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Abstract

The effects of PF-904 (4-amino-1-ethyl-6-methylpyrazind2,3-c][1,2,6]thiadiazine 2,2-dioxide), a pyrazinothiadiazine derivative, were
examined in guinea-pig airways in vivo, in human isolated bronchus and human polymorphonuclear leukocytes. PF-904 (12.5-200
mg,/kg, intraduodenal) reduced bronchoconstriction in response to histamine, arachidonic acid, platelet-activating factor (PAF) and
methacholine. PF-904 (50—200 mg,/kg) prevented PAF-induced airways hyperreactivity and inhibited antigen-induced bronchoconstric-
tion, airway microvascular leakage and eosinophil lung accumulation, but antigen-induced airways hyperresponsiveness was not reduced.
PF-904 (1 wM-1 mM) produced complete inhibition of spontaneous (—logEC,, = 3.57 + 0.04; n= 10) and histamine-stimulated tone
(—logECg, = 3.66 & 0.07; n=10) of human isolated bronchus. Glibenclamide (10 wM) or precontraction with KCl (80 mM) did not
impede PF-904-induced bronchial relaxation. PF-904 inhibited cyclic AMP (—loglCg,=2.83+0.25; n=8) and cyclic GMP
(—1logICgy = 2.90 £+ 0.21; n = 8) phosphodiesterase activity in human bronchus. The activity of type IV phosphodiesterase was inhibited
by PF-904 (—logICg,= 3.43 + 0.11; n=3). PF-904 aso inhibited superoxide release by N-formylmethionyl—leucyl—phenylalanine-
stimulated human polymorphonuclear leukocytes, but the maximal effect was approx. 50% of that produced by rolipram (10 wM). This
profile of activities of PF-904 suggests that this compound has potential therapeutic value as an anti-asthma drug. © 1997 Elsevier
Science B.V.
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1. Introduction fects in a pharmacological screening program. These find-
ings suggested that PF-904 may have therapeutic value in
asthma.

The present study evaluated the pharmacological activ-

Asthma is a multifaceted condition that has manifesta:
tions including bronchospasm, non-specific bronchia hy-

perreactivity, inflammatory cell (especially eosinophils)
infiltration and microvascular leakage in the airways
(Barnes et al., 1988). Although asthma is currently treated
with effective bronchodilator and anti-inflammatory medi-
cation, the search for new anti-asthma drugs continues
(Molimard and Advenier, 1993). PF-904 (4-amino-1-ethyl-
6-methylpyrazino[2,3-c][1,2,6]thiadiazine 2,2-dioxide) is a
novel chemical entity which was selected from a series of
pyrazynothiadiazine derivatives (Goya et al., 1992) be-
cause it showed bronchodilator and antibronchospastic ef-
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ity of PF-904 on in vivo guinea-pig models of acute
bronchoconstriction in response to different spasmogens,
on platelet-activating factor PAF-induced airway hyperre-
activity, and antigen-induced airway hyperreactivity, mi-
crovascular leakage and eosinophil infiltration. Additional
experiments were carried out to assess the in vitro activity
of PF-904 as relaxant of human bronchus, as inhibitor of
cyclic nucleotide phosphodiesterase activity in human
bronchus, and as inhibitor of superoxide release by human
neutrophils. These experiments aimed to explore potential
bronchodilator and anti-inflammatory activity of this com-
pound of possible relevance to therapy of asthma. To
evaluate the therapeutic potential of this new drug, the
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effects of PF-904 were compared to those of reference
drugs.

2. Materials and methods
2.1. Activity in in vivo guinea-pig models

2.1.1. Assessment of the effects against spasmogen-induced
bronchoconstriction in normal, anaesthetized guinea pigs

Male Dunkin—Hartley guinea pigs (Interfauna lberica
S.A., Barcelona, Spain) ranging in weight from 300 to 500
g were used. They were housed six per cage under stan-
dard conditions (22 + 2°C, 40-60% humidity and a 12 h
light (7:00-19:00)-dark cycle), and used after adaptation
for at least one week with free access to food (Bantin and
Kingman) and water. All animals used in the studies
involving non-parenteral routes of administration were
fasted overnight, but water was alowed prior to experi-
ments. All protocols were in accordance with internation-
ally accepted principles in the care and use of experimental
animals (E.E.C. Council Directive 86,/609, OJ L358/1-28;
Dec. 12, 1986; ratification by Spain as Royal Decree in
1987). Guinea pigs were anaesthetized with urethane (2
g/kg, i.p.) and the trachea, jugular vein and duodenum
were cannulated. Additional urethane was given as re-
quired to maintain anaesthesia. Body temperature was
maintained at 37-38°C. Suxamethonium (5 mg/kg, i.m.)
was administered to prevent spontaneous respiration. Ani-
mals were ventilated using a Harvard pump at 60
strokes/min with a stroke volume of 1 ml /100 g body
weight. Pulmonary inflation pressure was recorded at the
side arm of the tracheal cannula by means of a pressure
transducer connected to a polygraph (Letica, Barcelona,
Spain). After stabilization of the animals, changes in air-
way resistance were induced by i.v. injection of histamine
(7.5 ng/kg), methacholine (17.5 wn.g/kg), arachidonic acid
(1 mg/kg) or PAF (150 ng/kg). These doses were se-
lected from preliminary experiments to produce a bron-
choconstrictor response ranging from 40 to 64% of the
maximum response obtained by tracheal occlusion. Ten
minutes after two similar responses to the spasmogen had
been obtained, a single dose of PF-904 or theophylline was
given intraduodenally in a volume of 2 ml/kg. Bron-
choconstrictor challenges were repeated at 15, 30, 60, 120
and 180 min after administration of the test compound
except for PAF that was only injected at 30 min. Test
compound activity was calculated by comparing the in-
crease in pulmonary inflation pressure in response to each
bronchoconstrictor before and after compound administra-
tion and expressing the difference as percentage change.
Dose-response curves for PF-904 (12.5-200 mg,/kg) and
theophylline (6.25—-100 mg/kg) were made and the 50%
inhibitory dose (IDg,) with its 95% confidence limits was
calculated by linear regression.

2.1.2. Assessment of the effects against PAF-induced air-
ways hyperresponsiveness in normal, anaesthetized guinea
pigs

Guinea pigs were anaesthetized as reported before and
the trachea, carotid artery, jugular vein and duodenum
were cannulated for measurement of pulmonary inflation
pressure and systemic blood pressure for agonist challenge
and drug administration, respectively. The animals were
maintained anaesthetized with supplemental doses of ure-
thane as required, they were paralyzed with suxametho-
nium (5 mg/kg, i.m.), ventilated with room air at 60
strokes/min with a stroke volume of 1 ml /100 g body
weight, and pulmonary inflation pressure recorded as indi-
cated above. The animals were challenged with histamine
(4 ng/kg, i.v.) at 10 min intervals. Two stable responses
to histamine were obtained 45 and 35 min before the start
of a 60 min i.v. infusion of PAF (600 ng/kg over 1 h,
infused at three increasing rates according to Robertson
and Page, 1987). Five min after cessation of the infusion,
the pulmonary inflation pressure values were similar to
their pre-infusion values and the guinea pigs were re-chal-
lenged with histamine. PF-904 (50 or 100 mg/kg), theo-
phylline (25 or 50 mg/kg) or their vehicle (carboxy-
methylcellulose, 0.5%) was given intraduodenally 30 min
prior to the PAF infusion. The results are expressed as the
difference (expressed in mmHg) between the responses to
histamine obtained pre- and post-infusion of PAF or its
vehicle.

2.1.3. Assessment of the effects against antigen-induced
bronchoconstriction and airway microvascular leakage in
sensitized guinea pigs

The guinea pigs were sensitized as previously reported
(Ortiz et al., 1996). In brief, two i.p. injections of 0.5 ml of
sterile saline containing 20 g ovalbumin and 100 mg of
AI(OH), were given 24 h apart. Non-sensitized animals
were treated similarly except that they did not receive the
antigen. Experiments were carried out 20 to 28 days after
sensitization. The animals were anaesthetized and prepared
for pulmonary inflation pressure recording as described
before. Ten minutes after connection to the ventilator, the
animals were given an intraduodenal dose of PF-904 (100
mg,/kg), theophylline (50 mg/kg), rolipram (1 mg/kg) or
drug vehicle in a volume of 2 ml /kg. Drug or vehicle was
followed 30 min later by the injection of Evans blue dye
(20 mg/kg, i.v.). One minute later, antigen was adminis-
tered (5 mg/ml, 30 breaths) and 5 min after antigen
inhalation the animals were hyperinflated with twice the
tidal volume by manually blocking the outflow of the
ventilator and the animals were then killed by exsanguina
tion. Aerosols were generated from a DeVilbiss ultrasonic
nebulizer. Animals pretreated with drug vehicle and then
receiving 30 breaths of the antigen vehicle (sadine) were
used as sham controls. The effect of drugs in animals
receiving antigen vehicle was also tested. At the end of the
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experiments, the lower portion of the trachea, main bronchi,
proximal and the distal intrapulmonary airways, as well as
samples from oesophagus and urinary bladder were col-
lected and the Evans blue dye was extracted and quantified
as previously described (Rogers et al., 1989). No antigen-
induced extravasation was found in oesophagus and blad-
der (data not shown), demonstrating the absence of ex-
travasation outside the airways.

2.1.4. Assessment of the effects against antigen-induced
airway hyperresponsiveness and eosinophil infiltration in
sensitized guinea pigs

Preparation of guinea pigs and experimenta protocol
were as outlined previously (Ortiz et al., 1996). Briefly,
20-28 days after sensitization, conscious animals were
placed in a chamber (approx. 4 1) which was connected to
the output (approx. 8—10 ml /h) of a DeVilbiss ultrasonic
nebulizer. The nebulizer chamber was filled with an oval-
bumin (0.1% in saline) or saline solution. The duration of
the antigen challenge was 60 min. Twenty-four hours after
exposure to the aerosol, the animals were anaesthetized
and instrumented as noted above and airways reactivity
was determined (histamine 2-25 wg/kg, i.v.). The ani-
mals were then killed with an overdose of urethane and
their lungs were lavaged with 6 aliquots of 10 ml each of
saline with heparin 10 IU/ml. Total fluid recovery ex-
ceeded 85%. All suspensions were concentrated by low
speed centrifugation, and the cell pellet was resuspended.
Total cell counts were made in a haemocytometer. Differ-
ential counts were made from cytospin preparations stained
with May—Griinwald—-Giemsa. PF-904 (200 mg/kg) and
theophylline (100 mg,/kg) were given orally 30 min before
the antigen exposure. Methylprednisolone (37.5 mg/kg,
i.p.) given at 24 and 2 h before the antigen was used as
reference compound.

2.2. Activity in human isolated bronchus

2.2.1. Pharmacomechanical study

Lung tissue was obtained from patients who were un-
dergoing surgery for lung carcinoma. None of the patients
had a history of asthma. After the resection of one or more
lung lobes, a piece of macroscopically normal tissue was
cut free and submerged in physiological salt solution (PSS,
composition in mM: NaCl 1184, KCl 4.7, CaCl, 2.5,
MgSO, 0.6, KH,PO, 1.2, NaHCO, 25.0, glucose 11.1) at
4°C for transport to the laboratory. In the laboratory, parts
of the bronchus were dissected free from parenchymal
lung tissue and preparations were cut (3—4 mm length X
3—-4 mm internal diameter) as previously described (Cortijo
et a., 1993). Preparations were stored in PSS, equilibrated
with 5% CO, in O, at 4°C until used. Experiments were
routinely completed within 24 h of storage. Bronchial rings
were suspended on tissue hooks in 10 ml organ baths
containing PSS, gassed with 5% CO, in O, at 37°C (pH
7.4). Each preparation was connected to a force displace-

ment transducer (Grass FTO3) and isometric tension
changes were recorded by means of a data acquisition
program for isolated tissues Proto5®. The preparations
were equilibrated for 60—90 min with changes of bath PSS
every 20 min before any pharmacological intervention
occurred. A load of 2 g was maintained throughout the
equilibration period and the resting tone was stable at the
end of this period.

In al experiments, the human bronchi were first con-
tracted with acetylcholine (1 mM) and relaxed with theo-
phylline (3 mM) to obtain maximal contraction and relax-
ation values (Advenier et a., 1991). After washout and
recovery of resting tension, the relaxant and anti-spasmo-
genic effects of PF-904 were investigated. In a first group
of experiments, cumulative concentration—response curves
for PF-904 (1 w.M-1 mM) or theophylline (1 wM-1 mM)
were obtained in preparations with either spontaneous tone
or tone induced by histamine (0.1 mM). Only one curve
was made with each preparation. Experiments were termi-
nated by the addition of theophylline (3 mM). In a second
group of experiments, two consecutive concentration—re-
sponse curves for histamine (1 nM—1 mM) were obtained,
with the second curve made in the absence (time-matched
control) or presence of either PF-904 or theophylline (each
at 0.1 mM). Additional experiments were carried out to
compare the relaxant effect of PF-904 with that of cro-
makalim, a K ,;p-channel activator (Small et a., 1993).
Curves were made for PF-904 (1 wM-1 mM) or cro-
makalim (0.1-30 wM) in the absence or presence of
glibenclamide (10 wM), an antagonist of K ,;, channels
(Small et al., 1993). In separate experiments, PF-904 (1
mM)- or cromakalim (10 wM) was used to relax KCl (10
mM)-contracted bronchus and glibenclamide (10 wM) was
added to assess its capacity to reverse the relaxation. In
other experiments, the ability of PF-904 (1 uM-1 mM) to
relax bronchus contracted with either 10 mM or 80 mM of
K Cl was compared with that of cromakalim (0.1-30 wM).
Another set of experiments was done to examine the
ability of PF-904 (0.1 mM) to potentiate the concentra-
tion—response curves to isoprendine (10 nM-3 M) or
sodium nitroprusside (0.1 wM-1 mM). Theophylline (0.1
mM), a non-selective inhibitor of phosphodiesterase activ-
ity (Raeburn and Advenier, 1995), was used for compari-
son. Changes in force were measured from isometric
recordings and expressed in g. The molar concentration
required to produce 50% (EC,,) of the maximal contrac-
tion or relaxation was calculated by linear regression from
the individual concentration—response curves.

2.2.2. Biochemical study

The activity of PF-904 to inhibit cyclic nucleotide
phosphodiesterase activity in human bronchi was assayed
as previoudy outlined (Cortijo et al., 1993). In brief,
individual human bronchi (1-2 g) were homogenized for
60 s with an Ultraturrax at 9000 rpm in 5 volumes of
ice-cold buffer A (20 mM Bis Tris, pH 6.5, containing 50
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mM sodium acetate, 5 MM B-mercaptoethanol and 50 mM
phenylmethylsulphonylfluoride). The homogenate was cen-
trifuged at 15000 X g for 10 min and the clear supernatant
was filtered through 0.22 pm Millex filters. Phosphodi-
esterase activity was assayed following the procedure of
Thompson and Strada (1984). Inhibition assays for PF-904
(10 wM—=3 mM) or theophylline (10 wM-3 mM) were run
in duplicate at 30°C for 20 min at a substrate (cyclic AMP
or cyclic GMP) concentration of 1 wM. The IC,, values
were obtained by non-linear regression using GraphPad
software.

Additional experiments aimed to determine the activity
of PF-904 against the isoenzyme type IV from human
bronchial tissue. Supernatants were injected into a Mono-Q
HR 5/5 column (Pharmacia) attached to an FPLC chro-
matography system and phosphodiesterases were eluted
against a linear sodium acetate gradient from 50 to 1000
mM. A major peak of phosphodiesterase activity eluting at
0.9 M sodium acetate was found. This peak was identified
in previous studies as containing mainly phosphodiesterase
IV activity (Cortijo et a., 1993) athough phosphodi-
esterase |11 may co-elute (Cortijo et al., 1996). Therefore,
phosphodiesterase 1V activity was assessed in these frac-
tions in the presence of 10 uM SKF94120 (5-(4-acetimi-
dopheny)pyrazin-(1H)-one) as previously reported (Cortijo
et a., 1996). Inhibition assays for PF-904 and theophylline
were run on these fractions as indicated above.

2.3. Activity in human polymorphonuclear leukocytes

Human polymorphonuclear leukocytes were isolated
from the blood of healthy donors obtained with informed
consent as previously described (Cortijo et al., 1996).
Human polymorphonuclear leukocytes were obtained by
dextran-sedimentation and subsequent centrifugation on
Ficoll-plaque. The purity of human polymorphonuclear
leukocytes was about 95% and viability was greater than
97%. Cells were stored at 4°C in Krebs—Hepes buffer.
Chemiluminescence of 10° human polymorphonuclear
leukocytes in an assay volume of 0.5 ml was monitored
using the luminol reaction, and measured in a Perkins
Elmer LS50 with N-formylmethionyl—leucyl—phenyl-

Table 1

alanine used as stimulant of superoxide release (Schudt et
al., 1991).

2.4. Analysis of data

Data are presented as mean + S.EE.M. except for IDg,
values in vivo that are given with 95% confidence limits.
Differences between groups were assessed by analysis of
variance (ANOVA) and when overal significance was
found, a further analysis was done with the Bonferroni
t-test. Statistical significance was assumed when P < 0.05.

2.5. Drugs and chemicals

PF-904 (4-amino-1-ethyl-6-methylpyrazino[2,3-
cl[1,2,6]thiadiazine 2,2-dioxide) was synthesized at Lab.
Prodesfarma (Barcelona). Acetylcholine, arachidonic acid,
bovine serum abumin (fraction 5), cyclic AMP, cyclic
GMP, Evans blue dye, formamide, N-formylmethionyl—
leucyl—phenylalanine, heparin, histamine dihydrochloride,
methylcholine chloride, methylprednisolone, ovalbumin
(Grade V, fatty acid-free), platelet-activating factor (PAF),
theophylline and urethane were all purchased from Sigma-
Aldrich Quimica (Madrid, Spain) or Merck SA.
(Barcelona, Spain). Rolipram and SKF94120 were gifts
from Lab. Almiral (Barcelona, spain), and cromakalim
from Smith-Kline Beecham (Guildford, UK). Suxametho-
nium chloride was obtained from Wellcome (Madrid,
Spain). [8-*H]-adenosine 3':5-cyclic monophosphate and
[8->H]-guanosine 3:5-cyclic monophosphate were from
Amersham (Amersham, UK). Drugs for oral or intraduode-
nal administration were prepared in carboxymethylcellu-
lose (0.5% in distilled water). Drugs given intravenously
or used for in vitro experiments were dissolved in physio-
logical salt solutions or in dimethylsulphoxide (DM SO) as
appropriate. Corresponding time-matched control experi-
ments were routinely carried out with drug vehicle to
ensure that drug effects were assessed without the influ-
ence of their vehicles. Evans blue dye was dissolved in
0.9% saline (20 mg/ml) and filtered through a 5 pum
Millipore membrane. PAF was dissolved in absolute
ethanol and diluted to the appropriate concentration with
0.25% bovine serum albumin in distilled water (w /v).

Inhibitory effects (expressed as inhibitory dose 50%, 1Dg,) of PF-904 and theophylline on bronchoconstriction produced by different spasmogens in
normal, anaesthetized ventilated guinea pigs, and measured at 30 min post-administration

Drug IDg, (mg/kg, intraduodenal)
Histamine PAF Arachidonic acid Methacholine
PF-904 36.27 36.79 13.77 103.32
(22.15-59.39) (25.59-52.90) (6.68—28.37) (28.97-128.67)
Theophylline 16.91 26.63 7.47 22.38
(8.47-33.74) (17.74-28.59) (1.32-22.38) (13.38-37.45)

Data are expressed as mean values from 9—10 animals, with the 95% confidence limits in parentheses.
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3. Results

3.1. Effects against spasmogen-induced bronchoconstric-
tion

Intraduodenal administration of PF-904 (12.5-200
mg,/kg) and theophylline (6.25—-100 mg,/kg) produced a
dose-related inhibition of bronchoconstrictor responses to
intravenous histamine (7.5 wg/kg), arachidonic acid (1
mg/kg) and PAF (150 ng/kg). The potency (assessed
from IDg, values) of PF-904 as inhibitor of these spasmo-
gens was about half of that shown by theophylline (Table
1). The response to methacholine (17.5 wg/kg, i.v.) was
about four times less sensitive to inhibition by PF-904 than
was that to theophylline (Table 1). The duration of the
inhibitory effects of eguieffective doses of PF-904 and
theophylline on histamine-induced bronchoconstriction is
shown in Fig. 1. PF-904 exhibited a level of activity
similar to that of the reference compound up to 30 min
post-administration but PF-904 had significant inhibitory
effects for 120 min (Fig. 1). Similar time course profiles
were obtained against arachidonic acid and methacholine
(data not shown).

3.2. Effects against PAF-induced bronchial hyperrespon-
siveness to histamine

A repeated intravenous bolus of histamine (4 pg/kg)
eicited an increase in pulmonary inflation pressure
(mmHg) which was not modified by the infusion of 0.25%
bovine serum albumin (4.27 + 2.88 and 5.76 + 2.73 before
or after bovine serum abumin, respectively; n=6 for
each group). The histamine response was significantly
enhanced by the infusion of PAF (600 ng/kg over 1 h),
indicating the development of hyperresponsiveness (values
of increase in pulmonary inflation pressure are 2.95 4+ 0.79
and 11.36 before and after PAF, respectively; P < 0.05;
n =6 for each group). Drug vehicle (carboxymethylcellu-
lose, 0.5%) did not modify the hyperresponsiveness but
PF-904 (50 and 100 mg,/kg) and theophylline (25 and 50
mg,/kg) significantly reduced the hyperresponsiveness to
histamine observed in PAF-treated animals (Table 2).
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Fig. 1. Time-course of the inhibitory effect of PF-904 and theophylline on
histamine-induced bronchospasm in normal anaesthetized ventilated
guinea pigs. 10 min after a stable bronchoconstrictor response to his-
tamine (7.5 n.g/kg, i.v.) was established, vehicle (control; open columns),
PF-904 (100 mg /kg, dotted columns) or theophylline (50 mg /kg, hatched
columns) was administered intraduodenally and the histamine challenge
was repeated at the times indicated on the abscissa. Data are means+
S.E.M. for 6 experiments. “P < 0.05, * "P < 0.01, * * P < 0.001 com-
pared to control.

3.3. Effects against antigen-induced bronchoconstriction
and airway microvascular leakage

Inhaled antigen (ovalbumin, 5 mg,/ml, 30 breaths) pro-
duced bronchoconstriction that was markedly inhibited by
PF-904, theophylline, and rolipram (Fig. 2). Animas
treated with PF-904, theophylline or rolipram, but not
receiving extravasation stimuli, had an Evans blue dye
content of airways similar to that of control animals (data
not shown). Sensitized animals challenged with aerosol
antigen showed a significant extravasation of Evans blue
dye at all airway levels (Fig. 3). PF-904 (100 mg/kg),
theophylline (50 mg/kg), and rolipram (1 mg/kg) al
inhibited antigen-induced extravasation in trachea and main
bronchi (except theophylline in main bronchi). PF-904 and
rolipram showed a tendency to reduce extravasation in
intrapulmonary airways but the attenuation did not reach
statistical significance.

Table 2

Effects of intraduodenal PF-904 and theophylline on PAR(600 ng/kg, i.v. over 1 h)-induced airways hyperreactivity to histamine

Drug Dose (mg/kg) Pulmonary inflation pressure increase (mmHg) Difference

pre-PAF post-PAF

Vehicle 261+ 0.79 10.50 + 0.96 7.89 + 0.87

PF-904 50 350+ 0.88 6.45 + 0.94 295+0.84%
100 3.80 + 0.98 515+ 0.98 1.35+094 2

Theophylline 25 211+ 0.54 533+ 0.71 322+051°

50 3.61+ 0.89 4284123 067+117°%

Results are expressed as means + S.E.M. for 9-10 animals.
& P < 0.05 vs. vehicle group.
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Fig. 2. Response to inhaled ovalbumin (5 mg/ml, 30 breaths) by
sensitized animals pretreated intraduodenally with vehicle (V), PF-904 (P;
100 mg/kg), theophylline (T; 50 mg/kg) or rolipram (R; 1 mg/kg).
Control animals were exposed to inhaled saline after treatment with
vehicle and showed no response (n= 4; data not shown in the figure).
Bronchoconstriction is expressed as increases in pulmonary inflation
pressure (mmHg). Columns are means+ S.E.M. from 6 experiments.
P < 0.05 compared to V. No significant difference was observed among
treated groups.

3.4. Effects against antigen-induced airways hyperrespon-
siveness and eosinophil accumulation

Twenty-four hours after antigen challenge, sensitized
guinea pigs exhibited augmented airways responses to
histamine compared with those of non-sensitized animals
exposed to saline (Table 3). Oral treatment with methyl-
prednisolone (75 mg/kg), theophylline (100 mg,/kg) or
PF-904 (200 mg/kg) failed to prevent the heightened
airway responses to histamine induced by antigen expo-
sure.

Sensitized guinea pigs showed increased total cell counts
and an increased number of eosinophils and macrophages
in bronchoalveolar lavage fluid 24 h after antigen chal-
lenge. Oral treatment with methylprednisolone (75 mg /kg),
theophylline (100 mg,/kg) or PF-904 (200 mg,/kg) effec-
tively reduced total cell and eosinophil counts (Table 3).

Table 3
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Fig. 3. Extravasation of Evans blue dye in guinea-pig trachea (T), main
bronchi (B), proximal (P) and distal (D) intrapulmonary airways. Animals
pretreated intraduodenally, with vehicle (A, B), PF-904 (100 mg/kg; O,
theophylline (50 mg,/kg; D) or rolipram (1 mg/kg; E), then exposed to
inhaled saline (A) or antigen (25 mg,/kg, 30 breaths; B to E). * P < 0.05
versus A. “P < 0.05 versus B. PF-904 effectively inhibited antigen-in-
duced trachea and main bronchi extravasation.

3.5. Relaxant and anti-spasmogenic activity in human
isolated bronchus

PF-904 and theophylline caused concentration-depen-
dent inhibition of spontaneous and histamine (0.1 mM)-in-
duced tone of human bronchi as shown in Fig. 4. The two
drugs produced full relaxation (i.e. the maximal relaxation
was not significantly different from that obtained with
theophylline 3 mM) and were equipotent, with EC., val-
ues around 0.1 to 0.3 mM (Table 4). To assess anti-spas-
mogenic activity, response curves for histamine were ob-
tained in the presence of PF-904 or theophylline (each at
0.1 mM, i.e, approx. EC). Theophylline showed no
anti-spasmogenic effect but PF-904 depressed the contrac-
tile responses to histamine (Fig. 5).

Airways reactivity to histamine and total and differential cell counts in bronchoalveolar lavage fluid recovered from guinea-pig lungs 24 h after exposure to

an aerosol of antigen (sensitized animals) or saline (non-sensitized animals)

Group Airway response (mmHg) to histamine (wg/kg, i.v.) Total and differentia cell count

n 2 10 25 Total cells Neutrophil ~ Eosinophil Macrophage Lymphocyte
Non-sensitized 8 015+0.10 3.16 + 0.98 16.41 + 4.89 5.17 + 0.47 0.13+0.06 0.46+ 0.13 4.05+ 0.38 0.51 +0.20
Sensitized untreated 6 1.30+0.53 17.60+3852% 3560+5832 2911+4262% 077+003 622+1072 1542+0602 246+ 1.00
Methylprednisolone 5 0.25+ 0.19 7.39 + 1.80 27.57 + 5.36 1628 +1903 044+012 216+040° 1443+2552% 211+ 0.69
Theophylline 7 0414032 11.0+3.04 24.90 + 3.86 1297+ 140° 031+018 251+073° 931+067 078+031
PF-904 5 1354095 1542+2842 351443412 1336+183° 022+007 194+050° 974+136 1.44 + 0.40

Five groups of animals were tested: control group, untreated, non-sensitized animals, exposed to saline; untreated sensitized animals exposed to antigen;
and sensitized animals treated with PF-904 (200 mg/kg, oral, 30 min before antigen), theophylline (100 mg/kg, oral, 30 min before antigen) or
methylprednisolone (37.5 mg/kg i.p., a 24 and 2 h before antigen; n = 7). Results are expressed as means + S.E.M. of cells X 10° for groups of n=5-8
animals as indicated.
& P < 0.05 vs. non-sensitized animals.
® P < 0.05 vs. sensitized untrested.
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Fig. 4. Relaxation by PF-904 (@) and theophylline (&) of the sponta

neous (left panel) and histamine (0.1 mM)-induced (right panel) tone in

human isolated bronchus. Ordinate scales: relaxation as % of inhibition

produced by theophylline 3 mM. Abscissa scales: drug concentration as
log M. Points are means+ S.E.M. of 6 experiments.

Glibenclamide (10 wM) antagonized the relaxant effect
of cromakalim (pEC., values for cromakalim were 6.12 +
0.19 (n = 6) in the absence and 4.83 + 0.05 (n = 4) in the
presence of glibenclamide; P < 0.05) but had no effect
against PF-904-induced relaxation (pEC,, values for PF-
904 were 3.60 & 0.11 in the absence and 3.40 + 0.09 in
the presence of glibenclamide; n=6; P > 0.05). When
added at the peak relaxation produced by PF-904 (1 mM;
0.86 + 0.16 g, n=5) or cromakalim (10 wM; 0.55 + 0.08
g, n=6; P> 0.05 vs. PF-904), glibenclamide (10 p.M)
immediately reversed the cromakalim- but not the PF-
904-induced relaxation (data not shown). PF-904 produced
complete relaxation in tissues precontracted with low (10
mM) or high (80 mM) concentrations of KCl (pECs,
values were 3.52 + 0.08 and 3.45+ 0.05, respectively,
n=38, P>0.05 while cromakaim was only effective
against the tone induced by low concentrations of KCl
(data not shown).

Isoprendine (10 nM-3 wM) and sodium nitroprusside
(0.1 wM—-1 mM) produced concentration-dependent relax-
ation of human isolated bronchus precontracted with
acetylcholine (10 wM) with respective pEC,, values of
7214+ 0.11 (n=6) and 5.23 + 0.41 (n=>5). Preincuba

Table 4

Relaxant effects of PF-904 and theophylline on spontaneous and his-
tamine (HA; 0.1 mM)-induced tone of human isolated bronchus

Drug Tone n/p2 pECs ® Enx(@ RTS

PF-904 Spontaneous 10/5 3.57+0.04 1.19+0.16 1.35+0.17
HA-induced 10/4 3.66+0.07 1.66+0.27 1.93+0.27

Theophylline Spontaneous 9/5 3.91+0.12 0.724+0.10 —
HA-induced 10/5 3.55+0.08 1.85+0.21 —

Data are means+ S.E.M. The plateau contraction produced by histamine
(0.1 mM) was 1.30+0.33 g and 0.92+0.21 g for PF-904 and theo-
phylline experiments, respectively.

#n/p=number of preparations/number of patients.

® PECy, = —logECs,.

¢ RT = response to theophylline 3 mM added at the end of the experi-
ment.
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Fig. 5. Concentration—response curves for histamine in human isolated
bronchus. Two consecutive curves were obtained. The initial curve served
as control (not shown); the second curve was obtained in the absence
(time-matched controls; O) or presence of PF-904 (0.1 mM; @) or
theophylline (0.1 mM; w). Ordinates, contraction as % of maximal
contraction obtained in the initial curve;, abscissae, concentration of
histamine as log M. Points are means+ S.E.M. of 4—6 experiments. The
concentration—response curve for histamine was shifted right and down-
ward in PF-904-treated tissues. The pECg, values for histamine were
5.69+0.06 (n=4) in the absence vs. 4.86+0.23 (n=5; P <0.05) in
the presence of PF-904.

tion with PF-904 or theophylline (each at 0.1 mM) resulted
in small leftward shifts of the response curves for isopre-
naline and sodium nitroprusside that failed to reach statisti-
cal significance, with as the only exception, the relaxation
in response to isoprenaline in theophylline-treated tissues
(leftward shift of 0.4 log unit).

3.6. Inhibition of phosphodiesterase activity in human
bronchus

PF-904 (10 puM-3 mM) and theophylline (30 uM-3
mM) produced a concentration-dependent inhibition of
cyclic AMP and cyclic GMP phosphodiesterase activities
(Fig. 6). The pIC,, values for PF-904 were 2.83 + 0.25
(n=8) and 2.90 + 0.21 (n = 8) and those for theophylline
were 3.78 + 0.18 (n = 8) and 3.51 + 0.12 (n = 8), respec-
tively. PF-904 was significantly (P < 0.05) less potent
than theophylline as inhibitor of cyclic AMP and cyclic
GMP phosphodiesterase activities. When assayed against
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Fig. 6. Concentration—response curves for PF-904 (@) and theophylline
(O) asinhibitors of cyclic AMP (Ieft panel) and cyclic GMP (right panel)
phosphodiesterase (PDE) activity in human bronchus. Ordinates: activity
expressed as %; abscissae: drug concentration as log M. Points are
means+ S.E.M. of 8 experiments.
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phosphodiesterase 1V activity, PF-904 and theophylline
had pICg, values of 3.43 + 0.11 and 4.19 + 0.12 (n = 3),
respectively. PF-904 was significantly (P < 0.05) less po-
tent than theophylline as inhibitor of phosphodiesterase IV
activity. The potency of PF-904 and theophylline as phos-
phodiesterase IV inhibitors was greater than that against
cyclic AMP phosphodiesterase activity but the differences
failed to reach significance.

3.7. Inhibition of N-formylmethionyl—leucyl—phenyl-
alanine-induced superoxide release by human polymor-
phonuclear leukocytes

Stimulation of human polymorphonuclear leukocytes
with N-formylmethionyl—leucyl—phenylaanine (3 nM to 1
wM) €licited a concentration-related release of reactive
oxygen species as detected by luminol-enhanced chemilu-
minescence with pEC, = 7.58 + 0.09 (n=6). A concen-
tration of N-formylmethionyl—leucyl—phenylalanine close
to its ECy, (30 nM) was selected for all subsequent
experiments. Rolipram, a selective phosphodiesterase 1V
inhibitor (Raeburn and Advenier, 1995) reduced the chemi-
luminescence signal in a concentration-dependent manner
with an IC,, vaue of 427 nM (pIC,,=8.37 + 0.47,
n = 6). Theophylline was also effective to inhibit superox-
ide release but its potency was lower than that of rolipram
(ICg, =0.32 mM; pIC,, =349+ 0.07;, n=6). PF-904
(10-100 M) inhibited superoxide release from N-
formylmethionyl—leucyl—phenylalanine-stimulated human
polymorphonuclear leukocytes, but failed to reach 50%
inhibition at the highest concentration tested (Fig. 7). The
IC value for PF-904 was 79.4 uM (pIC 5 = 4.10 4+ 0.04;
n=~6).

4. Discussion

The results obtained in the present study indicate that
PF-904, when administered enterally, inhibits intravenous

100+
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Fig. 7. Inhibitory effect of PF-904 (00), theophylline (@) and rolipram
(a) on superoxide release produced by N-formylmethionyl—leucyl—
phenylalanine (30 nM, i.e,, approx. ECg,) in human neutrophils. Ab-
scissa: Drug concentrations as log M. Ordinate: inhibition (%). Data were
derived from 6 different preparations and are given as means+ S.E.M.

histamine-, arachidonic acid-, PAF-, and methacholine-in-
duced bronchospasm in non-sensitized anaesthetized guinea
pigs. Theophylline, a standard anti-asthma drug, was aso
effective in this in vivo model of bronchoconstriction. The
potency (assessed as ID,, values) of PF-904 against these
spasmogens was found to be between half (for histamine,
arachidonic acid and PAF) and one fourth of that observed
with theophylline. When the duration of action of equief-
fective doses of PF-904 and theophylline was compared,
we found that significant effects of theophylline lasted for
less than 60 min whereas PF-904 inhibited the bron-
choconstrictor responses to histamine for 120 min. Addi-
tionally, pretreatment with PF-904 (100 mg/kg, intraduo-
denal) produced a marked inhibition of the bronchocon-
gtriction elicited by inhaled antigen in sensitized guinea
pigs. This inhibition was similar to that produced by
theophylline (50 mg /kg) and rolipram (1 mg/kg) admin-
istered by the same route. Immediate bronchoconstriction
produced by antigen in sensitized guinea pigs is related to
mediator release, mainly histamine and lipoxygenase prod-
ucts (Evans et al., 1988). PF-904 inhibits the bronchocon-
striction produced by histamine and other mediators in the
guinea pig (this study), and this effect may account for the
attenuation of antigen-induced airway responses. However,
our study was not designed to show whether PF-904 is
acting solely as an inhibitor of bronchospasm or whether it
inhibits antigen-induced mediator release in the lung.

In addition to the in vivo bronchoconstrictor studies,
proper evaluation of anti-asthma drugs requires examina
tion of drug effects on airways hyperreactivity, microvas-
cular leakage and eosinophil infiltration. PAF is an inflam-
matory mediator which produces airways hyperreactivity
in guinea pigs (Robertson and Page, 1987; Underwood et
al., 1992). We have shown that intraduodenal PF-904
(50—-100 mg /kg) significantly reduced the airways hyper-
reactivity evoked by intravenous PAF in non-sensitized
anaesthetized guinea pigs. The ability of the compound to
prevent hyperreactivity was similar to that observed for
theophylline in doses found equieffective to inhibit his-
tamine- and PAF-induced bronchoconstriction in the guinea
pig in vivo (this study). In contrast, neither theophylline
nor PF-904 prevented airway hyperreactivity 24 h after
antigen challenge of sensitized guinea pigs, a model in
which a wide array of endogenous mediators are involved
(Coyle et al., 1988; Havill et al., 1990; Farmer et a., 1992;
Ishida et al., 1993; Boichot et al., 1995). This finding is
consistent with results of previous studies showing that
non-sel ective phosphodiesterase inhibitors failed to prevent
antigen-induced hyperreactivity (Sanjar et al., 1990; Goz-
zard et a., 1996) which contrasts with the established
activity of selective phosphodiesterase IV inhibitors (Goz-
zard et al., 1996; Ortiz et al., 1996).

Airway microvascular leakage and eosinophil infiltra-
tion are regarded as important components of inflamma-
tory reaction in asthma. PF-904 (100 mg/kg, intraduode-
nal) also attenuated antigen-induced airway (trachea and
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main bronchi) microvascular leakage in guinea-pig as found
with rolipram (Ortiz et al., 1996; this study). The anti-ex-
udative effects of PF-904 against antigen-induced mi-
crovascular leakage may be explained by its antihistamine
activity since histamine is an important mediator of leak-
age induced by antigen challenge in the guinea pig (Evans
et al., 1988). The possible contribution of the inhibition of
mediator release by PF-904 is uncertain at present. Antigen
exposure produced an increase in the infiltration of
eosinophils into the lungs of sensitized animals. The total
cell count and macrophage numbers were also augmented.
The accumulation of eosinophils is consistent with most
findings (Coyle et al., 1988; Havill et al., 1990; Farmer et
al., 1992). Oral PF-904 (200 mg/kg) effectively reduced
eosinophil accumulation in airways of sensitized guinea
pigs following antigen exposure. Theophylline and methyl-
prednisolone also inhibited eosinophil recruitment in the
guinea-pig airways after antigen exposure, which is consis-
tent with previous reports showing that non-selective phos-
phodiesterase inhibitors and steroids as well as phosphodi-
esterase 1V inhibitors reduce airway eosinophilia in sensi-
tized guinea pigs challenged with antigen (Sanjar et a.,
1990; Ortiz et al., 1996).

PF-904 relaxed spontaneous and histamine elevated tone
in human respiratory muscle in vitro with a potency and
efficacy similar to that of theophylline (Cortijo et 4.,
1993; this study). In addition, histamine-induced contrac-
tion was impaired after pretreatment with PF-904. There-
fore, PF-904 had both spasmolytic and anti-spasmogenic
activity, in particular against the tone raised by histamine.
These results extend to the human airways earlier findings
for guinea-pig tissues. The relaxation produced by PF-904
was not antagonized by glibenclamide (10 wM), an estab-
lished K ,1p channel blocker (Small et al., 1993) nor was it
impaired in tissues precontracted with high concentrations
of KCI. These data suggest that relaxation in response to
PF-904 is not mediated through activation of cromakalim-
sensitive K *-channels (Small et al., 1993).

PF-904 and theophylline (each at 0.1 mM) showed a
tendency to enhance the relaxation produced by isopre-
naline and sodium nitroprusside but the leftward shifts in
the concentration—response curves for these relaxants failed
to reach significance except for theophylline potentiation
of the relaxation to isoprenaine. The lack of consistency
of some phosphodiesterase inhibitors to produce a substan-
tia increase of isoprenaline- and sodium nitroprusside-in-
duced relaxation in human bronchus was reported earlier
(Torphy et al., 1993). Therefore, we studied the inhibitory
effects of PF-904 on cyclic AMP and cyclic GMP phos-
phodiesterase activities of human isolated bronchus. PF-904
inhibited in a concentration-dependent fashion, and with
similar potency and efficacy, cyclic AMP and cyclic GMP
phosphodiesterase activities as well as cyclic AMP phos-
phodiesterase IV activity (this study). These results indi-
cate that PF-904 is a non-selective phosphodiesterase in-
hibitor. This compound was less potent than theophylline,

a known non-selective phosphodiesterase inhibitor
(Ragburn and Advenier, 1995). The potency of theo-
phylline as inhibitor of human bronchia phosphodiesterase
activity (approx. 0.2—-0.3 mM) and its potency as relaxant
of human bronchial tone (approx. 0.1-0.3 mM) were
remarkably similar, suggesting that non-selective inhibition
of phosphodiesterase contributes to human bronchodilata-
tion by theophylline. In contrast, the potency of PF-904 as
inhibitor of phosphodiesterase (approx. 1.3-1.5 mM; ap-
prox. 0.4 mM against phosphodiesterase 1V) is lower than
its potency as relaxant of human airways (approx. 0.2-0.3
mM). This suggests that mechanisms other than phospho-
diesterase inhibition contribute to airway smooth muscle
relaxation by PF-904.

Oxygen radicals may be released by various inflamma-
tory leukocytes accumulated in the airways, thus contribut-
ing to lung damage. The present results confirmed the
activity of rolipram, a selective phosphodiesterase 1V in-
hibitor (Raeburn and Advenier, 1995), as inhibitor of
N-formylmethionyl—leucyl—phenylalanine-induced super-
oxide release by human neutrophils (Schudt et al., 1991;
Cortijo et a., 1996). Unselective phosphodiesterase in-
hibitors also cause a marked decrease of the oxidative
burst after human polymorphonuclear leukocytes activa-
tion by agonists like N-formylmethionyl—leucyl—phenyl-
alanine as previously shown (Schudt et al., 1991). PF-904
was more effective than theophylline at low concentrations
(10-100 M) but its efficacy remained below 50% at the
highest concentration tested (1 mM). These concentrations
of PF-904 (10-100 wM) also produce significant relax-
ation of human bronchus in vitro. The potential importance
of these findings will depend on the plasma concentrations
achievable after oral administration of PF-904 in humans.

In conclusion, this study showed that oral PF-904 in-
hibits bronchoconstriction caused by a variety of spasmo-
gensin the guinea pig in vivo; prevents airways hyperreac-
tivity to histamine after PAF exposure, and reduces anti-
gen-induced bronchospasm, eosinophil lung infiltration,
and airway microvascular leakage in sensitized guinea
pigs. In vitro studies showed that PF-904 is a relaxant of
human bronchus and inhibits human bronchial cyclic AMP
and cyclic GMP phosphodiesterase activity. In addition,
relaxant concentrations of PF-904 reduce superoxide gen-
eration by human neutrophils. Although no animal model
is truly representative of human bronchial asthma, these in
vivo findings, together with the in vitro results with human
tissues, suggest that PF-904 is a candidate for further
investigation as a possible anti-asthma agent.
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