamsen et al.

2004). In conclusion, the activities of both PKA and PDE4, therefore, seem to be

important for the regulation of TCR-induced signaling and T-cell function.

We propose a novel role for TCR and CD28 costimulation in downmodulation

of TCR-induced cAMP-mediated inhibitory signals through the recruitment of a

PDE4/b-arrestin complex to lipid rafts, thus allowing a full T-cell response to

occur. Interestingly, the cAMP inhibitory pathway has been implicated in several

immune diseases. HIV-infected patients have T cells with elevated cAMP levels

and hyperactivated PKA, and targeting the cAMP–PKA–Csk inhibitory pathway by

selective antagonists reverses T-cell dysfunction in HIV cells ex vivo (Aandahl

et al. 1998, 1999). Improved in vivo T-cell function has been observed targeting

COX-2, thereby reducing PGE2 production and reducing the cAMP levels

(Johansson et al. 2004; Kvale et al. 2006). Furthermore, a high proportion

of patients with common variable immunodeficiency (CVID) show T-cell abnorm-

alities. Recent findings demonstrating increased PKA activation and impaired

IL-10 secretion by T cells from these patients suggest a link between T-cell

deficiency and impaired B-cell function in CVID, indicating that the cAMP–PKA

pathway is a target for therapeutic immunomodulation in CVID (Aukrust et al.

1999; Holm et al. 2003).

1.3.2 PDE4/b-Arrestin Recruitment to T-Cell Lipid Rafts is Regulated

by Phosphatidylinositol 3-Kinase (PI3K)

Recruitment of b-arrestin and PDE4 to lipid rafts was not only observed upon TCR/
CD28 costimulation. CD28 stimulation alone seems to be enough to recruit these

proteins, whereas only very low levels comparable to basal levels were observed

�

Fig. 2 (continued) Increased cAMP levels lead to activation of PKA, phosphorylation and

activation of Csk, and inhibition of Lck, thus preventing full T-cell activation (a). However,

TCR/CD28 costimulation downmodulates the TCR-induced cAMP-mediated inhibitory signals

through recruitment of a PKB/b-arrestin/PDE4 complex leading to cAMP degradation, thus

allowing a full T-cell response to occur. Recruitment of this complex is dependent on phospha-

tidylinositol 3-kinase (PI3K) activity and PIP3 production, and the complex is targeted to the

membrane via the pleckstrin homology (PH) domain of PKB (b)
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upon TCR stimulation (Abrahamsen et al. 2004; Bjorgo et al. 2010). Furthermore,

CD28 ligation was shown to act synergistically with CD3 stimulation in the

recruitment of b-arrestin and PDE4, and we concluded that the CD28 signal plays

a distinct role enhanced by a concomitant TCR signal (Bjorgo et al. 2010).

The CD28 coreceptor plays a central role in T-cell activation in vivo. Although
engagement of the TCR provides the necessary scaffolding from which TCR

signaling is propagated, CD28 functions as an amplifier necessary to promote

optimal IL-2 production and clonal expansion and to prevent anergy and cell

death. The CD28-mediated signals are transmitted via a short intracellular stretch

in the receptor containing conserved motifs important for docking of several

signaling proteins (Michel et al. 2001). Phosphorylation of a tyrosine residue

(Y173) in the conserved YMNM motif by Lck and Fyn is a key to efficient signal

transduction (Raab et al. 1995). This generates a docking site for the SH2 domain of

p85, the regulatory subunit of phosphatidylinositol 3-kinase (PI3K) (Pages et al.

1994; Prasad et al. 1994). The C-terminal PXXP motif is another important binding

site recognized by both Src family kinases and Grb2 (Holdorf et al. 1999; Kim et al.

1998; Okkenhaug and Rottapel 1998). It has been somewhat controversial whether

CD28 alone can induce PI3K activity. However, phosphorylation of the PKB

substrate glycogen synthase kinase 3 (GSK3) upon CD28 stimulation has recently

been observed (Appleman et al. 2002; Diehn et al. 2002), demonstrating that

PI3K is indeed activated upon CD28 stimulation alone. Thus, we examined how

b-arrestin and PDE4 levels in T-cell lipid rafts were affected by the inhibition of

either SFKs or PI3K using PP2 and LY294002, respectively. Strikingly, CD28-

induced recruitment of b-arrestin in primary T cells was abolished upon both Lck/

Fyn and PI3K inhibition. Furthermore, PDE4 activity in raft fractions from T cells

pretreated with the PI3K inhibitor prior to CD28 stimulation was reduced below

basal levels and no increase in PDE4 activity was observed upon CD28 ligation

(Bjorgo et al. 2010). Taken together, these data suggest a novel mechanism, whereby

PI3K can regulate cAMP degradation through recruitment of a PDE4/b-arrestin
complex to lipid rafts.

1.3.3 The PDE4/b-Arrestin Complex Interacts with PKB

Activation of PI3K results in rapid phosphatidylinositol 3,4,5-trisphosphate (PIP3)

generation in the inner leaflet of the plasma membrane and recruitment of proteins

containing a specialized lipid-binding moiety called the pleckstrin homology (PH)

domain. Thus, PIP3 controls both activity and subcellular localization of a broad

range of signal transduction molecules (Kane and Weiss 2003). Vav-1, Itk, and

PKB are three PH-containing proteins that have been implicated both downstream

of PI3K signaling and in TCR/CD28 costimulation (Acuto et al. 2003). We recently

demonstrated that b-arrestin interacts with PIP3 in an activation-dependent fashion,
although b-arrestin does not possess a PH domain (Bjorgo et al. 2010). We,

therefore, hypothesized the presence of a PH domain-containing interaction partner

inside the complex that confers binding to PIP3 and can mediate the translocation of
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the PDE4D/b-arrestin complex upon TCR/CD28 costimulation (Bjorgo et al.

2010). Interestingly, PKB was shown to be recruited to lipid rafts concurrently

with b-arrestin in TCR/CD28 costimulated T cells. In addition, we found that PKB

coimmunoprecipitated with b-arrestin in TCR/CD28 costimulated T cells, and it

was further demonstrated that PKB, b-arrestin, and PDE4 through defined contact

areas indeed form a trimolecular interaction where b-arrestin interacts directly with
both PKB and PDE4 (Bjorgo et al. 2010).

Binding of the PKB PH domain to PIP3 recruits PKB from the cytosol and is also

thought to induce a conformational change that converts PKB into a substrate that

can be activated by the associated phosphoinositide-dependent kinase 1 (PDK1)

(Milburn et al. 2003). Lately, several reports have demonstrated that b-arrestin can

function as a signaling scaffold by assembling either positive or negative regulators

of the PKB pathway. More specifically, b-arrestin 2 has been reported to be

involved in PKB signaling downstream of the dopamine receptor in neurons

where dopamine stimulates formation of a signaling complex consisting of

b-arrestin 2, PKB, and protein phosphatase 2A (PP2A) (Beaulieu et al. 2005).

Furthermore, the PI3K–PKB pathway has been reported to be activated in a

b-arrestin 1-dependent manner upon stimulation of the insulin-like growth factor

(IGF-1) receptor, resulting in increased protection from apoptosis (Povsic et al.

2003). It has also been demonstrated that upon insulin stimulation, b-arrestin
2 mediates PKB activation through Src family tyrosine kinase in a PI3K-independent

way (Luan et al. 2009). We have recently demonstrated that PKB in T cells, through

its PH domain, is responsible for transporting the PDE4D/b-arrestin/PKB complex

to the membrane upon TCR/CD28 costimulation, thus revealing a novel role for

PKB (Bjorgo et al. 2010).

1.3.4 Functional Importance of the PKB/b-Arrestin/PDE4 Complex

Although the exact role of b-arrestin in proximal T-cell signaling is still not fully

understood, siRNA-mediated knockdown of b-arrestins 1 and 2 in human primary T

cells resulted in a 40 and 30% reduction in IL-2 and IFN-g production, respectively,
indicating that b-arrestin plays a positive regulatory role in proximal T-cell activa-

tion (Bjorgo et al. 2010). The observed reduction in IL-2 production is comparable

to the effect observed by pharmacologically inhibiting PDE4 activity with rolipram,

suggesting that the main function of b-arrestin in proximal T-cell signaling resides

in its ability to recruit the signal termination enzyme PDE4 to lipid rafts and

thereby break the cAMP negative feedback governing T-cell receptor functioning.

Taken together, PKA and PDE4 isoforms seem to have opposing functions during

proximal T-cell signaling, thereby titrating the activation-induced response. Thus, a

novel mechanism of signaling by CD28 is revealed where CD28 through PI3K

regulates cAMP degradation in lipid rafts via recruitment of a PDE4/b-arrestin/
PKB complex, thereby allowing a complete T-cell activation to proceed.

T-cell proliferation and production of the cytokines IL-2, IL-4, IL-5, IFN-g, and
TNF-a are blocked by PDE4 inhibitors (Jimenez 2001). These anti-inflammatory
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properties of PDE4 inhibition can be of significant clinical benefit, and PDE4

inhibitors are currently being developed to treat COPD, asthma, and other inflam-

matory conditions (Houslay et al. 2005). Recently, two large phase III clinical trials

using the PDE4-specific inhibitor roflumilast (Daxas) as treatment of COPD were

reported (Calverley et al. 2009; Fabbri et al. 2009), showing significant improve-

ment in lung function. However, side effects such as nausea, diarrhea, weight loss,

and headache were also reported. Roflumilast was approved in the European

Commission in July 2010 for treatment of severe COPD associated with chronic

bronchitis in adult patients but has still not obtained FDA approval.

1.4 The Functional Role of PDE7 in T Cells

The PDE7 gene family comprises two genes, PDE7A and PDE7B, and PDE7A

transcripts have been shown to be widely expressed in immune cells (Bloom and

Beavo 1996; Gardner et al. 2000; Hetman et al. 2000). More specifically, expres-

sion of PDE7A1 is restricted mainly to T cells and brain, and PDE7A3 is expressed

in activated CD4+ T cells (Bloom and Beavo 1996; Glavas et al. 2001; Smith et al.

2003). Whereas resting T cells mainly express PDE3 and PDE4, TCR/CD28

costimulated cells upregulate their PDE7 levels (Li et al. 1999). The functional

role of PDE7 in T cells has, however, been controversial. PDE7A1 was reported to

be required to obtain proper IL-2 production and proliferation in TCR/CD28

costimulated T cells in a study using targeted antisense oligonucleotides (Li et al.

1999). However, T cells from PDE7A-deficient mice did not reveal any deficiencies

in T-cell function (Yang et al. 2003). The expression profiles of PDE7A transcripts

indicate that PDE7-selective inhibitors could have a broad application as immuno-

suppressants, and recently, PDE7 inhibitors have become available (Guo et al.

2009; Kadoshima-Yamaoka et al. 2009). One PDE7A inhibitor increased the effect

of rolipram in T cells without having a similar effect itself (Smith et al. 2004).

A recent study used the PDE7 inhibitor ASB16165 to examine the functional role

of PDE7 in generation and function of cytotoxic T lymphocytes (CTL), and it

was suggested that PDE7 and not PDE4 plays the major role in induction and

function of CTL in mice (Kadoshima-Yamaoka et al. 2009). Development of dual

PDE4–PDE7 inhibitors is another strategy that could result in drugs blocking

T-cell components of a disease by inhibiting PDE7 in addition to possessing anti-

inflammatory properties (Giembycz 2005; Yamamoto et al. 2007). However, more

work is required before the exact role of PDE7 in controlling immune responses can

be teased out and PDE7 inhibitors positioned therapeutically.

2 Concluding Remarks

PDEs play a key role in compartmentalization of cAMP signaling. Scaffolding and

spatiotemporal control of receptors, cyclases, and PKA by AKAPs in addition to

generation of local pools of cAMP within the cell by the action of PDEs give rise to
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a high degree of specificity in PKA-mediated signaling despite the multiplicity of

receptors and targets using cAMP as a second messenger. Additional specificity is

obtained by integrating PDEs into these anchoring complexes and by the presence

of a large number of PDE isoforms distributed in different tissues and at varying

levels. The use of PDE-specific inhibitors has revealed that especially PDE4 iso-

forms are important drug targets in several diseases such as asthma, chronic

obstructive pulmonary disease (COPD), cardiovascular diseases, and neurological

disorders. In addition, PDEs are also interesting drug targets for immuosuppression

since cAMP potently inhibits immune functions.
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Abstract Monocytes are immune cells that can differentiate into a number of cell

types including macrophages, dendritic cells, and osteoclasts upon exposure to

various cytokines. The phenotypes of these differentiated cells are highly heteroge-

neous and their differentiation can be affected by the cyclic nucleotides, 30-50-cyclic
adenosine monophosphate (cAMP) and 30-50-cyclic guanosine monophosphate

(cGMP). The intracellular levels of cAMP and cGMP are controlled through regu-

lation of production by adenylyl and guanylyl cyclases and through degradation by

cyclic nucleotide phosphodiesterases (PDEs). PDE inhibition and subsequent changes

in cyclic nucleotide levels can alter the final phenotype of a differentiating monocyte

with regards to surface marker expression, gene expression, or changes in secreted

chemokine and cytokine levels. The differentiation process itself can also be either

inhibited or augmented by changes in cyclic nucleotide levels, depending on the

system being studied and the timing of cyclic nucleotide elevation. This chapter
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explores the effects of PDE inhibition and increases in cGMP and cAMP on mono-

cytic differentiation into osteoclasts, dendritic cells, and macrophages.

Keywords Bone-marrow derived macrophage � Dendritic cell � Macrophage �
Monocyte � Osteoclast

1 Introduction

Monocytes are circulating peripheral immune cells that can differentiate into a

number of cell types including macrophages, dendritic cells, and osteoclasts upon

exposure to various cytokines (see Fig. 1). The phenotypes of these differentiated

cells are highly heterogeneous and their differentiation can be affected by the cyclic

nucleotides, 30-50-cyclic adenosine monophosphate (cAMP) and 30-50-cyclic gua-

nosine monophosphate (cGMP). The intracellular levels of cAMP and cGMP are

controlled through regulation of production by adenylyl and guanylyl cyclases and

through degradation by cyclic nucleotide phosphodiesterases (PDEs).

Eleven different families of PDEs have been identified, and these enzymes differ

in their cellular and tissue expression, substrate specificity, kinetics, modes of

regulation, and sensitivity to inhibitors (Bender and Beavo 2006a). These PDEs

have emerged as well-validated drug targets especially with the success of the

PDE5 inhibitors Cialis, Viagra, and Levitra for the treatment of erectile dysfunction

and more recently for pulmonary hypertension. In addition, several other classes of

Fig. 1 Hematopoietic differentiation. Differentiation of multiple cell types from a common

progenitor cell can be accomplished through their exposure to the appropriate cytokines at various

stages of differentiation. Abbreviations: HSC Hematopoietic stem cell, CFU colony-forming unit,

RANKL Receptor Activator for Nuclear Factor kB Ligand
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PDE inhibitors have been investigated as anti-inflammatory agents, anti-hyperten-

sives, anti-depressants and as a therapy for muscular dystrophies. Of the most

relevance to monocyte function and development are a number of clinical studies

that have been conducted with PDE4 inhibitors as anti-inflammatory agents. While

promising as in vitro agents and in preclinical studies, so far the PDE4 inhibitors

have met with limited success as anti-inflammatory therapeutics in the clinic. Until

recently, little has been known about how cyclic nucleotides and PDE inhibition

can affect monocytic differentiation. Since drugs that selectively inhibit PDEs will

increase cyclic nucleotide levels in targeted cells at all stages of differentiation,

they are likely to affect the final phenotype of the differentiating cell as well as the

differentiation process itself. PDE profiles can also change over the lifetime of the

cell or during the progression of a disease state, thereby affecting its response to

endogenous cyclic nucleotide-increasing agonists or to PDE inhibitor therapy

(Bender et al. 2004; Essayan 2001; Gantner et al. 1997b). Indeed, in the presence

of such agonists as histamine, adenosine, and prostaglandins, it is possible for

macrophages to acquire a role as so-called regulatory macrophages (Mosser and

Edwards 2008), while DCs are altered in their ability to activate the adaptive

immune response (Morelli and Thomson 2003).

PDE profiling is a first step in analyzing the contribution of PDEs to cellular

signaling pathways. In monocytes and monocyte-derived cells, PDE4 is generally

considered a major PDE controlling many important inflammatory functions (Conti

et al. 2003; Houslay et al. 2005; Spina 2008). However, it is important to note that

PDE activity measurements can vary depending on substrate concentrations and

methods used to analyze activity. PDEs also function in discrete compartments

within the cell to limit the spread of the second messengers cAMP and cGMP

(Bornfeldt 2006; Fischmeister et al. 2006; Houslay 2010). Therefore, a PDE whose

total activity level is low could still contribute significantly to cellular function by

controlling an important microdomain within the cell.

This chapter explores the role of altered cyclic nucleotide levels and inhibition

of PDEs in monocytic differentiation and maturation into macrophages, dendritic

cells, and osteoclasts, as well as the effect on the phenotype of the final differ-

entiated cell.

2 Macrophage Differentiation

2.1 HL-60

Over 20 years ago, the HL-60 cell line was isolated from the peripheral blood of a

patient with acute promyelocytic leukemia (Harris and Ralph 1985). HL-60 cells

can be induced to differentiate to macrophage-like cells by a number of agents,

including those that elicit a sustained elevation of intracellular cAMP or cGMP

(Bang et al. 1994; Boss 1989; Nonaka et al. 1992).
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Classic differentiation protocols for HL-60 cells to a myeloid cell phenotype

involve treatment with either DMSO, phorbol-12-myristate-13-acetate (PMA),

or all-trans-b-retinoic acid (RA), and this effect can be greatly potentiated by

cAMP-increasing agents (Chaplinski and Niedel 1982). One group observed an

effect of RA priming with pretreatment for cAMP-dependent induction of differen-

tiation, which was not dependent on new protein synthesis (Olsson et al. 1982).

Therefore, they postulated that RA priming was likely a more direct activation of

existing signaling components in the cell by cAMP, presumably through PKA or

Epac, or a decrease in production of an inhibitory polypeptide.

Along these lines, it was found that PMA-stimulated, cAMP-induced growth

regulation is dependent on the regulatory PKA subunits PKA RIa and PKA RIIb.
Knockdown of the RIIb subunit with an antisense oligodeoxynucleotide resulted

in a decrease in cAMP-induced growth inhibition and differentiation, without

affecting phorbol ester-induced differentiation (Tortora et al. 1990). Conversely,

when the RIa subunit is knocked down, cell differentiation and growth arrest are

increased, even in the absence of a cAMP-inducing stimulus (Tortora et al. 1991).

Differentiation can also occur through stimulation of Gas-coupled receptors

and increases in cAMP alone, without concomitant phorbol ester administration.

Given these data, it seems that phorbol ester and cAMP-induced pathways are

complementary pathways for inducing differentiation that can act synergistically

given the appropriate conditions.

The differentiation of monocytes can also be affected through stimulation of

Gas-coupled receptors, thereby raising intracellular cAMP. ATP can exert its

effects on differentiation through stimulation of the Gas-coupled P2Y11 receptor

in monocytes (Boeynaems et al. 2000). The downstream effects of cAMP appeared

to be mediated through PKAI, as the authors observed a decrease in differentiation

using a PKA inhibitor, Rp-8-Br-cAMPS, which is more selective for PKAI than for

PKAII (Jiang et al. 1997).

Cyclic nucleotide analogs are often used to dissect signaling pathways. These

analogs have differing potencies and specificities, and some of the more common

include hydrolysis-resistant analogs (8-Br-cAMP, 8-Br-cGMP), PKA-specific ana-

logs (N6-Benzoyl cAMP) and Epac-specific analogs (8-CPT-20-O-Me-cAMPS)

(Poppe et al. 2008). These analogs can be used to stimulate downstream effectors

directly. Some advantages of using analogs are that they are cell permeable,

therefore easily administered to cells in culture, often nonhydrolyzable by PDEs,

and the concentration can be carefully controlled. A major disadvantage is that most

can stimulate all cyclic nucleotide downstream effectors and are not limited to

endogenous signaling microdomains within the cell. Cho and colleagues differen-

tiated HL-60 cells for 48 h in the presence of the cAMP analog 8-Br-cAMP and

identified mature cells by their ability to produce superoxide in response to PMA

(Cho et al. 2003). They concluded that cAMP induces ERK activation, and this

activation is essential for differentiation. ERK activation appears to be PKA

mediated as it was also not dependent on B-Raf, a downstream kinase of Rap1

and Epac. In fact, B-Raf activation was negatively regulated through PKA, and the

differentiation could be inhibited by using an MEK inhibitor. While these results
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were inconclusive with respect to the entire cAMP-signaling differentiation path-

way, it did establish ERK as an essential player in cAMP-mediated HL-60 cell

differentiation.

Beavo and colleagues performed a set of studies where chronic elevation of

cyclic nucleotides was mimicked by treating HL-60 cells with 8-Br-cAMP or 8-Br-

cGMP during the 3-day differentiation process in the presence of PMA (Bender and

Beavo 2006b). Morphological differences were readily observed after differentia-

tion in the presence of the cAMP analog, but 8-Br-cGMP had a minimal effect on

morphology. Cell spreading in culture was inhibited in the presence of elevated

cyclic nucleotides and the cells form large clumps of round cells. These differences

were not attributed to any changes in macrophage function, but one could imagine

that differences in “cell spreading” could be the result of differences in migration

or secretion of chemotactic molecules or cytokines. Surface molecule expression

was also slightly changed with treatment but differentiation was not halted.

8-Br-cAMP significantly decreased the upregulation of CD11b, a monocyte/mac-

rophage marker, while it increased expression of the urokinase plasminogen acti-

vator (CD87); however, 8-Br-cGMP had no effect. These observed effects were

mimicked by the PKA-specific activator N6-Benzoyl-cAMP, and therefore likely

mediated through PKA.

HL-60 cells have also been used as a model system emulating human granulo-

cyte macrophage colony-stimulating factor (GM-CSF) differentiated monocytes

to determine the role of PDE1B in these cells. One variant of this isoform, the

cGMP-preferring enzyme PDE1B2 (Fidock et al. 2002), is specifically upregulated

upon differentiation in both GM-CSF differentiated human monocytes and PMA

differentiated HL-60 cells (Bender et al. 2005). PDE1B2 activity is regulated

by intracellular Ca2+ and may provide a link between Ca2+ and cAMP signaling

pathways. To determine the role of PDE1B2, stable knockdown of this isoform

by short hairpin RNAs was performed in differentiated HL-60 cells (Bender and

Beavo 2006b). This specific isoform proved to be the major regulator of atrial

natriuretic factor-stimulated cGMP levels in HL-60 cells, and the authors subse-

quently searched for a functional role for this newly uncovered variant. It was

found that suppression of PDE1B2 expression alters some aspects of the macro-

phage-like phenotype, because cell spreading, phagocytic ability, and CD11b

expression were augmented. Unexpectedly, the cAMP analog 8-Br-cAMP, but

not 8-Br-cGMP, reversed the changes caused by PDE1B2 knockdown, indicating

a role for cAMP in control of these PDE1B2-dependent functions. Moreover,

despite the preference of PDE1B for cGMP as substrate, knockdown of PDE1B2

caused a decrease in basal cAMP levels, but showed no change in cGMP, and

a number of PKA phosphorylation consensus sites were altered. The cause of the

decrease in basal cAMP levels remains unclear. The expected increase in cGMP

with PDE1B2 knockdown may be contained within localized signaling microdo-

mains, and therefore undetectable by whole cell cGMP measurements. More likely,

there is some level of crosstalk between the cGMP and cAMP signaling path-

ways, possibly through inhibition of an adenylyl cyclase, or activation of another

cAMP-preferring PDE.
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2.2 U937

The U937 cell line is a human line established from a diffuse histiocytic lymphoma

and displays many monocytic characteristics (Harris and Ralph 1985). The cGMP-

PDE profile of this cell line is very similar to that of a macrophage differentiated

from a human CD14+ monocyte in the presence of monocyte colony-stimulating

factor (M-CSF) in that it exhibits high PDE2 activity and some PDE1 activity

(Bender et al. 2004). Changes in PDE4 activity have been observed in conjunction

with changes in cAMP levels. Characterization of PDE4 activity in monocytic

U937 cells showed that PDE4 activity can be augmented with a transient increase

in cAMP of 2–4 h in length. Also, the Vmax of PDE4 was increased two-to threefold

in the presence of salbutamol, a b2 adrenergic agonist and the PDE4 inhibitor,

rolipram, but only if cAMP levels were elevated for more than 2 h. It was deter-

mined that PDE4 activity was increased through a PKA- and protein synthesis-

dependent mechanism (Torphy et al. 1992). These data imply that cAMP signaling

feeds back to activate PDE4-mediated degradation of cAMP, thereby limiting the

duration and magnitude of signaling through that microdomain.

Houslay and colleagues examined cAMP-PDE activity levels and found that

PDE4 comprised the majority of PDE activity in U937 monocytic cells. However,

upon differentiation with PMA, PDE3 activity predominated and PDE4 activity

was decreased. Using antisera specific for PDE4 isoforms and RT-PCR, the inves-

tigators determined the splice variants of PDE4 that were changed during U937

differentiation to a macrophage-like cell. The N-terminal end of PDE4 isoforms

contain unique isoform-specific regions that can vary in length with long, short, and

supershort isoforms commonly observed. These isoforms contain variable trunca-

tions of the upstream conserved regions, or UCR domains. The long forms gener-

ally contain both UCR1 and UCR2 domains, while the short forms express only

UCR2 and supershort forms merely a portion of the UCR2 domain (Houslay et al.

2005). A key distinguishing factor for these various isoforms is their susceptibility

to regulation by phosphorylation in their N-terminal UCR domains. Upon differen-

tiation to a macrophage, protein levels of the long isoform PDE4A10 and the short

isoform PDE4B2 were markedly increased, whereas long-form PDE4A4 remains

unchanged, and short forms PDE4D3 and PDE4D5 were downregulated (Shepherd

et al. 2004). Additionally, it was found that phospho-ERK was increased with acute

PMA challenge, and this challenge gave a time-dependent inhibition of PDE4

activity in U937 monocytes and an increase in PDE4 activity in U937 macrophages,

both of which are dependent on ERK activation. The differential effects of ERK

activation can be directly attributed to the remodeling of the pattern of PDE4

isoform expression. The predominant PDE4 activity in monocytes is contributed

by long PDE4D isoforms, whereas in macrophages PDE4B short form activity is

the major source of PDE4 activity. This remodeling has functional consequences

since PDE4D long isoforms will become inhibited, PDE4B short forms will be

activated upon phosphorylation by ERK, and PDE4A isoforms are unaffected as
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they do not contain ERK phosphorylation sites (Baillie et al. 2000). This presents an

attractive therapeutic possibility if PDE4 isoform-selective inhibitors can be devel-

oped, allowing the differential regulation of monocytes and macrophages.

U-937 differentiation can be induced by increasing cAMP levels, either using

PGE2, the adenylyl cyclase agonist forskolin, or a nonhydrolyzable cAMP analog,

db-cAMP (Brodsky et al. 1998; Shayo et al. 1997). Surprisingly, activation of the

Gas-coupled histamine receptor is not able to induce U937 differentiation, despite

its ability to activate adenylyl cyclase and cause a transient increase in intracellular

cAMP (Shayo et al. 1997). Upon further investigation, it was discovered that the

histamine receptor rapidly becomes desensitized through a GRK2-dependent mech-

anism and that a sustained elevation of cAMP is required for induction of differen-

tiation (Fernandez et al. 2002; Legnazzi et al. 2000; Shayo et al. 2001). The stable

overexpression of the histamine H2 receptor (H2R) alone also induced differentia-

tion (Monczor et al. 2006). The increased expression of H2R leads to an increase

in basal cAMP levels and a leftward shift of the dose–response curve. There was

a maximal response to agonist similar to those cells expressing normal amounts of

H2R, indicating that overexpression of H2Rs results in increased numbers of

functional spare receptors in this system. In addition to the generation of spare

receptors, there was a compensatory increase in GRK2 expression and PDE activity

stimulation. Despite the onset of these regulatory mechanisms, an H2 agonist and

the PDE4 inhibitor, rolipram, were still able to induce differentiation in these cells,

contrary to the previous observations in naı̈ve cells (Monczor et al. 2006).

The time course of cAMP elevation was determined to be critical for the

induction of U937 differentiation. Using the cAMP-elevating agonists amthamine

(a histamine H2 receptor agonist), PGE2 (an EP receptor agonist), and forskolin (an

adenylyl cyclase agonist), Shayo and colleagues were able to demonstrate a time

dependence to cAMP-induced differentiation in U937 cells (Shayo et al. 2004).

Amthamine caused a transient increase in cAMP returning to baseline in about 3 h,

whereas forskolin and PGE2 created a more prolonged elevation of cAMP, which

was still sustained at the final measurement of 4 h. This prolonged cAMP eleva-

tion was necessary for differentiation of U937 cells, as indicated through the

observed change in differentiation markers such as an increase in C5aR expression,

arrested proliferation, and a decrease in c-myc protein levels. The mechanism of

this discrepancy seems to be H2R dependent occurring through GRK2-mediated

desensitization of the receptor. PGE2 and forskolin bypass H2R and therefore are

able to sustain cAMP elevation. Homologous desensitization of the EP receptor

by PGE2 was evident immediately upon stimulation and persisted for 40 min.

However, a sustained cAMP elevation via either PGE2 or forskolin can also induce

heterologous desensitization of the H2 receptor in a PKA/PKC-dependent manner.

The data also showed a transient upregulation of c-Fos with amthamine and

sustained c-Fos expression with PGE2 and forskolin. This correlated well with the

fact that sustained c-fos expression is known to be essential for U937 differentia-

tion. Overall, these studies indicate that cAMP levels must be sustained long term to

induce U937 differentiation.
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2.3 Human AB Serum and M-CSF

2.3.1 AB Serum

Human peripheral blood monocytes can be differentiated to macrophages in culture

in human AB serum, and enriched through their adherence to tissue culture plates.

Initially, the monocytes contain mostly PDE4 activity, with some PDE3 activity. As

the cells differentiate in culture, the predominate PDEs emerge as PDE1 and PDE3,

with rapidly declining amounts of PDE4 activity. PDE2 and PDE5 levels remain

consistently low throughout the differentiation process (Gantner et al. 1997a). In

another study with human monocytes, the majority of the PDE4 activity was found

in the soluble fraction, and the PDE3 activity was associated with the particulate

fraction similar to its location in many other tissues (Verghese et al. 1995). AB

serum-differentiated monocytes exhibit a PDE profile strongly resembling that

observed for human alveolar macrophages. A comparison of TNF-a production

elicited by lipopolysaccharide (LPS) between monocytes and monocyte-derived

macrophages showed inhibition of TNF-a production with increases in cAMP

brought on by PDE4 inhibition in both cell types (Gantner et al. 1997a). PDE4

controlled the largest portion of TNF-a production in monocytes, as about 80%

could be blocked with a PDE4 inhibitor, with PDE3 inhibition decreasing TNF-a
production approximately 10%. In macrophages, PDE3 and PDE4 controlled more

equal amounts, but PDE inhibition was only effective when administered in the

presence of an additional cAMP stimulus, perhaps indicating a lower cAMP tone in

macrophages than monocytes.

Human monocytes cultured in human AB serum also have a very similar PDE

profile to that present in the cell line Mono-Mac-6. Using this cell line as a

surrogate, a closer look at the changes in the PDE4 isoform levels during challenge

with cAMP-increasing agents showed that db-cAMP, PGE1, or LPS transiently

increased PDE4A, B, and D mRNA and protein levels (Verghese et al. 1995).

However, the time course and magnitude of induction of each isoform was not

identical. PDE4B levels rose early, mRNA increased from 2 to 4 h, protein

increased from 2 to 8 h; with PDE4A and PDE4D rising later in the time course,

mRNA increased from 2 to 8 h and protein increased after 5–24 h of treatment. This

increase was specific for PDE4 isoforms as there was no concomitant increase in

PDE3 activity with differentiation. An additional level of regulation was observed

for the PDE4 isoforms as differences in the induction of mRNA when compared to

protein levels were apparent over the time courses tested, suggesting that the PDE4

isoforms and splice variants were transcriptionally regulated.

2.3.2 M-CSF þ AB Serum

While PDE activities, and therefore the duration of cAMP and cGMP signals, can

change during differentiation, the levels of their downstream signaling effector
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proteins can also be altered. The immediate downstream mediators for cAMP are

PKA, Epac, and nucleotide-gated ion channels. The levels of these mediators can

also change over the course of monocyte to macrophage differentiation and matu-

ration. Taskén’s group identified a number of signaling molecules downstream of

cAMP in monocytes and macrophages. Monocytes contained the regulatory PKA

subunits RI-a, RII-a and the catalytic C subunit, with high levels of RI-a and lower

levels of RII-a (Bryn et al. 2006). Monocytes differentiated in the presence of

human AB serum and M-CSF produce macrophages that exhibit a threefold

increase in Epac1 mRNA levels. Presumably, this would translate into an increased

role for Epac and its downstream signaling through Rap1 and the MAP kinase

pathways in macrophage function. Strangely, these investigators found that Epac

activation had a minimal effect on mature macrophage functions for most condi-

tions tested, such as inhibition of TNF-a or IL-12 secretion. The majority of

macrophage functions remained PKA-dependent and therefore unaffected by treat-

ment with the Epac-specific activator, 8-CPT-20-O-Me-cAMP. In one functional

assay for phagocytic capability, however, FcR-mediated phagocytosis was reduced

equally by both PKA and Epac-specific activators in mature macrophages, while in

undifferentiated monocytes, there was no effect of the Epac-specific cAMP analog

alone. Although this study was not exhaustive, it definitively showed a minimal

involvement of Epac in the regulation of monocyte/macrophage inflammatory

function and a major role for PKA.

2.3.3 M-CSF

When monocytes are instead differentiated using M-CSF and fetal calf serum,

a distinct set of characteristics are acquired (Geissmann et al. 2010). These cells

have moderate levels of a number of PDEs involved in degradation of both cGMP

and cAMP and changes in guanylyl cyclase activity. M-CSF-derived macrophages

retain modest PDE4, PDE3, and PDE1 levels. For the cGMP PDEs, PDE2 activity

increases slightly with M-CSF differentiation, and PDE5 activity decreases to

undetectable levels (Bender and Beavo 2004; Bender et al. 2004). In addition to

the regulation of the cyclic nucleotide-degrading PDEs, these investigators also

observed changes in the levels of the cGMP-producing guanylyl cyclases, likely

affecting the availability of cGMP in the cells. The levels of GC-A were undetect-

able in monocytes, with slightly increased levels in M-CSF macrophages, while

soluble GC mRNA levels were dramatically downregulated upon differentiation to

a macrophage.

The physiological implications of these changes are not immediately clear.

Expression of particular PDEs or cyclases is often linked with specific signal

transduction pathways through localization with a specific receptor, anchoring

protein or kinase. For example, if PDE5 is tightly linked with other members of

the cGMP pathway, the loss of PDE5 with M-CSF differentiation may be coupled

to a loss in sGC and a decrease in responsiveness to NO (Bender et al. 2004).

Similar correlations could also occur with cAMP signaling pathways, leading to
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changes in cAMP-PDEs, PKA, Epac, adenylyl cyclases, or any number of down-

stream signaling components.

2.4 GM-CSF

Monocyte to macrophage differentiation can also occur when monocytes are

exposed to the cytokine GM-CSF (Geissmann et al. 2010). These macrophages

have a phenotype similar to that observed for alveolar macrophages. The cGMP-PDE

profile in CD14+ monocytes isolated from human blood consists of mostly PDE5

activity, with some PDE1 and PDE2 activity and low PDE3 and modest PDE4.

Upon differentiation for 7 days in GM-CSF, PDE1 emerges as the predominant

cGMP-PDE present in these macrophages, consisting mostly of the PDE1B isoform

and the cAMP-PDE activity was attributed equally to PDE3 and PDE4 (Bender and

Beavo 2004; Bender et al. 2004; Hertz et al. 2009a). Also characterized in these

studies was the cGMP-PDE composition of the monocytic cell line THP-1 which

was found to be similar to GM-CSF-derived macrophages upon differentiation

with PMA. THP-1 is a human acute monocytic leukemia cell line with high levels

of PDE1B, but very low levels of PDE1A and PDE1C and very little PDE2 activity.

These cells can be differentiated to a macrophage-like cell upon stimulation with

PMA. While these THP-1-derived macrophages contained high levels of PDE1B,

the levels of all PDEs were consistently high in the undifferentiated monocyte and

throughout differentiation, in contrast to CD14+ monocyte-derived macrophages

(Bender et al. 2004).

Upon further investigation, it was discovered that a unique splice variant,

PDE1B2 (Fidock et al. 2002), is the form upregulated upon monocyte to macro-

phage differentiation in the presence of GM-CSF (Bender et al. 2005). Interest-

ingly, this isoform of PDE1B has a threefold lower EC50 for calmodulin than its

counterpart PDE1B1. This calmodulin-sensitive PDE has a separate transcriptional

start site that can be activated by monocytic differentiation to a macrophage, but is

suppressed upon the addition of IL-4 and subsequent differentiation of the mono-

cyte to a dendritic cell. The authors postulate that selective upregulation of a

calcium/calmodulin-sensitive cGMP-preferring PDE could provide a mechanism

by which calcium transients can control the duration and amplitude of the cGMP

signal.

The cAMP-PDE activities in GM-CSF-differentiated monocytes were deter-

mined using a PDE activity assay, with PDE4 showing the largest amount of

activity in monocytes, with decreasing amounts of activity during differentiation.

However, in fully differentiated macrophages PDE3 and PDE4 comprised equiva-

lent amounts of cAMP PDE activity (Gantner et al. 1997a, b, 1999; Hertz et al.

2009a). It should also be noted that PDE1B is a dual specificity PDE, able to

hydrolyze both cAMP and cGMP. Although it prefers to hydrolyze cGMP over

cAMP, a moderate amount of cAMP-PDE activity is contributed by PDE1B in

these cells.
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The activity and type of cyclase present is another factor that can affect cyclic

nucleotide levels in any cell. CD14+ monocytes were found to have high levels of

soluble guanylyl cyclase, which was decreased slightly upon differentiation to

a macrophage with GM-CSF (Bender et al. 2004). The levels of GC-A were

undetectable in monocytes, with greatly increased levels in macrophages. These

changes could affect the cells’ ability to respond to a number of cGMP-increasing

factors including nitric oxide and atrial natriuretic peptide (ANP).

More recently, the effects of chronic elevated cyclic nucleotide levels on the

function and final phenotype of monocytes differentiating to alveolar-type macro-

phages were investigated (Hertz et al. 2009b). Human CD14+ monocytes were

differentiated in the presence of GM-CSF for 6 days in combination with cAMP-

increasing agents, such as the adenylyl cyclase agonist forskolin, the EP receptor

agonist PGE2, and selective PDE inhibitors to assess the effects of elevated cAMP

levels on the final phenotype of the macrophage. Initially, monocytes were treated

with a high dose of forskolin in culture for 6 days. A microarray analysis was

performed on RNA extracted from the resulting macrophages and, unexpectedly,

a number of proinflammatory genes were upregulated, especially chemokines

binding to the CXCR2 and CCR2 classes of receptors. Expression of the cytokines

IL-10 and IL-6, as well as a number of genes involved in wound-healing, were also

increased upon differentiation in the presence of cAMP (see Fig. 2a). A phenotypic

analysis of these forskolin-treated cells showed that differentiation was not halted

as was seen previously with GM-CSF + IL-4-induced dendritic cell differentiation

(Giordano et al. 2003), but the expression of a number of surface markers was

altered. Notably, the downregulation of CD14, the coreceptor for LPS, and CD163,

a scavenger receptor, was prevented with forskolin treatment.

Fig. 2 Effects of cAMP on monocytic differentiation to macrophages and dendritic cells. Mono-

cytes isolated from human blood can be differentiated in the presence of cytokines GM-CSF or

GM-CSF plus IL-4 to give rise to macrophages and dendritic cells, respectively. When differ-

entiated in the presence of elevated cyclic nucleotides, the final phenotypes of these cells are

altered. Differences in cytokine and chemokine production are observed as well as changes in

surface marker expression levels
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To determine which PDEs were controlling the pools of cAMP regulating

surface marker and chemokine expression, selective inhibitors of PDE2, 3, and 4

were used in combination with a low dose of forskolin. The low dose of forskolin

showed a minimal change in mRNA and protein levels of these genes (Hertz et al.

2009a). However, when that same dose of forskolin was administered with a PDE

inhibitor it caused a large response. This is exactly what would be predicted for

a synergistic effect of PDE inhibition coupled with adenylyl cyclase activation.

Using this technique, it was determined that PDE4 primarily controls the signaling

microdomain regulating expression of surface markers and chemokines.

The intracellular signaling pathways involved in regulation of these chemokines

seem to be largely downstream of Epac, not PKA as seen for cAMP’s effect on most

of the proinflammatory cytokines (Hertz et al. 2009a). Cyclic nucleotide analogs

which specifically activate Epac induce chemokine expression at both the mRNA

and the protein levels, while a PKA-specific activator had a minimal effect on

chemokine levels. Downstream signaling pathways leading to changes in macro-

phage inflammatory gene expression are generally regulated through the canonical

NF-kB pathway. Chemokine production was attenuated with a general inhibitor of

the NF-kB signaling pathway, the IKK1/2 inhibitor BMS-345541, but surprisingly

remained elevated after treatment with a peptide inhibitor of the canonical p50/p65

NF-kB heterodimer. While inflammatory cytokine production is normally regulated

through the p50/65 NF-kB pathway in macrophages, it seems that production

of these chemokines via elevated cAMP may occur through the noncanonical

p50/p105 NF-kB pathway. Also affecting this pathway was a negative regulator

of NF-kB, the transcription factor ATF3, which exhibits both reduced mRNA levels

and attenuated binding to the CXCL7 promoter when forskolin is present during

differentiation (Hertz et al. 2009a). The relief of inhibition of ATF3 on promoter

regions containing NF-kB would promote expression of many inflammatory genes

(Gilchrist et al. 2006).

The signaling pathways downstream of cAMP can also be changed during

differentiation. Human monocytes stimulated with LPS produce large amounts of

TNF-a, IL-6, and IL-8. The release of these chemokines can be reduced with a p38

kinase inhibitor. However, in macrophages differentiated in GM-CSF for 12 days,

p38 inhibition has a lesser effect on production of these cytokines while TNF-a
production is effectively blocked with an ERK inhibitor (Tudhope et al. 2008). This

suggests that kinase usage can also change as a monocyte differentiates to a

macrophage, with monocytes favoring p38 kinase and macrophages preferring

ERK to control cytokine production.

3 Dendritic Cell Differentiation

Monocytes differentiated in the presence of GM-CSF + IL-4 gain a dendritic cell

phenotype (Geissmann et al. 2010). The PDE profile of these dendritic cells (DCs)

showed lower PDE4 levels than monocytes, increased PDE3, and a moderate
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upregulation of PDE1B (Gantner et al. 1999; Giordano et al. 2003). Regarding

PDE4 specifically, PDE4B was found to be expressed at high levels in monocytes,

with PDE4A being the predominant PDE4 isoform in DCs (Heystek et al. 2003).

Elevation of cyclic nucleotides through administration of PGE2 has been shown

to enhance the differentiation and maturation of DCs under serum-free cell culture

conditions. In lieu of fetal calf serum, a monocyte conditioned medium was used

to culture the monocytes in the presence of GM-CSF and IL-4 and the addition of

PGE2 greatly enhanced their differentiation (Jonuleit et al. 1997). It was hypothe-

sized that preexposure of monocytes and DCs to cAMP-elevating agents, such as

PGE2, in tissues could have functional consequences for the final phenotype of the

cell and the subsequent priming of naı̈ve T cells in lymph nodes.

In other studies to test the effects of elevated cAMP on DC function, monocytes

were isolated from human peripheral blood and differentiated for 6 days in the

presence of fetal calf serum, GM-CSF and IL-4 in the presence or absence of PGE2

(Kalinski et al. 1997) or with the addition of the adenylyl cyclase activator

forskolin, cyclic nucleotide analogs (8-Br-cGMP and 8-Br-cAMP) or the nonselec-

tive PDE inhibitor, isobutylmethylxanthine (IBMX) (Giordano et al. 2003). The

phenotype of this cAMP-generated DC was characterized by analyzing its surface

marker and cytokine expression profile to determine whether the cell was directed

to a DC, or another cell type. (see Fig. 2b) Normally during monocytic differentia-

tion to a DC, the surface markers CD14 and CD1a are reciprocally regulated with

the cells showing a downregulation of the monocytic marker CD14 and an upre-

gulation of DC marker CD1a. The reciprocal regulation of these surface markers

was prevented with increased cyclic nucleotides (Giordano et al. 2003). However,

cyclic nucleotides do not seem to affect the regulation of other makers such as

DC-SIGN, a DC-restricted C-type lectin involved in the early interaction between

DCs and naive T cells and also DC trafficking and internalization of Ags, or the

downregulation of the high affinity IgG-binding receptor, CD64/FcgRI. Terminal

differentiation of myeloid cells is generally characterized by a switch from CD64/

FcgRI to the low affinity CD32/FcgRII. Interestingly, CD32/FcgRII expression was
not blocked by elevated cyclic nucleotides, but was slightly enhanced and the

final phenotype was more reminiscent of the levels seen on macrophages (Giordano

et al. 2003). The regulation of the costimulatory molecules CD80 and CD86 was

unaffected by PGE2 (Kalinski et al. 1997) but CD86 and MHC class II were

upregulated with cAMP analog treatment over the 6-day differentiation process

and the reason for this is unclear (Giordano et al. 2003). The authors concluded that

DC differentiation was halted at an intermediate cell stage between monocytes,

macrophages, and DCs.

This intermediate population of cells was not homogeneous; however, since

differentiation in the presence of elevated cyclic nucleotides also upregulated a

subset of cells expressing CD16 (Giordano et al. 2003), a surface marker upregu-

lated in some pathological conditions such as HIV and autoimmune diseases

(Grage-Griebenow et al. 2001). CD16 is expressed on less than 10% of circulating

monocytes and is generally expressed on the cells that are CD14lo. After cyclic

nucleotide treatment in vitro, the percentage of CD16+ cells increased dramatically,
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up to as much as 50% of the total cell population (Giordano et al. 2003). The

authors speculate that cyclic nucleotide signaling may be a part of the intracellular

mechanisms used to modulate expansion of this subpopulation in pathological

conditions.

DCs generated in the presence of physiological concentrations of PGE2, and

therefore elevated cAMP, demonstrated Th-cell stimulation abilities comparable to

the control DCs differentiated in the absence of PGE2. However, the ability of

PGE2-DCs to produce IL-12 was markedly reduced when stimulated with IL-12-

inducing agents such as soluble CD40L, and even in the presence of the normally

potent IL-12 inducing agent, IFN-g (Kalinski et al. 1997). When the concentration

of PGE2 was increased to 100 nM, the cells’ IL-12 producing ability was

completely abolished. Conversely, production of the anti-inflammatory cytokine

IL-10 was markedly increased with PGE2 pretreatment, but decreased with IFN-g
cotreatment. This profile was maintained over 48 h after the removal of PGE2, and

the ability of these DCs to produce other Th cell-polarizing cytokines was also

altered. PGE2-DCs retained higher IL-4 and IL-5 producing capacity and produced

70% less IFN-g than control DCs. The ability of PGE2-DCs to promote Th2-type

differentiation of naı̈ve T cells was largely due to the absence of IL-12, which

would normally drive the cell to a Th1 phenotype, not due to the presence of an

additional secreted factor. Similar results were observed by another group when a

PDE4 inhibitor was administered during differentiation of monocytes to dendritic

cells, prior to final maturation (Heystek et al. 2003).

In a pathological situation, cyclic nucleotide levels will be elevated not only

during differentiation of monocytes, but also during maturation into the final

macrophage or dendritic cell. The effects of PGE2 on DC maturation were found

to act as a cofactor and synergize with TNF-a and IL-1b to induce final maturation

of immature DCs (Kalinski et al. 1998). The adenylyl cyclase agonist, forskolin,

mimicked the effects of PGE2, indicating that final maturation can be influenced

directly by cAMP levels. After final DC maturation, PGE2 and IL-10 were no

longer able to affect the phenotype of the DC, indicating that shaping of the mature

DC phenotype occurs while the immature DC is a tissue resident and capable of

taking up antigen. Therefore, the levels of IL-12 production and mature DC

phenotype are predetermined at the stage of immature DC in peripheral tissues.

The stability of the phenotype for up to 2 days after exposure to PGE2 implies that

the DC phenotype will be retained upon its arrival in the draining lymph node,

allowing it to contribute to the development of Th2-biased responses without

picking up irrelevant signals as it migrates to the lymph node.

This effect on maturation is not isolated only to cAMP, similar effects have been

observed with elevated intracellular levels of cGMP. In one set of studies, mature

DCs were derived from CD14+ human monocytes and matured/activated with LPS

(Morita et al. 2003). When these cells were pretreated with the guanylyl cyclase

agonist ANP, the LPS-induced expression of IL-12 and TNF-a was decreased and

IL-10 expression was augmented similar to what was observed for cAMP (Morita

et al. 2003). This phenotype is also able to polarize CD4+ T cells toward promoting

Th2 responses through interactions in the absence of IL-12 production.
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DCs can mature upon exposure to LPS and acquire a distinct set of surface

markers that are regulated by cyclic nucleotides. Cyclic nucleotide treatment inhib-

ited the increase in DC-LAMP andCD83 normally brought onwith LPS stimulation.

DC-LAMP is a lysosome-associated membrane glycoprotein that belongs to

DC-specific apparatus for antigen processing. Different antigen-presenting

cells have distinct endocytic routes used for processing antigen, with specific

markers characterizing each step. CD68 or macrosialin is another lysosomal

marker expressed on both macrophages and DCs and is inversely regulated from

DC-LAMP; as DC-LAMP appears in these compartments, CD68 levels are reduced.

Curiously, while DC-LAMP expression was reduced in the presence of cyclic

nucleotides, CD68 remained unaffected. Therefore, it seems that an increase in

cyclic nucleotide levels during differentiation could impair the ability of DCs to

process antigen, but does not inhibit antigen-processingmachinery sharedwith other

cells of the myeloid lineage.

DCs differentiated in the absence of PGE2, but matured in its presence, also

acquire an increased ability to migrate toward the lymph nodes via CCR7 and

exhibit improved ability to activate CD4 T cells suggesting the involvement of

PGE2 in facilitating CCR7 signaling (Luft et al. 2002; Scandella et al. 2002).

However, when DCs are differentiated in the presence of cyclic nucleotide analogs,

the induction of CCR7 by LPS is reduced (Giordano et al. 2003). CCR7 confers the

ability onto dendritic cells to migrate toward CCL19, which is a vital step in leading

DCs to lymph nodes and downstream T-cell activation. Despite a potential reduc-

tion in CCR7 levels, these DCs do still acquire strong antigen-presenting capabil-

ities, as they are able to activate CD4 T cells in allogenic mixed leukocyte reactions,

a measure of their function as DCs. This is likely due to the upregulation of the

costimulatory molecule CD86 and the antigen-presenting molecules MHCII DQ

and DR (Giordano et al. 2003). This effect of cyclic nucleotides seems to be

dependent on the timing of exposure to cAMP-inducing agents during differentia-

tion or maturation, as somewhat disparate results are obtained depending on the

methodology used for differentiation, maturation, and cyclic nucleotide elevation.

Interestingly, dendritic cell maturation in serum-free conditions, but in the

presence of a cytokine cocktail, leads to a DC capable of a nonbiased Th2 response

(Morelli and Thomson 2003; Scandella et al. 2002). While this is in contrast with

previous in vitro data using fetal calf serum-containing media, it is likely that in

the context of an inflammatory response in vivo the effect of PGE2 is to permit the

generation of DCs that are capable of secreting the full range of cytokines, not just

Th2 cytokines.

Stimulation of adenosine receptors and subsequent elevation of cAMP during

monocyte to DC differentiation results in a distinct cell population characterized by

changes in expression of cell surface markers common to both DCs and monocyte/

macrophages, but remaining morphologically similar to DCs (Haskó et al. 2009).

Using knockout animals and pharmacologic inhibition of adenosine receptors, it

was discovered that the Gas-coupled A2B adenosine receptor was the mediator of

the phenotypic observations. Adenosine-differentiated DCs express high levels

of angiogenic (VEGF), proinflammatory (IL-8, COX-2, IL-6), immune suppressive

Cyclic Nucleotides and Phosphodiesterases in Monocytic Differentiation 379



(IL-10, TGF-b), and tolerogenic factors (indoleamine 2,3-dioxygenase) (Novitskiy

et al. 2008). Consequently, these cells are impaired in their ability to induce T-cell

proliferation, by rendering the T cells anergic with indoleamine 2,3-dioxygenase,

and also exhibited a reduced capacity for IFN-g production. As expected, these

phenotypic changes result in drastic alterations in the capacity of these cells to

respond properly to abnormalities or inflammatory stimuli. For example, if these

adenosine-differentiated DCs were injected directly into a subcutaneous tumor in

mice, they actually promoted tumor growth through increased angiogenesis in the

tumor, rather than resolving the abnormality (Novitskiy et al. 2008).

The role of the A2B receptor in cAMP-mediated regulation of pathological

conditions and cell differentiation has been historically difficult to study due to

its low affinity for adenosine and other selective agonists. A2B receptors are

stimulated by micromolar concentrations of adenosine, rather than the normal

physiological submicromolar levels commonly observed and associated with the

A1, A2A, and A3 receptors. However, this low affinity may carry physiological

importance as high concentrations of adenosine are often found at the site of

traumatic injury, ischemia, or inflammation (Haskó et al. 2009). Overall, DC

differentiation and maturation is retarded in the presence of elevated cyclic

nucleotides, and this results in altered phenotypic characteristics affecting many

key DC functions.

4 Osteoclast Differentiation

Osteoclasts are a unique cell type involved in calcium homeostasis in the body.

They perform this function through the resorption of bone in response to either

direct or indirect hormonal regulation by parathyroid hormone, calcitonin, and

1,25-dihydroxyvitamin D3 (Bar-Shavit 2007; Nakashima and Takayanagi 2009).

Osteoclasts work in harmony with their bone-building counterparts, osteoblasts, to

maintain the level of free calcium required for many bodily functions. Osteoblasts

regulate formation and differentiation of osteoclasts and so are major players in

homeostatic control of bone remodeling. cAMP and PDEs have profound effects

on osteoblastic function, namely the regulation of receptor activator of nuclear

factor-kappa B ligand (RANKL) production, but this will not be discussed in depth

in this chapter, as osteoblasts are derived from the mesenchymal lineage, not the

hematopoietic/monocytic lineage.

Osteoclasts are derived from the hematopoietic lineage with many steps along

their differentiation pathway, but require only two major cytokines to complete

their maturation. First, the hematopoietic stem cell can be started along the osteo-

clastic pathway by responding to cytokines such as M-CSF to become an osteoclast

precursor cell or CFU-M (see Fig. 1). These cells are monocyte-like and can be

differentiated to macrophages or dendritic cells at this stage, if they do not receive

additional signals guiding them toward an osteoclast. This major driving signal for
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osteoclast formation is the RANKL cytokine produced by osteoblasts in response to

hormonal stimulation. RANKL causes the CFU-M to commit to becoming an

osteoclast and soon becomes a mononucleated osteoclast. Osteoclasts must fuse

together and become multinucleated (three or more nuclei) and fully mature

before they are able to perform their bone-resorbing functions (Bar-Shavit 2007;

Nakashima and Takayanagi 2009).

Elevated cAMP, increased through treatment with PGE2, has been reported to

both increase and decrease osteoclast formation. These discrepancies seem to be

attributable to a number of factors: the dose of PGE2 being administered, the timing

of PGE2 administration, the type of cells being studied, and the methods used to

prepare osteoclasts and/or osteoblasts. It has been demonstrated that addition of a

cAMP-elevating agonist such as PGE2 or forskolin or an inhibition of PDE activity

can increase osteoclast formation from either human or mouse bone marrow

cultures. Several groups have reported an increase in osteoclast formation from

bone marrow with PGE2 (Fujita et al. 2003; Noh et al. 2009; Take et al. 2005; Wani

et al. 1999), 8-isoprostaglandin E2 (an oxidized form of PGE2) (Tintut et al. 2002),

forskolin (Ransj€o et al. 1999), a cAMP analog (Wani et al. 1999), or PDE inhibition

(Noh et al. 2009; Park and Yim 2007; Takami et al. 2005; Yamagami et al. 2003).

This increase in osteoclast number and function can derive from two separate

mechanisms: the stimulation of osteoblasts to produce RANKL, and direct effects

on osteoclast precursors.

The concentration of PGE2 is vitally important in the regulation of osteoclast

differentiation from bone marrow. Moderate doses of PGE2, ranging from 1 to

100 nM, seem to stimulate osteoclastogenesis in adherent cell-depleted hemato-

poietic monocultures in the presence of M-CSF and RANKL for both mouse and

human bone marrow cells (Fujita et al. 2003; Ono et al. 2005). One group reported a

synergistic increase in osteoclast formation when stimulated with RANKL and

1 mM PGE2 in bone marrow cultures (Wani et al. 1999). However, several groups

report that when the concentration of PGE2 is 1 mM or higher, osteoclastogenesis is

inhibited and subsequent bone resorption is decreased (Fujita et al. 2003; Ono et al.

2005; Park and Yim 2007). This does not hold true for all cell types as in

RAW 264.7 cells, a mouse monocyte-like cell line, PGE2 concentrations at 1 mM
stimulate osteoclast formation through PKA-dependent phosphorylation of TAK1

(Kobayashi et al. 2005a).

A second model of osteoclast generation uses CD14+ monocytes from human

blood differentiated in the presence of M-CSF and RANKL to form osteoclasts.

This monocyte to osteoclast transformation is inhibited by PGE2 at all concentra-

tions of PGE2 tested, 0.1–100 nM (Itonaga et al. 1999; Take et al. 2005). However,

it was found that the timing of administration of PGE2 also played a critical role in

the ability of osteoclast precursors to differentiate into osteoclasts. If PGE2 was

added at days 0–2 of culture, differentiation was prevented, if added later in the

maturation process at days 6–8 there was no change in the number of mature

osteoclasts after 8 days (Take et al. 2005). Similarly, the differentiation of bone

marrow cells was stimulated when PGE2 was present during days 0–2 of culture,

but no change was observed when added at days 6–8.
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In order for the cells to be responsive to PGE2 levels, they must carry the

appropriate receptors. The prostaglandin receptors are EP1, 2, 3, and 4 coupled to

Gaq, Gas, Gai, and Gas, respectively. The high level expression of the prostaglan-
din receptors EP2 and EP4 in precursor cells allows the cells to be responsive to

stimuli like PGE2 and produce cAMP through adenylyl cyclase stimulation. Upon

differentiation, the prostaglandin receptors are downregulated, preventing the stim-

ulation or inhibition of the mature osteoclast by PGE2 (Kobayashi et al. 2005b;

Take et al. 2005). If EP4 is reintroduced using an adenoviral transfection system,

osteoclastic function was drastically inhibited (Kobayashi et al. 2005b). PGE2 also

can directly inhibit bone resorbing function in mature OCs thru EP4 (Mano et al.

2000) and an EP4 antagonist inhibited osteoclast formation (Ono et al. 1998). EP1

and EP3 do not seem to play a major role in osteoclast formation because no

increase in osteoclast formation was observed with the administration of butaprost,

an EP1/3 agonist, while EP2-selective agonists slightly increase osteoclast forma-

tion (Ono et al. 1998). The Gas-coupled prostaglandin receptors EP2 and EP4 seem
to have nonredundant roles in osteoclast formation as EP2 knockout mice exhibit

impaired osteoclast development, likely due to both a defect in the osteoblast and

having direct effects on PGE2-stimulated osteoclast function (Li et al. 2000).

PDEs also play a role in controlling cAMP levels during differentiation of bone

marrow precursors to osteoclasts. Inhibition of PDE4 with rolipram indirectly

stimulates osteoclast formation through the ERK, p38, MAP kinase pathways by

leading to a change in COX2 expression in osteoblasts. Elevated COX2 expression

leads to an increase in PGE2, which in turn increased RANKL production by the

osteoblasts (Cho et al. 2004; Park et al. 2007; Takami et al. 2005). PDE4 inhibi-

tion can also have effects directly on osteoclast formation from their precursors.

Yamagami and colleagues showed that when the PDE4 inhibitor XT-611 was added

to either a culture of bone marrow-derived osteoclastic precursors, or a coculture

with osteoblasts, osteoclast formation was blocked when given concomitantly with

PGE2. This effect seemed to be specific for PDE4 inhibition, as inhibition with

either a PDE3-selective inhibitor milrinone, or the cGMP-PDE inhibitor zaprinast,

had no effect on osteoclast differentiation in the presence of PGE2 (Yamagami

et al. 2003). In a similar study, it was found that both PDE3 and PDE4 inhibitors

had an effect on osteoclastic differentiation; however, these effects were largely on

the osteoblasts, not on the osteoclasts themselves (Noh et al. 2009). PDE4 inhi-

bitors can also potentiate the effects of endogenous agonists such as calcitonin.

Calcitonin acts directly on osteoclasts to decrease osteoclastogenesis and this

process was found to be PKA dependent and rolipram potentiated these effects

(Miyamoto et al. 2006).

PDE4 inhibitors as a therapeutic intervention for osteoporosis show some

promise based on animal models of osteopenia. Additionally, single-nucleotide

polymorphisms in the PDE4D gene have been shown to correlate with variations

in bone mineral density, possibly implicating PDE4D as a contributing genetic

factor in human osteoporosis (Reneland et al. 2005). Both rolipram and pentoxifyl-

line were reported to increase bone density in normal mice after 5 weeks of

treatment (Kinoshita et al. 2000). In rats, a PDE4 inhibitor decreased bone loss in
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a model of osteoporosis in rats (Miyamoto et al. 1997) and increased bone density

in ovarectomized, neurectomized rats (Waki et al. 1999).

One report regarding cGMP and osteoclastogenesis suggests that cGMP can

block the differentiation of osteoclasts, but only when present during the final

3 days of a 6-day differentiation process (Holliday et al. 1997). As there has been

some debate as to the pathways used for intracellular signaling by nitric oxide, both

nitric oxide releasers such as sodium nitroprusside, used at low concentrations, and

the cGMP analogues 8-Br-cGMP and dibutryl-cGMP, were used to demonstrate

reduced osteoclast formation in the presence of elevated cGMP. Elevating cGMP

using an inhibitor of PDE5, zaprinast, also inhibited osteoclast formation when

administered through the final 3 days of differentiation, while decreasing cGMP

using nitric oxide synthase inhibitors increased osteoclast formation. It was con-

cluded that elevated cGMP inhibits osteoclast formation, but only when present

during the final stages of differentiation.

5 Murine Bone Marrow Differentiation

Bone marrow progenitors can be differentiated to macrophages in the presence of a

number of factors, such as M-CSF, GM-CSF, and PMA. It has long been observed

that agents that can elevate cAMP can inhibit macrophage formation from progeni-

tors. M-CSF can also induce proliferation of differentiated bone marrow macro-

phages, and PGE2 negatively regulates this process (Kurland et al. 1977, 1978a, b).

Several agents that can increase cAMP, such as PGE2, 8-Br-cAMP, and IBMX, can

suppress the mitogenic actions of M-CSF, GM-CSF, and PMA through the inhibi-

tion of DNA synthesis. This effect of cAMP does not appear to affect the cells’

early response to colony-stimulating factors, but exerts its effect during the late G1

phase in the cell cycle (Vairo et al. 1990). Inhibition by PGE2 seems to be part of a

negative feedback loop controlling proliferation of monocytes and macrophages.

PGE2 may feedback to control macrophage formation by inhibiting proliferation

and differentiation of immature monocytoid cells.

M-CSF-induced proliferation of mouse bone marrow macrophages is suppressed

by adenosine-mediated signaling through the Gas-coupled A2B receptors. The

downstream cAMP signaling mechanism involved a PKA-dependent induction of

a cyclin-dependent kinase inhibitor known as p27kip-1 that leads to growth arrest at

the G1 phase of the cell cycle (Xaus et al. 1999). This molecular mechanism could

potentially apply to the negative regulation of monocytic proliferation caused with

elevated cAMP, regardless of the source, but this has not been fully tested in all cell

systems. Using A2B knockout mice and pharmacological inhibition of adenosine

receptors several groups demonstrated that adenosine or ATP signaling through this

receptor inhibits TLR-dependent IL-12p70 and TNF-a production in bone marrow

derived DCs while enhancing IL-10 production (Addi Abduelhakem et al. 2008;

Wilson et al. 2009). These cells were also less effective at stimulating T-cell

proliferation, likely due to reduced MHC II and CD86 levels.

Cyclic Nucleotides and Phosphodiesterases in Monocytic Differentiation 383



Studies were also performed in a mouse myeloid cell line to demonstrate

the effects of cAMP on differentiation. Increasing cAMP levels using either

8-Br-cAMP or PGE1 can induce macrophage differentiation in M1 myeloid cells,

which were engineered to express the M-CSF receptor (Wilson et al. 2005).

Increased cAMP can potentiate M-CSF-induced differentiation in cells containing

the receptor through ERK activation, as differentiation was halted with the addition

of a MEK inhibitor. These cells also retain the ability to inhibit M-CSF stimulated

macrophage proliferation through phosphorylation of the M-CSF receptor. It has

also been shown that cAMP can modulate M-CSF-induced MAPK activation of

ERK, JNK, and p38 in a time-dependent manner, thereby inhibiting macrophage

development (Zhu et al. 2008).

6 Conclusions

PDEs are a class of enzymes with a number of isoforms distributed throughout all

tissues and cell types in the body. PDE5 inhibition has emerged as a proven method

to treat erectile dysfunction and pulmonary hypertension. The ability to selectively

inhibit a PDE in order to modulate cellular function is an exciting prospect for

many future therapies. However, the administration of these inhibitors may carry

unintended consequences when they affect the differentiation or activation of cells

also containing the targeted PDE. For example, chronic administration of a PDE

inhibitor would presumably increase the cyclic nucleotide levels in all cell types

containing the targeted PDE. Observations of these increased levels are difficult to

confirm in vivo and in vitro work utilizing monocyte or bone marrow-derived cells

has been widely used as a surrogate for in vivo differentiation conditions.

Elevated cyclic nucleotide levels can have profound effects on the final pheno-

type of the cell when present during differentiation or maturation. Dendritic cell

differentiation can be arrested in the presence of increased cAMP or cGMP at an

intermediate stage between monocyte and dendritic cell. The capabilities of these

dendritic cells are also altered, skewing its T-cell activation capacity toward a Th2

type response, largely due to the lack of IL-12 produced. Macrophage differentia-

tion does not seem to be halted by elevated cyclic nucleotides, but a number of

characteristics are altered. cAMP normally has anti-inflammatory actions on

macrophages, but recent work has uncovered the role of cAMP in increasing

chemokine and cytokine expression.

The alteration of hematopoietic differentiation by cyclic nucleotides and PDE

inhibitors is also important regarding clinical efforts to generate therapeutic cell

types from monocytes ex vivo. Generation of specific cell types from pluripotent

and multipotent cells ex vivo for therapeutic usage holds great promise. For

example, numerous efforts have been undertaken to develop DC or macrophage

populations ex vivo that target specific antigens for fighting cancer (Paczesny et al.

2003), to treat chest wound infections after open heart surgery (Orenstein et al.

2005), to treat other refractory wounds (Zuloff-Shani et al. 2004), as a treatment for
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spinal cord injury (Knoller et al. 2005), and as gene therapy delivery vehicles

(Burke et al. 2002; Pastorino et al. 2001).

Although the phenotypes of the macrophages used for some therapeutic applica-

tions have been partly characterized, it is unclear which features are critical for their

therapeutic effect. Currently, macrophages and other hematopoietic-derived cells

are being generated ex vivo using serum and other mixed indeterminate stimuli.

Using specific combinations of cytokines and humoral factors may allow genera-

tion of a more defined cell type with specific features that make it more therapeuti-

cally effective.
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Abstract Phosphodiesterase 4 (PDE4) belongs to a family of enzymes which

catalyzes the breakdown of 3, 50-adenosine cyclic monophosphate (cAMP) and is

ubiquitously expressed in inflammatory cells. There is little evidence that inflam-

matory diseases are caused by increased expression of this isoenzyme, although

human inflammatory cell activity can be suppressed by selective PDE4 inhibitors.

Consequently, there is intense interest in the development of selective PDE4

inhibitors for the treatment of a range of inflammatory diseases, including asthma,

chronic obstructive pulmonary disease (COPD), inflammatory bowel disease, and

psoriasis. Recent clinical trials with roflumilast in COPD have confirmed the

therapeutic potential of targeting PDE4 and recently roflumilast has been approved

for marketing in Europe and the USA, although side effects such as gastrointestinal

disturbances, particularly nausea and emesis as well as headache and weight loss,

may limit the use of this drug class, at least when administered by the oral route.

However, a number of strategies are currently being pursued in attempts to improve

clinical efficacy and reduce side effects of PDE4 inhibitors, including delivery via
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the inhaled route, development of nonemetic PDE4 inhibitors, mixed PDE inhibi-

tors, and/or antisense biologicals targeted toward PDE4.

Keywords Asthma � Cilomilast � COPD � Emesis � Inflammation � PDE4 �
Roflumilast

Abbreviations

COPD Chronic obstructive pulmonary disease

PDE Phosphodiesterase

1 Introduction

Theophylline has been used in the treatment of asthma and chronic obstructive

pulmonary disease (COPD) since the 1930s, although its popularity has declined

due to the introduction of b2-adrenoceptor agonists and glucocorticosteroids.

Several mechanisms have been proposed to explain the potential beneficial action

of theophylline in respiratory disease. Theophylline has been shown to inhibit

the activity of a cyclic 30, 50 nucleotide PDE with a Ki of 100 mM (Butcher and

Sutherland 1962), which has been suggested to contribute to its ability to promote

suppressor cell activity in lymphocytes (Shore et al. 1978; Zocchi et al. 1985;

O’Shaughnessy et al. 2007) and its beneficial actions in patients with asthma

(Sullivan et al. 1994), COPD (Rennard 2004), or psoriasis (Papakostantinou et al.

2005). However, theophylline has been relegated to second- or third-line therapy

for the treatment of respiratory disease and is not routinely used in the treatment of

other inflammatory conditions such as rheumatoid arthritis, psoriasis, and inflam-

matory bowel disease, in part because it is not recognized as an anti-inflammatory

drug, but more importantly because of the very significant drug interactions

and narrow therapeutic window exhibited by theophylline; the side effect profile

of theophylline includes nausea, emesis, gastrointestinal disturbances, and arrhyth-

mias. These problems, in part, promoted an interest in understanding how the PDE

family of enzymes regulated cAMP levels within cells and the potential for

developing drugs inhibiting such enzymes, in a selective way as a way of improving

the therapeutic window of theophylline.

There are presently 11 known families of PDEs and at least 21 isoforms with

numerous splice variants that are characterized by differences in structure, substrate

specificity, inhibitor selectivity, tissue and cell distribution, regulation by kinases,

protein–protein interaction, and subcellular distribution (Conti and Beavo 2007;

McCahill et al. 2008). However, targeting PDE4, an enzyme family that exclusively

metabolizes cAMP (Houslay et al. 2005, 2007), has been the focus for the deve-

lopment of drugs that could prove beneficial in the treatment of depression,

schizophrenia (Millar et al. 2007), respiratory diseases such as asthma and COPD
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(Barnes 2008), allergic skin diseases and psoriasis (Baumer et al. 2007), and

inflammatory bowel disease (Keshavarzian et al. 2007).

It is therefore of interest that plasma levels achieved with a dose of theophylline

that demonstrated significant anti-inflammatory activity (Sullivan et al. 1994) are

well below the Ki for PDE inhibition and suggested that PDE4 inhibition alone does

not completely explain the clinical effectiveness of this drug (Barnes et al. 2005).

Nevertheless, highly potent and selective PDE4 inhibitors have been developed

to target a range of inflammatory diseases. However, targeting PDE enzymes is not

unique to inflammatory diseases as exemplified with the development and clinical

success of a number of PDE5 inhibitors for the treatment of erectile dysfunction as

exemplified by sildenafil (Boolell et al. 1996).

2 Phosphodiesterase 4

PDE4 is highly selective for catalyzing the hydrolysis of cAMP, which terminates

the downstream signalling of this second messenger (Houslay et al. 2007; Houslay

2010). There are 4 gene families (A, B, C, and D), where alternative mRNA

splicing and the use of distinct promoters generates more than 20 splice variants

(Houslay et al. 2007). While hydrolysis of cAMP is a common feature of this

family, it is clear that these isoforms can be targeted to different domains and

signalling complexes within the intracellular compartment, where they play a pivotal

role in underpinning compartmentalized cAMP signaling (Houslay 2010). Further-

more, their activities can be differentially regulated by phosphorylation by various

protein kinases, suggesting that these isoforms have specific functions in the control

of cellular activity (McCahill et al. 2008).

X-ray crystallography has resolved the catalytic domain of these enzymes,

which comprise three important domains: a bivalent metal binding pocket (Zn2+,

Mg2+), which is thought to form a complex with the phosphate moiety of cAMP,

a pocket containing an invariant glutamine (Q pocket), which forms hydrogen

bonds with the nucleotide (purine) moiety of cAMP, and a solvent pocket. PDE4

inhibitors occupy this active site through a number of important interactions and

prevent cAMP metabolism. These include indirect binding to the metal ions via the

formation of hydrogen bonding to water while hydrophobic interactions between

the planar ring structure of these inhibitors and hydrophobic amino acid residues

such as phenylalanine and isoleucine serve to “clamp” the inhibitor within the

active site. There are also hydrogen bond interactions between the aromatic ring

structure of these inhibitors and the invariant glutamine residue in the Q pocket, the

site which is normally occupied by the nucleotide moiety of cAMP (Xu et al. 2000;

Card et al. 2004; Wang et al. 2007).

There are considerable challenges to the synthesis of subtype selective

inhibitors due to the high degree of sequence and structural homology within

the catalytic domains of the PDE4 subtypes (Xu et al. 2000; Card et al. 2004;
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Houslay et al. 2005; Wang et al. 2007). One possibility might be to exploit

subtle differences between the interaction of these inhibitors with the catalytic

active site. Alternatively, compounds that inhibit catalysis by targeting regions

outside the catalytic site may be possible. Compounds that selectively interact

with the N terminal regions of the respective PDE4, which contain phosphory-

lation sites and/or protein binding sequences, might indirectly interfere with PDE4

activity (Houslay et al. 2005). Moreover, inhibitors may act through a combined

interaction with residues in regions that fold over or near the catalytic site, e.g.,

UCR2 which provides a regulatory region unique to PDE4 enzymes as well as

some residues in the catalytic domain (Kranz et al. 2009; Burgin et al. 2010).

PDE4 is expressed in a number of cell types that are considered important in

the pathogenesis of inflammatory disease (Table 1). It might reasonably be argued

that targeting the inhibition of PDE4 could potentially suppress the function of

numerous cell types. However, it is well known that other PDE enzymes are also

expressed in these cells and the contribution of other PDEs to cell function (e.g.,

PDE3, PDE7) in the context of regulating inflammatory cell function is also being

explored (Smith et al. 2004; Boswell-Smith et al. 2006a; Banner and Press 2009).

Although it would seem prudent to develop subtype selective PDE4 inhibitors in

attempts to maximize therapeutic benefit at the expense of adverse effects, there is

also the possibility that nonselective PDE inhibitors might offer a better approach in

targeting multiple target cells in the disease process. Indeed, it has been suggested

that clozapine is a better antipsychotic than newer generation atypical antipsycho-

tics because this drug targets numerous receptors and as such, has been described as

a “magic shotgun” for the treatment of schizophrenia (Roth et al. 2004).

3 Asthma and PDE4

The underlying pathophysiological features of asthma are a consequence of the

contribution of numerous cells including the epithelium, dendritic cells, T-lympho-

cytes, eosinophils, mast cells, and airway smooth muscle. Thus, there is a complex

web of interconnecting interactions between different cell types and inflammatory

mediators. Whilst glucocorticosteroids remain the mainstay treatment of this

disease, there still remains a group of asthmatics with poor symptom control despite

treatment with these drugs (Barnes 2008). It is therefore of interest that many of the

cell types illustrated in Table 1 express PDE4 and inhibition of this enzyme family

can suppress the function of these cells.

A number of studies have investigated whether the pathogenesis of asthma

might be a consequence of increased PDE4 protein expression and activity.

This hypothesis had some currency in view of studies in the field of dermatology,

which purported to demonstrate the expression of a novel and distinct monocyte-

derived cAMP-PDE obtained from individuals with atopic dermatitis. Mono-

cytes from these individuals had increased functionality and this corresponded

with the presence of protein with increased PDE activity. This was thought to be
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Table 1 PDE distribution within human cells of interest for the treatment of respiratory diseases

such as asthma and COPD

Cell type PDE4

subtypea
Other PDE’s Biological consequence

of PDE4 inhibition

Reference

T-lymphocytes

CD4

CD8

Th1, Th2

Th17

A, B, Db 3, 7 Inhibition of proliferation

and cytokine release

Essayan et al. (1997),

Gantner et al. (1997b),

Hatzelmann and Schudt

(2001), Smith et al. (2003),

Peter et al. (2007),

Ma et al. (2008)

B cells A, B, D 7 Increased proliferation Gantner et al. (1998),

Smith et al. (2003)

Eosinophils A, B, D 7 Inhibition of superoxide

anion generation;

delayed apoptosis

Hatzelmann and Schudt

(2001), Smith et al. (2003),

Parkkonen et al. (2007)

Neutrophils A, B, D 7 Inhibition of superoxide

anion and neutrophil

elastase release

Hatzelmann and Schudt

(2001), Smith et al. (2003),

Jones et al. (2005)

Monocyte A, B, D 7 Inhibition of TNFa
release

Hatzelmann and Schudt

(2001), Smith et al.

(2003), Heystek et al.

(2003), Jones et al. (2005)

Macrophages A, B, D 1, 3, 7 Inhibition of TNFa
releasec

Gantner et al. (1997a),

Hatzelmann and

Schudt (2001), Smith

et al. (2003), Barber et al.

(2004)

Dendritic cells A, B, D 1, 3 Inhibition of TNFa
release

Hatzelmann and Schudt (2001),

Heystek et al. (2003)

Osteoblast A, B, D 3 Stimulates

RANKL-induced

osteoclast formation

Noh et al. (2009)

Chondrocytes A, B, D 1 Inhibition of IL-1b
stimulated production

of nitric oxide

Tenor et al. (2002)

Mast cells Little if any mast cell

stabilization

Weston et al. (1997),

Shichijo et al. (1998)

Airway epithelial

cells

1-3, 4, 5, 7, 8 Increased production

of PGE2; inhibition

of IL-6 production

Fuhrmann et al. (1999),

Haddad et al. (2002)

Endothelial cells 2, 3, 4, 5 Inhibition of adhesion

molecule expression

Jones et al. (2005), Sanz

et al. (2007)

Fibroblasts A, B, D 1, 4, 5, 7 Inhibition of fibroblast

chemotaxis;

inhibition of pro-

MMP1,2 release

Differentiation into

myofibroblasts

Kohyama et al. (2002),

Smith et al. (2003),

Martin-Chouly et al.

(2004), Dunkern et al.

(2007)

dSensory nerves D 1, 3 Inhibition of

neuropeptide

release

Spina et al. (1995)

aPDE4 subtype mRNA expression illustrating relative abundance in cells
bPDE4D absent in Th1 cells
cIn the presence of a PDE3 inhibitor
dGuinea-pig sensory nerves
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the underlying basis for the pathology associated with atopic dermatitis (Chan et al.

1993). However, soluble PDE4 activity was not increased in a range of peripheral

blood leukocytes from atopic subjects of either mild or severe severity (Gantner

et al. 1997b). Similarly, while increased total PDE catalytic activity was observed

in peripheral blood monocytes from individuals with mild asthma, this was asso-

ciated, paradoxically, with reduced PDE4 activity (Landells et al. 2001), and the

expression of PDE4A, B, and D was not increased in peripheral blood CD4 positive

T-lymphocytes in patients with mild asthma (Jones et al. 2007). Together these

studies indicate that the underlying pathogenesis of mild asthma cannot be attrib-

uted to enhanced PDE4 expression or activity. A genome-wide association search

has demonstrated single nucleotide polymorphisms on chromosome 5q12 for PDE4D

(Himes et al. 2009).

The significance of these findings remains to be established given that this

isoform is purportedly linked with emesis and targeting of PDE4A and PDE4B is

seen as a rationale approach to develop nonemetic anti-inflammatory PDE4 inhi-

bitors (Manning et al. 1999; Kranz et al. 2009). If this assertion is correct, then

the challenge remains to develop a PDE4 subtype selective inhibitor that differs by

at least three orders of magnitude, but this has yet to be achieved after more than

a decade of work in this field. However, this hypothesis has been questioned

following the discovery of PDE4D selective allosteric inhibitors, which promote

anti-inflammatory activity and are largely devoid of emesis in animal models (Burgin

et al. 2010). The implication of these novel findings is that selectivity for different

PDE4 subtypes is not a critical determinant in avoiding side effects such as nausea,

but whether partial inhibition can be achieved, as in this example using allosteric

inhibitors which interact with upstream conserved regions (UCRs), and the catalytic

domain of PDE4D (Burgin et al. 2010).

Numerous preclinical studies in models of allergic pulmonary inflammation

have repeatedly documented the ability of PDE4 inhibitors to inhibit two important

characteristic features of asthma, namely, the recruitment of eosinophils to the

airways and bronchial hyperresponsiveness (Spina 2003). One disadvantage of

these studies is the inability to ascertain the role of PDE4 isoforms because of the

nonselective nature of the PDE4 inhibitors currently under development. However,

the use of genetically modified mice has revealed some interesting findings. Airway

inflammation characterized by recruitment of eosinophils to the airways of mice

deficient in PDE4D was not different from that of wild-type controls (Hansen

et al. 2000). This indicated that other PDE4 subtypes contribute in the metabolism

of intracellular cAMP since cell recruitment to the airways was inhibited

when animals were treated with nonselective PDE4 inhibitors (Kung et al. 2000;

Kanehiro et al. 2001). However, airway obstruction caused by methacholine was

enhanced in wild-type allergic mice, but abolished in PDE4D gene-deficient mice.

These mice were hyporesponsive to methacholine, even in the absence of allergic

sensitization, and this feature appeared to be related to an increase in the production

of a dilator prostaglandin in the airways of these PDE4D gene-deficient mice

(Hansen et al. 2000; Mehats et al. 2003). However, this effect was specific for

methacholine because the enhanced airway obstruction in response to serotonin
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was unaffected by the removal of PDE4D (Hansen et al. 2000). This highlights the

potential complementary role of PDE4 isoforms in regulating allergic airway

inflammation, and the need to target more than one PDE4 isoform since the

inflammatory response, bronchial hyperresponsiveness, and airway remodeling in

allergic wild-type mice could be inhibited by nonselective PDE4 inhibitors such as

rolipram or roflumilast (Kung et al. 2000; Kanehiro et al. 2001; Kumar et al. 2003).

Whilst the use of gene knockout studies can offer insights into the function of

proteins, it is likely that compensatory mechanisms at birth and the mixed back-

ground of the generated knockouts could confound attempts to define the biological

role of a particular protein. The use of conditional PDE4 knockouts or a biological

approach (e.g., siRNA) may be required to understand the biological role(s) of

PDE4 subtypes completely (Huston et al. 2008).

The numerous preclinical studies reporting the anti-inflammatory potential of

PDE4 inhibitors in models of allergic inflammation and in human cells in vitro have

to some degree been corroborated in clinical trials in asthmatic subjects. Twice-daily

treatment for 9.5 days with the PDE4 inhibitor CDP840 inhibited the development

of the late phase response in asthmatic subjects by 30% (Harbinson et al. 1997).

A similar degree of inhibition of the late phase response was observed following once

daily treatment for 7- to 10-day with roflumilast (van Schalkwyk et al. 2005), while

2-week treatment with MK-0359 improved baseline FEV1 and reduced symptom

scores in chronic asthmatic subjects (Lu et al. 2009). This late phase response is used

by clinicians to model the inflammatory component following an allergic insult to the

airways. In both allergen challenge studies, the effect of drug treatment on the acute

allergen bronchoconstrictionwasmodest and consistent with the lack of demonstrable

action of PDE4 inhibition on both mast cell and airway smooth muscle function. This

highlights the role of other PDE enzymes, namely PDE3 in the regulation of the

function of these cell types in the airway (Table 1). Bronchial hyperresponsiveness

was not reduced by these drugs, with only one study purporting to show modest

protection against allergen-induced bronchial hyperresponsiveness (Louw et al.

2007). This suggests that PDE4 may not be a suitable target for this particular

phenomenon, or that higher doses are required to provide complementary and persis-

tent inhibition of the enzyme and hence attenuation of bronchial hyperresponsiveness.

It is of interest that roflumilast has a plasma half-life of 16 h following a single oral

administration and is metabolized by CYP3A4 to the active N-oxide metabolite,

which has considerably greater bioavailability with a half-life of 20 h that would

favor prolonged enzyme exposure (David et al. 2004). This favorable pharmacoki-

netic profile would be anticipated to produce longer periods of PDE4 inhibition.

However, whilst there was a significant reduction in the activity of circulating

monocytes in subjects maintained on roflumilast for 4 weeks, the magnitude of this

change was small, resulting in only an approximately 1.3-fold reduction in TNFalpha

production by monocytes in response to endotoxin challenge in vitro (Timmer et al.

2002). One could argue that only a partial inhibition of PDE4 activity was achieved at

the dose employed in clinical studies and consequently suppression of inflammatory

cell functionwithin the airway tissue compartment is not maximal, a hypothesis borne

out in several clinical studies (Gamble et al. 2003; Grootendorst et al. 2007).
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Unfortunately, the doses that can be administered clinically with most orally

active PDE4 inhibitors are limited by side effects, the most commonly reported

being headache, nausea, and diarrhea of a mild-to-moderate severity (van Schalkwyk

et al. 2005; Lu et al. 2009). The availability of other nonemetic drugs such as

CDP840 (Harbinson et al. 1997) might provide hope that such PDE4 inhibitors can

be developed for the treatment of asthma, a worthy goal to pursue in light of at least

one clinical study reporting comparable clinical efficacy between roflumilast and

the inhaled glucocorticosteroids beclomethasone diproprionate in persistent asthma

(Bousquet et al. 2006). Such systemic side effects may also be eliminated by

using the inhaled route such that relatively higher doses of PDE4 inhibitor can

be delivered to the intrapulmonary compartment whilst reducing systemic bioavail-

ability as recently reported with GSK256066 (Singh et al. 2010). However,

another inhaled PDE inhibitor, UK 50,000 failed to show any clinical benefit

(Phillips et al. 2007) and an early mixed PDE 3/4 inhibitor zardaverine actively

elicited frank emesis at inhaled doses that induced bronchodilation (Brunnee et al.

1992). Mesenteric arteritis, characterized by inflammation of the arterioles is

observed in rodents and primates following doses of some PDE4 inhibitors far

exceeding those that would be used clinically; however, this condition has not been

observed in subjects in clinical trials with roflumilast and therefore is unlikely to be

a major issue and even less so if inhaled formulations of this drug class are

developed (Spina 2008).

4 COPD and PDE4

Unlike asthma, COPD is primarily caused by cigarette smoking, although in

developing countries smoke derived from burning biomass fuels is also a predis-

posing factor (Salvi and Barnes 2009). COPD is also an inflammatory disease but

the nature of the inflammatory response is distinct from asthma. The inflammatory

response in COPD is characterized by the activation of macrophages and airway

epithelial cells, which in turn, secrete a range of chemokines and lipid mediators

resulting in the recruitment of neutrophils and CD8+ T-lymphocytes to the lung.

The secretion of a range of proteases from neutrophils (elastase, MMP9, cathepsins)

and macrophages (MMP12) is thought to contribute toward fibrosis of the small

airways and increased mucus secretion and destruction of the alveolar wall (Barnes

2008) These pathological changes give rise to the symptoms of cough, mucus

secretion, dyspnea, and emphysema. Many of the cell types implicated in the

COPD inflammatory response express PDE4 (Table 1).

The expression of PDE4A-D mRNA transcripts in peripheral blood neutrophils

and CD8 T cells is not altered in subjects with mild COPD (Jones et al. 2007).

However, the expression of PDE4A4 mRNA transcript was significantly increased

in macrophages purified from bronchoalveolar lavage fluid from subjects with

mild-to-moderate COPD compared with healthy subjects or smokers who did not

present with COPD (Barber et al. 2004). Of the 12 PDE4 variants analyzed, only the
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activity of PDE4A4 was increased and suggested that local events/processes within

the lung of subjects with COPD specifically upregulated this variant (Barber et al.

2004). However, the functional consequence of this change remains to be estab-

lished in light of findings showing that PDE4 inhibition has only a modest effect in

suppressing TNFa production from human macrophages derived from cultured

monocytes. Moreover, the contribution of other PDEs (e.g., PDE3, PDE7) and

other PDE4 isoforms in regulating function in this cell type clearly need to be

explored (Gantner et al. 1997a; Smith et al. 2004). Genotyping studies have also

revealed the presence of single nucleotide polymorphisms within the PDE4D gene

in COPD subjects compared with smokers within the Japanese population that was

in linkage disequilibrium with the IL-13 gene. However, the significance of these

findings remains to be established since this relationship was absent in an Egyptian

population (Homma et al. 2006).

In vivo models of COPD are very limited. However, the recruitment of

neutrophils to the airways can be readily induced using the bacterial wall

component, endotoxin, although it is widely appreciated that this stimulus can

only model neutrophil recruitment to the airways (Leclerc et al. 2006). Neutro-

phil recruitment into the airways of wild-type mice was inhibited by around

50% in PDE4B and PDE4D-deficient mice and a greater degree of inhibition

was observed when wild type mice were treated with rolipram (Ariga et al. 2004).

This once again highlights the complementary roles of PDE4 isoforms in reg-

ulating neutrophil recruitment to the airways. Similarly, smoking-induced neu-

trophil recruitment to the airways, release of chemokines, and emphysematous

changes to the lung were attenuated by PDE4 inhibitors (Martorana et al. 2005;

Leclerc et al. 2006). Together, these studies highlight the utility of inhibiting

PDE4 in cell types implicated in COPD.

A number of phase III clinical trials have assessed the potential utility of PDE4

inhibitors in the treatment of COPD (Rabe et al. 2005; Rennard et al. 2006;

Calverley et al. 2007). All three studies report modest, but nevertheless significant

improvements in spirometry over placebo, quality of life scores, and reduction

in the number of exacerbations in the severest group of COPD subjects. Indeed,

recent phase III clinical trials evaluating the effect of roflumilast in symptomatic

moderate-to-severe asthmatics have reported more promising findings (Fabbri et al.

2009; Calverley et al. 2009). Roflumilast caused a significant 48-ml improvement

in FEV1 compared with placebo and reduced exacerbation rates of moderate-

to-severe intensity by 17% over a 52-week period (Calverley et al. 2009). Similarly,

roflumilast consistently improved baseline FEV1 in moderate-to-severe COPD

patients already taking either a long-acting b2-agonist (salmeterol) or a long-acting

muscarinic antagonist (tiotropium bromide) by 49 and 80 ml, respectively, during

24 weeks of treatment (Fabbri et al. 2009).

The mechanism of the improvement in spirometry is unlikely to be due to

relaxation of airway smooth muscle because this drug class has weak bronchodila-

tor activity. It is possible that this improvement is due to an anti-inflammatory

action of the drugs (Table 1), although no biomarker of inflammation was mea-

sured in these studies. However, separate studies have addressed whether PDE4
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inhibitors are anti-inflammatory in patients with COPD. Both roflumilast

(Grootendorst et al. 2007) and cilomilast (Gamble et al. 2003) reduced both the

number of inflammatory cells, such as, neutrophils and lymphocytes recruited to the

airways and the levels of two biochemical markers of this disease, namely IL-8 and

neutrophil elastase. The magnitude of the change in the number of these inflamma-

tory cells and concentration of mediators was between 30 and 50%, which might

contribute to the beneficial action of these two PDE4 selective in the clinic trials.

However, to date the substantial inhibition of PDE4 with an orally active inhibitor

has not been achieved because of dose-limiting side effects, which may also explain

the modest clinical benefit shown with these drugs. As discussed for asthma, it is

plausible that other PDE species (e.g., PDE3, 7; see Table 1) may require targeting

for a full anti-inflammatory therapeutic action to be attained in treating this disease

(Banner and Press 2009).

The most common side effect reported with roflumilast included diarrhea

(9%), headache (5%), and nausea (5%) (Rabe et al. 2005; Calverley et al. 2007,

2009; Fabbri et al. 2009). This was of the same order of magnitude as reported

with cilomilast, although abdominal pain and vomiting were also reported for

this drug (Rennard et al. 2006). The adverse effects seemed to disappear with

continued use; nonetheless, these side effects were a major reason why patients

did not continue with the study during the first 3–4 weeks of treatment. No

cardiovascular liabilities were noted. One unanticipated side effect that was

noted following prolonged treatment with roflumilast was a significant reduction

in body weight in subjects. This might be attributed to gastrointestinal dis-

comfort in susceptible patients, although it was interesting to note that weight

loss was also reported in patients not complaining of gastrointestinal side effects

and might be an effect worthy of further study (Fabbri et al. 2009; Calverley

et al. 2009).

One might anticipate that the risk/benefit ratio would be improved by inhaled

delivery of a PDE4 inhibitor directly to the lung. Unfortunately, to date only one

study has evaluated the effect of an inhaled PDE4 nonselective subtype inhibi-

tor. This was used to treat moderate-to-severe COPD and no significant

improvement in baseline FEV1 was observed after 6 weeks of treatment (Vestbo

et al. 2009). As no inflammatory biomarker was measured in this study, it is

unclear whether a sufficient level of sustained PDE4 inhibition was achieved.

This seems likely because adverse events such as headache and improvements in

lung function that were noted at 2 weeks were absent after 6 weeks of treatment

with the high dose. Whether inhaled PDE4 inhibitors will be of utility in COPD

remains to be determined but there may be a cause for optimism in view of the

amelioration of the allergen-induced late phase response in asthma with the

inhaled PDE4 inhibitor GSK256066 (Singh et al. 2010). This demonstrates that

in principle one can achieve inhibition of PDE4 following topical delivery to the

lung that could lead to clinical benefit, but the relevant clinical trials need to be

undertaken with GSK250666 to ascertain whether this drug will be of any clinical

benefit to patients with COPD.
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5 Other Inflammatory Diseases and PDE4

Numerous inflammatory conditions such as psoriasis (Nestle et al. 2009),

rheumatoid arthritis (Taylor and Feldmann 2009), and inflammatory bowel disease

(Abraham and Cho 2009) are characterized by a complex interplay between cells

resulting in their activation and recruitment, release of proinflammatory cytokines,

and tissue damage. Biologicals directed against cytokines are one of the most

important therapies to emerge in the past decade and have revolutionized the

treatment of inflammatory diseases as exemplified by those targeting TNFa (Nestle

et al. 2009; Taylor and Feldmann 2009; Abraham and Cho 2009). It is therefore of

interest that PDE4 inhibitors can suppress TNFa production by various inflamma-

tory cell types, and inhibit the activity of immune cells so critical in these diseases

(Table 1). It is therefore no surprise that PDE4 inhibitors are also being considered

for the treatment of a number of nonrespiratory inflammatory diseases.

Earlier observations suggested the targeting of cAMP PDE might prove benefi-

cial in the treatment of skin inflammatory disease. For example, potential deficits in

adenylyl cyclase signaling in psoriasis (Wright et al. 1973) and expression of a

novel monocyte-derived cAMP PDE in atopic dermatitis (Chan et al. 1993) were

reported. Consequently, several selective PDE4 inhibitors have been evaluated in

clinical trials. Patients with psoriasis and treated with apremilast, an orally active

PDE4 inhibitor demonstrated an improvement in clinical scores and reduced T-cell

number in the dermis in an open-label clinical trial (Gottlieb et al. 2008). Similarly,

the systemic administration of apremilast reduced pathological features of psoriatic

human skin transplanted onto immunocompromised mice (Schafer et al. 2010). One

of the advantages of inflammatory dermatoses is that topical administration could

limit the systemic liability associated with orally administered PDE4 inhibitors and

this strategy has been adopted for the development of AN2728 for the treatment of

psoriasis and atopic dermatitis with promising results in phase II clinical trials

(Nazarian and Weinberg 2009; Akama et al. 2009).

Inflammatory bowel diseases might also be amenable to treatment with PDE4

inhibitors since Th1 and Th17 cells are implicated in this disease and the activity

of these cell types can be suppressed by PDE4 inhibitors (Table 1). The PDE4

inhibitor, tetomilast, appeared to reduce various indices of inflammation in IL10-

deficient mice that spontaneously develop chronic gastrointestinal inflammation

characterized by mucus secretion, rectal prolapse, and diarrhea (Ichikawa et al.

2008). Tetomilast has also been evaluated in a phase II clinical trial in active

ulcerative colitis (Schreiber et al. 2007). Improvement in disease as defined by a

disease activity index of �3 was achieved in 53% (25 mg dose) and 39% (50 mg

dose) of patients after 8 weeks of treatment, although this was not statistically

different from the placebo group. However, post-hoc analysis revealed that patients

with more severe disease showed significant improvement when treated with

tetomilast. One of the potential issues with this study is the reporting of nausea

and emesis, particularly with the higher dose of tetomilast which will be of concern

when treating patients with gastrointestinal inflammation.
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Rheumatoid arthritis is amenable to anti-TNFa monoclonal antibodies, which

highlights an important role this cytokine plays in disease pathology. Similarly,

T cells (e.g., Th1, Th17), macrophages, chondrocytes, and osteoblasts all play a role

in this disease (Nestle et al. 2009). All these cell types express PDE4 and inhibition

of this enzyme can lead to a reduction in cell activity that might be conducive to a

beneficial action in this disease (Table 1).

Preclinical studies have shown that PDE4 inhibitors can suppress pannus-like

inflammation in animals injected with methylated bovine serum albumin. Further-

more, PDE4 inhibitors suppressed cytokine production from peritoneal macro-

phages and inhibited synovial fibroblast proliferation in culture (Kobayashi et al.

2007). The recent finding that PDE4 inhibitors suppressed IL-17 production from

human peripheral blood mononuclear cells and CD4+ T lymphocytes and inhibited

proliferation of human memory Th17 (Ma et al. 2008) could explain the preclinical

findings. Indeed, the expression of IL-23 from human peripheral blood mono-

nuclear cells, a cytokine which supports the expansion of Th17 cells was suppressed

by PDE4 inhibition (Schafer et al. 2010). Similarly, roflumilast partially attenuated

nitric oxide release from human chondrocytes in culture, these cells are involved in

articular cartilage destruction in rheumatoid arthritis (Tenor et al. 2002). Loss of

bone is also a feature of rheumatoid arthritis, and PDE3 and PDE4 inhibitors have

been shown to augment the ability of prostaglandin E2 to promote murine osteo-

clast differentiation in co-cultures of calvarial osteoclasts and bone marrow cells

(Noh et al. 2009). However, it is well established that PGE2 promotes bone for-

mation in vivo, and this anabolic effect is also observed with PDE4 inhibitors in

ovariectomized rats (Yao et al. 2007). PDE4 inhibitors appear to suppress inflam-

mation, cartilage destruction, and bone loss in rheumatoid arthritis, but it remains

to be established whether this drug class will be significantly better than current

biological agents.

6 Unwanted Side Effects

Nausea and other gastrointestinal side effects are commonly reported side effects

associated with many PDE4 inhibitors and the mechanism responsible for these side

effects has been investigated in an attempt to discover nonemetic PDE4 inhibitors.

The direct recording of neuronal activity within the area postrema of dogs conclu-

sively demonstrated that substances known to cause nausea (e.g., apomorphine)

caused the excitation of neurons within this anatomical location (Carpenter et al.

1988). Neuronal activity within the area postrema was also increased following the

systemic administration of 8-bromo cAMP or following elevation of endogenous

levels of cAMP within neurones by forskolin, an activator of adenylyl cyclase

(Carpenter et al. 1988). Elevated levels of cAMPwithin the area postrema enhanced

the emetogenic response. Dogs treated with theophylline and the PDE4 selective

inhibitor, 4-(3-Butoxy-4-methoxyphenyl)methyl-2-imidazolidone (Ro 20-1724)

402 C.P. Page and D. Spina



reduced the emetic threshold of the D2 agonist, apomorphine (Carpenter et al.

1988). One consequence of elevated levels of cAMP is the transcriptional activation

of the early response gene c-fos, following upstream activation of the transcription

factor, cAMP response element binding (CREB) by protein kinase A. This method

was employed to demonstrate increased c-fos immunoreactivity in neurons within

area postrema and nucleus tractus solitarius following systemic administration of a

PDE4 inhibitor and providing conclusive proof that this drug class can lead to the

activation of neurons within the emetic centers of the central nervous system (CNS)

(Bureau et al. 2006). Direct application of a highly potent PDE4 inhibitor via

intracerebroventricular administration in order to limit systemic bioavailability

provide a means of directly activating neurons within the CNS, consequently

resulting in emesis in the ferret (Robichaud et al. 1999). This ability of PDE4

inhibitors to induce emesis in the ferret was inhibited by the alpha2-selective

agonist, clonidine (Robichaud et al. 2001) and suggested that raising cAMP within

central noradrenergic terminals by PDE4 inhibitors promoted emesis, and this could

be attenuated via alpha2-adrenoceptor mediated inhibition of adenylyl cyclase.

The emetic response to systemically administered PDE4 inhibitors is reduced by

anti-emetic agents including the 5HT3-antagonist, ondansetron, and the NK1 antag-

onist, (+)-(2S,3S)-3-(2-[11C]Methoxybenzylamino)-2-phenylpiperidine (CP-99,994)

(Robichaud et al. 1999, 2001). Similarly, the increased expression of c-fos

within the emetic centers of the brain was also reduced following treatment

with the NK1 antagonist, RP67580, thus implicating substance P in this response

(Bureau et al. 2006).

Many studies have documented the expression of PDE4D within the area post-

rema, nucleus tractus solitaris, and nodose ganglion neurons in various species

including man and implicated this isoform in nausea and vomiting (Cherry and

Davis 1999; Takahashi et al. 1999; Perez-Torres et al. 2000; Lamontagne et al.

2001). However, it should also be recognized that detectable transcripts for PDE4B

were also found within the nucleus tractus solitaris and area postrema in humans

and rodents, respectively, and could just as well be involved in the emetic response

(Perez-Torres et al. 2000). Consequently, there is a general consensus that inhibi-

tion of PDE4D is responsible for side effects such as nausea and emesis. Since

rodents lack an emetic reflex, it is not possible to directly investigate the role of

different isoforms of PDE4 in emesis in this model. However, a surrogate biological

response, which measures the reversal of anesthesia induced by alpha2-adrenoceptor

agonists (e.g., clonidine, xylazine), has been used to study the role of PDE4

subtypes in emesis (Robichaud et al. 2001, 2002a). Deletion of PDE4D and not

PDE4B reduced the duration of anesthesia induced by xylazine, compared with

wild-type mice, and the ability of PDE4 inhibitors to shorten xylazine-induced

anesthesia was impaired in PDE4D but not PDE4B knockout mice (Robichaud et al.

2002b). Together these studies suggested that PDE4 inhibitors with low affinity for

PDE4D should have reduced emetic potential.

However, the validity of this hypothesis has been questioned in light of the deve-

lopment of PDE4 selective inhibitors which preferentially distribute to the brain and

are relatively free from emesis in a range of animal models (Burgin et al. 2010).
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Furthermore, there are examples of nonselective PDE4 inhibitors that have in vivo

anti-inflammatory activity but are not emetogenic (Aoki et al. 2000, 2001; Gale

et al. 2002). Similarly, the emetic profile of various PDE4 inhibitors (PMNPQ >
R-rolipram > CT-2450) could not be explained by a preferred selectivity for

PDE4D over PDE4A or PDE4B (Robichaud et al. 1999, 2002b). Some PDE4

inhibitors may preferentially partition within the area postrema in the CNS and

thereby enhancing the inhibition of PDE4D in area postrema neurons and explain-

ing the differences in the emetic potential of these drugs (Aoki et al. 2001;

Robichaud et al. 2002a). Indeed, brain penetration by PMNPQ was 46-fold greater

than CT-2450; however, the concentration of the “low emetic” PDE4 inhibitor,

CT-2450, within the CNS was still 475-fold greater than the PDE4D inhibitory

potency for CT-2450, and presumably still in sufficient concentrations to inhibit

this enzyme. Moreover, the area postrema is not completely behind the blood–brain

barrier and therefore accessible to free drug within the circulation (Gross et al.

1990). Whether differential partitioning of these inhibitors within the area postrema

accounts for why some PDE4 inhibitors have a reduced emetic profile remains to be

established. Alternatively, partial inhibition of PDE4D within the emetic center of

the brain may not to be sufficient to promote an emetogenic signal, although this

degree of inhibition within inflammatory cells is sufficient enough to exert an

in vitro anti-inflammatory effect (Burgin et al. 2010).

A number of preclinical studies have highlighted a number of other potential

disadvantages to targeting PDE4, and these include the development of mesenteric

vasculitis (Spina 2004), immunosuppression (Spina 2004), heart failure, and arrhy-

thmia (Lehnart et al. 2005). However, none of these events appear to be realized in

phase II and phase III clinical trials undertaken to date, at least with cilomilast and

roflumilast. Similarly, slow release theophylline has been used for decades in the

treatment of asthma and COPD and has not been associated with a number of these

potentially adverse events despite being shown to cause mesenteric vasculitis

preclinically in some models (Nyska et al. 1998; Ohta et al. 2004). It has also

been suggested that PDE4 inhibitors may have pro-inflammatory properties, which

is based on the finding that at very high doses, roflumilast (100 mg/kg) promoted

the recruitment of neutrophils to the airways and this correlated with the release of

IL-8 from cultured endothelial cells in vitro (McCluskie et al. 2006). This mecha-

nism might explain why animals that have been chronically treated with high doses

of PDE4 inhibitors document vasculitis. However, the concentrations required to

achieve these untoward effects are at least 1,000 times greater than the ED50 and

EC50 values reported for roflumilast against several in vivo biomarkers of inflam-

mation and cell function in vitro, respectively (Bundschuh et al. 2001; Hatzelmann

and Schudt 2001). It is unlikely that the plasma concentrations required to produce

this purported pro-inflammatory effect could be achieved even with chronic dosing.

Similarly, another study has shown that PDE4 inhibitors, at concentrations that are

pharmacologically relevant, delay apoptosis of neutrophils and eosinophils, an

effect that increased when combined with b2-agonists (Parkkonen et al. 2007).

However, the extent to which these findings translate into the clinic is unclear,

particularly as the beneficial effect of roflumilast in moderate-to-severe COPD
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subjects was not compromised in patients taking long-acting b2-agonists (Fabbri
et al. 2009). The clinical evidence suggests that PDE4 inhibitors suppress rather

than exacerbate inflammation in the airways (Gamble et al. 2003; Grootendorst

et al. 2007). Furthermore, there was no evidence of an increased incidence of

pneumonia in patients with COPD clinically treated with roflumilast, which

might be anticipated if PDE4 inhibitors interfere with host defense (Fabbri et al.

2009; Calverley et al. 2009). Interestingly, weight loss was an unexpected effect in

subjects independent of any reports of gastrointestinal discomfort (Fabbri et al.

2009; Calverley et al. 2009) and could be a result of the well-recognized effect of

elevating cAMP in adipocytes in promoting lipolysis since it has been previously

reported that b2-agonists have a well-known lipolytic action. Mice deficient in

PDE4D but not PDE4B have abnormal growth development as demonstrated by

reduced fertility and litter size by female mice, reduced growth rates, and body

weight in both sexes, the latter a consequence of a significant reduction in the

weight of bone, muscle, and body organs (Jin et al. 1999; Jin and Conti 2002).

Although the effect of these gene deficiencies were not studied on lipolysis per se,

both PDE4B and PDE4D are present in rat adipocytes and inhibition of these

enzymes promotes basal lipolysis (Wang and Edens 2007).

7 PDE4 Inhibition and the Future

Strategies at improving the risk/benefit ratio for PDE4 inhibition will be important

if this drug class is to be widely used in the treatment of inflammatory diseases. The

therapeutic window between the anti-inflammatory action of these drugs and side

effects such as nausea and emesis is probably not wide enough for cilomilast, and

may limit the use of roflumilast. It is of interest that there are a number of PDE4

inhibitors currently in development that appear to lack significant emetic action;

these include oglemilast and IPL512602 (Boswell-Smith et al. 2006b), apremilast

(Schafer et al. 2010), and the recently reported compounds produced by the Biotech

company Decode (Burgin et al. 2010), but the molecular basis for this lack of

emesis has not been published.

Most PDE4 inhibitors under development are designed for oral administration;

however, the inhaled route would deliver a PDE4 inhibitor directly to target cells

within the lung and thereby minimize systemic absorption and of course this

is a widely accepted route of administration in pulmonary medicine as a way of

minimizing systemic side effects with other drug classes. Both AWD 12-281

(N-(3,5-dichloropyrid-4-yl)-[1-(4-fluorobenzyl)-5-hydroxy-indole-3-yl]-glyoxylic
acid amide) (Kuss et al. 2003) and UK-500,001 (Phillips et al. 2007; Vestbo et al.

2009) are examples of inhaled PDE4 inhibitors. Indeed, a 7-day treatment with the

inhaled PDE4 inhibitor GSK256066 produced modest attenuation of both the early

and the late asthmatic response to antigen challenge (Singh et al. 2010). It clearly

should be possible to obtain anti-inflammatory activity by direct delivery of this

drug class to the lung, although this does not always mean a complete loss of
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emesis and nausea, as exemplified by the mixed PDE3/4 inhibitor zardaverine,

which although inducing bronchodilation clinically also induced nausea (Brunnee

et al. 1992).

Another approach might be the use of antisense oligodeoxynucleotides targeting

PDE4, which could be delivered by the inhaled route. The positive results obtained

in the successful targeting of the adenosine A1 receptor in a rabbit model of allergic

inflammation (Nyce and Metzger 1997) illustrates the potential of this approach.

A preclinical study has demonstrated that antisense oligonucleotides against mRNA

for PDE4B/4D and PDE7 delivered topically to the lung by the endotracheal route

of administration suppressed inflammation following 2 weeks of cigarette smoke

exposure in mice (Fortin et al. 2009). The advantage of this technique is that side

effects such as nausea and emesis are likely to be avoided. Alternatively, the

recently identified allosteric modulators of PDE4 are proposed to confer lower

emetic potential because despite only partially inhibiting PDE4 activity, the effect

is nonetheless sufficient to inhibit inflammatory cell activity completely (Burgin

et al. 2010). This is an important possibility that could be exploited in the discovery

of nonemetic PDE4 inhibitors for the treatment of inflammatory diseases.

Another reason that targeting PDE4 alone may not fully resolve airway inflam-

mation is the fact that there are other PDE types exist in structural and inflammatory

cells in the lung (Table 1). Therefore, targeting multiple PDEs may be required for

optimal anti-inflammatory action. For example, the macrophage is viewed as a

critical cell type in the pathogenesis of COPD (Barnes 2008); however, the ability

of these cells to release TNFa in response to endotoxin was only inhibited to a small

degree by PDE4 inhibitors (Hatzelmann and Schudt 2001) and the potential func-

tional involvement of PDE3 and PDE7 in these cells cannot be completely ignored.

The inhibitory action of PDE4 inhibitors on the cellular activity of CD8+

T-lymphocytes and macrophages was significantly increased in the presence of

PDE7 selective inhibitors (Smith et al. 2004). Similarly, combined PDE3 and PDE4

inhibitor in a single molecule offers the advantage of delivering a bronchodilator

and anti-inflammatory substance. Moreover, it is likely that retention of the inhibi-

tor within the lung may be required in order to maintain anti-inflammatory activity

with the airways (Boswell-Smith et al. 2006a).

8 Conclusion

A number of clinical trials assessing the efficacy of PDE4 inhibitors for the

treatment of inflammatory disease including asthma, COPD, atopic dermatitis,

and psoriasis have demonstrated moderate success. However, the dose-limiting

side effects such as nausea, emesis, and headache potentially limit the utility of

these drugs. Importantly, there are examples of PDE4 inhibitors that have low

emetogenic potential, although the molecular basis of this phenomenon remains to

be established. Other strategies include topical delivery (e.g., inhalation for admin-

istration to the lung; direct application to the skin), development of subtype
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selective PDE4 inhibitors, use of mixed PDE inhibitors, interference with PDE4

activation, targeting proteins that are involved in locating PDE4 to specific micro-

cellular domains and finally the potential for use of antisense oligonucleotides may

offer another solution to the problem of targeting PDE4 in inflammation is a cause

for optimism.
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Abstract Phosphodiesterase (PDE) 4 inhibitors have been in development as a

novel anti-inflammatory therapy for more than 20 years, with asthma and chronic

obstructive pulmonary disease (COPD) being primary indications. Despite initial

optimism, only one selective PDE4 inhibitor, roflumilast (Daxas®), has been

approved for use in humans and available in Canada and the European Union in

2011 for the treatment of a specific population of patients with severe COPD. In

many other cases, the development of PDE4 inhibitors of various structural classes

has been discontinued due to lack of efficacy and/or dose-limiting adverse events.
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Indeed, for many of these compounds, it is likely that the maximum tolerated dose

is either subtherapeutic or at the very bottom of the efficacy dose–response curve.

Thus, a significant ongoing challenge that faces the pharmaceutical industry is to

synthesize compounds with therapeutic ratios that are superior to roflumilast.

Several strategies are being considered, but clinically effective compounds with

an optimal pharmacophore have not, thus far, been reported. In this chapter,

alternative means of harnessing the clinical efficacy of PDE4 inhibitors are

described. These concepts are based on the assumption that additive or synergistic

anti-inflammatory effects can be produced with inhibitors that target either two or

more PDE families or with a PDE4 inhibitor in combination with other anti-

inflammatory drugs such as a glucocorticoid.

Keywords Airway inflammation � Asthma � cAMP � Chronic obstructive pulmonary

disease � Combination therapies � Gene transactivation � Glucocorticoids � Long-
acting b2-adrenoceptor agonists � Nuclear hormone receptors � Phosphodiesterase 4

Abbreviations

AHR Airway hyperresponsiveness

AP Activator protein

AR Androgen receptor

BP Blood pressure

CNS Central nervous system

COPD Chronic obstructive pulmonary disease

FEV1 Forced expiratory volume in 1 s

GILZ Glucocorticoid-induced leucine zipper

GR Glucocorticoid receptor

GRE Glucocorticoid response element

HDAC Histone deacetylase

HPV Hypoxic pulmonary vasoconstriction

HR Heart rate

ICS Inhaled corticosteroid

IL Interleukin

LABA Long-acting b2-adrenoceptor agonist
LVP Left ventricular pressure

MKP Mitogen-activated protein kinase phosphatase

MR Mineralocorticoid receptor

NFkB Nuclear factor-kappaB

PDE Phosphodiesterase

PH Pulmonary hypertension

PHA Phytohemagglutinin

PKA cAMP-dependent protein kinase

Ppa Pulmonary artery pressure
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PR Progesterone receptor

PVR Pulmonary vascular resistance

RAR/RXR Retinoic acid receptors

SABA Short-acting b2-adrenoceptor agonist

1 Introduction

Since the early 1990s, there has been considerable interest in phosphodiesterase

(PDE) 4 as an intracellular target that could be exploited to therapeutic advantage

for a multitude of chronic inflammatory diseases, with asthma and chronic obstruc-

tive pulmonary disease (COPD) being primary indications (Burnouf and Pruniaux

2002; Doherty 1999; Dyke and Montana 2002; Giembycz 2001; Houslay et al.

2005; Huang et al. 2001; Souness et al. 2000; Torphy 1998). Although targeting

PDE4 with small molecule inhibitors is based on a conceptually robust hypothesis

(see references in Giembycz 2000), dose-limiting adverse events that include

nausea and vomiting have impeded their clinical development (Burnouf et al.

1998; Giembycz 2006). These undesirable effects are due to the inhibition of

PDE4 in nontarget tissues (Duplantier et al. 1996), and a fundamental challenge

that is still to be adequately met by the pharmaceutical industry is to synthesize

compounds with improved therapeutic ratios. Several strategies (not discussed

here) are being considered to dissociate the beneficial from the detrimental effects

of PDE4 inhibitors. These include restricting penetration of the inhibitor into the

central nervous system (CNS) (Aoki et al. 2001; Bureau et al. 2006), selectively

targeting among the four PDE4 isoenzyme families (Giembycz 2008; Srivani et al.

2008), the generation of “soft” inhibitors (Zhang et al. 2010) as originally defined

by Bodor (1984), and, more recently, the development of allosteric inhibitors,

which are predicted to have a lower emetic liability (Burgin et al. 2010). In an

attempt to identify the molecular targets that are responsible for adverse effects,

Merck Frosst synthesized highly emetic, quinoline-based PDE4 inhibitors that

covalently label their molecular targets following photoactivation (MacDonald

et al. 2000). However, even with this elegant approach, compounds with an ideal

pharmacophore have not, thus far, been reported. In this chapter, alternative means

of harnessing the clinical efficacy of PDE4 inhibitors for inflammatory lung dis-

eases are described. These concepts are based on the assumption that additive or,

ideally, synergistic anti-inflammatory effects can be realized with inhibitors of two

or more PDE families or with a PDE4 inhibitor in combination with another anti-

inflammatory drug. The overriding premise of this approach is that the therapeutic

effects of a PDE4 inhibitor could be realized at a dose lower than would normally

be required if it is used as a monotherapy. A corollary to this hypothesis is that the

PDE4 inhibitor should also have a much-improved adverse-effect profile.
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2 Inhibition of Multiple Phosphodiesterases

Methods to target multiple PDEs include deploying inhibitors that have a pharma-

cophore that blocks the catalytic site of more single PDE isoenzyme family or by

combining two selective inhibitors in a single delivery device, such as an inhaler

(Giembycz 2005b). Of the 11 PDE families that have been unequivocally identi-

fied, compounds that inhibit PDE4 as well as PDE1, PDE3, PDE5, and/or PDE7

could offer potential opportunities to enhance clinical efficacy. Indeed, additive

and/or synergistic effects are produced in a variety of model systems when multiple

PDEs are inhibited concurrently. In the context of treating inflammatory airway

diseases, these interactions are described below in Sects. 2.1–2.5. For the purposes

of this chapter, no distinction is made between the effects of a compound that

inhibits two or more PDEs and two isoenzyme-selective inhibitors that are used in

combination.

2.1 Inhibition of PDE1 and PDE4

Airway remodeling is a characteristic feature of asthma and refers to several

distinct processes that together increase the volume of the respiratory tract wall.

In some individuals, airway remodeling leads to an irreversible or refractory form
of the disease where lung function and symptoms continue to decline despite

maximal therapy (Lazaar and Panettieri 2003; Wenzel 2003). On histological

examination, remodeling is manifest by mucous gland hyperplasia, subepithelial

deposition of collagens, an increase in smooth muscle mass, and revascularization

of the mucosa (Jeffery 2001). With respect to smooth muscle, recent investigations

have extended the original histopathological findings by demonstrating that both

hypertrophy (an increase in cell size) and hyperplasia (an increase in cell number)

may contribute to the increase in volume of the airway wall occupied by smooth

muscle in fatal and nonfatal asthma (Benayoun et al. 2003; Ebina et al. 1993; Heard

and Hossain 1973; Hirst et al. 2004; Woodruff et al. 2004). Airway hyperrespon-

siveness (AHR) is a phenomenon characterized by exaggerated narrowing of the

airways in response to a diverse range of (nonspecific) constrictor stimuli. Credible

evidence exists that thickening of the airway wall is a major determinant of AHR

(Hogg 1996; Martin et al. 2000; Stewart 2001; Wiggs et al. 1990).

Substantial airway remodeling and AHR are also characteristic features of

COPD (Aoshiba and Nagai 2004; Hogg 2004; Hogg et al. 2004; Hossain and

Heard 1970; Jeffery 2001). Indeed, like in asthma, the increase in the volume of

the walls of airways is thought to be a principal determinant of AHR (Postma

and Kerstjens 1998; Wiggs et al. 1990). To a large degree, remodeling in COPD

involves connective tissue deposition in the subepithelial and adventitial compart-

ments (Dunnill et al. 1969; Hogg et al. 2004), but there is also an increase in smooth

418 M.A. Giembycz and R. Newton



muscle mass that is most prevalent in the bronchioles (Aoshiba and Nagai 2004;

Hogg et al. 2004; Hossain and Heard 1970; Jeffery 2001). This is an important

finding as the major site of obstruction in COPD occurs in the smaller airways

(<2 mm in diameter) (Hogg et al. 2004).

The possibility that remodeling of the airways may contribute to irreversible

airway obstruction and AHR prompted the pharmaceutical industry to look for

compounds that arrest, or ideally reverse, this process. With respect to the smooth

muscle component, a drug that could prevent mitogenesis could be a therapeutic

advance. In this respect, there is precedent that inhibition of PDE1 could be a viable

target. Evidence for this possibility derives from studies performed using the human

lymphoblastoid RPMI-8392 B-cell line. These cells were established from a patient

with acute lymphocytic leukemia and express two major PDEs: PDE1 (probably

PDE1B) and PDE4 (Epstein et al. 1987; Jiang et al. 1996). In contrast, normal

quiescent human B-lymphocytes lack measurable PDE1 (Epstein et al. 1987;

Gantner et al. 1998). Following exposure of normal B-lymphocytes to the mitogen,

phytohemagglutinin (PHA), significant PDE1 activity is detected together with

mRNA transcripts for PDE1B (Hurwitz et al. 1990; Jiang et al. 1996). The induced

enzyme elutes from anion-exchange columns as a 63-kDa protein that is indistin-

guishable from PDE1B purified from bovine brain (Bentley et al. 1992; Hurwitz

et al. 1990). Mitogens are known to promote the transcription of PDE1B (Spence

et al. 1995, 1997), and it is possible that gene induction occurs when lymphocytes

switch from a quiescent to a proliferative phenotype. As cGMP suppresses lymphocyte

proliferation (Fischer et al. 2001), the induction of PDE1B, which preferentially

hydrolyzes cGMP, by PHA could, by lowering the basal cGMP content, represent a

physiological response to permit B-cell mitogenesis.

Evidence that PDE1 is implicated in human vascular smooth muscle prolifera-

tion is also available (Rybalkin et al. 1997, 2002), and it is not unreasonable to

speculate that one or more PDE1 isoenzymes could subserve the same function

in airway myocytes. Rybalkin and colleagues found that of the three genes that

encode PDE1 isoforms (Bender and Beavo 2006), PDE1C, which hydrolyzes

cAMP and cGMP with similar kinetics, was markedly induced in proliferating

but not quiescent smooth muscle cells derived from human aorta. Like airway

myocytes (Giembycz and Barnes 1991; Torphy et al. 1991, 1993), this enzyme is

the predominant PDE in these cells (Rybalkin et al. 1997). Subsequently, it was

established that induction of PDE1C correlated with cell cycle progression and

that inhibition of this enzyme with either 8-methoxymethyl-3-isobutyl-1-methyl-

xanthine (a modestly selective PDE1 inhibitor) or antisense oligonucleotides

directed against PDE1C significantly reduced mitogenesis (Rybalkin et al.

2002). As neither zaprinast nor sildenafil (selective PDE5 inhibitors) was anti-

mitogenic in the same system, it was concluded that proliferation, due to PDE1C

induction, involved increased degradation of cAMP rather than cGMP (Rybalkin

et al. 2002). Collectively, these data indicate that induction of PDE1C lowers

cAMP in vascular myocytes and so relieves an endogenous “brake” allowing

mitogenesis to proceed unhindered. Given that airway remodeling is characteristic

of asthma and COPD (Aoshiba and Nagai 2004; Jeffery 2001), dual-selective
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inhibitors of PDE1 and PDE4 may work in concert to decrease proliferative

processes in airway smooth muscle cells, and so retard the remodeling process

while, at the same time, arrest inflammation (via PDE4 inhibition). Indeed, the

imidazonaphthyridine derivative (1; KF19514; Fig. 1), which selectively inhibits

PDE1 and PDE4 with IC50 values of 270 and 400 nM, respectively (Manabe et al.

1997), was recently shown to suppress inflammation and airway remodeling in a

murine model of chronic asthma (Kita et al. 2009), which provides further

evidence that PDE1 may play a role in regulating airway smooth muscle prolifer-

ation. In addition, extensive remodeling of the pulmonary vasculature is also

prevalent in COPD (see below and Chaouat et al. 2008; Naeije and Barbera

2001). Accordingly, if PDE1 also plays a central role in regulating the prolifera-

tion of pulmonary vascular myocytes, then inhibition of this enzyme could also
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lead to a reduction in pulmonary vascular resistance (see Sect. 2.2). In this respect,

it is significant that PDE1A and PDE1C are upregulated in “remodeled” pulmo-

nary artery vessels harvested from patients with idiopathic pulmonary hyperten-

sion (PH) (Schermuly et al. 2007).

2.2 Inhibition of PDE3 and PDE4

Interest in PDE3 as a target for the treatment of asthma and COPD originated from

the finding that selective PDE3 inhibitors promote bronchodilation in humans

(Bardin et al. 1998; Fujimura et al. 1995; Leeman et al. 1987; Myou et al. 1999).

Thus, mechanistically, inhibitors that block both PDE3 and PDE4 should improve

lung function, by promoting airway smooth muscle relaxation, and suppress inflam-

mation, respectively. Accordingly, such drugs are predicted to have superior clinical

efficacy over compounds that selectively block PDE4. Furthermore, a potentially

more significant effect is that PDE3 may also have clinically relevant actions on

certain proinflammatory and immune cells especially during concurrent PDE4

inhibition. For example, T-lymphocytes, macrophages, monocytes, epithelial and

endothelial cells, dendritic cells, and airway myocytes coexpress PDE3 and PDE4

(Banner and Press 2009; Torphy 1998). In vitro studies have shown that while

PDE3 inhibitors generally have little or no effect on T-cell proliferation or on IL-2

generation, they significantly enhance the repressive effect of a PDE4 inhibitor

(Giembycz et al. 1996; Robicsek et al. 1991). Similar data have been reported for

the inhibition of proinflammatory responses in human alveolar macrophages

(Schudt et al. 1995), monocyte-derived dendritic cells (Gantner et al. 1999), airway

epithelial cells (Wright et al. 1998), human lung fibroblasts (Selige et al. 2010), and

human lung microvascular endothelial cells (Blease et al. 1998).

Several dual-selective inhibitors of PDE3 and PDE4 have been developed and

evaluated in humans including zardaverine, ben(z)afentrine, tolafentrine, and

pumafentrine (see Chap. 6.2 and Banner and Press 2009). Since the early 2000s,

there has been a dearth of peer-reviewed data from which to gauge the clinical

progress of these molecules and one must assume that the development of many of

those originally described compounds has been discontinued. However, the devel-

opment of new PDE3/PDE4 candidates continues, suggesting that early testing in

humans has begun or will likely follow in the short term. For example, the

pharmacology of two long-acting pyrimido[6,1-a]isoquinolin-4-ones, which are

derivatives of trequensin and are protected by a patent from Verona Pharma

(Oxford and Jack 2000), have been described (Boswell-Smith et al. 2006). Com-

pound 2 (RPL 554; Fig. 1) is a very potent PDE3 inhibitor (IC50 ¼ 400 pM) with an

IC50 (1.5 mM) that is >3,000-fold lower for inhibition of PDE4 (IC50 ¼ 1.5 mM).

Currently, this compound is in Phase I/IIa studies for allergic rhinitis and asthma

(Pages et al. 2009). Given the isoenzyme selectively of this compound, it seems

likely that the dominant activity of 2 will be PDE3 inhibition, which might limit
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clinical efficacy due to potential cardiovascular toxicity (see below). Nevertheless,

in September 2009, Verona Pharma announced that trials of 2 had been successfully

completed. According to the company’s website, the compound has a “good safety
profile and had beneficial effects in terms of bronchodilation and bronchoprotec-
tion in asthmatics and a reduction in the numbers of inflammatory cells in the nasal
passages of allergic rhinitis patients” (see http:/www.veronapharma.com/s/Lead

DrugRPL554.asp). Compound 3 (RPL 565; Fig. 1) lacks the urea side chain of

2 and has an ether link to a dipropan-2-ylbenzene moiety. Unlike 2, this derivative

inhibits PDE3 and PDE4 with similar potencies (IC50 ¼ 107 nM and 1.2 mM,

respectively) (Boswell-Smith et al. 2006). Although it might be expected that

3 would be the desired development candidate because of its ability to inhibit

PDE3 and PDE4 in vivo and so maximize the chances of synergy, no clinical

data have been reported.

Several other companies including Nycomed, Kyorin, and the Leiden/Amster-

dam Centre for Drug Research have patents protecting dual PDE3/PDE4 inhibitors

of varied structural classes. Interested readers should consult Pages et al. (2009) for

details.

While the scientific rationale is clear for inhibiting, simultaneously, both PDE3

and PDE4 (see above), there may be major safety issues with this approach.

Specifically, concerns about cardiovascular toxicity may explain why there are

relatively few patents claiming dual-selective compounds for respiratory diseases

when compared to highly selective inhibitors of PDE4. Historically, PDE3 inhibi-

tors were developed as “safer” alternatives to cardiac glycosides for the treatment

of dilated cardiomyopathy. Although this objective was realized in acute dosing

studies with notable beneficial effects on myocardial contractility and on vascular

smooth muscle tone, chronic treatment resulted, paradoxically, in a significant

increase in mortality (Amsallem et al. 2005; Movsesian 2003). These findings are

of concern as some individuals who suffer with COPD also have right heart failure

secondary to PH (Naeije 2003). Thus, a PDE3/PDE4 inhibitor would, presumably,

be contraindicated in this clinical setting. Moreover, the long-term effect of this

type of drug in individuals with mild COPD and normal lung function is unknown.

Another potential cause for concern is arteritis, which is believed to be due to

changes in hemodynamics produced by prolonged vasodilation of various vascular

beds. There is an extensive literature on PDE3 inhibitor-induced arteriopathy in

laboratory animals with the splanchnic vessels and coronary arteries of rats and

dogs, respectively, being the most susceptible to lesions (Joseph 2000). Whether

arteriopathies evoked by PDE3/PDE4 inhibitors are to be expected in humans with

chronic use, as would be required in COPD, is unknown. However, the nonselective
PDE inhibitors theophylline, pentoxifylline, and ibudilast, and the selective PDE3

inhibitor, cilostamide, have been used clinically for many years with no evidence,

to date, of vascular toxicity.

If PDE3/PDE4 inhibitors are to be an effective treatment option, a clinically

meaningful bronchodilator response would be required without coincident changes

in cardiac function and systemic blood pressure (Brunnee et al. 1992; Wilsmhurst

and Webb-Peploe 1983; Yamashita et al. 1990). The fact that pumafentrine
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progressed to phase II clinical trials may suggest that systemic exposure and/

or cardiovascular toxicity of PDE3/PDE4 inhibitors can be minimized. Indeed,

because of synergy in target cells, it is logical to predict that proportionally lower

doses of dual-selective inhibitors will be required to elicit the same degree of

therapeutic benefit relative to a PDE4 inhibitor alone as a monotherapy. Selectively

targeting the respiratory tree through formulation and/or route of administration are

validated means of gaining tissue-specific drug delivery. In addition, exploiting the

fact that in PDE3 isoforms are encoded by two genes (PDE3A and PDE3B; Bender

and Beavo 2006) could also offer a more novel approach to reduce cardiovascular

adverse events (Thompson et al. 2007). In this respect, baseline cardiovascular

function (blood pressure, heart rate (HR), left ventricular pressure (LVP), and

cardiac contractility) and adenosine diphosphate- and collagen-induced platelet

aggregation in vitro were unaffected in pde3b-deficient mice when compared

to wild-type animals. In contrast, mice lacking pde3a had an elevated HR and

LVP was significantly reduced (Sun et al. 2007). Moreover, the PDE3 inhibitor,

cilostamide, did not change any of the aforementioned hemodynamic parameters

in pde3a knockout mice, whereas in wild-type mice and animals deficient in

pde3b, HR and cardiac contractility and BP and LVP were significantly increased

and decreased, respectively (Sun et al. 2007). Clearly, these data show that, in

mice, PDE3A is the major regulator of several cardiovascular parameters. What is

unknown are the PDE3 isoenzymes that, when inhibited, promote bronchodilation

and enhance the anti-inflammatory effect of PDE4 inhibitors. Indeed, human

airway smooth muscle cells express mRNA for both PDE3 isoforms (authors’

unpublished observations) and the expression of these variants across proinflam-

matory and immune cells has not been cataloged. Nevertheless, subtype-selective

compounds have been described including 4 and 5 (Fig. 1) from Merck and ICOS,

respectively, that are >30-fold selective for the PDE3B isoform (Edmondson

et al. 2003; Snyder et al. 2002). Thus, tools are beginning to emerge with which

to tease out, pharmacologically, the functional effects mediated by inhibition of

PDE3A and PDE3B.

2.3 Inhibition of PDE4 and PDE5

Chronic generalized alveolar hypoxia occurs in diseases associated with decreased

ventilation including COPD. Accordingly, many patients with COPD have coex-

isting PH, although the exact prevalence is unclear (see Jyothula and Safdar 2009).

This condition is thought to be multifactorial due to complex interactions involving

hypoxic pulmonary vasoconstriction (HPV), pulmonary and systemic inflamma-

tion, a loss of pulmonary capillaries, and, potentially, hyperinflation, which may

cause mechanical injury (reviewed in Chaouat et al. 2008; Jyothula and Safdar

2009). Although the increase in pulmonary artery pressure (Ppa) is usually mild to

moderate, some individuals suffer from right heart failure secondary to severe PH.

In addition, there can be extensive remodeling of the pulmonary vasculature in
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COPD with all layers of pulmonary vessels (intima, media, and adventitia) being

affected (Timms et al. 1985).

There is persuasive clinical evidence that PDE5 inhibition could arrest, or even

reverse, these pathological effects of alveolar hypoxia. Thus, both short- and long-

term dosing trials have clearly shown that inhibitors of PDE5 decrease pulmonary

vascular resistance (PVR) and/or Ppa in humans with PH (Bharani et al. 2003;

Chockalingam et al. 2005; Galie et al. 2005; Ghofrani et al. 2004; Lepore et al.

2005; Michelakis et al. 2002, 2003; Prasad et al. 2000; Sastry et al. 2002, 2004;

Steiner et al. 2005; Wilkens et al. 2001). Therefore, it is not unreasonable to suspect

that this class of drug could also be useful in those patients that have COPD-

associated PH. In a small study involving five patients with COPD with coexisting

PH at rest, oral sildenafil (50 mg) attenuated the increase in mean Ppa during

submaximal exercise in the absence of any change in stroke volume or cardiac

output (Holverda et al. 2008). In a similar study involving six patients with severe

COPD and elevated Ppa at rest, oral sildenafil (50 mg b.i.d. for 3 months) signifi-

cantly reduced PVR and mean Ppa. An improvement in exercise tolerance using

the 6 min walk test was also reported (Alp et al. 2006). Similar data have been

described in another small study involving seven patients with severe COPD

(GOLD Stage 4) (Madden et al. 2006). While these data are encouraging, the

obvious limitation is the low sample size. Accordingly, these results need to be

confirmed in much larger populations of patients with COPD-related PH.

In addition to relaxing pulmonary vascular smooth muscle, Charan (2001) has

published case reports describing beneficial effects of sildenafil on lung function. In

two patients with erectile dysfunction who had concurrent COPD, oral sildenafil

produced a rapid (within 1 h of administration) and long-lasting improvement in

FEV1 and forced vital capacity (24 and 12%, respectively) indicative of direct

bronchodilation. Finally, there is in vitro evidence that PDE5 inhibitors prevent

human platelet aggregation (Yu et al. 1996), which is prevalent in COPD (Cordova

et al. 1985) and also block the proliferation of myocytes derived from the human

pulmonary artery (Wharton et al. 2005). Thus, PDE5 inhibitors can, in theory, exact

multiple therapeutically beneficial effects on COPD-associated pulmonary vascular

pathologies. Clearly, the combination of such a drug with a PDE4 inhibitor, which

may also be antiproliferative in human pulmonary vascular myocytes (Growcott

et al. 2006), could offer a superior medicine to either drug alone since both the

inflammatory and vascular components of COPD would be targeted.

2.4 Inhibition of PDE4 and PDE7

All human immune and proinflammatory cells that have been studied express

mRNA and protein for PDE7A (Smith et al. 2003). The expression of this enzyme

family is, therefore, very similar to the distribution of PDE4. CD4+ and CD8+

T-lymphocytes express relatively high levels of PDE7A1 that are readily detected

by western blotting. Human airway smooth muscle cells, blood monocytes, and
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lung macrophages together with several cell lines including HUT-78 (T-cell) and

BEAS-2B (epithelial) are also PDE7A+ (Secchiero et al. 2000; Smith et al. 2003).

In contrast, PDE7A expression is seemingly much lower in human neutrophils

since it was not identified by western blotting, although the protein was clearly

labeled using immunoconfocal laser microscopy (Smith et al. 2003). This more

sensitive technique has also been employed to determine the expression profile of

PDE7A in cells present in sputum and bronchoalveolar lavage fluid in which

neutrophils from both normal subjects and individuals with asthma and COPD

were clearly labeled (Smith et al. 2003).

The coincident expression of PDE7 and PDE4 in many cells relevant to the

pathogenesis of chronic airway inflammation nourished the idea that selective

PDE7A inhibitors could be anti-inflammatory with an improved adverse-effect

profile of PDE4 inhibitors (Giembycz and Smith 2006a, b). However, despite the

discovery of PDE7 in the early 1990s (Michaeli et al. 1993), there were until 2001

surprisingly few reports of selective inhibitors. However, many examples of com-

pounds with PDE7 inhibitory activity have now been described (reviewed in

Giembycz and Smith 2006a, b; Gil et al. 2008; Vergne et al. 2005) and some of

these have been evaluated in preclinical models of inflammation including BRL

50481 (Smith et al. 2004), PF 0332040 (Jones et al. 2006), ABS16165 (Goto et al.

2009; Kadoshima-Yamaoka et al. 2009a, b, c), T-2585 (Nakata et al. 2002), and

BMS 586353 (Yang et al. 2003). What has emerged thus far from these investiga-

tions is controversy. Thus, PDE7 inhibitors have been reported to be active and

inactive in suppressing indices of inflammation in vitro and in vivo. Nevertheless,

of potential interest is that although the PDE7A inhibitor, BRL 50481, did not

attenuate the proliferation of human T-cells per se, it significantly augmented

the antimitogenic and cAMP-elevating activity of the PDE4 inhibitor, rolipram

(Smith et al. 2004). Similarly, the suppression by PDE4 inhibitors of tumor necrosis

factor-a (TNF-a) release from LPS-stimulated human monocytes and lung macro-

phages was significantly enhanced by BRL 50481 (Smith et al. 2004). Collectively,

these data are reminiscent of the behavior of PDE3 inhibitors in human T-cells (see

Sect. 2.2) and tempt speculation that additive or even synergistic anti-inflammatory

effects could be realized with a dual PDE4/PDE7 inhibitor over a PDE4 inhibitor

alone (Giembycz 2005a; Vijayakrishnan et al. 2007). Moreover, it is also possible

that this dual PDE inhibition approach would increase tolerability and avoid the

potential cardiovascular complications that are of concern with dual PDE3/PDE4

inhibitors (described in Sect. 2.2).

Despite the potential therapeutic utility of PDE4/PDE7 inhibitors, very few

studies have investigated the biology of these compounds and whether they are,

in fact, superior to selective PDE4 inhibitors in suppressing indices of inflamma-

tion. Only compound 6 (YM-393059; Fig. 1), which inhibits PDE4 and PDE7

with IC50 values of 630 and 14 nM, respectively (Yamamoto et al. 2006b), has

demonstrated efficacy in preclinical models of inflammation with a reduced

emetic liability (Yamamoto et al. 2006a, b; Yamamoto et al. 2007a). However, it

is difficult to determine the extent to which inhibition of PDE7 contributed to these

desirable outcomes.
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2.5 Nonselective PDE Inhibition

A logical extension to the aforementioned discussion on dual-selective inhibitors is

to consider whether nonselective compounds would have even greater efficacy in

combating chronic airway inflammation. It is well reported that theophylline may

exert anti-inflammatory activity in human subjects with asthma when given at sub-

bronchodilator doses where the plasma concentration is between 5 and 10 mg/ml.

Although this beneficial effect is often attributed to mechanisms unrelated to PDE

inhibition, this interpretation is unnecessary. Indeed, theophylline even at a concen-

tration of 5 mg/ml (27 mM), and taking into account plasma protein binding, will

inhibit, albeit modestly, PDEs 1–5 by up to ~20% depending on the isoenzyme. Thus,

in addition to any beneficial effects produced by the inhibition of each PDE in

isolation (see Sects. 2.1–2.4), the probability for functional additivity and, indeed,

synergy whenmultiple PDEs are inhibited concurrently in the same cell types cannot

be overstated (Fig. 2) (Giembycz 2005b). Accordingly, it is not unreasonable to

believe that second-generation, nonselective PDE inhibitors could exhibit superior

clinical efficacy over theophylline or compounds that selectively target PDE4.

Indeed, simultaneous inhibition of multiple PDEs should exert clinically relevant

effects on multiple proinflammatory processes including airway remodeling (PDE1-

regulated), endothelial cell permeability (PDE2-regulated), mast cell stabilization

(PDE3-mediated), and remodeling of the pulmonary vasculature (PDE5-regulated).

PDE1 PDE2

PDE3

PDE4PDE5

PDE7
Bronchodilator
Anti-thrombotic

Pulmonary Vasodilator ?

Pulmonary Vasodilator
Anti-thrombotic

Anti-inflammatory
Pulmonary Vasodilator?

Anti-inflammatory ?

Anti-proliferative ?
Pulmonary Vasodilator ? Anti-inflammatory?

Fig. 2 Functional consequences of selective phosphodiesterase (PDE) inhibition in relation to the

treatment of COPD. The cartoon shows clinically beneficial effects that may be produced

following the selective inhibition of PDEs 1, 2, 3, 4, 5, and 7. Additive and/or synergistic effects

may be produced if two or more PDEs are inhibited concurrently (reversible arrows). For example,

it is well established that a PDE3 inhibitor and a PDE7 inhibitor will potentiate the effect of a

PDE4 inhibitor. Similar interactions have been reported for other PDEs. Accordingly, a nonselec-

tive PDE inhibitor is predicted to have a beneficial clinical impact on multiple facets of the disease

process and may be a far superior drug that inhibits PDE4 selectively
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Beneficial actions on airway smooth muscle (PDE3-mediated) and pulmonary vas-

cular tone (PDE4/PDE5-mediated) are also predicted (Fig. 2). Moreover, because the

mechanism of action relies on a modest inhibition of multiple PDEs, the potential for

emesis and related gastrointestinal adverse events, which are PDE4-mediated, could

be minimized. Clearly, the design of such compounds should probably avoid the

xanthine nucleus as a starting template to avoid potential complications associated

with the antagonism of adenosine receptors, which mediate many of the adverse

cardiovascular and CNS effects of theophylline (Barnes 2003).

It is worth noting that the pyrozolo-pyridine 7, ibudilast (marketed variably as

Ketas®, Pinatos®, and Eyevinal®; Fig. 1), is a relatively nonselective PDE inhibitor

(Gibson et al. 2006; Souness et al. 1994) and has been available in Japan for >20

years for several indications including asthma (Rolan et al. 2009). The compound

has demonstrated bronchodilator, vasodilator, and in vitro anti-inflammatory

activity. In humans, it displays superior pharmacokinetics, is better tolerated, and,

accordingly, has an improved adverse-effect profile over theophylline (Rolan et al.

2009). On the basis of these data, it is tempting to speculate that the clinical effects

of ibudilast in asthma are due to the inhibition of multiple PDEs. However, there are

very few appropriately designed and powered studies that have shown clinical

efficacy (Rolan et al. 2009). Consequently, it is difficult to know whether the

recommended oral dose of ibudilast (10 or 20 mg b.i.d.) achieves a concentration

in the lung that is necessary for anti-inflammatory activity, due to PDE inhibition, to

be realized.

3 Combination Therapies Involving Phosphodiesterase 4

Inhibitors: The Obvious and the Novel

An alternative approach to harness the clinical efficacy of PDE4 inhibitors is to use

them in combination with other bronchodilator and anti-inflammatory drugs to

achieve additive or synergistic effects. Several logical drug partners include long-

acting b2-adrenoceptor agonists (LABAs), inhaled corticosteroids (ICSs; more

correctly known as glucocorticoids), and, perhaps, agonists of nuclear hormone

receptors other than the glucocorticoid receptor (GR). The theoretical mechanisms

of action of these combination therapies and their relativemerits are discussed below.

3.1 PDE4 Inhibitor/b2-Adrenoceptor Agonist
Combination Therapies

In the preceding sections, the potential clinical benefit of using inhibitors that target

more than a single PDE family in the treatment of chronic airway inflammation is

described. However, in addition to any disease-modifying characteristics that

such compounds might have, it is likely that inhibition of PDE4 may also prove

to be an effective strategy for increasing the therapeutic effect of existing agents.
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This could be particularly useful in COPD where ICSs, which are the gold standard

for treating the inflammation in asthma, are relatively ineffective (cf. asthma). In

this respect, patients with mild disease are often treated with LABAs and short-

acting b2-adenoceptor agonists (SABAs) on an as-needed basis (O’Donnell et al.

2008). Given that these drugs act principally via the cAMP/cAMP-dependent

protein kinase (PKA) signaling pathway (Giembycz and Newton 2006), it is not

unreasonable to suggest that the presence of a PDE4 inhibitor may enhance b2-
adrenoceptor-mediated responses. However, it is generally believed that pde4d
inhibitors do not effect bronchodilation in humans (Grootendorst et al. 2003) so

improvements in lung function due to increased smooth muscle relaxation are

unlikely. Nevertheless, although SABAs and LABAs do not suppress inflammation

in human subjects with asthma or COPD when administered as monotherapies

(Howarth et al. 2000; Roberts et al. 1999; Sindi et al. 2009), it is entirely possible

that by enhancing cAMP synthesis in target cells they may boost the anti-inflam-

matory actions of a PDE4 inhibitor. In fibroblasts from pde4d-deficient mice,

cAMP accumulation and cAMP-response element-binding protein phosphorylation

were markedly enhanced following the addition of a b2-adrenoceptor agonist when
compared to fibroblasts from wild-type animals (Bruss et al. 2008). Moreover, in

monocytes, the SABAs, salbutamol, and procaterol, interact synergistically with

rolipram on cAMP accumulation and in the activation of PKA (Seldon et al. 1995).

Similar data have also been reported for human neutrophils (Meliton et al. 2006)

and human eosinophils (Ezeamuzie 2001; Meliton et al. 2003). However, in proin-

flammatory and immune cells the balance of evidence indicates, paradoxically, that

despite synergy at the level of cAMP accumulation and downstream signal ampli-

fication, PDE4 inhibitors and b2-adrenoceptor agonists in combination usually act

additively in the suppression of a variety of proinflammatory mediators such as

TNF-a (Seldon et al. 1995). Thus, given that the first PDE4 inhibitor, roflumilast,

has now been approved for the treatment of severe COPD, it is not unreasonable to

predict that in certain patient populations this class of drugs will provide additional

benefit as an add-on therapy when symptoms are not adequately controlled by a

LABA alone (Gross et al. 2010). Indeed, this suggestion is supported by the results

of a recent 12-month phase III clinical trial in patients with severe COPD where

postbronchodilator FEV1 at the end of the study was 60 ml greater in patients

treated with the combination of roflumilast and the LABA, salmeterol, when

compared to patients treated with salmeterol alone (Calverley et al. 2009).

3.2 PDE4 Inhibitor/Glucocorticoid Combination Therapies

3.2.1 Clinical Observations

Another attractive option to optimize anti-inflammatory activity is to combine a

PDE4 inhibitor with an ICS. In asthma, glucocorticoids downregulate the expres-

sion of proinflammatory genes and, thereby, dampen down inflammation and
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reduce symptoms (Barnes 2006). In addition, large multicenter clinical trials

have clearly demonstrated that the clinical efficacy of an ICS can be enhanced

by a LABA (Shrewsbury et al. 2000). Given the lack of a clinically significant

anti-inflammatory effect of LABAs in asthma when given as a monotherapy, it

seems likely that some form of synergy must occur between these two classes of

drug to account for their superior efficacy when they are used in combination

(Giembycz et al. 2008). Similarly, the balance of evidence suggests that Advair®,
a LABA/ICS combination therapy, may produce similar, albeit less pronounced,

beneficial effects in patients with COPD (Celli et al. 2008; Jenkins et al. 2009).

While the detailed biochemical mechanisms that lead to these clinical observa-

tions remain unclear (but see Sect. 3.2.2), it is reasonable to believe that other

drugs that raise intracellular cAMP, such as PDE4 inhibitors, may also enhance

the clinical efficacy of glucocorticoids (Newton et al. 2010) in addition to exerting

anti-inflammatory activity in their own right. Support for this assumption comes

from clinical studies with the nonselective PDE inhibitor, theophylline. For

example, in subjects with moderate asthma, low-dose, inhaled budesonide

together with theophylline (mean plasma concentration ¼ 8.7 mg/ml) and high-

dose inhaled budesonide as a monotherapy produced similar clinical benefits in

lung function, severity of disease, and variability in peak expiratory flow, which is

a correlate of AHR (Evans et al. 1997). This general finding has been indepen-

dently confirmed in several other trials in which the interaction of glucocorticoids

and theophylline in the control of asthma has been studied (Lim et al. 2000; Ukena

et al. 1997).

Clinical reports from the arthritis literature also support the general idea that

PDE inhibitors may augment glucocorticoid action. One of these described the

results of a phase IIa trial in which low-dose prednisolone in combination with

dipyridamole, a nonselective PDE inhibitor and adenosine uptake inhibitor, was

compared against placebo in subjects with hand osteoarthritis (Kvien et al. 2008).

The primary efficacy end point measure was change in the Australian/Canadian

visual analog pain scale, and this combination therapy, named Synavive®

(CRx-102), significantly reduced pain relative to placebo (Kvien et al. 2008).

Whether this benefit is due to a synergistic interaction between the glucocorticoid

and the ability of dipyridamole to nonselectively inhibit PDEs was not unex-

plored. Nevertheless, this is an intriguing possibility and similar investigations

have now been conducted in COPD and rhinitis with selective PDE4 inhibitors.

Thus, in a COPD study, Calverley et al. (2007) reported that roflumilast produced

a sustained, albeit modest, improvement in postbronchodilator FEV1 in subjects

with severe disease (GOLD stages III and IV) in whom the use of ICS was

permitted (Calverley et al. 2007). Thus, there was an enhanced clinical benefit

in lung function over that produced by the ICS alone. Moreover, in May 2008,

GlaxoSmithKline completed a phase II study in which the effect of intranasal

fluticasone, alone and in combination with an extraordinary potent PDE4 inhibi-

tor, GSK 256066 (Woodrow et al. 2009), was examined in a cohort of subjects

with seasonal allergic rhinitis (http://clinicaltrials.gov/ct2/show/NCT00612820).

The results of that study are awaited with interest.
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3.2.2 How Glucocorticoids Work

To understand how PDE4 inhibitors and glucocorticoids might interact to deliver

superior clinical benefit, an appreciation of the mechanisms of action of glucocor-

ticoids is required. In asthmatic subjects, in vivo, glucocorticoids produce a pro-

found reduction in pulmonary leukocyte burden that is associated with chronic

inflammation (Barnes 2006). In particular, glucocorticoids dramatically reduce

eosinophil numbers in the lung by inhibiting the expression of numerous proin-

flammatory mediators, including cytokines, chemokines, inflammatory proteins,

and their receptors, as well as adhesion molecules. The primary mechanism of

this anti-inflammatory action of glucocorticoids is the repression of proinflamma-

tory gene expression (Newton 2000).

Mechanistically, glucocorticoids act via the GR (NR3C1), which on binding

glucocorticoid translocates from the cytoplasm to the nucleus, where it interacts

with DNA sequences in the promoters of target genes to modulate their transcrip-

tional activity (Pratt et al. 2004). These regulatory sites were initially described as

palindromic sequences referred to as simple glucocorticoid response elements

(GREs), to which the agonist-bound GR interacted as a dimer (Dahlman-Wright

et al. 1991). However, it is now clear that the GR can interact with multiple

transcription factors to promote transcription via a multitude of discrete interactions

(Newton and Holden 2007). Collectively, this ability to induce gene transcription is

known as transactivation and this was previously perceived as being responsible for
many of the adverse effects, often metabolic, that manifest following longer term,

high-dose glucocorticoid therapies (Schacke et al. 2002). However, ongoing char-

acterization of the human genome has led to the realization that many hundreds of

genes are induced by glucocorticoids and many of these have, potentially, profound

anti-inflammatory activity (see Newton and Holden 2007). Furthermore, many

investigators report that the ability of glucocorticoids to repress proinflammatory

gene expression is abrogated under conditions of translational or transcriptional

blockade, thereby implying that these repressive effects are themselves dependent

on gene expression (Newton and Holden 2007). Thus, genes such as glucocorticoid-

induced leucine zipper (GILZ), mitogen-activated protein kinase phosphatase

(MKP) 1, and tristetraprolin are all induced by glucocorticoids and may, variously,

repress proinflammatory gene expression at transcriptional, posttranscriptional,

translational, or even posttranslational levels (Newton and Holden 2007). Alterna-

tively, the agonist-bound GR is believed to directly interfere with the induction of

key proinflammatory transcription factors such as nuclear factor kappaB (NF-kB)
and activator protein (AP)-1 (De Bosscher et al. 2003). In this model, the GR is

believed to recruit repressor molecules, such as histone deacetylase (HDAC) 2, to

reduce transcriptional activation (Ito et al. 2000). However, the distinction between

direct repression by the GR (often referred to as transrepression) and the repression
of transcription that is exerted by glucocorticoid-induced genes has become eroded

with the findings that glucocorticoid-inducible genes including GILZ and MKP-1
may both play roles in the repression of NF-kB- and AP-1-dependent transcription

(Diefenbacher et al. 2008; Eddleston et al. 2007; King et al. 2009; Mittelstadt and
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Ashwell 2001). Furthermore, glucocorticoids are believed to induce the expression

of a number of genes that promote cell cycle arrest and apoptosis in various cell

types (Amsterdam and Sasson 2002; Reisman and Thompson 1995; Wang et al.

2003). Thus, GR-mediated changes in gene expression can produce many of the

wide ranging effects that are normally associated with the anti-inflammatory

actions of glucocorticoids (Clark 2007; Newton and Holden 2007; Stellato 2004).

3.2.3 Enhancement of Glucocorticoid Action by cAMP-Elevating Drugs

Given clinical data showing a clear enhancement of glucocorticoid action by

LABAs, it should be possible to use in vitro models to interrogate forms of

interaction. There are considerable data to suggest that b2-adrenoceptor agonists
acting via the cAMP–PKA pathway may repress NF-kB-dependent transcription
and proinflammatory gene expression (Ammit et al. 2002; Hallsworth et al. 2001;

Kaur et al. 2008b; Meja et al. 2004; Ye 2000). While similar repressive effects on

cytokine gene expression are reported with PDE4 inhibitors, such as rolipram

(Seldon et al. 1995), these effects vary considerably depending on the cell type,

stimulus, and experimental conditions. Furthermore, it is equally clear that agents

that elevate cAMP can also enhance the expression of certain proinflammatory

genes including granulocyte-colony-stimulating factor, interleukin (IL)-6, and IL-8

(Ammit et al. 2000, 2002; Clarke et al. 2005a, b; Holden et al. 2010). Moreover,

Hertz and colleagues reported in 2009 the results of a microarray study in which

forskolin upregulated 334 genes out of a total 8,530 genes in monocyte-derived

macrophages (Hertz et al. 2009). Significantly, CC and CXC chemokines were

strongly induced (>10-fold) and some, such as CXCL5 (aka epithelial-derived

neutrophil-activating peptide 78) and CXCL7 (aka neutrophil-activating peptide 2),
were increased by greater than 50-fold. Similar data were found with rolipram in the

presence of PGE2 (Hertz et al. 2009), indicating that in respiratory diseases, PDE4-

mediated cAMP elevation could, in theory, promote the accumulation of CCR2-

and CXCR2-sensitive cells to the lung and so, paradoxically, enhance pulmonary

inflammation. Thus, an unambiguous argument for anti-inflammatory gain is not

forthcoming and this is consistent with clinical data showing that LABAs, which

also elevate cAMP, are not anti-inflammatory in asthma (Howarth et al. 2000;

Roberts et al. 1999; Sindi et al. 2009). On the basis of these results, it seems likely

that a similar outcome may also apply to the anti-inflammatory potential of other

cAMP-elevating agents such as PDE4 inhibitors when given as a monotherapy.
Indeed, although hints of an anti-inflammatory effect of PDE4 inhibitors have been

reported in patients with COPD (Gamble et al. 2003; Grootendorst et al. 2007) and

more recently in asthma (Singh et al. 2010), the ability of these drugs also to

promote the expression of proinflammatory genes may explain why their predicted

anti-inflammatory potential has not come to fruition.

Despite the lack of demonstrable anti-inflammatory activity of LABAs as

monotherapies (Sindi et al. 2009), the superior clinical activity achieved when a

LABA is combined with an ICS is unequivocal when compared to high-dose ICS
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alone (Shrewsbury et al. 2000). Thus, the combination therapy provides superior

control of asthma and reduces the frequency of exacerbations, indicating that

the underlying lung inflammation is reduced (Pauwels et al. 1997). In an effort to

understand this phenomenon, many investigators have examined the effect of

LABAs and glucocorticoids alone and together on the expression of proinflamma-

tory genes. In almost all cases, the genes selected for study were, typically,

suppressed in an additive manner (reviewed in Newton et al. 2010, but see Pang

and Knox 2000). Consequently, it seems unlikely that the clinical observations

produced by the combination therapy reflect the ability of LABAs (and, by inference,

PDE4 inhibitors) to directly modulate proinflammatory gene expression. Alterna-

tively, it could be argued that the effect of combination therapies on the genes that

would be induced by a LABA or a PDE4 inhibitor may provide some explanation.

Thus, the release of certain cytokines and chemokine from bronchial epithelial cells

and monocyte-derived macrophages is significantly enhanced by LABAs and

PDE4 inhibitors (Hertz et al. 2009; Holden et al. 2010). However, in the presence

of dexamethasone many of these gene induction events will be abolished or greatly

diminished to the same or a similar extent when the LABA was absent (Holden

et al. 2010). If such an effect is seen for the majority of the proinflammatory

genes that are induced by LABAs and PDE4 inhibitors, then these findings could

explain, at least in part, how cAMP-elevating drugs and glucocorticoids repress,

synergistically, proinflammatory gene expression.

While LABAs may promote the recruitment of HDACs to the promoters of

proinflammatory genes (Nie et al. 2005b), there is little evidence that cAMP

can enhance the ability of glucocorticoids to repress, or transrepress, gene tran-

scription. Consequently, we suggest that such mechanisms may not account for the

superior clinical activity of ICS/LABA combination therapies in asthma and

COPD (Newton et al. 2010). Conversely, PKA activation has been shown to

enhance GRE-dependent transcription in a variety of cells types, including proin-

flammatory and immune cells (Rangarajan et al. 1992), and this extends to human

bronchial epithelial cells and human airway myocytes with SABAs and LABAs

(Kaur et al. 2008a). Of prime significance is that “real” glucocorticoid-inducible

genes that have anti-inflammatory potential are also upregulated by LABAs

providing a plausible mechanistic basis for the clinical superiority of LABA/ICS

combination therapies (Giembycz et al. 2008). Further support for this concept

is that agonists of the prostacyclin receptor, which typically couples to adenylyl

cyclase, similarly enhance glucocorticoid-dependent transcription of several genes

(e.g., GILZ, MKP-1, and p57kip2) in bronchial epithelial cells that are predicted to

suppress inflammation (Wilson et al. 2009).

In light of the aforementioned discussion, it is possible that a PDE4 inhibitor

could also improve lung function by enhancing the ability of ICSs to induce anti-

inflammatory genes (Giembycz et al. 2008). Some evidence for this comes from the

psychiatry and cancer literature. Thus, rolipram has been shown to augment

dexamethasone-induced activation of luciferase reporter genes that were stably

transfected into mouse L929 cells and rat C6 glioma cells (Miller et al. 2002).
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More recently, this effect on simple GRE-dependent transcription has been con-

firmed in leukemic cells from patients with B-cell chronic lymphocytic leukemia

(Tiwari et al. 2005) and, of relevance to the subject of this chapter, in human

bronchial epithelial cells (Kaur et al. 2008a). It is, perhaps, more significant that

in human acute T-lymphocytic leukemia cells, certain proapoptotic proteins (p53,

p21WAF1/CIP1) are also upregulated by both PDE4 inhibitors and glucocorticoids

alone and in combination leading to additive and/or synergistic proapoptotic effects

(Ogawa et al. 2002). Thus, if these types of interactions occur in proinflammatory

and immune cells implicated in the pathogenesis of diseases such as asthma and

COPD, then PDE4 inhibition could enhance the ability of glucocorticoids to induce

anti-inflammatory genes. In addition, a potential advantage of this approach is that a

low dose of a PDE4 inhibitor, which may be subtherapeutic as a monotherapy,

could boost glucocorticoid action in the same way as a LABA. Finally, there are

data indicating that in a T-leukemia cell line, such effects are not limited to PDE4,

but also extend to inhibitors of PDE3 and PDE7 (Dong et al. 2010), indicating

the potential for the development of additional, potentially highly effective, novel

combination therapies with which to treat chronic airway inflammation (Zhang and

Insel 2004).

In considering the clinical utility and advantages of PDE4 inhibitor/glucocorti-

coid combination therapies over a PDE4 inhibitor alone as a monotherapy, it is

important to appreciate that many of the proinflammatory genes that may be

induced by cAMP (Ammit et al. 2000; Hertz et al. 2009; Holden et al. 2010) are

likely to be repressed by glucocorticoids. Thus, a PDE4 inhibitor and an ICS given

together may be a considerably superior medicine for several reasons. First, the

cAMP signal generated in response to PDE4 inhibition may enhance the maximal

transcriptional activity of the glucocorticoid. Second, the PDE4 inhibitor will exert

anti-inflammatory activity independently of its effect on GR-mediated transactiva-
tion of anti-inflammatory genes. Third, the undesirable ability of PDE4 inhibitors to

induce proinflammatory genes will be negated by the glucocorticoid.

An appreciation of rate of cAMP synthesis in target tissues is also a critical

factor that will influence the efficacy of a PDE4 inhibitor. If adenylyl cyclase

activity in those tissues is low, a PDE4 inhibitor might not elevate cAMP by an

amount or at a rate necessary for its therapeutic activity to be realized. One

approach to obviate this possibility is to combine a PDE4 inhibitor/ICS combina-

tion therapy with a receptor agonist that drives cAMP synthesis. Clearly, from a

COPD perspective, a b2-adrenoceptor agonist would be the obvious choice given

that both LABAs and SABAs (on an as-needed basis) are a recommended treatment

option for patients with mild disease (see O’Donnell et al. 2008). Adding a PDE4

inhibitor to patients with severe asthma who might not be adequately controlled by

a LABA/ICS combination therapy could also afford additional benefit. Thus, a

persuasive argument can be made for the development of triple combination

therapies. Such novel medicines could also be advantageous in smoking asthmatic

individuals in whom ICSs are relatively refractory (Chalmers et al. 2002; Thomson

et al. 2004, 2006; Thomson and Spears 2005).
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3.3 Other PDE4 Inhibitor/Nuclear Hormone
Receptor Combinations

In the above sections, the potential for combining PDE4 inhibitors with a glucocor-

ticoid or, indeed, a LABA/glucocorticoid combination was considered. However, it

is clear that many NHRs, including the progesterone receptor (PR), androgen

receptor (AR), and estrogen receptor may, in the presence of their cognate ligands,

repress proinflammatory transcriptional responses and proinflammatory gene

expression (Kalkhoven et al. 1996; McKay and Cidlowski 1999). Likewise, many

of the more recently characterized NHRs including the liver X receptor, peroxisome

proliferator-activated receptors (PPARs), and the various retinoic acid receptors

(RARs and RXRs) are also capable of downregulating proinflammatory genes and

are, consequently, being considered as alternative therapeutic options to glucocor-

ticoids (Farrow 2008). However, in addition to identifying novel anti-inflammatory

molecules, these advances also provide a trove of opportunity to develop novel

NHR-based combination therapies for the treatment of inflammatory diseases

(Ogawa et al. 2005). For example, like the GR, transcriptional activity of each

of the PR, the mineralocorticoid receptor (MR), the RARa, and the AR have

previously been shown to be enhanced by elevated cAMP (Beck et al. 1992;

Gaillard et al. 2006; Kim et al. 2005; Massaad et al. 1999; Sartorius et al. 1993).

Moreover, there is evidence that agonists of PPARg may show enhanced ability to

repress proinflammatory gene expression when combined with a LABA (Nie et al.

2005a). Consequently, the idea that PDE4 inhibitors may be paired with activators

of NHRs other than GR is logical. Currently, it is unclear how widespread such

effects would be and caution is merited. Indeed, LXR-mediated transcription is

inhibited by activation of the cAMP/PKA cascade (Yamamoto et al. 2007b).

Nevertheless, the PDE4 inhibitor, piclamilast (RP 73401), enhances transcriptional

activation by RARa and it seems very likely that the inhibition of PDE4 may

provide a mechanism by which the ability of many NHR ligands can, therapeuti-

cally, be augmented (Parrella et al. 2004). Certainly, this provides impetus for

analyzing potential beneficial interactions between PDE4 inhibitors and activators

of NHRs.

4 Concluding Remarks

PDE4 inhibitors have been in clinical development for many years and it is,

perhaps, gratifying that the benzamide, roflumilast, which is being developed

jointly by Nycomed (formerly Altana) in Europe and Forest Research Institute in

the USA, was recently approved by the European Medicines Agency Committee

for Medicinal Products for Human Use (http:/www.ema.europa.eu/pdfs/human/

opinion/Daxas_15986110en.pdf) for the “maintenance treatment of severe chronic
obstructive pulmonary disease associated with chronic bronchitis in adult patients
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with a history of frequent exacerbations as add-on to bronchodilator treatment”
(Giembycz and Field 2010; Gross et al. 2010). However, gastrointestinal, psychiat-

ric, and oncological adverse are significant safety issues. In this chapter, we have

described several potential means by which the therapeutically beneficial actions of

PDE4 inhibitors could be realized without necessarily increasing the frequency of

adverse events. Thus, although a PDE4 inhibitor, roflumilast, has now reached

the market for the treatment of a subpopulation of patients with severe COPD

(Giembycz and Field 2010; Gross et al. 2010), the potential ability of these drugs to

enhance glucocorticoid action cannot be overstated. In this respect, it seems likely

that PDE4 inhibitors might, ultimately, be best exploited as part of a combination

therapy with ICSs and LABAs. The possibility that PDE inhibitors might be

developed for COPD (and possibly asthma) that target multiple enzyme families

is not an option that has obviously been embraced by the pharmaceutical industry.

Nonetheless, it is the opinion of the authors that such an approach could be

rewarding. Indeed, nonselective PDE inhibitors will target many components of

these multifactorial diseases at which selective PDE4 inhibitors alone do not.
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Abstract Cyclic nucleotide phosphodiesterases (PDEs) are a superfamily of

enzymes that are involved in the regulation of the intracellular second messengers

cyclic AMP (cAMP) and cyclic GMP (cGMP) by controlling their rates of hydro-

lysis. There are 11 different PDE families and each family typically has multiple

Y. Xu, H.-T. Zhang, and J.M. O’Donnell (*)

Departments of Behavioral Medicine & Psychiatry, Neurobiology & Anatomy, and Physiology &

Pharmacology and the WVU Center for Neuroscience, West Virginia University Health Sciences

Center, WVU HSC/School of Medicine, Morgantown, P.O. Box 9104, WV 26506, USA

e-mail: jodonnell@hsc.wvu.edu

S.H. Francis et al. (eds.), Phosphodiesterases as Drug Targets,
Handbook of Experimental Pharmacology 204,

DOI 10.1007/978-3-642-17969-3_19, # Springer-Verlag Berlin Heidelberg 2011

447



isoforms and splice variants. The PDEs differ in their structures, distribution,

modes of regulation, and sensitivity to inhibitors. Since PDEs have been shown

to play distinct roles in processes of emotion and related learning and memory

processes, selective PDE inhibitors, by preventing the breakdown of cAMP and/or

cGMP, modulate mood and related cognitive activity. This review discusses the

current state and future development in the burgeoning field of PDEs in the central

nervous system. It is becoming increasingly clear that PDE inhibitors have thera-

peutic potential for the treatment of neuropsychiatric disorders involving distur-

bances of mood, emotion, and cognition.

Keywords Anxiety � cAMP � cGMP � Cognition �Depression � Phosphodiesterases �
Schizophrenia

1 Introduction

Phosphodiesterases (PDEs) are the only known enzymes that catalyze the hydrolysis

of cyclic AMP (cAMP) and cyclic GMP (cGMP) and thus are integral to the

regulation of cyclic nucleotide signaling and cellular communication. PDEs are

encoded by 21 genes and are functionally separated into 11 families, which are

differently expressed in various tissues throughout the body, including the brain

(Conti and Beavo 2007; Lugnier 2006). PDE families are divided into three cate-

gories based on their substrate specificity: PDE 4, 7, and 8 hydrolyze cAMP; PDE 5,

6, and 9 hydrolyze cGMP; and PDE 1, 2, 3, 10, and 11 are dual substrate enzymes

and hydrolyze both cAMP and cGMP. The PDEs can also be classified by the

mechanisms regulating their activity, such as regulation by cGMP or Ca2+/calmod-

ulin, or their N-terminal regulatory domains, such as specific protein-binding

regions, phosphorylation sites, and GAF domains. Current studies indicate that

there are more than 100 different protein products transcribed from the PDEs

genes because of alternative transcriptional start sites and alternative splicing of

gene products (Lugnier 2006; Bender and Beavo 2006; Menniti et al. 2006). The

multiplicity of the PDE gene family and the complex expression patterns of the

different PDEs have raised questions regarding the physiological and pathological

relevance of the multiple isoforms of these enzymes. Various PDEs have been

shown to be involved in intracellular signaling pathways associated with neuropsy-

chiatric disorders or their treatment (O’Donnell and Zhang 2004; Kelly and Brandon

2009; Millar et al. 2007; Schmidt 2010; Siuciak 2008; Zhang 2009). Inhibitors of at

least seven PDEs families have been implicated in behavioral changes related to

cognition, depression, and anxiety, namely those for PDE 1, 2, 4, 5, 9, 10, and 11. In

this review, we provide an overview of the PDE gene superfamily and the effect of

specific PDE inhibitors on intracellular signaling with a particular focus on mood

and cognitive disorders.
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2 Distribution of PDE Isoforms in the Brain

Studies indicate a high distribution of PDEs in the frontal cortex, hippocampus,

amygdala, olfactory bulb, striatum, hypothalamus, and cerebellum, besides the expres-

sion in numerous other body structures, which are important in modulating emotion,

learning, andmemory. Since PDEs are involved in the regulation of secondmessenger

signaling, their inhibition in the brain has provided valuable insights into the biological

mechanisms that underlie central nervous system (CNS) disorders and the discovery of

mood and cognitive modulators.

PDE1 consists of three different subtypes, 1A, 1B, and 1C, which can be found

in the human brain at the level of hippocampus and cerebral cortex, suggesting that

this enzyme may play a crucial role in memory formation and storage (Deshmukh

et al. 2009). The high concentrations of PDE1A and PDE1B mRNA expression in

olfactory bulb and striatum indicate their potential function in depression, schizo-

phrenia, and other mental and cognitive illnesses. PDE1C is expressed exclusively

in the olfactory cilia together with adenylyl cyclase III, which are both Ca2+-

regulated enzymes and form a point of crosstalk for integrating calcium and

cAMP signaling in these neurons (Juilfs et al. 1997).

PDE2 is highly expressed in brain limbic structures and adrenal gland (Boess

et al. 2004; Nikolaev et al. 2005). The enriched PDE2 expression in the hippo-

campus, cerebral cortex, amygdala, hypothalamus, pituitary, and adrenal cortex

suggests that it may be involved in negative feedback inhibition of the limbic–

hypothalamus–pituitary–adrenal (limbic–HPA) axis in emotion, and learning and

memory processes.

PDE3 is expressed at relatively constant and low levels throughout the brain

(Bolger et al. 1994).

A high distribution of PDE4 in the hippocampus, frontal cortex, olfactory bulb,

and cerebellum has been reported (Kaulen et al. 1989; Zhan et al. 2003; Dlaboga

et al. 2006; McPhee et al. 2001). Four PDE4 genes (PDE4A, 4B, 4C, and 4D),

encoding at least 25 splice variants, have been identified (Conti et al. 2003; Houslay

et al. 2007; Houslay 2010). Long-form variants contain two conserved regions

called Upstream Conserved Region 1 (UCR1) and 2 (UCR2), while short isoforms

lack UCR1 (Bolger et al. 1993). Long isoforms contain a site within UCR1

that confers stimulatory phosphorylation by protein kinase A (Sette et al. 1994;

MacKenzie et al. 2002). PDE4 subtypes appear to be involved in different central

functions based on their patterns of distribution in the brain (Cherry and Davis

1999; Engels et al. 1995; McPhee et al. 2001; Miró et al. 2002; Pérez-Torres et al.

2000; Zhang 2009). PDE4A and PDE4D are highly expressed in the cerebral

cortex, olfactory bulb, hippocampal formation, and brainstem. PDE4B is highly

expressed in the amygdala, striatum, and hypothalamus, suggesting its possible

role in the mediation or treatment of anxiety and schizophrenia. The side effects of
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PDE4 inhibitors of nausea and emesis may be related to the high expression of

PDE4, particularly the PDE4D subtype, in the area postrema (Mori et al. 2010).

In the brain, PDE5 is mainly distributed in cerebral cortex, pyramidal cells of the

hippocampus, basal ganglia, and most abundantly cerebellum (van Staveren et al.

2003; Kleppisch 2009; Garthwaite and Boulton 1995).

PDE6 is confined to the retina and pineal gland and appears to play no direct role

in mediating psychopharmacological effects on behavior (Bender and Beavo 2006).

High PDE7A mRNA signal intensities are detected in the hippocampus, olfac-

tory bulb and tubercle, and brainstem nuclei (Miro et al. 2001), while PDE7B is

present in both neuronal and nonneuronal cell populations in multiple brain regions,

such as cerebellum, striatal complex, dentate gyrus of hippocampus, and in several

thalamic nuclei (Pérez-Torres et al. 2003; Sasaki et al. 2002).

PDE8A transcripts are rich in peripheral tissues, while PDE8B transcripts are

found in all brain regions of rats other than cerebellum and have been shown to exist

in neurons (Kobayashi et al. 2003).

PDE9 signals are strong in cerebellar Purkinje cells, cerebral cortex, and hippo-

campus (van Staveren et al. 2001, 2003). Neuronal PDE9 expression has been

detected in the cerebellum, cerebral cortex, caudate-putamen, and hippocampus.

The dual-specificity PDE10 family is encoded by one gene, PDE10A, which has

emerged as a key therapeutic target for treatment of schizophrenia (Siuciak 2008;

Kelly and Brandon 2009). It is interesting that the apparent function of PDE10A

relates to its unique distribution in the brain, which is very high in the caudate-

putamen, nucleus accumbens, and olfactory tubercle, with minimal expression in

cortex, hippocampus, and cerebellum (Kelly et al. 2010).

The PDE11 family is the most recently described PDE family and also contains

one gene, PDE11A; four splice variants have been described (Loughney et al.

2005). PDE11A mRNA and protein are largely restricted to the hippocampus,

with two- to threefold enrichment in the ventral vs. dorsal hippocampus, equal

distribution between cytosolic and membrane fractions, and increasing levels of

protein expression from postnatal day 7 through adulthood (Kelly et al. 2010).

The relative distribution patterns of the different PDE isoforms in the brain are

shown in Table 1. The differential expression patterns of PDEs in the brain and

their roles in controlling neuronal activity indicate that targeted PDE inhibition

may result in therapeutic effects. However, some side effects of PDE inhibitors

likely are also associated with the complexity of PDEs expression patterns across

brain areas.

3 Roles of PDEs in Mood and Cognitive Disorders

The complex functions of PDEs in cell–cell communication and signal transduction

are only recently being recognized, although PDEs were described soon after the

discovery of cAMP. A PDE gene organization with a large number of PDE splice

variants serves to fine-tune cyclic nucleotide concentrations and compartmentalization
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and contributes to specificity in intracellular signaling (Conti and Beavo 2007;

Houslay 2010).

3.1 PDE1

PDE1 family members are considered dual-substrate enzymes involved in the regu-

lation of both cGMP and cAMP through their degradation (Bender and Beavo 2006).

In vitro, PDE1A and PDE1B isozymes hydrolyze cGMP with much higher affinity

than cAMP, while the PDE1C isozyme hydrolyzes cAMP and cGMP with equally

high affinity. In vivo, several studies have shown that PDE1A and PDE1B primarily

regulate cGMP (Nagel et al. 2006; Bender and Beavo 2006;Miller et al. 2009), while

PDE1C regulates intracellular cAMP levels in various cell types including neurons

(Rybalkin et al. 2002; Han et al. 1999; Dunkern and Hatzelmann 2007).

PDE1 inhibition has been reported to cause cerebral artery dilation, which can

affect CNS function by elevation of cGMP levels (Kruuse et al. 2001). The PDE1

inhibitor vinpocetine facilitates long-term potentiation (Molnar and Gaal 1992),

enhances the structural dynamics of dendritic spines, and improves aversion-related

memory retrieval (DeNoble 1987). A recent study indicates that vinpocetine treat-

ment of streptozotocin-infused rats improves memory consolidation as evidenced

by increased time spent in the target quadrant in the Morris water maze test

(Deshmukh et al. 2009). Most recently, Filgueiras and colleagues (2010) reported

that vinpocetine improves learning and memory deficits in rats exposed to alcohol.

3.2 PDE2

PDE2 is a 105-kDa homodimer that exists in particulate and soluble forms (Zaccolo

and Movsesian 2007). It belongs to a family of proteins that regulates the intracel-

lular levels of both cGMP and cAMP. Although cGMP is the preferred substrate

for this enzyme, PDE2 hydrolyzes both cGMP and cAMP with positively coopera-

tive kinetics (Wu et al. 2004). Therefore, the biological function of PDE2 may, to

some degree, involve interaction between cAMP- and cGMP-mediated signaling

mechanisms (Hajjhussein et al. 2007).

The distribution of PDE2 in limbic structures, such as hippocampus and amyg-

dala, may suggest a role in emotion and memory operations, such as the formation of

stable declarative (or explicit) memory in humans and spatial (or relational/contex-

tual) memory in rodents. PDE2 is also found in a subset of olfactory neurons, where

its inhibition increases cGMP, stimulates cyclic nucleotide-gated channels to open,

and initiates a depolarizing response (Meyer et al. 2000). Neuronal projections from

the olfactory bulbs to the limbic system have a major influence on emotional

behaviors involved in depression and anxiety. In addition, depressive symptoms
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correlate negatively with olfactory sensitivity in healthy participants, which is

confirmed by patients with major depressive disorder (Pollatos et al. 2007; Pause

et al. 2001). PDE2 is also found in pituitary and adrenal cortex (Blokland et al. 2006).

Menniti and coworkers (2006) suggested that PDE2 influences cAMPmetabolism in

the pituitary and adrenal cortex, while it regulates cGMP signaling in the cerebral

cortex and hippocampus. In primary neuronal cultures, inhibition of PDE2 with

the selective inhibitor EHNA enhances N-methyl-D-aspartate (NMDA) receptor-

mediated cGMP levels, but cAMP is unaffected (Suvarna and O’Donnell 2002).

The highly selective PDE2 inhibitor BAY 60-7550, which unlike EHNA does

not inhibit adenosine deaminase, increases cGMP levels in the presence of NMDA

or guanylyl cyclase activators. Although BAY 60-7550 also increases NMDA

receptor-induced cAMP levels in cultured neurons, the magnitude of this effect

is markedly less than the increase in cGMP (Masood et al. 2009). Several reports

suggest cyclic nucleotide pathways can crosstalk to modulate each other’s syn-

thesis, degradation, and actions (Surapisitchat et al. 2007; Aizawa et al. 2003).

It is possible that the high level of cGMP acts by binding to an allosteric site on

PDE2 that activates PDE2-mediated breakdown of cAMP in neurons (Pelligrino

and Wang 1998).

BAY 60-7550 has been observed to fully reverse the working memory deficit

induced by the NMDA receptor antagonist MK-801. It improves the performance of

rats in social and object recognition memory tasks, and reverses MK801-induced

deficits in spontaneous alternation in a T-maze test (Boess et al. 2004). BAY 60-7550

also improves short-term object recognition performance after an acute tryptophan

depletion-induced memory deficit (van Donkelaar et al. 2008). These results are in

agreement with a report suggesting that BAY 60-7550 improves acquisition and

consolidation in the object recognition task in rats with age-related cognitive impair-

ments (Domek-Łopacińska and Strosznajder 2008). It is known that there is a lower

cGMP concentration in the aged brain and an alteration in the activity of cGMP-

hydrolyzing PDEs. Therefore, the mechanism behind the beneficial effects of PDE2

inhibitors on cognition defects may be related to stimulating the cGMP-regulated

signal cascade and subsequently enhancing neuronal plasticity (Boess et al. 2004).

PDE2 inhibition is able to attenuate oxidative stress-induced anxiety in mice, as

well as anxiety-like behaviors produced by other means (Masood et al. 2008, 2009).

The anxiolytic effects of two PDE2 inhibitors Bay 60-7550 and ND7001 are

observed in the elevated plus-maze, hole-board, and open-field tests in both stressed

and nonstressed mice; antagonism experiments suggest these behavioral effects

result from increased cGMP signaling (Figs. 1 and 2). The effects on oxidative

stress are confirmed using primary neuronal cultures, which show that Bay 60-7550

and ND7001 reverse oxidant-induced increases in reactive oxygen species and

improve the total antioxidant capacity in cerebral cortical neurons. These various

behavioral and neurochemical data suggest that PDE2 may be a useful pharmaco-

logical target for treatment of neurodegenerative and psychiatric diseases that

involve increased oxidative stress.
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3.3 PDE3

PDE3 was originally characterized by its high affinity for both cAMP and cGMP,

but subsequent in vivo studies suggested that the hydrolysis of cAMP is inhibited by

cGMP. This finding is supported by the data from intact cells containing PDE3

(Maurice and Haslam 1990). Two PDE3 isoforms, PDE3A and PDE3B, have

different subcellular locations due to their different N-terminal regions, but have

similar kinetic properties since they have amino acid identity over their catalytic

sites (Bender and Beavo 2006; Pyne et al. 1986). The activity of PDE3 is modulated

in several cell types by phosphorylation in response to hormonal stimulation by

prostaglandins, epinephrine, and insulin (Murata et al. 2009; Zaccolo and Movsesian

2007; Thompson et al. 2007; Palmer et al. 2007). PDE3 specific inhibitors including

amrinone, trequinsin, and cilostazol, have been identified, but they do not distin-

guish between PDE3A and PDE3B (Thompson et al. 2007).

PDE3 inhibitor effects are related to preventing platelet aggregation and regu-

lating myocardial contractility and smooth muscular vasodilation. One of the

inhibitors, cilostazol, is reported to increase insulin-like growth factor I (IGF-I)

and cAMP levels in the hippocampus (Zhao et al. 2010). It is speculated that

this results in stimulation of sensory neurons resulting in improved cognitive

function in mice (Zhao et al. 2010). Further studies are needed to confirm the

effects of PDE3 inhibitors in the CNS, particularly in the modulation of learning

and memory.

Fig. 1 Effects of the PDE2 inhibitors Bay 60-7550 (BAY) and ND7001 on behavior in the

elevated plus-maze in stressed (a) and nonstressed (b) mice. Increases in percentages open-arm

entries and time indicate an anxiolytic effect, whereas decreases in these measures indicate an

anxiogenic effect. Values are expressed as mean � SEM. (n ¼ 6–8). #p < 0.05 and ##p < 0.01

compared with vehicle (VEH). **p < 0.01 compared with restraint stress (RS). DZP diazepam.

Doses shown parenthetically are milligrams per kilogram i.p. Reprinted with permission from

(Masood et al. 2009)
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3.4 PDE4

PDE4 consists of a large family of isoforms encoded by four genes that specifically

hydrolyze cAMP with high affinity and are not sensitive to either cGMP or Ca2+/

calmodulin (Conti et al. 2003; Houslay et al. 2007; Houslay 2010). Individual

isoforms are thought to have specific functional roles in cells by virtue of associa-

tion with partner proteins that target them to functionally relevant sites in the cell

(Houslay 2010).

Interest linking PDE4 to cognitive effects stemmed from the pioneering work of

Wachtel (1982), who described the discovery of a selective PDE4 inhibitor roli-

pram and its antidepressant effects. PDE4 has since been implicated in various

disorders such as depression, anxiety, and inflammation-related disorders (Barnette

and Underwood 2000; Houslay 2001; Houslay et al. 2005; O’Donnell and Zhang

2004; Zhang 2009). Recent studies have extended the therapeutic potential of PDE4

Fig. 2 Antagonistic effects of the guanylyl cyclase inhibitor ODQ (20 mg/kg) on the anxiolytic

effects of Bay 60-7550 (Bay) in the elevated plus-maze (a, b) and both Bay 60-7550 and ND7001

in the hole-board tests (c and d). Values are expressed as means � SEM (n ¼ 6–8). #p < 0.05;
##p < 0.01 compared to control; *p < 0.05; **p < 0.01 compared to Bay 60-7550 and ND7001.

Doses shown parenthetically are mg/kg, i.p. Reprinted with permission from (Masood et al. 2009)
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inhibitors to a variety of other CNS diseases, including Alzheimer’s disease,

Parkinson’s disease, Huntington’s disease, attention-deficit hyperactivity disorder,

schizophrenia, stroke, autism, and tardive dyskinesia (Cheng et al. 2010; Titus et al.

2008; Millar et al. 2007).

PDE4A and PDE4D may be important in the mediation of antidepressant

activity and memory, while PDE4B is more likely involved in dopamine-associated

and stress-related processes. This is supported by studies showing that PDE4D is

important in antidepressant-like behavior, whereas PDE4B appears to be involved in

signaling pathways important for schizophrenia and anxiety (Zhang et al. 2002a, b,

2008; Millar et al. 2005; Siuciak et al. 2007) (Figs. 3 and 4).

Rolipram is a selective inhibitor of PDE4 and increases intracellular cAMP by

inhibiting its hydrolysis (Houslay et al. 2005). Research investigating PDE4 func-

tion using rolipram suggests that, given peripherally, rolipram elevates cAMP

levels in the brain and enhances retention in passive avoidance tasks in mice,

which is consistent with the concept that cAMP is related to neural processes that

underlie learning and memory (Zhang et al. 2000, 2005; Rutten et al. 2006).

Subsequent studies have shown the positive effects of PDE4 inhibition on other

types of memory, such as working and reference memory and contextual fear

memory (Gong et al. 2004; Zhang and O’Donnell 2000). Working memory refers

to processes encoding items related to the temporal/personal context of a single

event or a test situation, while reference memory encodes context-independent
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rules and procedures that are specific to a given situation and which remain valid

each time the situation is encountered (Olton 1983; Cassel et al. 1998). Scopol-

amine, a muscarinic cholinergic receptor antagonist, has been used to induce

impairment of working and reference memory. Rolipram reverses scopolamine-

induced deficits in both working memory and reference memory in the radial-arm

maze test (Zhang and O’Donnell 2000).

Contextual fear memory can be tested in a paradigm of fear renewal that is

a model to study the interplay of context and memory retrieval. In this paradigm,

a change of context after extinction results in robust return of the conditioned fear

response. The renewed expression of fear demonstrates that extinction memory

is gated by contextual information (Bouton et al. 2006). Recent studies suggest

that rolipram enhances long-term memory formation in the conditioned fear res-

ponse test (Mueller et al. 2010). Understanding the neurobehavioral mechanisms
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vehicle (Veh); #p < 0.05 vs. PDE4Dþ/þ following the same treatment (n ¼ 5–7). Reprinted with

permission from (Zhang et al. 2002a)
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underlying the expression and reduction of fear may help improve pharmacologic

treatments for emotion-related memory disorders.

In addition, PDE4 inhibitors reverse working memory deficits caused by the

NMDA receptor antagonist (MK-801), MEK inhibition, electroconvulsive shock

(ECS), and age- or microsphere embolism-induced cerebral ischemia in the radial-

arm maze and the three-panel runway task (Zhang et al. 2004, 2005; Reneerkens

et al. 2009). Another study has shown that two novel PDE4 inhibitors, MEM1018

and MEM1091, improve memory processes in radial-arm maze and passive avoid-

ance tests (Zhang et al. 2005). Consistent with these behavioral data, the PDE4

inhibitors produce parallel and consistent effects on cAMP concentrations in

cultured neurons that are pharmacologically altered through inhibition of NMDA

receptors or MEK (Suvarna and O’Donnell 2002; Zhang et al. 2004).

It has been reported that the effects of rolipram infusion into prefrontal cortex on

working memory in young and aged animals are different. It improves working

memory in young rhesus monkeys in a delayed responding task in a T-maze test,

but has a negative effect on working memory in aged monkeys in this task (Ramos

et al. 2003, 2006). The underlying mechanism may involve aged animals with

prefrontal cortical cognitive deficits being more sensitive to both the impairing

effects of PKA activation and the enhancing effects of PKA inhibition (Ramos et al.

2006). Molecular analyses show that the basal PKA levels (i.e., regulatory or

catalytic subunit immunoreactivity) are changed in aged prefrontal cortex, but the

levels in hippocampus are not affected by aging. Moreover, CRE binding is

significantly higher in the aged prefrontal cortex but not in the hippocampus

(Ramos et al. 2003). It is known that the increase in CRE binding may indirectly

reflect increased PKA activity since activation of this pathway has been shown

to upregulate CRE-mediated gene expression, including the cAMP responsive

element binding protein (CREB) gene itself (Coven et al. 1998). Although activation

of the cAMP/PKA pathway in the hippocampus has been proposed as a mechanism

for improving age-related cognitive impairment, the deficits in prefrontal cortex

function with advancing age have received increasing attention, particularly in

human and nonhuman primates. The prefrontal cortex is engaged during the

retrieval and encoding of memories and is critical for inhibition of proactive

interference, for protecting memories and thoughts from distraction, and for allow-

ing the planning and organization of behavior (Bunge et al. 2001; Lepage et al.

2000). Consistent with this, PDE4 is highly expressed in the prefrontal cortex and

hippocampus (Reneerkens et al. 2009), which makes a predominant contribution to

cAMP hydrolysis in the brain and plays an important role in emotion and memory

processing. Recent, exciting data suggest that activation of cAMP-dependent pro-

tein kinase A is crucial for long-term potentiation and long-term depression (LTD)

of synaptic transmission in the hippocampus, phenomena that are thought to be

involved in memory formation (Ster et al. 2009; Whitaker and Wei 2009). The

studies reported the role of an alternative target of cAMP, the exchange protein

factors directly activated by cAMP (Epac1 and Epac2) that belong to a large family

of guanine exchange factor proteins that catalyze the activation of small G-proteins,

particularly Rap1 and Rap2 (Ster et al. 2009; Bos 2006). The results showed
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that pharmacological activation of Epac by the selective agonist 8-(4-chlorophe-

nylthio)-2-O-methyl-cAMP (8-pCPT) induces LTD in the CA1 region. The

8-pCPT-induced LTD was blocked by the Epac signaling inhibitor, Rap-1 antagonist

and p38 mitogen-activated protein kinase (P38-MAPK) inhibitor. This indicates

a direct involvement of Epac in LTD. In addition, the activation of Epac2 and

Rap guanine-nucleotide exchange factor (GEF) induces synapse remodeling and

depression in cultured rat cortical neurons, which contributes to neural circuit

development and plasticity of brain circuits throughout life (Woolfrey et al. 2009;

Holtmaat et al. 2005; Oray et al. 2004).

PKA activation affects learning and memory through downstream phosphoryla-

tion events, gene regulation, and synapse remodeling (Nguyen and Woo 2003;

Woolfrey et al. 2009). Infusions of the PKA activator Sp-cAMPs or PDE4 inhibitor

rolipram into the aged brain impairs or improves working memory performance

under conditions that require hippocampal-prefrontal cortex interactions (Taylor

et al. 1999; Birnbaum et al. 1999; Ramos et al. 2006). Additional research is

necessary to identify the role of PDE4 in age-related behavioral changes, as well

as mechanisms that regulate PKA activity.

The deposition of beta-amyloid in the cerebral cortex and hippocampus is

considered as an early and critical event in the pathogenesis of age-related mood

and cognitive disorders associated with Alzheimer’s disease. Recent studies have

shown that repeated treatment with rolipram reverses memory deficits in the water

maze and passive avoidance tasks induced by Abeta 25-35 or Abeta 1-40 (Cheng

et al. 2010). The cognition enhancement by rolipram appears to be attributed

to rolipram-induced increases in cAMP/CREB signaling in the hippocampus.

These findings are in agreement with rolipram-induced reversal of memory deficits

in APP/PS1 transgenic mice (Gong et al. 2004). However, the involvement of

particular PDE4 subtypes in mediating cognition has yet to be elucidated.

Schizophrenia has a complex genetic underpinning, and variations in a number

of candidate genes have been identified that confer risk of developing the disorder

(Fatemi et al. 2008). The PDE4B gene is located at 1p31 that is a susceptibility

region for schizophrenia (Numata et al. 2008; Pickard et al. 2007). Significant

changes between wild-type and PDE4B knockout mice have been found in several

behavioral tasks, e.g., decreases in baseline levels of monoamines and their meta-

bolites in the striatum, decreased baseline motor activity, and an exaggerated

locomotor response to amphetamine (Siuciak et al. 2008). These data suggest a

role for PDE4B in neuropsychiatric diseases and striatal function. Studies in our

laboratory (Zhang et al. 2008) have found that PDE4B knockout mice display

anxiogenic-like behaviors, as evidenced by decreased head-dips and time spent in

head-dipping in the hole board test, reduced transitions and time on the light side in

the light-dark transition test, and decreased initial exploration and rears in the open-

field test; inconsistent effects were found in models of antidepressant sensitivity.

Neurochemical studies (Takahashi et al. 1999) suggest that PDE4B in the frontal

cortex and nucleus accumbens, but not the hippocampus, is upregulated by chronic

antidepressant administration. The reports from clinical studies further support the

genetic linkage of PDE4B with schizophrenia in some patients (Pickard et al. 2007;
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Numata et al. 2008; Fatemi et al. 2008). Another important finding is the interaction

of endogenous disrupted-in-schizophrenia 1 (DISC1) and PDE4B in schizophrenia

(Millar et al. 2005; Siuciak et al. 2008; Clapcote et al. 2007). DISC1 is a genetic

susceptibility factor for schizophrenia and is a multifunctional scaffold protein that

is able to interact with several proteins, including PDE4B (Millar et al. 2005;

Clapcote et al. 2007). The PDE4B-specific binding sites encompass point mutations

in mouse DISC1 that confer phenotypes related to schizophrenia and depression

(Murdoch et al. 2007). We speculate that functional variation in DISC1 and PDE4

will modulate their interaction and affect cAMP signaling.

PDE4D knockout mice exhibit significant changes in associative learning (i.e.,

fear conditioning) and a reduction of immobility in the forced-swim and tail

suspension tasks (Rutten et al. 2008; Zhang et al. 2002a, b). Inhibition of the

residual PDE4 subtypes in PDE4D knockout mice (i.e., PDE4A and PDE4B) by

repeated treatment with rolipram does not result in further antidepressant-like

effects on behavior (Zhang et al. 2002a, b). Consistent with this, PDE4D is highly

expressed in the hippocampus, a sensitive structure in controlling the progression of

depression and memory operations, including the formation of stable declarative

(or explicit) memory in humans and spatial (or relational/contextual) memory in

rodents. These results provide the evidence that PDE4D may play a crucial role in

the mediation of antidepressant activity and memory (Rutten et al. 2008; Zhang

et al. 2008). This is supported by findings that PDE4D is the most consistent

subtype upregulated by repeated antidepressant treatment of mice, suggesting the

involvement of this subtype in signaling pathways critical for these functions

(Dlaboga et al. 2006).

It is possible that PDE4A also might be a particularly attractive target for

regulating depression and associated cognitive deficits, since it is found to distribute

in a similar pattern as PDE4D in the brain (Takahashi et al. 1999). Consistent with

this notion, it has been found that the PDE4A subtype in neuronal cultures is

regulated in response to changes in NMDA receptor function, suggesting a possible

role in cAMP signaling in memory-related processes such as long-term potentiation

(Hajjhussein et al. 2007). Evaluation of the behavioral phenotype of PDE4A

knockout mice would begin to define the functional role for this subtype in the

brain. Recent studies suggested that the PDE4A5 protein is significantly increased

in memory deficits induced by sleep deprivation, which can be reversed by rolipram

(Vecsey et al. 2009). The interaction between cognitive impairment and PDE4A5

shows that it may be possible to develop compounds that block either the activity or

targeting of the PDE4A5 isoform for treatment of cognitive impairment and related

sleep disorders.

3.5 PDE5

PDE5 was initially identified and characterized from platelets and then lung (Coquil

et al. 1980; Francis et al. 1980). However, its regulation of smooth muscle
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vasodilation is its key therapeutic action. The PDE5 selective inhibitors sildenafil,

vardenafil, and tadalafil are used to manage erectile dysfunction and pulmonary

hypertension. There are three variants of PDE5, PDE5A1, A2, and A3 that are

distinguished based on their N-terminal sequence. PDE5A1 and PDE5A2 are

ubiquitous, but PDE5A3 is specifically expressed in smooth muscles (Lin 2004).

A single PDE5A gene encodes the three isoforms and the initial three exons

(A1, A3, A2) encode the isoform-specific sequences.

Cyclic GMP levels are determined by the balance between activities of guanylyl

cyclases and the PDEs that break down cGMP in the whole cell (Francis et al. 2010).

The most common mechanism of modulation of PDE5 activity seems to be through

N-terminal GAF domains that interact with cGMP and regulate catalytic activity

(Heikaus et al. 2009). In mammals, PDE5 is found to contain N-terminal GAF A

and GAF B domains (Bender and Beavo 2006; Martinez et al. 2002). Due to its

significant expression in cerebellar Purkinje cells in the brain, PDE5 contributes to

cognitive processes through cGMP regulation (Rapoport et al. 2000; Hartell 1996).

PDE5 inhibitors such as sildenafil and vardenafil have been shown to be not only

effective in treatment of erectile dysfunction (Crowe and Streetman 2002; Fink et al.

2002), but also are candidate drugs for cognition enhancement (Prickaerts

et al. 2004). PDE5 inhibitors are reported to improve memory performance,

although it must be mentioned that an improved performance has been observed

in learning tasks in the passive avoidance test but not in the water maze task

(Prickaerts et al. 2004). Earlier studies suggested that vardenafil improves early

processes of memory consolidation when it is administered immediately after the

first trial in the novel object recognition task (Prickaerts et al. 2002). However,

memory enhancing effects are not observed when vardenafil is administered at a

later time point after training (3 or 6 h after the first trial) (Prickaerts et al. 2004;

Rutten et al. 2007). These findings are in agreement with studies that suggest that

vardenafil is able to attenuate the acute tryptophan depletion-induced object recog-

nition impairment (van Donkelaar et al. 2008).

Sildenafil has been shown to ameliorate the deficit in performance in a T-maze

task induced by a muscarinic acetylcholine receptor antagonist (Devan et al. 2004).

It is also found to influence long-term memory retention in mice by modulating

mechanisms involved in memory storage (Baratti and Boccia 1999). Other studies

have shown that sildenafil improves acquisition and retention of memory in mice

tested in the modified elevated plus maze (Singh and Parle 2003). Sildenafil

administered immediately after training on the first day produces a dose-dependent

improvement of memory during testing on the second day (Singh and Parle 2003).

A recent study showed that sildenafil rescues synaptic and memory deficits in an

APP/PS1 transgenic mouse model of amyloid deposition. This effect is associated

with a long-lasting reduction of beta-amyloid levels after sildenafil treatment

(Puzzo et al. 2009). Moreover, sildenafil can cross the blood–brain barrier and

increase neurogenesis, which could have effects on memory (Uthayathas et al.

2007; Zhang et al. 2002a, b).

PDE5 inhibitors have also been proposed for the treatment of depression.

Liebenberg and coworkers showed that sildenafil and tadalafil have significant

Phosphodiesterases in the Central Nervous System 461



antidepressant-like effects in some animal models of depression (Liebenberg et al.

2010). However, further studies on the potential antidepressant-like effect of PDE5

inhibitors are needed.

3.6 PDE6

PDE6 expression is confined to the retina and pineal in some species and its

inhibition is not directly relevant to psychopharmacology.

3.7 PDE7

The PDE7 gene family consists of two genes, PDE7A and PDE7B, with high

affinity for cAMP, determined by its targeting domain at the N-terminal. Three

splice variants of PDE7A are identified in humans, PDE7A1, PDE7A2, and

PDE7A3, which differ in their N- and C-terminal regions (Han et al. 1997); the

PDE7A1 promoter contains a cAMP-responsive element (Torras-Llort and Azorin

2003). Besides its wide expression in the CNS, PDE7 mRNA and protein are also

expressed in immune and proinflammatory cells. Some investigators have sug-

gested that PDE7A may play a role in both activation and proliferation of T cells

and in the regulation of human B-lymphocytes (Li et al. 1999; Lee et al. 2002;

Kadoshima-Yamaoka et al. 2009), although some studies have questioned the

importance of this enzyme in T-cell function (Smith et al. 2004; Yang et al.

2003; Guo et al. 2009). Altered immune and CNS interactions have been implicated

in depression (Mendelovic et al. 1997, 1999), suggesting that PDE7 inhibition may

affect mood by multiple mechanisms.

The highest levels of PDE7A mRNA expression are found in the hippocampus

and olfactory bulb (Miro et al. 2001). Some overlap of the expression pattern can be

observed when PDE7A mRNA localization is compared with that of the other

cAMP-specific PDEs such as the PDE4 family (Miro et al. 2001; Pérez-Torres et al.

2001). The consistent colocalization with PDE4 mRNAs supports the hypothesis

that PDE7A could have effects on memory impairment and depression. Previous

studies demonstrated the cAMP/PKA/CREB pathway-mediated transcriptional acti-

vation of PDE7B is through the dopamine D1 receptor in primary striatal cultures

(Reyes-Irisarri et al. 2005). Sasaki et al. (2004) examined the regional distribution

and cellular localization of PDE7B mRNA in rat brain by in situ hybridization

histochemistry. They found that 74 and 79% of the cells expressing PDE7B mRNA

in striatum and olfactory tubercle are GABAergic cells (expressing glutamic acid

decarboxylase mRNA). Although the role of PDE7B in vivo remains unclear, these

results offer a neuroanatomical and neurochemical basis that supports the search for

specific functions for the development of specific PDE7 inhibitors (Reyes-Irisarri

et al. 2005).
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3.8 PDE8

Although PDE8 is expressed in brain (Kobayashi et al. 2003), there are no

published reports of the psychopharmacological effects of PDE8 inhibitors.

Altered PDE8 mRNA expression in the postmortem hippocampus of patients

with Alzheimer’s disease (Pérez-Torres et al. 2003) suggests a potential role in

cognitive function.

3.9 PDE9

BAY 73-6691 is a novel, potent, and selective PDE9 inhibitor that is currently

under preclinical development for the treatment of Alzheimer’s disease (Wunder

et al. 2005). BAY 73-6691 enhances acquisition, consolidation, and retention of

long-term memory in a social recognition task and tends to enhance long-term

memory in an object recognition task (van der Staay et al. 2008). It attenuates the

scopolamine-induced retention deficit in a passive avoidance task, and MK-801-

induced short-term memory deficit in a T-maze alternation task. A recent study

reported that an inhibitor of PDE9 improves learning and memory in older rats but

not in young ones (Domek-Łopacińska and Strosznajder 2010). An increase in

PDE9 expression and activity and a decrease in cGMP concentration are also found

in the aged rat brain in this study. The results support the notion that PDE9

inhibition may be a novel means for treating memory deficits that are associated

with aging and neurodegenerative disorders such as Alzheimer’s disease.

3.10 PDE10

The PDE10 family was originally identified simultaneously by three different

groups (Fujishige et al. 1999; Loughney et al. 1999; Soderling et al. 1999). There

is only one gene in the PDE10 family, PDE10A, which hydrolyzes both cAMP

and cGMP in vitro. The four major isoforms of PDE10A are PDE10A1–4, which

differ at their N- and C-termini, whereas the GAF domains are identical. The GAF

domain of PDE10 binds and regulates via cAMP rather than cGMP (Gross-

Langenhoff et al. 2006). This occurs for a chimeric protein of the PDE10 GAF

domains with a bacterial adenylyl cyclase catalytic domain as the binding of

cAMP-stimulated cyclase catalytic activity (Bender and Beavo 2006). Whether

there is a functional allosteric effect of the cAMP-stimulated GAF domain for the

regulation the intracellular PDE10 remains unknown.

In rodents, PDE10A mRNA is highly expressed in the caudate-putamen, hippo-

campus, cerebral cortex, olfactory tubercle, thalamus, and spinal cord (Hebb et al.

2004; Hu et al. 2004; O’Conner et al. 2004; Siuciak et al. 2006; Xie et al. 2006).
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PDE10A protein is observed in g-aminobutyric acid-(GABA) containing medium

spiny projection neurons of the mammalian striatum, which is the core site for

information integration and modulating motor and cognitive processing (Seeger

et al. 2003; Menniti et al. 2006). Therefore, it seems that PDE10A is an important

regulator of cGMP in the striatum and may be involved in the physiological

regulation of motor and cognitive function (Lehericy and Gerardin 2002).

It is reported that inhibition of PDE10A causes a reduction of locomotor activity

and a failure to respond to psychomotor stimulants. Chronic PDE10A inhibition

produces a variety of behavioral and central neurochemical effects, which are

exacerbated by stress (Hebb et al. 2008). PDE10A knockout mice exhibit decreased

exploratory activity and a significant delay in the acquisition of conditioned avoid-

ance behavior when compared to wild-type mice (Siuciak et al. 2006). PDE10A

inhibition in primary neuronal cultures increases phosphorylation of CREB in the

nucleus; however, the functional significance of this effect is unclear (Menniti et al.

2006). The most consistent series of findings regarding PDE10 inhibitors suggests

their potential for treatment of symptoms of schizophrenia.

3.11 PDE11

The most recently discovered of the PDE families is PDE11A, which catalyzes the

hydrolysis of cAMP and cGMP equally well (Francis 2005; Yuasa et al. 2001;

Weeks et al. 2007). The first report of PDE11A was by Fawcett et al. (2000), who

identified a partial sequence from a commercially available expressed sequence tag

database based on homology with other mammalian PDEs (Makhlouf et al. 2006).

Four splicing variants of PDE11A have been discovered, PDE11A1–4. PDE11A4 is

the longest variant with two N-terminal GAF domains, while the other variants are

truncated into shorter lengths (Bender and Beavo 2006).

Initial studies suggested that PDE11A is found in skeletal muscle, prostate,

testis, pancreas, and salivary glands. Subsequent work showed that PDE11A is

also found in the brain, pituitary, and spinal cord (Fawcett et al. 2000; Yuasa et al.

2001). Recent findings reveal that PDE11A mRNA and protein in the brain are

largely restricted to hippocampus and subiculum, suggesting a potential role in

mood and cognitive function (Kelly et al. 2010). This group showed that PDE11A

knockout mice exhibit subtle behavioral changes relevant to psychiatric disease,

including hyperactivity in an open field, increased sensitivity to the glutamate

NMDA receptor antagonist MK-801, and deficits in social behaviors (social odor

recognition memory and social avoidance). It has been speculated that PDE11A

may be one of the several genes playing a role in the multifactorial origin of

psychiatric diseases such as schizophrenia. A single nucleotide polymorphism

(SNP) analysis also suggests that PDE11 may be involved in processes affecting

depression and antidepressant drug response (Wong et al. 2006).

Table 2 shows an overview of the effects of PDE inhibitors on behaviors related

to mood and cognitive disorders.
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4 Regulation of Signaling Pathways Involved in Mood

and Cognition by PDE Inhibitors

Cyclic AMP and cGMP, as two critical second messengers, play an important role

in regulating CNS functions, including emotion-related learning and memory, and

nerve growth regeneration (Houslay et al. 2005; Tanis and Duman 2007; Teng and

Tang 2006). The changes in cAMP and cGMP levels are caused by both accumula-

tion resulting from the synthetic cyclases and degradation, which is regulated by

PDEs (Conti et al. 1995). Actually, the manipulation of cAMP/cGMP degradation

and creation of different local cyclic nucleotide concentrations for selective actions

seem to play a more important role, which makes PDEs promising drug targets

(Bender and Beavo 2006). There is also ample evidence that cyclic nucleotides are

involved in LTP, since enhanced cAMP/cGMP concentrations can improve LTP

and increase synaptic plasticity; this suggests a potential mechanism for the use of

PDE inhibitors to treat memory dysfunctions (Impey et al. 1996; Frey et al. 1993;

Monfort et al. 2004; Bon and Garthwaite 2003). Since PDEs are widely distributed

in brain and are key enzymes in the complex cAMP/cGMP regulatory systems

that transduce membrane signals to the nucleus to regulate gene expression, they

have the potential to effect long-term changes in neuronal function. Therefore,

PDEs have become interesting targets in psychiatric and neurological disorders

(Esposito et al. 2009); the exception to this is PDE6, which is localized to the retina

(Taylor et al. 2001). In addition, it has been suggested that drugs that target

second messengers might have higher efficacy since they can modulate multiple

biochemical pathways (Blokland et al. 2006).

4.1 PDE Inhibitors and the cAMP-PKA Pathway

Cyclic AMP, through activating cAMP-dependent protein kinase, can stimulate

the transcription factor CREB, which regulates the transcription of many genes,

such as brain-derived neurotrophic factor (BDNF); this cascade has been suggested

to be involved in the pathophysiology of mood and cognitive disorders (Lonze and

Ginty 2002). Evidence is accumulating that PDE inhibitors modulate the activity of

cAMP/cGMP-mediated signaling pathways and thus regulate CREB phosphoryla-

tion and the downstream effectors (Reneerkens et al. 2009). The phosphorylation

of CREB at Ser-133 is required for CREB activation that has been implicated in

plasticity of synaptic function that is important in memory and cognition (Lonze

and Ginty 2002). Dominant-negative CREB mutation or key CREB isoforms

deletions can affect memory formation and long-term synaptic changes in mice

(Chen et al. 2003). Moreover, CREB affects the transcription of many critical

genes, such as BDNF, which is a major neurotrophin in the brain and has been

shown to be involved in etiology of depression and actions of antidepressants

(Duman et al. 1999; Egan et al. 2003; Sklar et al. 2002). Decreased phosphorylated
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CREB levels may contribute to memory deficits, mood disorders, and altered nerve

growth and regeneration (Monti et al. 2006).

PDE4, which hydrolyzes cAMP specifically, regulates many crucial signaling

cascades involved in learning and memory (Ahmed and Frey 2005; Blokland et al.

2006; Menniti et al. 2006). PDE4 inhibitors, by increasing the cAMP concentration

and activating CREB phosphorylation, enhance LTP and improve spatial and

associative memory in mice (Barad et al. 1998; Bach et al. 1999). Mice carrying

a truncated form of CREB protein-binding protein (CBP) show several develop-

mental abnormalities similar to patients with mental retardation. CBP is a 265 kDa

nuclear protein that is a coactivator molecule for a number of transcription factors,

including CREB and several nuclear receptors. Memory deficits in step through

passive avoidance test and fear conditioning test are found in mice with mutations

of CBP (Oike et al. 1999); rolipram ameliorates impairments of long-term memory

and CREB signaling caused by CBP mutation (Bourtchouladze et al. 2003).

PDE4 is also implicated in hippocampal neurogenesis, which is associated with

memory and mood disorders (Epp et al. 2007). Repeated administration of rolipram

improves the survival ratio of newborn neurons through activating cAMP/CREB

signaling, as evidenced by increased in cAMP, PKA activity, and pCREB expres-

sion (Fujioka et al. 2004; Li et al. 2009). Interestingly, it was found that the effect of

rolipram on CREB is in a brain region-specific manner, in which increased pCREB

expression is observed in the hippocampus but not the frontal cortex. However, it is

reported that the pCREB expression in newborn neurons in the hippocampus only

partially contributes to the behavioral effects of rolipram (Li et al. 2009). When

coadministered with the tricyclic antidepressant imipramine, rolipram significantly

increases in the level of pCREB and its downstream effector BDNF in the frontal

cortex and hippocampus of learned helplessness rats. Moreover, the escape failures

in these rats are completely eliminated by coadministration of rolipram with

imipramine (Itoh et al. 2004). These results indicate that activation of CREB may

be involved in the antidepressant effects involving PDE4 and cAMP signaling.

Recent studies show that PDE7 and PDE8, which are cAMP-specific enzymes,

are thought to regulate the cAMP levels in the human striatum and dentate gyrus

(Sasaki et al. 2004). Enhanced levels of PDE7 and PDE8 mRNAs are observed in

the hippocampus of patients with Alzheimer’s disease and dementia (Pérez-Torres

et al. 2003). Therefore, selective PDE7 and PDE8 inhibitors might be able to

enhance cAMP concentrations without inducing the side effects associated with

PDE4 inhibitors (Sasaki et al. 2000).

4.2 PDE Inhibitors and the MAPK-ERK Pathway

The activation of CREB also occurs via the MAPK/ERK pathway; MAPK inhibi-

tors reduce CREB phosphorylation when given together with PKA inhibitors

(Gao et al. 2004). The MAPK pathway is thought to stimulate CREB via activation

of p90 ribosomal S6 kinase 2 (RSK2) (Anjum and Blenis 2008). It has been
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reported that NMDA receptor activation, which activates MAPK, is required for

LTP induction (Miyamoto 2006). Moreover, the specific NMDA receptor antago-

nist AP5 inhibits the effect of rolipram on LTP (Navakkode et al. 2005). This result

is consistent with the report that rolipram reverses the memory deficits induced by

the NMDA receptor antagonist MK-801 (Zhang et al. 2000, 2005), suggesting that

PDE4 inhibitors might trigger the NMDA receptor-mediated MAPK/ERK cascade,

and thus phosphorylate CREB (Valera et al. 2008). However, depending on which

isoforms of Raf are present and to what pools of ERK they interact with (Schaak

et al. 2000), cAMP can also activate ERK through stimulation of B-Raf (Obara

et al. 2009), while PKA-mediated phosphorylation of C-Raf inhibits its functioning

and thus ERK activation (Dumaz and Marais 2003). Indeed, PDE4 inhibitors have

been shown to inhibit the MAPK signaling pathway, which is probably due to PKA-

mediated inhibition of Raf-1 activity (Matousovic et al. 1995). Therefore, PDEs

inhibitors might regulate MAPK-ERK-CREB signaling via cAMP and indirectly by

altering NMDA receptor function.

Additionally, there is also crosstalk between the ERK and cAMP pathways as

ERK can phosphorylate a conserved serine within the PDE4 catalytic site, whereby

it activates short forms and inhibits long isoforms, providing either positive or

negative interactions dependent upon the target PDE4 isoform (Baillie et al. 2000;

Mackenzie et al. 2000).

4.3 PDE Inhibitors and the NO/cGMP/PKG Pathway

Nitric oxide plays an important role in LTP; inhibition of nitric acid synthase (NOS)

reduces LTP significantly (Doyle et al. 1996; Haley et al. 1993). cGMP is a

downstream effector of nitric oxide (NO); stimulation of NMDA receptors by

glutamate results in an increase in intracellular calcium, which activates NOS and

leads to enhanced production of NO and activation of soluble guanylyl cyclase

(sGC), which catalyzes cGMP synthesis (Monfort et al. 2004).

There is substantial evidence showing important functions of cGMP-specific

PDEs in memory and synaptic plasticity (Blokland et al. 2006; Menniti et al. 2007).

Inhibition of the breakdown of cGMP by PDE5 inhibitors facilitates memory

consolidation in the rodent novel object recognition task (Prickaerts et al. 2002,

2004). It has been demonstrated that the PDE5 inhibitor zaprinast increases the

NO-activated cGMP response in the hippocampus (De Vente et al. 1996; Van

Staveren et al. 2001), which suggests that the memory-enhancing effect of PDE5

inhibitors might be mediated through NO-cGMP signaling. Prickaerts and cow-

orkers (2002, 2004) have shown that cGMP/PKG pathway is mainly involved in

presynaptic changes and in the early phase of the signaling pathway activated by

PDE5 inhibitors.

It is known that neurogenesis plays a role in synaptic plasticity, memory, and

mood disorders (Bruel-Jungerman et al. 2006, 2007). Some studies also show that

treatment of mood disorders such as depression is related to neurogenesis and

synaptic plasticity (Paizanis et al. 2007). Zhang et al. showed that PDE5 inhibitors
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sildenafil and tadalafil stimulate neurogenesis after stroke in rats (Zhang et al.

2002a, b, 2006). In addition, PDE5 inhibition has been reported to modulate the

antidepressant effect of venlafaxine and bupropion (Dhir and Kulkarni 2007a, b).

Brink and coworkers (2008) only observed an antidepressant-like effect of sildena-

fil after blocking central muscarinic receptors, indicating the crosstalk with cholin-

ergic pathways.

PDE2 might be a link between cAMP and cGMP signaling mechanisms in

neurons (Hajjhussein et al. 2007). Studies have shown that PDE2 inhibitor BAY

60-7550, which exerts positive effects on learning and memory, enhances the

induction of LTP in hippocampus (Boess et al. 2004). PDE2 inhibitors also increase

NOS activity (Domek-Łopacińska and Strosznajder 2008), suggesting a possible

feedback effect on NO-mediated cGMP signaling. In addition, Bay 60-7550 also

prevents neurochemical and anxiogenic-like behavioral effects induced by oxidative

stress in mice; this appears to be mediated through NO-cGMP signaling (Masood

et al. 2008). Recent research further demonstrates a key role for cGMP signaling in

the effects of PDE2 inhibitors on neurons as well as on their anxiolytic effects on

behavior (Masood et al. 2009). Thus, cGMP-specific PDEs might serve as potential

therapeutic targets to improve neuronal function in neurological and psychiatric

disorders, particularly those where increased oxidative stress is a contributing factor.

Elevated cGMP levels are thought to act in part through activating cGMP-

dependent protein kinases (PKGs), which act in parallel with PKA to phosphorylate

the transcription factor CREB (Pilz and Broderick 2005; Lu et al. 1999). Previous

studies have shown that cGMP/PKG/CREB pathway, just like cAMP/PKA/CREB

cascade, can induce the synthesis of proteins which are important for LTP and

memory consolidation (Abel et al. 1997). Since beta-amyloid protein has been

demonstrated to reduce CREB phosphorylation (Puzzo et al. 2005), enhancers of

cAMP/PKA/CREB or cGMP/PKG/CREB may represent new classes of anti-

Alzheimer’s disease drugs by targeting the downstream consequences of beta-

amyloid (Rutten et al. 2007). Consistent with this, PDE5 inhibitors, which are

thought to activate cGMP/PKG/CREB, have been proposed to be memory enhan-

cers (Rose et al. 2005). Compared to PDE4 inhibitors, which induce various side

effects, PDE5 inhibitors might have broader therapeutic application in cognition

and mood disorders (Souness et al. 2000). PDE10 is a dual-substrate enzyme, and

PDE10A has been shown to hydrolyze both cAMP and cGMP in the medium spiny

neurons (Strick et al. 2010). PDE10A inhibition in primary cortical and hippocam-

pal neurons increases CREB phosphorylation in the nucleus (Menniti et al. 2006).

Although the mechanism underlying this process is still unclear, PDE10A is

becoming an interesting target for understanding and treating CNS disorders.

4.4 PDE Inhibitors and Neuroplasticity

Apoptosis or programmed cell death is essential for the normal functioning and

development of the nervous system (Quiroz et al. 2010). Neuronal apoptosis is
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also a prominent feature in a variety of neurodegenerative and neuropsychiatric

disorders (Viana et al. 2010) with various studies revealing the role of apoptosis in

the pathology of depression and anxiety where cGMP is likely to be inhibited

(Lucassen 2004; Einat et al. 2005). It is possible that PDE activities in these neuro-

psychiatric disorders may be altered leading to stimulation of a proapoptotic cascade

and symptoms associated with impaired learning andmemory, depression, or anxiety.

Neuronal plasticity or remodeling is a critical process that underlies normal CNS

function by which the brain acquires information and makes the appropriate

adaptive responses in future-related settings (Reinés et al. 2008). Dysfunction of

neuronal plasticity could therefore contribute to the pathophysiology of mood

disorders and recovery could occur by induction of the appropriate plasticity or

remodeling phenomena (Akhondzadeh 1999; Duman 2002). Two aspects of neuro-

nal plasticity are important for information processing: plasticity of intrinsic excit-

ability, i.e., the change in ion channel properties; and synaptic plasticity, i.e.,

the change in the strength of synapses between neurons (Kotaleski and Blackwel

Kim 2010). Synaptic plasticity is thought to underlie learning and memory, but the

complexity of the interactions between ion channels, enzymes, and genes that are

involved in synaptic plasticity impedes a deep understanding of this phenomenon

(Pereira and Furlan 2010). Recently, Chen and colleagues (2010) found that

inhibition of mossy fiber LTP by acute stress originates from a sustained increase

in PDE4 activity, which accelerates the metabolism of cAMP to adenosine, in turn

triggering an adenosine receptor-mediated impairment of transmitter release

machinery. These results are supported by a more recent study, which indicated

that, PDE, cAMP, and its main effector PKA are critical for several aspects of

neuronal function including synaptic plasticity (Oliveira et al. 2010).

5 Future Directions

Over the last five decades, great progress has been made in understanding the roles

of PDEs and their inhibitors in regulating CNS functions that are important for the

pathophysiology and treatment of neurological and psychiatric disorders. However,

the understanding of PDE function in the CNS is incomplete and requires further

investigation. First, it is necessary to obtain more knowledge about the localization

of specific PDE isoforms in different brain regions, cell types, and intracellular

compartments. Second, it would be helpful for more powerful tools to be developed

to characterize and manipulate individual PDE isoforms in situ and to identify their

involvement in signaling machinery. Third, it will be important that novel and

selective inhibitors be developed that have potential to selectively affect individual

subtypes and isoforms or to alter PDE function through allosteric interactions or by

disrupting interactions with scaffolding or auxiliary proteins. Such information and

tools will provide a better basis for the development of drugs to treat neurological

and psychiatric disorders.
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Pérez-Torres S, Cortés R, Tolnay M, Probst A, Palacios JM, Mengod G (2003) Alteration of

phosphodiesterase type 7 and 8 isozyme mRNA expression in Alzheimer’s disease brains

examined by in situ hybridization. Exp Neurol 182:322–334

Pickard BS, Thomson PA, Christoforou A, Evans KL, Morris SW, Porteous DJ, Blackwood DH,

Muir WJ (2007) The PDE4B gene confers sex-specific protection against schizophrenia.

Psychiatr Genet 17:129–133

480 Y. Xu et al.



Pilz RB, Broderick KE (2005) Role of cyclic GMP in gene regulation. Front Biosci 10:1239–1268

Pollatos O, Kopietz R, Linn J, Albrecht J, Sakar V, Anzinger A, Schandry R, Wiesmann M (2007)

Emotional stimulation alters olfactory sensitivity and odor judgment. Chem Senses 32:

583–589

Prickaerts J, van Staveren WC, Sik A, Markerink-van Ittersum M, Niew€ohner U, van der Staay FJ,
Blokland A, de Vente J (2002) Effects of two selective phosphodiesterase type 5 inhibitors,

sildenafil and vardenafil, on object recognition memory and hippocampal cyclic GMP levels in

the rat. Neuroscience 113:351–361

Prickaerts J, Sik A, van Staveren WC, Koopmans G, Steinbusch HW, van der Staay FJ, de Vente J,

Blokland A (2004) Phosphodiesterase type 5 inhibition improves early memory consolidation

of object information. Neurochem Int 45:915–928

Puzzo D, Vitolo O, Trinchese F, Jacob JP, Palmeri A, Arancio O (2005) Amyloid-beta

peptide inhibits activation of the nitric oxide/cGMP/cAMP-responsive element-binding

protein pathway during hippocampal synaptic plasticity. J Neurosci 25:6887–6897

Puzzo D, Staniszewski A, Deng SX, Privitera L, Leznik E, Liu S, Zhang H, Feng Y, Palmeri A,

Landry DW, Arancio O (2009) Phosphodiesterase 5 inhibition improves synaptic function,

memory, and amyloid-load in an Alzheimer’s disease mouse model. J Neurosci 29:8075–8086

Pyne NJ, Cooper ME, Houslay MD (1986) Identification and characterization of both the cytosolic

and particulate forms of cyclic GMP-stimulated cyclic AMP phosphodiesterase from rat liver.

Biochem J 234:325–334

Quiroz JA, Machado-Vieira R, Zarate CA Jr, Manji HK (2010) Novel insights into lithium’s

mechanism of action: neurotrophic and neuroprotective effects. Neuropsychobiology 62:50–60

Ramos BP, Birnbaum SG, Lindenmayer I, Newton SS, Duman RS, Arnsten AFT (2003) Dysre-

gulation of protein kinase A signaling in the aged prefrontal cortex: new strategy for treating

age-related cognitive decline. Neuron 40:835–845

Ramos BP, Stark D, Verduzco L, van Dyck CH, Arnsten AF (2006) Alpha2A-adrenoceptor

stimulation improves prefrontal cortical regulation of behavior through inhibition of cAMP

signaling in aging animals. Learn Mem 13:770–776

Rapoport M, van Reekum R, Mayberg H (2000) The role of the cerebellum in cognition and

behavior: a selective review. J Neuropsychiatry Clin Neurosci 12:193–198

Reinés A, Cereseto M, Ferrero A, Sifonios L, Podestá MF, Wikinski S (2008) Maintenance
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Abstract Protozoan parasites of the order kinetoplastida are the causative agents

of three of the world’s most important neglected human diseases: African trypano-

somiasis, American trypanosomiasis, and leishmaniasis. Current therapies are

limited, with some treatments having serious and sometimes lethal side effects.
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The growing number of cases that are refractory to treatment is also of concern.

With few new drugs in development, there is an unmet medical need for new, more

effective, and safer medications. Recent studies employing genetic and pharmaco-

logical techniques have begun to shed light on the role of the cyclic nucleotide

phosphodiesterases in the life cycle of these pathogens and suggest that these

important regulators of cyclic nucleotide signaling may be promising new targets

for the treatment of parasitic diseases.

Keywords Crystal structure � Kinetoplastid � Cyclic AMP � Cyclic nucleotide

phosphodiesterase � PDE inhibitor � RNA interference

Abbreviations

AC Adenylate cyclase

cAMP Cyclic 30,50 adenosine monophosphate

cGMP Cyclic 30,50 guanosine monophosphate

CL Cutaneous leishmaniasis

DAPI 4,60-diamidino-2-phenylindole

EPAC Exchange protein activated by cAMP

HAT Human African trypanosomiasis

IBMX Isobutyl-1-methylxanthine

MCL Mucocutaneous leishmaniasis

PDE Cyclic nucleotide phosphodiesterase

PKA Protein kinase A

RNAi RNA interference

SIF Stumpy inducing factor

VL Visceral leishmaniasis

1 Introduction

Millions of people worldwide suffer from diseases caused by vector-borne proto-

zoan parasites. The main focus of this chapter is the causative agent of three of the

world’s most important neglected diseases: African trypanosomiasis (sleeping

sickness), American trypanosomiasis (Chagas disease), and the leishmaniasis. In

particular, the current state of the art of the characterization and elucidation of the

functional role of the cyclic nucleotide phosphodiesterases (PDEs) in the life cycle

of these parasites and their potential as targets for new therapies are discussed.

1.1 Kinetoplastida: Life Cycle and Disease

Trypanosoma and Leishmania parasites are the causative agents of trypanosomiasis

and leishmaniasis, respectively; both are protozoan unicellular parasites belonging to
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the order kinetoplastida, so called because of a DNA-containing organelle within the

mitochondria known as the kinetoplast. In addition to the kinetoplast, these parasites

are characterized by the presence of a single flagellum, an organelle that plays a key

role in several critical cell functions, such as motility, cell division, morphogenesis,

attachment to vector- and host-cell surfaces, immune evasion, and consequently, the

viability and pathogenic potential of the parasite (Hunger-Glaser and Seebeck 1997;

Broadhead et al. 2006). The life cycle of the kinetoplastid parasites is complex,

comprising both insect and human stages that involve morphological and metabolic

adaptation of the parasite to enable survival and propagation in the differing envir-

onments encountered (Black and Seed 2001; Farrell 2002; Tyler and Miles 2002).

The life cycle of each parasite is shown in Fig. 1.

The insect takes a bloodmeal:
T. brucei: Tsetse fly injects metacyclic trypomastigotes
T. cruzi: Triatomine bug deposits feces containing metacyclic trypomastigotes at bite site
Leishmania: Sandfly injects promastigotes

T. brucei/cruzi: Epimastigotes transform into
metacyclic trypomastigotes 

Leishmania: Promastigotes transform into
metacyclic promastigotes

The insect takes a bloodmeal:

T. brucei: Tsetse fly ingests bloodstream trypomastigotes*
T.cruzi: Triatomine bug ingests bloodstream trypomastigotes
Leishmania: Sandfly ingests macrophages infected with amastigotes

T. brucei:  Metacyclic trypomastigotes transform
into bloodstream trypomastigotes 

T. cruzi: Metacyclic trypoamstigotes penetrate
various cells at bite site and transform
into amastigotes

Leishmania: Promastigotes are phagocytized by
macophages and transform 
into amastigotes

T. brucei: Bloodstream trypomastigotes
transform into procyclic 
trypomastigotes 
Bloodstream trypomastigotes
transform into epimastigotes  

Leishmania: Amastigotes are released from
macrophages and transform
into promastigotes   

T. brucei/cruzi: Procyclic trypomastigotes
transform into epimastigotes 

T. brucei: Trypomastigotes multiply in blood, lymph
and cerebrospinal fluid 

T. cruzi: Amastigotes multiply inside cells,
transform  into trypomastigotes and burst
out of cell into bloodstream

Leishmania: Amastigotes multiply, burst out of cell 
and infect macrophages   

Human Stages Insect Stages

T. cruzi:

Fig. 1 Life cycles of T. brucei, T. cruzi, and Leishmania. *Bloodstream trypomastigotes exist in

two forms: the long slender proliferating form and the short stumpy nonproliferating form that is

preadapted for survival in the tsetse fly
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1.1.1 Trypanosoma brucei

Human African trypanosomiasis (HAT) is caused by the kinetoplastid Trypa-
nosoma brucei (T. brucei) and transmitted to humans by the bite of the blood-

sucking tsetse fly. Two subspecies, T. brucei rhodesiense and T. brucei gambiense,
are responsible for acute and chronic forms of HAT, known as East and West

African trypanosomiasis, respectively. A third subspecies, T. brucei brucei, causes
animal trypanosomiasis, also known as nagana, as do the closely related species

T. congolense, T. evansi, and T. vivax. The first sign of infection may be the for-

mation of a chancre at the bite site. During the first stage, or hemolymphatic stage of

the disease, trypanosomes invade the host bloodstream. The accompanying symp-

toms are often nonspecific (fever, headaches, enlarged lymph nodes, joint pain,

and itching). Indeed, patients may be asymptomatic, making early diagnosis diffi-

cult. The disease is characterized by waves of parasitemia, during which parasite

numbers peak and then decline almost to zero. Parasite survival is ensured due to

surface coat antigenic variants that are not recognized by the host immune system.

Each successive wave of parasitemia represents a new antigenic variant. In the

second phase, or neurological phase of the disease, which may occur within weeks

or months (East African trypanosomiasis), or years later (West African trypano-

somiasis), the trypanosomes invade the host central nervous system. Symptoms

during this phase include pancarditis, meningoencepahalitis, confusion, sensory

disturbance, disruption of the sleep–wake cycle, loss of coordination, and coma

and are fatal if not treated. HAT is endemic in 36 sub-Saharan countries: there are

50 million people at risk of contracting HAT and approximately 30,000 HAT-

related deaths per year (Stuart et al. 2008; Brun et al. 2010).

1.1.2 Trypanosoma cruzi

American trypanosomiasis is caused by the kinetoplastid Trypanosoma cruzi
(T. cruzi) and is mainly transmitted in the feces of the blood-sucking triatomine

bugs. Other routes of infection are via blood transfusion and vertical transmission

from mother to fetus. Acute phase symptoms are generally mild and nonspecific and

often include a swelling at the site of infection, known as a chagoma or Romaña’s

sign. Following the acute phase, the disease generally enters a life-long latent phase.

In approximately 30% of cases, however, life-threatening symptoms develop decades

after the initial infection, most often as complications of the heart or gut. The disease

is endemic in 19 Central and South American countries and is estimated to affect

8–11 million people (Stuart et al. 2008). Chagas disease is the leading cause of heart

failure in Central and South America and the cause of approximately 14,000 deaths

annually (Barrett et al. 2003; Stuart et al. 2008). Immigration of large populations of

Latin Americans to other countries has spread the risk of T. cruzi infection to regions
outside Central and South America. In recent years, T. cruzi contamination has been

identified in blood banks in the USA and other countries following blood donations

by individuals unaware they were infected.
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1.1.3 Leishmania Species

The human leishmaniases are caused by at least 21 Leishmania species. The

parasite is transmitted to humans by the bite of female sandflies (Lutzomyia ssp

and Phlebotomus ssp) and, depending on the infecting species, may cause cutane-

ous (CL), mucocutaneous (MCL), or visceral (VL) leishmaniasis. CL manifests

as localized lesions on exposed regions of the skin, which may or may not be self-

healing. MCL is a complication of CL that results in extensive destruction of the

mucous membranes of the nose, mouth, or throat. Although not lethal, CL and, in

particular, MCL can be severely disfiguring and the cause of social stigmatization.

VL affects the internal organs, including the liver, spleen, lymph nodes, and bone

marrow. Symptoms include fever, enlarged liver and spleen, anemia, anorexia, and

weight loss and are fatal if not treated. The leishmaniases occur in five continents,

are endemic in 88 countries, and affect 12 million people worldwide (Stuart et al.

2008). CL occurs predominantly in the Middle East, MCL in Central and South

America, and VL mostly in Bangladesh, Brazil, India, Nepal, and Sudan. VL kills

approximately 51,000 people every year and its occurrence is increasing in South-

western Europe, where it has emerged as an opportunistic infection of the immu-

nocompromised, particularly those with HIV (Alvar et al. 2008). The increased

incidence of the disease in this region has been linked to transmission caused by

infected drug users sharing needles.

1.2 Therapies Currently in Clinical Use or in Development

Despite the fact that approximately 500 million people worldwide are at risk from

kinetoplastid-related diseases, advances in the development of new, safer, and more

efficacious therapies have lagged far behind those of drugs for more profitable

indications. According to the Drugs for Neglected Diseases initiative, of the 1,556

new drugs approved between 1975 and 2004, only 6 (0.4%) were developed for the

most neglected diseases (i.e., HAT, Chagas disease, and leishmaniasis) (Chirac and

Torreele 2006). Being predominantly afflictions of the world’s poorest populations,

there is little or no financial incentive for development of new drugs. Consequently,

many treatments in use today consist of drugs that were introduced over 50 years

ago. These drugs are far from ideal, with major problems including toxicity,

resistance, difficult administration regimens, and prohibitively high cost (Stuart

et al. 2008).

The mainstay treatment for early-stage HAT consists of two drugs, suramin and

pentamidine, used to treat the East and West African forms of the disease, respec-

tively. Neither drug can cross the blood–brain barrier and consequently they are

not effective against late-stage disease. Two drugs, melarsoprol and eflornithine,

are currently used for late-stage disease. Melarsoprol, an arsenic-containing com-

pound, is highly toxic and causes death in 1 in 20 patients due to encephalopathy.

Eflornithine is only effective for theWest African disease and its use is predominantly
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restricted to cases refractory to melarsoprol because of its high cost and lengthy

administration regime (Delespaux and De Koning 2007).

The two treatments for acute American trypanosomiasis are nifurtimox and

benznidazole, neither of which is particularly effective against chronic disease

(Urbina 2010). Although taken orally, the lengthy treatment course of 30–60 days

together with dose and time-related side effects (e.g., anorexia, weight loss, nausea

and vomiting, skin rashes, and neuropathy) contributes to a high rate of noncom-

pliance (Castro et al. 2006).

First-line therapies for the leishmaniases (CL and VL) are the pentavalent

antimonies (Croft and Coombs 2003), except in India where these drugs are

ineffective against VL due to the emergence of drug-resistant strains (Olliaro et al.

2005). In such cases, three drugs are available: lipid formulations of amphotericin B

(high cost can be restrictive), paromomycin (more side effects than amphotericin B),

and miltefosine (contraindicated in pregnancy due to its teratogenicity) (Olliaro et al.

2005).

There are currently no new drugs in clinical development for Chagas disease

or leishmaniasis. Two clinical trials have recently been conducted for HAT, one

for an orally available derivative of pentamidine (DB289) and the other for a

nifurtimox-eflornithine combination therapy (NECT): the development of DB289

has now been halted due to late renal toxicity (Paine et al. 2010), but NECT

appears to offer some improvement on the standard eflornithine monotherapy

(Priotto et al. 2009).

1.3 Cyclic Nucleotide Signaling in the Kinetoplastid Parasites

A role for cAMP signaling in the cell biology and virulence of kinetoplastids was

first suggested by Strickler and Patton (Strickler and Patton 1975) for the rodent

trypanosome T. lewisi, by Mancini and Patton (Mancini and Patton 1981) for

T. brucei, and by Walter et al. (Walter et al. 1978) for L. donovani. However,
progress in this area has been slow and more than 30 years later many of the

fundamental questions remain unanswered (Seebeck et al. 2004; Kunz et al. 2009b).

A major impediment was the implicit assumption by many researchers that cAMP

signaling in kinetoplastids was organized according to the accepted paradigms in

higher organisms at that time, most notably mammals. As a consequence, many

experiments were designed and results interpreted with the mammalian models in

mind, only to be followed by the slow realization that most of what seemed to be

“highly conserved” components of eukaryotic cAMP signaling networks were not,

in fact, conserved in the kinetoplastids.

For example, kinetoplastid class II adenylate cyclases (AC) are structurally

distinct from mammalian class I ACs. Mammalian ACs contain several transmem-

brane domains and are regulated by G-protein-coupled receptors. Kinetoplastid

ACs contain a single transmembrane region, flanked on one side by an extracellular
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domain that may act as a receptor, and on the other by an intracellular catalytic

domain that shares homology with the catalytic domain of the class I ACs. The

kinetoplastid ACs are not regulated by G proteins, the absence of G-protein-

coupled receptors and heterotrimeric G proteins was confirmed when the complete

sequence of the first kinetoplastd genome (T. brucei) became available in 2005

(Berriman et al. 2005). Kinetoplastid AC activity is unaffected by forskolin

or cholera toxin and neither agonists nor antagonists have yet been identified.

With regard to the downstream effectors of cAMP, while no counterparts for the

mammalian cyclic nucleotide-gated channels or exchange proteins activated by

cAMP (EPAC) have been identified in kinetoplastids, protein kinase A (PKA) is

present in a fairly conserved form in the trypanosomatid genomes (genes for one

regulatory and three catalytic subunits have been identified) (Siman-Tov et al.

1996; Huang et al. 2002, 2006). Although early studies suggested kinetoplastid

PKA activity to be unresponsive to cAMP (Shalaby et al. 2001), more recent studies

have revealed the presence of a cAMP-responsive PKA activity in T. cruzi (Huang
et al. 2006). Moreover, T. cruzi cAMP-PDE, TcPDEC2, has been identified as an

interaction partner of the catalytic subunit of PKA from T. cruzi (TcPKAc) and the

recombinant TcrPDEC2 is phosphorylated by PKA (Huang et al. 2006). Another

important component that is substantially conserved between mammals and kine-

toplastids is the cyclic nucleotide phosphodiesterase (PDE). There are four geneti-

cally distinct kinetoplastid PDE families and recent studies suggest that the enzyme

plays a vital role in the regulation and compartmentalization of cAMP signaling

(Zoraghi and Seebeck 2002; Kunz et al. 2006; Oberholzer et al. 2007). These PDEs

are pharmacologically distinct from mammalian PDEs as none of the mammalian

PDE inhibitors tested to date have shown significant activity (Zoraghi et al. 2001;

Laxman et al. 2006; Johner et al. 2006). Interestingly, an analysis of the flagellar

proteome of T. brucei has revealed the presence of several enzymes involved in

cAMP signaling, including two cAMP-PDEs, adenylate kinases, and putative

cAMP-binding proteins (Broadhead et al. 2006). Experimental evidence points to

the PDEs being part of a larger signaling complex associated with the paraflagellar

rod, a highly organized filamentous structure running parallel to the axoneme

(Oberholzer et al. 2007).

Although the results of early studies employing the use of mammalian PDE

inhibitors or class I AC agonists, now known to be ineffective against their

kinetoplastid counterparts, must be reassessed, changes in cAMP levels have

been observed to precede kinetoplastid transformation and differentiation. T. brucei
bloodstream trypomastigotes exist in two forms, known as the long slender pro-

liferating form and the short stumpy nonproliferating form; the latter is preadapted

for survival in the tsetse fly (see Fig. 1). Transformation from the long slender

to short stumpy form is induced at a critical density, corresponding to the peak of

parasitemia in the mammalian host. Cyclic AMP levels in the long slender form

at the peak of parasitemia were found to be five times higher than that in the short

stumpy form (Reed et al. 1985). In T. cruzi, transformation of epimastigotes into

metacyclic trypomastigotes is also preceded by a threefold increase in cAMP

(Rangel-Aldao et al. 1988). In a pleomorphic T. brucei strain, a quorum-sensing
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molecule called stumpy inducing factor (SIF) promotes cell cycle arrest in G1/G0

phase and induces differentiation of trypomastigotes from the long slender form

into the short stumpy form. Treatment of the long slender form with SIF was

accompanied by an increase in cAMP, suggesting that this may be the trigger for

differentiation (Vassella et al. 1997). The link between increased cAMP and its

effects on transformation and proliferation appeared to be supported by studies

using membrane-permeable analogues of cAMP, assumed at the time to be resistant

to hydrolysis. For example, pCPT-cAMP mimicked the effect of SIF to induce

differentiation of T. brucei trypomastigotes from the long slender to the short

stumpy form (Vassella et al. 1997; Breidbach et al. 2002). In Leishmania, exposure
to dibutyryl cAMP decreased L. tropica promastigote proliferation and induced

transformation of L. donovani amastigotes to promastigotes (Walter et al. 1978).

However, a recent study has demonstrated that the membrane-permeable cAMP

analogue, 8-pCPT-cAMP is, in fact, efficiently hydrolyzed to 8-pCPT-50AMP by

the kinetoplastid PDEs (Laxman et al. 2006). Comparison of the effect of the cAMP

analogue and its corresponding AMP and adenosine analog breakdown products

suggested that slender to stumpy transformation was mediated by the cAMP

hydrolysis products 50AMP and adenosine and not by cAMP per se (Laxman

et al. 2006). These studies were conducted on a monomorphic strain of T. brucei
that has lost the ability to transform from the slender to the stumpy form in vivo.

Monomorphic strains differ from pleomorphic strains in their cAMP responses;

unlike pleomorphic strains they do not show an increase in cAMP following

exposure to SIF (Vassella et al. 1997). Thus, while many questions remain about

the role of cAMP in the transformation and differentiation of T. brucei, a consensus
is emerging that cyclic nucleotide signaling does play a role in kinetoplastid life

cycle progression. For more comprehensive reviews on cAMP signaling in kineto-

plastids, please refer to Seebeck et al. (2004), Laxman and Beavo (2007) and Kunz

et al. (2009b).

While the absence of effective pharmacological tools has been a drawback, this

limitation has partly been overcome with the use of gene knockdown via RNA

interference (RNAi) techniques and recent studies have begun to provide valuable

insights on the role of cAMP in the cell biology of these parasites (see Sect. 2).

2 Kinetoplastid Phosphodiesterases

Although the presence of cAMP-PDEs in kinetoplastid parasites has been known

for at least three decades (Walter 1974), the molecular analysis and exploration of

these enzymes as potential drug targets has only recently begun.

2.1 Primary Structure

The genomes of all currently sequenced kinetoplastids (T. brucei, T. cruzi,
T. congolense, T. vivax, Leishmania major, L. infantum, L. braziliensis, and
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L. tarentolae; http://tritrypdb.org/tritrypdb/) contain the same set of four class I

PDEs (Fig. 2 and Table 1). PDEA, PDEC, and PDED are all single-copy genes in

T. brucei and Leishmania (see Table 1), with T. cruzi representing a special case.

The T. cruzi CL Brener strain that was used for genome sequencing is a hybrid, so

that many single-copy genes are actually present in two versions that reflect their

different ancestry (Weatherly et al. 2009). For PDEB, all the above genomes

contain two tandemly linked, very similar, but nonidentical copies. The PDEs

coded by these two genes, PDEB1 and PDEB2, exhibit clearly distinct subcellular

locations (see below). A unified nomenclature for the kinetoplastid PDEs has been

proposed (Kunz et al. 2006); an updated version is given in Table 1.

PDEA. TbrPDEA was the first trypanosomatid PDE to be cloned, expressed, and

characterized (Kunz et al. 2004). Subsequently, orthologues of TbrPDEA were

identified in all kinetoplastid genomes. They are all single-copy genes, with the

exception of T. cruzi where two copies are present and share between 40 and 60%

amino acid sequence identity. The T. brucei gene (formerly designated TbPDE1)

was functionally identified as a cAMP-PDE by complementation screening of a

T. brucei cDNA library in the yeast Streptomyces cerevisiae (Kunz et al. 2004): it is
a single-copy gene located on chromosome 10, which codes for a protein of 620

amino acids. Constitutively low levels of mRNA are present both in bloodstream

and in procyclic forms. The class 1 catalytic domain of TbrPDEA is situated in the

C-terminal region (M285–Q618) and exhibits cAMP-selectivity, with an unusually

high Km for cAMP of >600 mM. The enzyme is fully resistant to most commercial

PDE inhibitors, but is inhibited by sildenafil and trequinsin with approximate Ki

values of 1.0–2.5 mM, respectively. Very similar results were also obtained with its

T. cruzi homologue, TcrPDEA1, which exhibits a Km for cAMP of 190 mM, is not

affected by cGMP, and complements a PDE-deficient yeast strain (Alonso et al.

2007).

For L. major, the gene for LmjPDEA was also shown to complement a PDE-

deficient strain of S. cerevisiae (Johner et al. 2006). A common observation for the

cat

GAF-A

CCFYVE

GAF-B cat

cat

cat

A

B1, B2

C

D

*

Fig. 2 Schematic representation of the four kinetoplast PDE families. Cat class 1 catalytic

domain, GAF-A, GAF-B GAF domains of PDEB1 and PDEB2, FYVE N-terminal FYVE domain

of PDEC, CC coiled-coiled domain, asterisk predicted conserved PKA phosphorylation site

between the GAF domains, black dots phosphorylated serine residues at the C-terminus of

TbrPDEB1
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Table 1 Updated nomenclature of kinetoplastid PDEs (human pathogens only)

Enzyme

family

– Older

designations

Protein and gene

identification

Number References

PDEA TbrPDEA TbPDE1 Q388U6(EMBL)

Tb10.389.0510(TriTryp)
10 Kunz et al. (2004),

Gong et al.

(2001)

– TcrPDEA-P – Q309F4

Tc00.1047053511269.40

40 P –

– TcrPDEA-S TcrPDEA1 Q4E006

Tc00.1047053509805.20

40 S Alonso et al.

(2007)

– LmjPDEA – Q6S998

LmjF18.1090

18 Johner et al. (2006)

– LinPDEA – A4HXY3

LinJ18.1100

18 –

– LbrPDEA – A4H9L9

LbrM18.0980

18 –

– – – – – –

PDEB TbrPDEB1 TbPDEC Q8WQX9

Tb09.160.3590

9 Zoraghi and

Seebeck

(2002),

Oberholzer

et al. (2007)

– TcrPDEB1 – Q4E0Y6

Tc00.1047053508277.100

7 S Diaz-Benjumea

et al. (2006)

– LmjPDEB1 – Q6S996

LmjF15.1480a
15 Johner et al. (2006)

– LinPDEB1 – A4HWN7

LinJ15_V3.1550

15 –

– LbrPDEB1 – A4H8B6

LbrM15.1080

15 –

– – – – – –

– TbrPDEB2a TbPDE2B Q48F32

Tb09.160.3630

9 Rascon et al.

(2002),

Oberholzer

et al. (2007)

– TbrPDEB2bb – Q48F32b

Tb09.160.3630

9 Kunz et al. (2009a)

– TcrPDEB2-P – Q4CQR0

Tc00.1047053509943.20

7 P –

– TcrPDEB2-S TcPDE1 Q4E0Y5

Tc00.1047053508277.110

7 S D’Angelo et al.

(2004)

– LmjPDEB2 – Q6S997

n.a.

n.a. –

– LinPDEB2 – A4HWN6

LinJ15_V3.1540

15 –

– LbrPDEB2 – A4H893

LbrM15.0880

15 –

– – – – – –

PDEC TbrPDEC – Q75ZK5

Tb03.27C5.640

3 –

– TcrPDEC-Pc – n.a.

Tc00.1047053508153.520

36-P –

– TcrPDEC-S TcrPDEC 36 S Kunz (2005)

(continued)
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PDEAs of all three organisms is that they can complement PDE-deficient yeast

strains, indicating that they are active in the yeast cell, but that no biochemically

measurable enzyme activity could be detected in yeast cell lysates. This is in

surprising contrast to findings with the other PDEs (see below).

PDEB. In all kinetoplastids, two isoforms of this enzyme are coded for by two

tandemly arranged genes, PDEB1 and PDEB2. These most likely represent an

ancient gene duplication that predates the divergence of the kinetoplastids. In

T. brucei, both genes are expressed at similar levels in both bloodstream and

procyclic forms. The respective polypeptides consist of 930 (TbrPDEB1) and

925 (TbrPDEB2) amino acids and contain two GAF domains in the N-terminal

region (D234–E554 in TbrPDEB1), followed by a PDE catalytic domain (V586–R908

in TbrPDEB1). The GAF and catalytic domains are highly conserved between

TbrPDEB1 and TbrPDEB2 (96.3 and 88.3% amino acid identity, respectively). In

an ancestor of a series of a popular laboratory strain of T. brucei (the Lister 427

Table 1 (continued)

Enzyme

family

– Older

designations

Protein and gene

identification

Number References

Q53I60

Tc00.1047053506697.20

– TcrPDEC-Sd TcPDE4 Q4ZHU6

n.a.

n.a. Alonso et al.

(2006)

– LmjPDEC – Q4FXD4

LmjF29.2680

29 –

– LinPDEC – A4IaX6

LinJ29.2990

29 –

– LbrPDEC – A4HHS5

LbrM29.2730

29 –

– – – – – –

PDED TbrPDED – Q57V52

Tb927.3.3340

3 –

– TcrPDED-P – Q4E664

Tc00.1047053508153.260

36 P –

– TcrPDED-S – Q4D9B7

Tc00.1047053510323.50

36 S –

– LmjPDED – Q4FXF8

LmjF29.2440

29 –

– LinPDED – A4I4V8

LinJ29.2800

29 –

– LbrPDED – A4HHP3

LbrM29.2460

29 –

Column 5: number of the chromosome on which the gene is located

Tbr: Trypanosoma brucei, Tcr: Trypanosoma cruzi, Lmj: Leishmania major, Lin: L. infantum,
Lbr: L. braziliensis, EMBL: UniProtKB/TrEMBL accession number, TriTryp: TriTryp database

gene nomenclature; n.a.: data not available
aGenomic locus in Trytryp database incorrectly assembled
bGAF-A domain exchanged with the GAF-A domain of TbrPDEB1 in all strains derived from

Lister 427
cPseudogene with internal stop codon
dPossibly an allelic variant of Q53160
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derivatives), the TbrPDEB1 and TbrPDEB2 genes have undergone a partial gene

conversion, exchanging very precisely the GAF-A domain of TbrPDEB2 with the

corresponding domain of the upstream gene TbrPDEB1. Thus, all these strains are

heterozygous for TbrPDEB2, carrying one allele of TbrPDEB2a (the wild-type

version) and one allele of TbrPDEB2b (with a GAF-A domain that originates

from TbrPDEB1). While this gene conversion has no functional consequences, it

provides a convenient genetic tool for unambiguous identification of trypanosome

strains (Kunz et al. 2009a).

Both enzymes are cAMP-specific, with Km values in the order of 5 mM (Zoraghi

and Seebeck 2002; Rascon et al. 2002; Seebeck et al. unpublished data). The GAF-

A domains of both enzymes bind cAMP and cGMP with high affinity (KD cAMP

16 nM; KD cGMP 275 nM; Laxman et al. 2005; Seebeck et al. unpublished data),

suggesting that the domains might function as highly sensitive cyclic nucleotide

sensors. Between the two GAF domains is a predicted PKA phosphorylation site

(K387–S390). This site is conserved in all kinetoplastid PDEB1 and PDEB2 enzymes

and may be functional. At the C-terminus of TbrPDEB1, residues S920, S922, and

S923 have been identified in the T. brucei phosphoproteome, while none of the

corresponding residues of TbrPDEB2 are represented (Nett et al. 2009).

The two PDEs have also been investigated in T. cruzi [TcrPDEB1 (Diaz-Benjumea

et al. 2006) and TcrPDEB2 (D’Angelo et al. 2004)] and shown to have very similar

characteristics. The mRNAs for both enzymes are present in all three developmental

stages (amastigotes, trypamastigotes, and epimastigotes). Both enzymes are cAMP-

specific, with Km values of 2.8 mM (TcrPDEB1 (Diaz-Benjumea et al. 2006) and

7.8 mM (TcrPDEB2 (D’Angelo et al. 2004). Interestingly, the fluorescent cAMP

derivative MANT-cAMP is hydrolyzed with a Km very similar to that of cAMP [1.8

vs. 2.8 mM (Diaz-Benjumea et al. 2006)]. An analysis of cyclic nucleotide binding to

the GAF-A domains of the T. cruzi enzymes revealed significant differences

between the T. brucei homologues: cAMP bound to the GAF-A domain of

TcrPDEB1 with a KD of 970 nM and the corresponding values for TcrPDEB2

were 190 nM (by filter binding) or 520 nM (by isothermal microcalorimetry). The

GAF-A domain of TcrPDEB1 did not measurably bind cGMP, while the GAF-A

domain of TcrPDEB2 bound cGMP with a KD of 2.5 mM (Diaz-Benjumea et al.

2006). Further experimentation is required to resolve whether these low binding

affinities of the T. cruzi GAF-A domain are in fact genuine.

PDEC. All kinetoplastid genomes contain one copy of PDEC. The predicted

proteins (about 900 amino acids) are unusual in that they contain a FYVE-related

domain (Kutateladze 2007) at the N-terminus, followed by a coiled-coil region. This

architecture suggests that the enzymes might be located in the endosomal compart-

ment. The catalytic domain is situated approximately in the middle of the polypeptide

and is followed by a rather long C-terminal region (298 amino acids in TbrPDEC).

TcrPDEC from T. cruzi was independently characterized by two groups (Kunz

et al. 2005; Alonso et al. 2006), who obtained different values for its specificity.

While Alonso et al. (2006) reported that the enzyme is cAMP-specific (Km 20 mM),

Kunz et al. (2005) found that it hydrolyzes both cAMP (Km 30 mM) and cGMP (Km

78 mM) with similar Vmax. The reason for this discrepancy remains unresolved.
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TcrPDEC is weakly inhibited by etazolate, trequinsin, and dipyridamole (IC50

values in the 1 mM range), while it is highly resistant to many other PDE inhibitors,

including rolipram, cilostamide, zardaverin, IBMX, and papaverine.

PDED. All kinetoplastid genomes contain one copy of this putative PDE. The

DNA sequence predicts a polypeptide of about 670 amino acids length containing a

class 1 catalytic domain at the C-terminus. Currently, only the sequences are known

and no experimental data are available in any species.

2.2 Biological Function

PDEA. Homozygous deletion of TbrPDEA has only minor effects on cell growth

in culture. A slight increase in the steady-state cAMP concentration is observed in

the deletion mutant, and generation time is prolonged by about 20%. However, the

deletion mutants remain fully infectious for tsetse flies (Gong et al. 2001). The

currently available information suggests that TbrPDEA is a minor activity in both

bloodstream and procyclic trypanosomes and that it is not essential for cell viabil-

ity. Its biological role might rather consist of the modulation of cAMP signals,

analogous to what has been suggested for the high-Km class 2 PDE of S. cerevisiae
(Ma et al. 1999).

PDEB. In striking contrast, TbrPDEB1 and TbrPDEB2 are essential enzymes in

T. brucei. The lack of success in early attempts to knock out these genes in

bloodstream form T. brucei indicated that they might be required for cell survival

(Zoraghi and Seebeck 2002). The development of a genetically encoded inducible

RNA interference system in T. brucei enabled reexamination of the biological role

of the two enzymes; RNAi against either of the two enzymes does not produce an

observable phenotype. However, simultaneous RNAi against both PDEs leads

to complete cell lysis within 48 h after induction of RNAi (Oberholzer et al.

2007). Simultaneous RNAi, but not RNAi against the individual enzymes, results

in a dramatic increase (100-fold) in steady-state intracellular cAMP concentration

within a few hours of inducing RNAi. RNAi against TbrPDEB1 and TbrPDEB2

does not increase the mRNA levels of the other three PDEs, TbrPDEA, TbrPDEC,

or TbrPDED, indicating that the expression of these PDEs is not subject to control

by cAMP.

Further experiments demonstrated that TbrPDEB1 and TbrPDEB2 can function-

ally complement each other, despite the fact that their subcellular localization is

clearly different (Oberholzer et al. 2007; Kunz et al. 2009a). This finding is

somewhat at variance with current concepts of neatly localized cAMP microdo-

mains and precisely anchored members of the signaling cascade. Rather, it suggests

that maintenance of the overall steady-state concentration of cAMP by a PDE

located anywhere in the cell is sufficient for preserving many of the basic functions

of the cell. This conclusion is also supported by the complementation of PDE-deficient

yeast cells by various heterologous PDEs (Kunz et al. 2004; Johner et al. 2006;
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Alonso et al. 2007; Ivey et al. 2008), which allows the yeast cell to become stress-

resistant without the requirement for precise subcellular localizaton.

The genetically encoded, inducible RNA interference system (see above) also

enabled in vivo infection experiments. When animals were infected with the

transgenic trypanosomes, the strain was fully infective and the animals reached a

parasitemia of >1 � 108 trypanosomes/mL blood within 3 days. However, when

the animals received doxycyline (a tetracycline analogue) in the drinking water,

starting 2 days before and continuing throughout the entire course of infection, no

trypanosomes were observed at any time. In other experiments designed to deter-

mine whether the ablation of PDE activity was sufficient to interrupt an ongoing

infection, animals were infected in the absence of doxycycline. The infection was

allowed to take its course until the parasitemia reached approximately 1 � 107/mL.

When doxycycline was added to the drinking water at this point, the infection was

cleared within 24 h (Oberholzer et al. 2007). Parasite clearance was independent of

the host immune system, since oral doxycycline also completely eliminated the

trypanosomes in immunosuppressed animals.

3 The Promise and the Challenge of Targeting PDEs

for Treatment of the Kinetoplastid Diseases

3.1 Therapeutic Potential of Kinetoplastid PDE Inhibitors

The extensive experiments with RNAi described above unambiguously validate

PDEB1/B2 as essential proteins in vitro and in vivo. Their ablation by RNAi creates

a runaway accumulation of intracellular cAMP that leads to cell cycle defects and

ultimately to cell death. The reasonable inference has been made that inhibition of

the kinetoplastid PDEBs should similarly lead to the clearance of parasite popula-

tions. On the one hand, the failure of classical PDE inhibitors to achieve this has left

those trying to develop such inhibitors without positive controls; on the other hand,

this clearly shows that the binding pockets are sufficiently different for selective

inhibitors to be possible. Apart from the dearth of positive controls, a more serious

challenge is that both PDEB1 and PDEB2 must be strongly inhibited to achieve a

significant change in cAMP levels and consequently in cell survival (Oberholzer

et al. 2007).

A series of compounds developed at Altana Pharma and Nycomed were found to

inhibit both enzymes in the nanomolar range and displayed antitrypanosomal

activity at concentrations similar to its TbrPDEB IC50 (H. Tenor, G.J. Sterk, and

T. Seebeck, unpublished). Using the standard assay based on the fluorophore

Alamar blue (resazurin) (Gould et al. 2008), the lead compound, BYK54826,

displayed a trypanocidal EC50 value of 80 � 10 nM. It also rapidly and dose-

dependently increased levels of cAMP in bloodstream T. b. brucei. As little as

100 nM of this compound elevated the cAMP level by threefold in 10 min (Fig. 3);
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0.3 mM caused a 20-fold rise within 20 min and remaining elevated at this level for

hours (not shown); 1 mM increased cAMP levels up to 50-fold, similar to the

observations with PDEB RNAi (Oberholzer et al. 2007). In contrast, dipyridamole

(40 mM) and etazolate (100 mM), both low-affinity inhibitors of TbrPDEBs (Zoraghi

and Seebeck 2002), did not affect trypanosomal cAMP levels. However, the rapid

cAMP response did not affect cellular survival for hours. As shown in Fig. 4, only

extreme concentrations of BYK54286 of 50 or 100 mM had a rapid effect on parasite

viability. Lower concentrations had no measurable effect on this parameter for up to
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Fig. 3 Effect of BYK54826 on cAMP levels in T. b. brucei. Trypanosomes (2.5 � 106 Lister 427

bloodstream forms) were incubated for 10 min in the presence or absence of BYK54826 at the

concentrations indicated. Incubations were stopped by 30 s centrifugation at 13,000 � g followed
by the addition of 150 ml ice-cold 0.1 M HCl to the cell pellet; cAMP was determined using the

Direct Cyclic AMP ELISA kit (Assay Designs) according to the manufacturer’s instructions
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Fig. 4 Effect of BYK54826 on plasma membrane permeability in trypanosomes. Bloodstream

form trypanosomes (strain 427, 5 � 106 cells/mL in HMI-9 medium plus 10% FCS) were

incubated at 37�C under 5% CO2 for 18 h in a FLUOstar OPTIMA fluorimeter in the presence

of 6 mg/mL propidium iodide (PI). Survival was monitored by measuring fluorescence of PI, which

enters live trypanosomes only extremely slowly and fluoresces after binding to nucleic acids

(Gould et al. 2008). All traces were recorded simultaneously in a white-bottomed 96-well plate
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8 h (25 mM), 14 h (12.5 mM), or even longer – despite concentrations of the test

compound being more than two orders of magnitude above the EC50 value.

Although BYK54826 had only a slow effect on trypanosome viability, it

appeared to rapidly halt cell division and growth, indicating that PDE inhibition

leads to cell cycle aberrations. Figure 5 shows that, after 8 h of incubation with

1 mM BYK54826, trypanosomes accumulate in the G2/M phase of the cell cycle,

with a greatly increased proportion of cells containing double the normal amount of

DNA (i.e., two nuclei). Longer incubations demonstrate the appearance of a further

peak, representing four nuclei (not shown).

The cell cycle of trypanosomes is relatively complex, with kinetoplasts dividing

first, before the nuclei, in a process that is linked to the generation of the new

flagellum (McKean 2003). Fluorescence microscopy after DAPI staining showed a

statistically significant (P < 0.001) increase in trypanosomes with more than two

nuclei and kinetoplasts after 12 h of incubation with 1 mM BYK54826. It thus

appears that the inhibition of TbrPDEB1/B2 does not stop DNA synthesis or indeed

the separation into new kinetoplasts and nuclei, but does prevent the completion of

cytokinesis into independent daughter cells, leading to the formation of nonviable,

multinucleated cells. Elevation of cAMP levels does not disrupt the coordination

between the kinetoplast and nuclear division cycles: we saw no evidence of cells

with more nuclei than kinetoplasts, for instance, and division of kinetoplasts

continued to precede nuclear division. Cells that reached the four nuclei stage

disintegrated within a few hours, leading to the clearance of the parasite population.
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Fig. 5 BYK54826 causes cell cycle arrest in T. brucei. Flow cytometric analysis of the DNA

content of bloodstream forms of strain 427 trypanosomes, (a) untreated and (b) treated with 1 mM
BYK54826, incubated under normal culturing conditions for 8 h. The histograms show the number

of cells with a particular fluorescence intensity that correlates with the amount of DNA in the cell.

The peaks labeled 2C represent the number of cells in the sample with a complete diploid

complement of DNA, having two copies of the genome; the peaks labeled 4C represent the cells

that have replicated their DNA but not yet undergone cytokinesis, therefore having four copies of

the genome
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These results are entirely consistent with the earlier observations after TbrPDEB

knockdown with tetracycline-inducible RNAi (Oberholzer et al. 2007).

These results provide pharmacological validation of the B class of kinetoplastid

phosphodiesterases as promising drug targets.

3.2 Crystal Structure of Leishmania major Phosphodiesterase
B1 and Implications for Selectivity of Parasite PDE Inhibitors

3.2.1 Structural Similarity and Variation Between

LmjPDEB1 and Human PDEs

The structure of the catalytic domain of LmjPDEB1 (residues 582–940) in complex

with IBMX is the first and only structure of a parasite PDE determined to date

(Wang et al. 2007). The catalytic domain contains 2 divalent metal ions and 16

a-helices folded in an overall architecture similar to that of human PDEs (Wang

et al. 2007; Ke and Wang 2007). The superposition revealed four regions that exhi-

bit significant differences between the structures of LmjPDEB1 and human PDEs

(Fig. 6). The most significant differences are associated with the H- and M-loops,

which have positional shifts of as much as 3 Å for their Ca atoms, about twice

the overall root-mean-squared deviation between the structures of LmjPDEB1 and

human PDEs. Since the H- and M-loops are directly involved in interaction with

inhibitors (Huai et al. 2004; Wang et al. 2006; Ke and Wang 2007), their significant

positional shifts most likely have pharmacological implications, but further char-

acterization is needed to understand their exact roles.

Fig. 6 The structure of LmjPDEB1 (Wang et al. 2007). (a) Ribbon diagram of the catalytic

domain of LmjPDEB1 in complex with the nonselective inhibitor, IBMX. (b) Comparison of

LmjPDEB1 (cyan ribbons) with PDE4D2. Only PDE4D loops (gold ribbons) with large positional
differences are shown. (c) IBMX binding at the active site of LmjPDEb1. The dotted line
represents the hydrogen bond between IBMX and the side chain of glutamine
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3.2.2 IBMX Binding

IBMX is a nonselective inhibitor of most human PDE families, but it only weakly

inhibits LmjPDEB1, with an IC50 of 580 mM. IBMX binds to the active site of

LmjPDEB1: the O6 atom of the xanthine ring of IBMX forms a hydrogen bond with

Ne2 of Gln887 in LmjPDEB1 (Fig. 6). The xanthine ring stacks against Phe890 of

LmjPDEB1 and also forms van der Waals’ contacts with residues Tyr680, Asn838,

Val853, and Phe857. This pattern of IBMX binding is similar to that found in human

PDE–IBMX complexes (Ke and Wang 2007). In fact, the hydrogen bond with the

invariant glutamine and stacking against phenylalanine are two characteristics for

binding of not only IBMX in LmjPDEB1, but also almost all inhibitors of human

PDEs (Ke and Wang 2007), whether or not they are selective. Notably, the xanthine

ring of IBMX in the LmjPDEB1 structure has the same orientation as that in PDE3B,

PDE5A, and PDE9A, but is rotated by about 180� in PDE4D, PDE7A, and PDE8A
(Wang et al. 2008). The different orientations of IBMX in the PDE structures may

just mean that the active site pockets of PDEs, which are much larger than the

volume ofmost PDE inhibitors, can accommodatemultiple inhibitor conformations.

3.2.3 Subtle but Significant Differences Between the Active Sites of

LmjPDEB1 and Human PDEs

A structural comparison shows an overall similarity between the active sites of

LmjPDEB1 and human PDEs, including the four metal-binding residues (His685,

His721, Asp722, and Asp835), the key residues such as His681 and His725 for the

catalysis, and Phe890 for the inhibitor binding. However, Gln887 of LmjPDEB1

shows a significant positional displacement. Since the invariant glutamine (Gln887

of LmjPDEB1) donates hydrogen bonds and plays an essential role in substrate and

inhibitor binding (Ke and Wang 2007), the positional variation of Gln887 must be

an important factor that diminishes the binding of the human PDE inhibitors to

LmjPDEB1. In addition, alterations in Asn838, Val839, Ser846, Met874, and

Gly886 of LmjPDEB1 are also significant and may thus affect inhibitor binding.

In particular, Met874 and Gly886 appear to serve as two gating residues controlling

access to a unique pocket that may be valuable for the design of LmjPDE-selective

inhibitors.

3.2.4 A Unique Pocket of LmjPDEB1 for Inhibitor Binding

A unique pocket called the L-pocket has been identified in LmjPDEB1 (Wang et al.

2007). It lies adjacent to the main inhibitor binding pocket and next to the cyclic

pentanyl ring of rolipram in the PDE4 structure (Fig. 7). This pocket is made up of

residues from the M-loop and helix H14, including Thr854, Tyr858, Met874,

Asn881, Leu883, and Gly886 in LmjPDEB1. Thr854 and Tyr858 of helix H14 and

Leu883 and Gly886 of helix H15 form two walls of the pocket, while the fragment of
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the M-loop around Asn881 constitutes the third side of the pocket (Fig. 7a). Interest-

ingly, the bottom of the pocket is open to the molecular surface of LmjPDEB1. Thus,

the pocket looks more like an open channel. It has a size capable of accommodating a

five-membered ring and shows mixed hydrophilic and hydrophobic characteristics.

At the entrance to the pocket, the two residuesMet874 and Gly886 of LmjPDEB1 are

separated by 7.5 Å between their Ca atoms and serve as a gate open to the

LmjPDEB1 L-pocket.

In human PDE families, however, the amino acids corresponding to the two

entry residues are sitting so close to each other as to isolate the L-pockets from the

main inhibitor binding sites. For example, Met847 and Leu858 in PDE2A, Phe976

and Leu987 in PDE3B, Met357 and Ser368 in PDE4D2, and Leu401 and Ile412 in

PDE7A all block the entry to the L-pocket. In PDE9A, Phe441 and Ala452 do not

block the path, but Val447 moves over by 3 Å into the L-pocket and thus fills it up.

In PDE10A, Met713 and Gly725 are separated by 6.7 Å, providing an access route

to the L-pocket, but this is blocked by Tyr693. It is interesting to note that a gating

glycine (Gly886 in LmjPDEB1) exists in four of the five LmjPDE families, but only

in human PDE10, and has the largest positional difference among the active site

residues. Since glycine is unique in that its backbone conformation can freely

assume any angle, this residue must represent a fundamental difference between

most human and Leishmania PDEs. In short, we believe that the L-pocket is useful

for the development of Leishmania-selective inhibitors.

3.3 Challenges

T. brucei, T. cruzi, and Leishmania are closely related parasites, causing very different
diseases, occupy different environments in the human hosts, and hence the develop-

ment of drugs for each indication involves both common and disease-specific

Fig. 7 Putative Leishmania parasite pocket (L-pocket; Wang et al. 2007). (a) Superposition of

LmjPDEB1 (green ribbons, sticks, and labels) over PDE4D2 (cyan ribbons, blue sticks, and
labels). (b) Surface presentation of the unique L-pocket of LmjPDEB1 (shaded circle labeled

with L) and the equivalent region in PDE4D (c)
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challenges. A fundamental issue relevant to all three genera involves the identification

of selective inhibitors that target the essential PDEs. Ideally, cross-reactivity with the

various human PDE families should be minimal. The feasibility of finding a solution

to this challenge can be judged by comparison with the successful development of

selective inhibitors for the humanPDEs. The identification of drugs specific for human

PDE3, PDE4, and PDE5 illustrates that genetic differences between PDE families can

be sufficient to enable the development of selective inhibitors (Bender and Beavo

2006). Bearing in mind the urgent need for new therapies and the desirability of a

relatively short duration of treatment, the requirement for very stringent selectivity

might be relaxed somewhat if the drug was efficacious and its side effects were

acceptable and reduced compared to current treatments.

Another important consideration is minimization of the development of drug

resistance. This has been best studied in T. brucei, where mutations in the P2 purine

transporter, TbAT1, and the high-affinity pentamidine transporter, HAPT1, result in

decreased importation of melarsoprol and pentamidine into the cell, reducing

their trypanocidal efficacy (De Koning 2008). Melarsoprol resistance has also

been demonstrated in laboratory strains overexpressing the multidrug resistance-

associated protein, TbMRPA, which showed increased export of drugs from the cell

(Luscher et al. 2006). A preliminary assessment of candidate drug interactions with

these transporters, especially PDE inhibitors with purine-like scaffolds, may help

circumvent these common resistance mechanisms. Resistance is less likely to

occur with compounds that enter the cell by more than one route, e.g., a combina-

tion of active and passive transport or via multiple active transport mechanisms

(transporter- or receptor-mediated). Lack of interaction with TbAT1, HAPT1, and

TbMRPA would also avoid problems of cross-resistance.

One of the main disease-specific challenges that must be met in order for a PDE

inhibitor to progress from a hit to lead compound is its ability to gain access to the

parasite within the host. In the case of T. brucei, it is essential that the compound be able

to cross the blood–brain barrier for it to be effective against late-stage CNS disease. For

T. cruzi and Leishmania which, unlike T. brucei, are intracellular parasites, the com-

pound must not only be able to cross the host cell membrane, but also the parasite

membrane in sufficiently high concentrations, and at a sufficient rate, to kill the parasite.

Additionally, any potential therapy for neglected diseases must take into consider-

ation the inability of the patient to pay for treatment and the lack of adequate hospital

facilities. Ideally, compounds should be cheap to produce, stable in the environments

where they will be used, have a short treatment course, and be easy to administer

(preferably oral) to ensure patient compliance and to diminish the risk of resistance.

4 Perspective

Although past progress has been slow, more recently, significant strides have been

made in our understanding of the importance of cAMP signaling in kinetoplastid

function. These findings provide genetic and pharmacological validation of the
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PDEs as novel drug targets for diseases caused by the kinetoplastid parasites.

In the bloodstream form of T. brucei, this has been demonstrated by the observation

that normal flagellar function, completion of cytokinesis, and ultimately cell sur-

vival are all absolutely dependent on PDEs. The lethal phenotype observed follow-

ing PDE knockdown could be due to two possibilities: the absence of the protein,

leading to disruption of an associated signaling complex, or the loss of enzymatic

function. The finding that pharmacological inhibition of PDE activity in T. brucei
mimics the lethal phenotype resulting from PDE knockdown supports the latter.

While selective inhibitors of kinetoplastid PDEs have yet to be identified, the first

kinetoplastid PDE crystal structure has been elucidated and shows differences from

mammalian PDEs that could be exploited in the design of selective compounds.

The similarity between TbrPDEB, LmjPDEB, and TcrPDEB isoforms raises the

possibility of a single inhibitor for all three PDE isoforms and the potential for

one drug for several diseases. Whether this is ultimately feasible will depend on

many additional factors, including those outlined in Sect. 3.3. The development of

compounds with promising preclinical profiles can realistically be pursued in part-

nership with one of the several not-for-profit organizations that have been specifi-

cally created tomeet the need for new drugs against neglected diseases (Cohen 2006;

Butler 2007). Further studies will be required to determine whether the possibilities

suggested by this preliminary evidence can be realized for the development of

PDE inhibitors as a new class of drug to combat parasitic diseases.
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