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Abstract — An increase of cyclic adenosine and guanosine monophosphate (CAMP and cGMP) level can be achieved by inhibition of
phosphodiesterases (PDEs), which are the enzymes responsible for the conversion of these second messengers into the corresponc
5-monophosphate inactive counterparts. The high heterogeneity in PDE families and in their tissue distribution, as well as their different
functional role, make these enzymes very attractive targets for medicinal chemists. The PDE 4 family is particularly abundant in
immunocompetent cells, where an increase of CAMP leads to the inhibition of the synthesis and release of pro-inflammatory mediators
cytokines and active oxygen species. Moreover PDE 4 inhibitors are able to reduce bronchial smooth muscle tone in vitro and show
bronchodilatory effects in vivo. Thus, the current therapy for asthma, which is based on a combinfjiagarists and corticosteroids, could

be replaced by treatment with PDE 4 inhibitors. This review mainly covers PDE 4 inhibitors structurally related to xanthines and Nitraquazone,
which appear to be very attractive models for the synthesis of novel PDE 4 inhibitors potentially useful for the treatment of asthma, chronic
pulmonary obstructive disease and some autoimmune diseases. These compounds could be devoid of the central side-effects (naus
vomiting, headache) of the archetypal Rolipram, which hampered its development as a drug. The review also highlights the novel structura
classes of PDE 4 inhibitors recently reported in the literature. © 2000 Editions scientifiques et médicales Elsevier SAS

phosphodiesterase 4 inhibitors / chemical classification / asthma / chronic pulmonary obstructive disease / autoimmune diseases

1. Introduction Second, new and promising therapeutic applications of
o PDE 4 inhibitors in certain unmet autoimmune diseases,
In the last few years there has been a growing interest ¢ o rheumatoid arthritis, multiple sclerosis and type 2
for the therapeutic applications of phosphodiesterase 4 gjapetes have emerged in recent years [2]. In the mean-
inhibitors (PDE 4 |nh|_b|tors). There_ are at least two main  time the knowledge of the molecular biology of the PDE
reasons for the basis of the rapid development of the 4 famjly has dramatically advanced, allowing the identi-
ch_emlcal, pharmacological and biochemical research in fication of four sub-types, differentially expressed be-
this field. _ o _ tween tissues and cells [3-5]. On this basis, subtype-
First, there is a general conviction that the mixed gelective inhibitors have been addressed as potential ways
anti-inflammatory and bronchodilatory profile of PDE 4 {5 achieve tissue or cell selectivity, therefore decreasing

generation prototypes, the discovery of new agents able fist generation PDE 4 inhibitors.

to compete and, perhaps, to replace corticosteroidgand

agonists, which represent the basis of the therapeutic 1.1. Why Rolipram-unrelated

management of asthma. Moreover PDE 4 inhibitors may phosphodiesterase 4 inhibitors?

be beneficial in the treatment of chronic obstructive ) ) o
pulmonary disease (COPD), a major respiratory disease Several comprehensive reviews on PDE 4 inhibitors

for which pharmacological treatment is still inadequate have appeared in the literature in recent years [6-10] and
[1]. a systematic updating has been provided by annual

publications by Norman and others [1, 11, 12]. For many
* Correspondence and reprints: vdp@farmfi.scifarm.unifi.it reasons the attention of the authors has been mainly
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devoted to Rolipram and congeners. In fact Rolipram,
since its discovery as a potent and selective PDE 4
inhibitor [13], has represented a useful pharmacological
tool for the characterization of thisisoenzymein different
tissues, areference drug in evaluating novel inhibitors, as
well as the main template for the synthesis of novel
inhibitors. Thus, a plethora of analogues with similar
pharmacological and toxicological profiles were synthe-
sized. This fact probably limited the search for different
structural classes of inhibitors until it became clear that
many of the side-effects displayed by this compound,
which hampered its therapeutic development, are con-
nected with its ability to bind with nanomolar affinity to
a binding site, which for a long time was considered
distinct from the catalytic site of the PDE 4 [14]. From
that moment two main directions of research were fol-
lowed in the field of PDE 4 inhibitors. that of the
manipulation of the Rolipram structure, aimed to disso-
ciate catalytic site inhibition and binding site affinity and
the search for structurally different inhibitors.

Thus, the number of compounds published or patented
as PDE 4 inhibitors, which are more or less closely
related to the structure of Rolipram, is much higher with
respect to that of the other chemical classes. Nevertheless
the few PDE 4 inhibitors therapeutically employed in
asthma are till Theophylline and related compounds,
moreover, one of the PDE 4 inhibitors more advanced in
clinical evaluation, Arofylline [15], belongs to the family
of xanthines. Finally the number of patents claiming
different chemical classes of PDE 4 inhibitors is increas-
ing in recent years, indicating that pharmaceutical com-
panies are moving from the Rolipram structure, probably
in the attempt to avoid the side-effects associated with it.
Thus the main focus of this review will be on PDE 4
inhibitors structuraly unrelated to Rolipram.

1.2. PDE families

The phosphodiesterases (PDEs) are a superfamily of
enzymes which catalyse the hydrolysis of the cyclic
nucleotides AMP and GMP to their corresponding inac-
tive 5-monophosphate counterparts. cAMP and cGMP are
ubiquitous intracellular second messengers which play a
prominent role in the regulation of important cellular
functions such as secretion, contraction, metabolism and
growth. Thus the elevation of their intracellular levels by
PDE inhibition represents a useful strategy for eliciting a
variety of pharmacologica effects.

At present, at least 11 different families of PDE
isoenzymes are known [16, 17]. Some of them are
characterized by substrate specificity (CAMP or cGMP),
different kinetic properties and different tissue distribu-

tion. The molecular cloning of mammalian PDE revealed
that each family is populated by one or more distinct gene
product (eg. A, B, C or D for PDE 4). Furthermore
aternative mRNA processing alows the production of
multiple splice variants [18]. Thus, till now at least 44
distinct human PDE proteins have been identified [16].
For some isoenzymes endogenous regulators such as
Ca?* and camodulin, co-factors, such as Mg?* and
possibly Zn?* [12] and synthetic selective inhibitors are
known. Thus Milrinone and Siguazodan selectively in-
hibit PDE 3, Rolipram PDE 4, Zaprinast and Sildenafil
PDE 5. Intable | are reported some features of the seven
main families.

1.3. Historic development of PDE inhibitors as drugs

During the 1980s a concerted effort was performed by
the pharmaceutical industry to identify selective PDE 3
inhibitors as possible substitutes of cardioactive glyco-
sidesin the therapy of cardiac insufficience. In fact, these
inhibitors elicit a favourable haemodynamic effect, stand-
ing on positive inotropic and vasodilating activity, in both
the isolated organ and in whole animals, associated, in
some cases, to platelet aggregation inhibition. Unfortu-
nately, long term therapy of patients with thistype of drug
was demonstrated to be disadvantageous in terms of
quality of life versus survival. Thus, today, drugs like
Milrinone 1 [22] and afew anal ogues such as Enoximone
2 [23], Vesnarinone 3 [24] and Pimobendan 4 [25] have
only a limited clinical utility in short term treatment of
heart failure (figure 1).

On the contrary a selective PDE 5 inhibitor, the
Sildenafil 5 (Viagra®), endowed with potent peripheral
vasodilatory activity, has successfully been launched by
Pfizer in many countries for the treatment of male erectile
dysfunction [21].

From the beginning of the 1990s growing interest was
devoted to identifying selective PDE 4 inhibitors. The
type 4 cAMP specific isoenzyme, which was identified in
1985 [26], is particularly abundant in brain and immuno-
competent cells; in the eosinophils which are considered
the effectors ‘par excellence’ of asthma, this is the only
isoform present [9]. Inhibition of PDE 4 in all these cell
types produces a marked reduction of inflammatory and
immunomodulatory response. Moreover, in vivo PDE 4
inhibitors reduce the tone of bronchial smooth muscle
and produce bronchodilation. Taken together these data
suggested a possible therapeutic utility of PDE 4 inhibi-
tors as anti-inflammatory and immunomodulatory agents.
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Family ~ Modulator Substrate specificity  Location Inhibitors
(relative Km)
PDE 1a Ca?*/calmodulin cAMP > cGMP airway, vascular smooth muscle, heart, liver, brain, Vinpocetine®
stimulated kidney, macrophages
PDE 18 cGMP stimulated CAMP = cGMP airway, vascular smooth muscle, heart, liver, brain, Vinpocetine®
kidney, macrophages
PDE 2 cGMP stimulated CAMP < cGMP airway, smooth muscle, heart, liver, brain, kidney EHNA?2
PDE3 cGMP inhibited cAMP = cGMP airway, vascular smooth muscle, heart, liver, platelets, Siguazodan®
endothelial cells, macrophages, T-lymphocytes Cilostamide®
Cilostazol®
PDE4  cAMP specific CAMP << cGMP airway, vascular smooth muscle, heart, liver, brain, Denbufylline®
kidney, endothelia cells, T-lymphocytes, macrophages, RP734012
neutrophils, monocytes, eosinophils, mast cells Nitraguazone?
PDE5 cGMP specific CAMP >> cGMP airway, vascular smooth muscle, heart, brain, platelets, Zaprinast* SKF962312
macrophages, T-lymphocytes Sildenafil®
PDE 6  photoreceptor cAMP >>cGMP retina Zaprinast®
PDE7 cAMP specific T-lymphocytes none (Rolipram
insensitive)

3Reference [9]; Preference [19]; Creference [20]; “reference [21].

2. PDE 4 inhibitorsin asthma and COPD [27]

Bronchial asthma is a non-infectious respiratory pa
thology affecting over 5% of the adult population and
perhaps up to 10% of children. Inindustrialized countries
itisrising in prevalence, severity and mortality, despite a
substantial increase in prescribed antiasthma treatments
[28]. In younger patients the disease frequently increases
in severity with time. Acute airway obstruction, bronchial
hyper-responsiveness and inflammatory state of the bron-
chial mucosa with increased levels of inflammatory
mediators, are the most evident phenomena which char-
acterize this pathology. Recent studies have highlighted
the prominent role of the eosinophils in asthma, suggest-
ing that this pathology could be considered as an eosino-
philic bronchitis and therefore an inflammatory disorder
[29-33].

Inhaled 3, receptor agonists and corticosteroids have
represented the mainstay of the therapeutic management
of asthmafor at least 25 years. According to the previous
arguments, 3, adrenoceptor agonists, which inhibit bron-
chostriction, would provide little more than symptomatic
relief, while the anti-inflammatory effect of glucocorti-
coids may affect disease progression [34, 35]. On the
other hand Theophylline, the oldest antiasthma drug,
particularly employed in the US and considered for a
longtime as only a bronchodilator, also displays a signifi-
cant anti-inflammatory effect.

Novel orally active antiasthma drugs displaying both
bronchodilatory and anti-inflammatory activity could be

very useful substitutes for the above combined therapy
with anti-inflammatories and bronchodilators for many
reasons:

1. chronic administration of glucocorticoids can have
adverse effects, namely in children [36].

2. Systemic side-effects, such as tachycardia, palpita-
tion and headache are observed with inhaled (3, adreno-
ceptor agonists, like salbutamol and terbutalin. These
adverse reactions may be related to inadvertent swallow-
ing of the inhaled dose, which is absorbed from the gut
[37]. Moreover several concerns emerged from studies
amed to clarify the effects of regularly inhaed £,
agonists on disease control in stable asthmatic subjects.
In these patients worsening of the pathology was ob-
served with continuously higher doses or longer-acting
inhaled beta-symphatomimetics [38, 39].

3. Side-effects could result from non-selective drug
interaction [40].

4. Disease progression could reach a point where
airway obstruction significantly reduces inhaled drug
delivery.

5. Self-administration of inhaled drugs may be diffi-
cult for older people and the disabled.

According to this, bronchia asthmais the maor focus
of the pharmaceutical industry in the field of respiratory
diseases.

As anticipated, the in vitro profile of selective PDE 4
inhibitors is characterized by suppression of the inflam-
matory and immunomodulatory response, as well as by
reduction of bronchial smooth muscle tone. Thus PDE 4
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Figure 1. PDE 3 and PDE 5 inhibitors on the market.

inhibitors are capable of down-regulating, in vitro, many
of the concerted effects of immunocompetent cells, in-
flammatory mediators, cytokines and growth factorswhich
are associated with asthma [41-43]. Among these are;
inhibition of superoxide generation in monocytes, mac-
rophages, neutrophils and eosinophils, reduction of TNF-a.
release in monocytes and macrophages and suppression
of chemotaxis and phagocytosis. Furthermore, strong
evidence exists that these agents are able to reduce the
permeability of endothelial cells and the expression of
adhesion molecules which are at the basis of most
inflammatory processes.

In vivo PDE 4 inhibitors demonstrated bronchodilatory
effects and ability to reverse the bronchospasm induced
by a variety of agents such histamine, leukotriene D,

(LTD 4), carbachol or methacholine [10]. In thisregard it
is interesting to observe that guinea-pig studies demon-
strated that PDE 3 inhibitors, as well as mixed PDE 3/
PDE 4 inhibitors [44], are also able to reverse the
bronchoconstriction induced by the same agonists. In
conclusion, the profile of selective PDE 4 inhibitors
seems to fulfil the requirements for a unique therapy,
hopefully replacing the mixed administration of 3, ago-
nists and anti-inflammatories, while the typical cardio-
vascular profile of PDE 3 inhibitors seems to preclude a
possible development of these agents, as well as that of
the mixed PDE 3/PDE 4 inhibitors as anti-asthma drugs.

Chronic obstructive pulmonary disease (COPD) is a
progressive lung disease affecting at least 6% of the
population and represents the fourth largest cause of



death in the world [45], being also a major drain of finite
health resources. COPD is associated with a chronic
inflammation of the airway that involves neutrophils,
macrophages and CD8* T-cells. Smoking cessation pro-
grams, bronchaodilators and anti-inflammatory drugs dem-
onstrated to be inadequate in managing this pathology.
Recent clinical data suggest that PDE 4 inhibitors may be
beneficial: thus phase Il clinical trials with SB-207499
(Ariflo”), a Rolipram related PDE 4 inhibitor, demon-
strated a substantial improvement in pulmonary function
in subjects with minimal response to bronchodilator
therapy [46]. This suggests that suppression of neutrophil
function may be at the basis of the significant patient
improvement observed with this PDE 4 inhibitor.

3. Other therapeutic targets of PDE 4 inhibitors

Recently, new and more ambitious therapeutic targets
like multiple sclerosis, type Il diabetes, rheumatoid ar-
thritis, ulcerative chalitis, atopic dermatitis and other
autoimmune diseases emerged for PDE 4 inhibitors.
Many of these perspectives are associated with the
evidence that PDE 4 selective inhibitors are able to
reduce TNF-a production. In fact this cytokine plays a
central role in determining several unmet diseases be-
longing to the autoimmune class.

3.1. Rheumatoid arthritis

In rheumatoid arthritis (RA) a significant increase of
TNF-a levels in plasma and synovia fluid was evi-
denced, suggesting that agents which normalize this
cytokine overexpression, subsequent to a deregulated
inflammatory response, could be useful in this type of
pathology. According to this, TNF-a neutralizing anti-
bodies determined significant clinical improvements in
RA patients [47].

PDE 4 inhibitors like Rolipram demonstrated to be
able to prevent the onset of the arthritis symptoms, as
well as to diminish disease progression if administered
after disease development in the rat collagen type II-
induced arthritis model [48]. These results were accom-
panied by the evidence of a strong down-regulation of
TNF-a and interferon (IFN) mRNA expression in re-
gional lymph nodes. Thus, at least one pharmaceutical
company switched the focus of its research on PDE 4
inhibitors from asthma to rheumatoid arthritis. Promising
results were obtained from a pilot clinical study with
Piclamilast (RP73401), a potent and selective PDE 4
inhibitor, structurally related to Rolipram, which demon-
strated to be able to induce significant symptom relief in
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patients, associated by a positive trend in reducing serum
concentrations of 1L-6 and C-reactive protein [49].

Taken together these data seem to confirm the potential
of PDE 4 inhibitors as promising drugs in this highly
disabling disease.

3.2. Multiple sclerosis

The PDE 4 selective inhibitor Rolipram is effective in
suppressing the clinical manifestations of acute autoim-
mune encephalomyelitis (EAE) in two well-defined ex-
perimental models of multiple sclerosis (MS) in rats and
monkeys [50-52]. The non-selective Denbufylline can
also prevent and ameliorate EAE in rats [53, 54]. It was
suggested that these effects are in part due to inhibition of
pro-inflammatory cytokine release from autoreactive T
lymphocytes and possibly from macrophages.

The discovery of new, more selective, PDE 4 inhibitors
devoid of the side-effects of Rolipram could open inter-
esting perspectives for the therapy of this chronic inflam-
matory disease of the CNS.

3.3. Diabetes

Both Pentoxifylline and Rolipram reduced the severity
of insulitis and prevented diabetes in NOD mice, an
experimental model of autoimmune diabetes in which
interleukin (IL)-12, IFN—y and TNF-a play an important
role. The protection was still efficient after several weeks
after withdrawal of the drugs and PDE 4 inhibition seems
to be at the basis of the beneficial effects observed in this
experimental model of diabetes [55].

3.4. Septic shock

Studies performed in experimental models of
endotoxin-induced acute rena failure in rats demon-
strated that the selective PDE 4 inhibitor Ro-201724 was
effective in reducing renal vascular resistance and glom-
erular filtration rate impairment, improving survival of
the animal treated group [56]. Both selective (Rolipram,
Denbufylline) and non-selective pentoxifylline (PTX)
PDE 4 inhibitors in experimental models of endotoxin-
induced bowel erythrocyte extravasation in rats and in
anaesthetized dogs provided evidence that these agents
are able to reduce extravasation and blood flow reduction
[57]. Moreover a group of 12 patients fulfilling the
criteria of septic shock, when given PTX (1 mg/kg/h for
24 h) showed a significant reduction of TNF-o. levels,
even if IL-6 levels increased, suggesting that PDE 4
inhibitor treatment cannot block the inflammatory over-
reaction [58]. Taken together these data seem to confirm
the therapeutic potential of PDE inhibitors in septic
shock.
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Further types of pathologies in which increased plasma
levels of TNF-a were evidenced, such as inflammatory
bowel disease [59] and liver injury [60] were proposed as
therapeutic targets of PDE 4 inhibitors.

Moreover PDE 4 selective inhibitors demonstrated
effectiveness in inhibiting the decrease in bone mineral
density of the femurs from Walker 256/S-bearing rats,
suggesting that these agents may be considered as drug
candidates for the bone loss disease [61].

3.5. Antileishmania effects

Due to their modulatory activity on cell proliferation
and on differentiation processes, PDE inhibitors were
also proposed as potential drugs in some parasite induced
diseases, e.g. leishmaniasis [62]. This is a pathology
affecting millions of people world-wide (annual inci-
dence: 12 million cases), for which available drugs
display low efficacy and are characterized by heavy side
effects.

4. The oldest inhibitors

The oldest and most popular compounds displaying
PDE 4 inhibitory activity are Theophylline 6, a weak and
non-specific inhibitor and Rolipram 7, a quite potent
(IC5 = 0.3 uM) and selective PDE 4 inhibitor (figure 2).

4.1. Theophylline

Theophylline began to be generally used in asthma
treatment in the 1930s and has been one of the most
widely prescribed drugs world-wide. At the present its
use is relegated to 3rd-line therapy behind corticosteroids
and {3, selective bronchodilators [63, 64]. The therapeutic
utility of Theophylline is closely related to the type of
asthma to be managed.

In acute severe asthma, i.v. aminophylline is less
effective than inhaled (3, agonists [65]. Moreover Theo-
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Figure2. Compounds 6 and 7.

phylline is more liable to induce adverse effects. In some
cases of asthma deaths toxic concentrations of Theophyl-
line were evidenced [66]. Thus i.v. aminophylline is
indicated only for those patients who did not satisfacto-
rily respond to nebulized § agonists.

In chronic asthma Theophylline is suggested as an
additional bronchodilator when moderate to high doses of
inhaled steroids fail to completely control asthma symp-
toms [67].

Evidence for a sub-population of asthmatics who
particularly benefit from Theophylline emerged from a
study performed on young patients taking, in addition to
ora Theophylline, inhaled steroids, nebulized 3, ago-
nists, as well as inhaled anticholinergics and cromogly-
cate. In these cases withdrawal of Theophylline caused a
significant deterioration in disease control, which could
not be prevented by increased steroids, while it only
responded to the re-introduction of Theophylline [68].

The usefulness of Theophylline as an antiasthma drug
is due in part to the drug’s oral activity and to its ability
to control nocturnal asthma symptoms by sustained-
release drug preparations. This last property stems from
the ability of Theophylline to inhibit the inflammatory
response subsequent to the circadian nocturnal troughs of
epinephrine and cortisol plasma levels [69].

Common side-effects of Theophylline, such as restless-
ness and insomnia, which are related to CNS stimulation,
generaly occur at plasma concentrations higher then
20 mg/L. Higher doses can result in nausea, vomiting,
headache and, in extreme cases, life-threatening convul-
sions and cardiac arrhythmias. Other types of unwanted
effects, like increased acid secretion and diuresis may
also occur.

Therefore, probably the main problem associated with
the use of Theophylline is connected with its narrow
therapeutic index. In fact plasma concentrations of
10-15 mg/L are necessary to elicit antiasthma activity; on
the other hand blood levels higher than 20 mg/L are able
to induce the first side-effects. Further drawbacks are
associated with high inter-individual variability of ab-
sorption, metabolism and clearance [70] and with the
numerous interactions featuring this drug. In this regard
recent studies have highlighted a significant reduction in
Theophylline clearance due to usua intake of dietary
caffeine in subjects consuming 2—7 cups of coffee in one
day [71].

Despite its long history and widespread use, the
molecular mechanism responsible for the antiasthma
effect of Theophylline remains yet to be clarified, due to
the myriad of biological effects featuring this compound
[72, 73]. Probably severa mechanisms like PDE inhibi-
tion, adenosine receptor binding and mediator (TNF-o)



antagonism may be operating both for bronchodilatory/
anti-inflammatory activity and for the numerous side-
effects.

4.1.1. PDE inhibition

Therapeutically relevant concentrations of Theophyl-
line display small and non-selective inhibition of PDE.
Only 5-20% of the total PDE lung expression isinhibited
at these plasma levels [74, 75]. Since only PDE 3 and
PDE 4 inhibition play a relevant role in determining
airway smooth muscle relaxation, it appears improbable
that this non-specific and weak inhibition may be respon-
sible for the therapeutic activity of Theophylline. Since
from the comparison of PDE inhibition and in vitro
airway smooth muscle relaxation [74] emerged an evi-
dent paralelism, the more likely hypothesis is that the
presence of adenylate cyclase or guanylate cyclase acti-
vators may confer a greater functiona efficacy to PDE
inhibition. Support for this explanation is given by the
additiona effects of Theophylline and 3 agonists [76, 77]
which elicit bronchaodilatation through intracellular cAMP
elevation.

4.1.2. Adenosine receptor antagonism

Adenosine has little in vitro effect on airway smooth
muscle from healthy subjects, while it causes both in vitro
constriction in the same tissue from asthmatics and in
vivo bronchoconstriction when inhaled by asthmatics
[78, 79]. The latter effect isinhibited by therapeutic levels
of Theophylline [80]. The hypothesis that the antiasthma
effects could be mediated by adenosine A,/A, antago-
nism seems to be ruled out by the fact that Theophylline
analogues, e.g. Enprofylline, isbufylline and Doxofylline,
which lack adenosine receptor antagonism, also display
bronchodilatory activity.

More likely, adenosine antagonism may account for
some of the CNS, cardiac and gastrointestinal side-effects
of Theophylline. These unwanted effects certainly stem,
a least in part, from the tendency of Theophylline to
indiscriminately inhibit the PDEs in al tissues [81, 82].

4.1.3. Mediator inhibition

This mechanism may account for the antiasthma effect
of Theophylline. In fact there is a body of experimental
evidence that Theophylline, as well as some analogues,
are able to inhibit the hyper-responsiveness of airways
induced by TNF-a. in animal models [83, 84]. Additional
mechanisms which could contribute to the therapeutic
activity of Theophylline are catecholamine release and
inhibition of calcium flux [85].
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4.2. Rolipram

In addition to its sub-micromolar selective PDE 4
inhibitory activity, Rolipram binds with nanomolar affin-
ity to preparations of animal and human brain tissue
homogenate. Very recently it was demonstrated that this
divergence between enzyme inhibition and binding po-
tency is due to the existence of two different conformers
of the PDE 4 isoenzyme [86]. Many Rolipram anal ogues,
as well as PDE 4 inhibitors unrelated to Rolipram, bind
with high &ffinity to the so called Rolipram high affinity
binding site (RHABS). Some pharmacological effects of
Rolipram, like antidepressant activity and bronchodila-
tory effects, correlate much better with its affinity for
RHABS, while others (inhibition of allergen-induced
bronchostriction and inflammatory mediator release), bet-
ter correlate with enzyme inhibition potency. Side-effects
such as nausea, vomiting and headache, which until now
hampered the development of many PDE4 inhibitors as
drugs, appear at therapeutic doses of potent HARBS
ligands. Therefore the best balance of therapeutic benefit
and side-effects seems to characterize compounds with
high potency as enzyme inhibitors and low affinity for
HARBS. This profile features both Rolipram related and
unrelated second generation PDE 4 inhibitors.

5. The main chemical classes of PDE 4 inhibitors

Traditionally PDE 4 inhibitors are classified into three
main chemical classes:

1. Catechol ethers, in which are grouped a wide
variety of flexible molecules of inhibitors structurally
related to Rolipram. These agents are characterized by the
presence of the substructure 8 in which R, is generaly a
methyl and R, a cyclopentyl group; aternatively highly
lipophilic groups are present a R,.

2. Quinazolinediones, in which are classified the PDE
4 inhibitors structurally related to Nitraquazone 9 [87].

3. Xanthines, to which Theophylline 6 belongs.

However, according to the pharmacophoric model
proposed by Polimeropoulos et a. [88] for PDE 4
inhibitors, classes 2 and 3 could be referred to the unique
general structure 10 in which X = N, CO, CH, Y = bulky
alkyl or aryl Z =N, C, and W = N, CH. Inside this class,
two subclasses can be distinguished, namely quinazolin-
diones and xanthines (figure 3).

5.1. Quinazolindiones and related compounds
The archetypal quinazolindione moiety of Nitraqua-

zone was extensively manipulated to afford a variety of
structure-derived compounds, with Syntex being particu-
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larly active in this area. In figure 4 the conceptual
development of some of the most interesting
Nitraguazone-derived PDE 4 inhibitors is depicted.

SAR studies demonstrated that the 3 NO, group can
be successfully replaced by different non-protic, electron-
withdrawing functionalities like Cl, Br, COOCHa.

Benzene—pyridine isosteric replacement, as well as
introduction of more space-filling groups at N afforded
the Pfizer compound CP 77059 11 (R; = CgHs, R, =
COOCH;) [89] and the Syntex RS 2534412 (R, =
4-pyridyl, R, = NO,) [90], which proved to be four orders
of magnitude more potent with respect to the prototype 9.
Further simplification of the structure, by removing
unnecessary functionalities, was associated with further
dramatic improvement of activity. Thus the quinoline
RS 14203 13 is one of the most potent PDE 4 inhibitors
(ICso = 0.023 nM) [91] (figure 4).

The naftiridinones 14 (Sapporo) [92] and 18 [93] arise
from aless extended structural simplification of Nitraqua-
zone, whereas compound 15 [94] exhibits the essential
substructure of 13, where the 3' nitrophenyl group is
replaced by a benzotriazole. Compound 16 (Yamanouchi,
YM 58977) [95] and 17 (Asta, D-22888) [96] essentially
arise from the interchanging of the CO and N-substituted
groups with respect to compounds 11-12. In the case of
16 the pyridine nitrogen is also moved in the opposite
position, whereas in 17 the phenyl ring appended is also
replaced by a fused imidazole system.

The Syntex compounds of type 19 [97], which are
nanomolar selective inhibitors, bring together the isos-
teric benzene—pyridine replacement and the pyrimi-
done—pyridazinone substitution compared with Nitragua
zone. Unfortunately, in the strikingly potent 13, aswell as
in the Syntex compounds 19, the increased potency is
accompanied by a concomitant increase in side-effects
which limited their development. In the attempt to reduce
these adverse reactions, compounds of type 20 [98, 99]
were synthesized by our group maintaining the same
arylpyridazinone backbone, but replacing the pyridine
with a series of five and six membered heterocyclic
systems, like pyrrole, pyrazole, 1,2-dihydropyridine and
thiophene. These compounds, namely that substituted at
pyridazine-2-nitrogen with an ethyl group, compared
with Rolipram and Syntex analogues 19, demonstrated to
have weaker PDE 4 inhibitory activity but a significantly
better balance between PDE 4 IC5, and affinity for
HARBS. This property indicates a probable smaller
liability to induce emetic effects.

Finally, the nicotinamide ethers 21 can be regarded as
the open models of Nitraguazone obtained by separation
of the pyrimidindione moiety of Nitraguazone anal ogues
11 and 12. This type of compound, firstly reported by
Vinick et a. [100] in 1991, more recently aroused
renewed interest since some terms display 100-fold
selectivity for inhibition of the PDE 4D isoform in
comparison with the other PDE 4 isoforms. The interest
for these PDE 4 inhibitors was also increased by their
reduced affinity for HARBS.

Further PDE 4 inhibitors like 22, based on the same
pyrido[2,3-d]pyrazinone backbone, displaying a 20 nM
ICso, Were recently disclosed by Fujisawa [101, 102].
These agents bear, in position 4, a phenyl group with
more and more larger side-chains appended (figure 5).

Novel classes of PDE 4 inhibitorslike 23 and 24, based
on the same quinoline, quinolone and naftiridone tem-
plate featuring 14, 15 and 16, but bearing, as the original
structural element the presence of carboxamido or sul-
fonamido groups were disclosed by Chiroscience in 1997
[103, 104]. For these compounds ICg,s are not reported.

In conclusion, the best pharmacophoric model for the
most potent Nitraguazone-like inhibitors seems to be
based on an amost flat heteroaromatic area, generally
formed by a 66 condensed system. One (hetero)aromatic
or a cycloakyl system A is connected to the flat portion
through a methylene spacer; another, bearing an electron-
withdrawing substituent in 3', is directly appended (25).
Both carbonyl dipoles of Nitraguazone are not essential
features and can be replaced by =N— and =CH- (com-
pounds 13 and 22). The 3' substituted aromatic system
can be replaced by a fused five membered nitrogen
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Figure5. Compounds 22-25.

heterocycle (compounds 15 and 17) or by space-filling
lipophilic groups containing amide or urea functions
(compounds 22). Carboxamido or sulfonamido groups
can be inserted instead of the carbony! dipole in position
4 of Nitraguazone (compounds 24).

The next challenge in this class of PDE 4 inhibitors
will be to combine nanomolar inhibitory potency with
strongly reduced affinity for RHABS in order to improve
the therapeutic index.

5.2. Xanthines and related compounds

In the attempt to improve the therapeutic index of
Theophylline, a variety of synthetic xanthines have been
studied (tables!l and Il1). A relevant contribution in
studying SARs in this class was made by a Japanese

Y=NO2, Br, Cl, COOCH3
A= Ph, 4-Py, cyclopropyl

group directed by Miyamoto [105-109], who recently
reported an interesting series of heterocyclic-fused xan-
thines [110]. Among the therapeutically useful synthetic
xanthines, Dyphylline, was approved for asthma therapy
and has appeared in the US market; Bamifylline and
Doxofylline were marketed in Europe [111]. Enprofylline
was extensively investigated, but its development was
discontinued [112, 113]. Verofylline was clinically evalu-
ated, but did not reach the market [114]. IBMX (isobutyl
methylxanthine) is a relatively weak, non-selective PDE
4 inhibitor [115, 116].

Denbufylline is a selective PDE 4 inhibitor showing
low adenosine receptor affinity whose development was
discontinued due to poor pharmacokinetics [117]. Gener-
aly these synthetic xanthines therapeutically used as
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H;C R
N | N
.
o7 N N7 R;
R;
R, R, Ry
Teophylline CH, H H
IBMX CH,CH(CH,), H H
Isbufylline CH,4 CH,CH(CH,), H
Doxofylline CH, 0 H
CH,—( :'
o]
Dyphylline CH, CH,CH(OH)CH,0OH H
Verofylline CH,CH(CH,)C,Hg H CH,
Bamifylline CH, (CH,),N(C,Hs)(CH,),OH CH,CgH5

antiasthma drugs exhibit low or moderate PDE 4 inhibi-
tory activity (table V).

Arofylline (LAS 31025) (tablelll) is one of the most
interesting xanthine derivativesand isin phase 111 clinical
trialsfor oral asthmatherapy [124]. The chemical novelty
of this compound stands on the presence of the
4-chlorophenyl fragment at N 3. Arofylline is a weak
(IC5 = 5.5 pM), but selective, inhibitor (selectivity
versus PDE 3 > 50). Compared with Theophylline,

Tablelll. Further xanthines.

Arofyllineis many fold more potent as a PDE 4 inhibitor,
showing affinity for adenosine A, and A, receptorsin the
same order of magnitude. Compared with the more potent
PDE 4 inhibitor Rolipram (ICs = 0.30 uM), Arofyllineis
25-30-fold less emetic in conscious dogs. Unlike Theo-
phylline, Arofylline lacks stimulant central effects, as
measured by spontaneous motor activity in mice, anditis
devoid of effects on the cardiac function. In a double
blind, parallel, randomized clinical trial in 232 patients

(@]
Ry R
A N/LRE

|
|
IN|

R1 R2 R3 R4
Pentoxifylline CH,4 CH,4 H (CH,),COCH4
Enprofylline n.C;H, H H H
Cipamfylline (BRL 61063 H NH

pamty ( ) CH, i 2 CH, :

Denbufylline (BRL 30892) n.C,H, CH,COCH,4 H n.C,Hq
Arofylline p.CICsH, H H C,Hg
Chiroscience 245412 m.OCH,CgH, H H




474

Table V. PDE 4 inhibitory activity and adenosine affinity of some xanthines.

Xanthine Cell/tissue PDE 4 I1C5, (M)  AdenosineA; IC, Adenosine A, IC,, Reference
(UM) (HM)

Theophylline human bronchus 150 20 29 [118]
human eosinophils 290 [119]

IBMX dog trachea 9 3.2 [116]
human eosinophils 14

1CI-63197 guinea-pig lung 4.6 [120]

Penthoxyfylline human bronchus 45 [118]

Denbufylline rat brain 0.8 20 46 [117]

Isbufylline rat lung 1400 85 [121]
rat brain 1900 [121]

BRL-61063 19 [122]

Arofylline guinea-pig heart 53 3.7 7.2 [123]

with moderate asthma, Arofylline (slow release, 90 mg/
day) demonstrated significant improvement of the pulmo-
nary function, as well as a safe profile [125].

PDE inhibitors structurally related to the Arofylline-
like compound 245412 (tablelll) were reported by a
Chiroscience group. A close analogue (2-thienylmethyl
and o.tolil instead of benzyl and m.methoxyphenyl,
respectively) showed an improved ratio for PDE 4
inhibitory activity versus affinity for HARBS. This com-
pound, dosed orally at 10 mg/kg in guinea-pigs, showed
an excellent inhibition of eosinophilia produced by a
range of mediators. No emesis or CNS effects were
observed in ferrets at the same dose level [126].

Isbufylline, (table I1) 7-isobutyltheophylline [127], isa
very weak PDE inhibitor (ICs, in the millimolar range),
which shows low &ffinity for adenosine receptors and is
devoid of significant CNS and cardiovascular effects in
animal models [128]. The compound is able to reduce
eosinophil recruitment into guinea-pig airways sensitized
by antigen inhalation. Double-blind controlled clinical
trials showed efficacy in a limited number of asthmatic
subjects accompanied by safety and good tolerance at
dose levels ranging from 20-320 mg [121].

The emorheological agent Pentoxifylline (tablelll) is
an alkylated xanthine therapeutically useful for the treat-
ment of peripheral vascular and cerebrovascular diseases,
as well as of a number of other pathologies caused by
defective regional microcirculation [129]. Pentoxifylline
is a weak PDE 4 inhibitor, but significantly inhibits
TNF-a synthesis [130]. Pentoxifylline acts primarily by
increasing red blood cell deformation by reducing blood
viscosity, platelet aggregation and thrombus formation.

Cipamfylline (BRL60063) was the prototype of a
series of potent PDE 4 inhibitors synthesized by Smith-
Kline Beecham. The unwanted affinity for HARBS and

adenosine receptors featuring the parent drug were
strongly reduced by specific structural modifications
[131].

Among the xanthine analogues (figure 6) Ibudilast
emerged as a moderately potent (IC5, = 0.8 uM) non-
specific PDE 4 inhibitor [132] which was marketed in
Japan as an oraly active antiasthma drug [133]. Again,
PDE 4 inhibition could account only in part for its
therapeutic activity.

Euroceltique disclosed compounds 26a—b as members
of a series of purines, isoguanines and dithioxanthines
which inhibit PDE 4 from bovine tracheal smooth muscle
with 30 nM potency [134]. Compound 26b reduced
bronchial hyper-responsiveness to histamine in guinea-
pigs at 0.5 mg/kg/day s.c.

SCA 40 is a potent antibronchospastic in guinea-pigs
[135], which is also able to suppress spontaneous tone on
human isolated bronchus. In animal and human bronchus
precontracted with different spasmogens, SCA 40 showed
pD,, values within the range 6.85-8.61. The presence of a
bromine on position 6 and an amino(alkylamino) group
on position 8 playsacritical role in the activity. Inhibitory
activity on PDE 4 from bovine trachea was in the
micromolar range, but antibronchospastic effects could
also be due to its more potent effect on PDE 3. Chemical
manipulation of this lead afforded selective PDE 4
inhibitors.

1CI163197 isaweak (ICgy = 4.6 uM) selective inhibitor
of PDE 4 from guinea-pig lung [136] showing some
similarity with the xanthine skeleton.

Among hybrid structures between the xanthine system
and Rolipram (figure 7), V11294A 27 is one of the most
interesting. This compound, which is a quite potent (1Cgq
= 200-300 nM, human lung) and selective PDE 4
inhibitor developed by Napp [137], is now in phase Il
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clinical trials for asthma. This well absorbed, non-emetic
compound at the oral dose of 300 mg is able to inhibit
PDE 4 in human volunteers for 24 h [138].

Compound RPR 132703 28 (Rhone Poulenc) whose
structural similarity with Rolipram is less evident, being
a 1,4-phenolic diether, contains the 3,5-disubstituted
pyridine fragment of Piclamilast, a potent Rolipram
analogue, which progressed into phase Il and was re-
cently discontinued [11]. Compound 28 was reported to
be a potent orally active inhibitor of LPS-induced TNF-a.
release in an alergic rat model [139].

6. Novel structural classes of PDE 4 inhibitors

PDE 4 inhibitors based on the benzofuran template
were firstly reported by a Glaxo group [140]. The
rationale at the basis of the choice of this completely
novel structure was the replacement of the
3-cyclopentyloxy-4-methoxy sub-unit 29 of Rolipram
with the conformationally constrained 7-methoxy benzo-
furan fragment 30 (figure 8).

Several patents provided more insights on the struc-
tural requirements for the activity by disclosing potent
PDE 4 inhibitors based on the same benzofuran back-

475

N
\

NH ]

o)

CHs CHs
OCH;j A
~
N

27 28

V-11294A RPR 132703

Figure 7. Hybrids of xanthine and Rolipram.

bone. Representative compounds are 31 and 33 (Bayer)
[141, 142] and 32 and 34 (Chiroscience) [143, 144].
Compound 31 at 1 pM concentration increased by 400%
cAMP concentration in human neutrophils stimulated by
fMLP (N-formylmethionyl leucyl phenyl alanine) and at
the dose of 1 mg/kg i.v. reduced skin oedema induced by
the same agent (figure 9).

Very recently a Rhone Poulenc Rorer group reported
on compounds of genera structure 36 which showed
PDE 4 inhibitory activity in the nanomolar range [145].

Many 7-methoxy spirobenzofurans with potent PDE 4
inhibitory activity (dog 1C5, = 7.98) displaying bron-
chodilatory and anti-inflammatory activity, which are
exemplified by 38 were disclosed by Byk Gulden [146].
Compounds 35 and 37 were synthesized in Kyowa
laboratories [147, 148].

Further PDE 4 inhibitors belonging to miscellaneous
chemical classes are depicted in figure 10. The represen-

30

Figure 8. Structures of 29 and 30.
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Figure 9. Benzofurans, benzopyrans and related compounds.

tative indazole 39 [149] and the pyrazolo[3,4-c]pyridine
40 were synthesized in the Pfizer laboratories [150].
The benzodiazepine derivatives 41a—b were reported
by a Parke Davis group [151]. In this series, SAR studies
demonstrated the critical role played by the 5-membered
fused ring, being both the non-cyclic benzodiazepine and
the 6-membered analogue devoid of activity. Compound
Cl-1018 (R = CHj, Het = 4-pyridyl) was a moderately
potent PDE 4 inhibitor from U937 cell line (IC5, =
1.1uM), aso displaying good selectivity versus other

o~ 0
o. |
SOzNH\_Q
32
Ry

N
7

/
o

o

e] R,
R;
Ry ~. 2 34
7= CO,
0
36
Het

\
Het= / N

PDE isoenzymes. CI-1018 proved to be along lasting and
potent inhibitor in antigene-induced pulmonary eosino-
philiain rats without emetic effect at the therapeutic dose
(Phase I). It isinteresting to observe that diazepam itself
proved to be a moderately potent PDE 4 inhibitor
[152].

2,4,6-Trisubstituted triazines 42 represent a structur-
aly novel class of PDE 4 inhibitors (IC5, = 150 nM)
endowed with potent bronchodilatory effect, synthesized
at UCB Pharma [153].
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7. Conclusions

In recent years there has been a spectacular evolution
of the knowledge on the biochemical aspects of the target
(PDE 4) and on the pharmacological and toxicological
profile of itsinhibitors. Four subtypes were identified and
their tissue/cell distribution and function clarified. Inter-
action with PDE 4C, which is heavily expressed in
neuronal tissue, seems to shift the activity toward CNS,
while PDE 4D, which is the predominant subtype in
inflammatory cells, probably mediates anti-inflammatory

and immunomodulatory effects. Moreover it is generally
accepted that high affinity for HARBS is associated with
more propensity to induce side effects. Thus, combining
in the same molecule high potency at the catalytic site
and reduced affinity for HARBS with selectivity for PDE
4D, may afford the ideal pharmacologica and toxicologi-
cal profile for drugs with clinical efficacy in asthma,
COPD and some autoimmune diseases. Indeed SB 207499
(Ariflo”), which seemsto be the PDE 4 inhibitor closer to
the market for COPD [1] shows 10-fold selectivity for the
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subtype 4D and preferentially binds the catalytic site
versus HARBS.

On the other hand, therapeutically useful antiasthma
drugs, like Theophylline and related compounds, gener-
ally display low or moderate potency at the catalytic site.
This holds for Arofylline, which is one of the PDE 4
inhibitors most advanced in clinica evaluation as an
antiasthma drug. These data seem to suggest that for
clinical efficacy in asthma, high potency at the catalytic
site of PDE 4 inhibitors is not an essential requirement.
Conversely a range of incompletely understood effects,
featuring Theophylline and congeners, would be more
appropriate. The discontinued development observed in
recent years of several very potent PDE 4 inhibitors, due
to their lack of efficacy [11], seems to support this
hypothesis. Therefore the Theophylline scaffold may be
very useful for designing new antiasthma drugs in which
its good pharmacokinetic profile could be coupled with
reduced cardiovascular and CNS side effects, which
presently limit the therapeutic utility of this old, but not
obsolete drug.

The significant degree of optimism of the analysts on
the clinical useful of PDE 4 inhibitors in COPD, asthma,
RA and in some dermatological diseases opens very
interesting perspectives for the researchers working in
this area of medicinal chemistry.
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