
Ž .European Journal of Pharmacology 325 1997 69–80

Pharmacology of ABT-491, a highly potent platelet-activating factor
receptor antagonist

Daniel H. Albert ), Terrance J. Magoc, Paul Tapang, Gongjin Luo, Douglas W. Morgan,
Michael Curtin, George S. Sheppard, Lianhong Xu, H. Robin Heyman, Steven K. Davidsen,

James B. Summers, George W. Carter
Immunoscience Research Area, Department 47J, Building AP9, Abbott Laboratories, 100 Abbott Park Road, Abbott Park, IL, USA

Received 24 October 1996; revised 31 January 1997; accepted 7 February 1997

Abstract

Ž w wŽ w x . x xABT-491 4-ethynyl-N, N-dimethyl-3- 3-fluoro-4- 2-methyl-1 H-imidazo- 4,5-c pyridin-1-yl methyl benzoyl -1 H-indole-1-carboxa-
. Ž .mide hydrochloride is a novel PAF platelet-activating factor receptor antagonist with a K for inhibiting PAF binding to humani

platelets of 0.6 nM. Binding kinetics of ABT-491 to the PAF receptor is consistent with a relatively slow off-rate of the antagonist when
compared to PAF. Inhibition of PAF binding is selective and is correlated with functional antagonism of PAF-mediated cellular responses
Ž 2q .Ca mobilization, priming, and degranulation . Administration of ABT-491 in vivo leads to potent inhibition of PAF-induced

Ž . Ž .inflammatory responses increased vascular permeability, hypotension, and edema and PAF-induced lethality. Oral potency ED was50

between 0.03 and 0.4 mgrkg in rat, mouse, and guinea-pig. When administered intravenously in these species, ABT-491 exhibited ED50

values between 0.005 and 0.016 mgrkg. An oral dose of 0.5 mgrkg in rat provided )50% protection for 8 h against cutaneous PAF
Ž .challenge. ABT-491 administered orally was also effective in inhibiting lipopolysaccharide-induced hypotension ED s0.04 mgrkg ,50

Ž . Ž .gastrointestinal damage 0.05 mgrkg, 79% inhibition , and lethality 1 mgrkg, 85% vs. 57% survival . The potency of this novel
antagonist suggests that ABT-491 will be useful in the treatment of PAF-mediated diseases. q 1997 Elsevier Science B.V.

Ž . 2qKeywords: ABT-491; PAF platelet-activating factor ; PAF receptor antagonist; Ca flux; Superoxide anion; Vascular permeability; Degranulation;
Endotoxemia

1. Introduction

Ž .PAF platelet-activating factor is a potent mediator that
may play an important role in inflammatory diseases. PAF
exerts its pro-inflammatory activities by acting on specific
cell-surface receptors found on platelets, neutrophils,
eosinophils, macrophages and other inflammatory cells.
PAF interaction with its receptor leads to a multitude of
biological responses that include cell activation, increased
vascular permeability, hypotension, ulcerogenesis, bron-
choconstriction, and the triggering of airway hyper-re-

Žsponsiveness for reviews, see Prescott et al., 1990; Sny-
.der, 1987 . These pathophysiological effects of PAF, cou-

pled with the observation that PAF levels increase in many
disease states, implicate PAF as an important mediator in
disease conditions having inflammatory components such

) Ž . Ž .Corresponding author. Tel.: 1-847 937-3844; Fax: 1-847 938-5286;
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as asthma, allergic rhinitis, sepsis and related disorders,
pancreatitis, inflammatory bowel disease, and

Žischemiarreperfusion injury reviewed by Braquet et al.,
.1987b .

The potential clinical utility of PAF receptor antagonists
has been well recognized, which has led to the discovery
and development of numerous PAF receptor antagonists

Žover the past 15 years for reviews see Koltai et al., 1991;
.Summers and Albert, 1995 . Nevertheless, the therapeutic

utility of PAF receptor antagonists in human disease re-
mains largely unproved. In asthma trials, for example,
clinical studies with several early receptor antagonists
failed to demonstrate beneficial effects on lung function
ŽBel et al., 1991; Dermarkarian et al., 1991; Freitag et al.,

.1993; Kuitert et al., 1993; Wilkens et al., 1990 . Two
Ž Žrecent preliminary reports indicate that WEB-2086 4- 2-

. w Ž .chlorophenyl -9-methyl-2 3 4-morpholinyl -3-propanon-1-
w w ww x x xx x .yl 6 H-thienol 3.2 f 1.2.4 triazolo 4,3-1 1.4 diazepine ,

given at higher doses than studied previously, and SR-
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Fig. 1. Structure of ABT-491.

Ž Ž . Ž27,417 N- 2-dimethylamino ethyl -N- 3-pyridinyl
.w Ž . x .methyl 4- 2,4,6-triisopropylphenyl thiazol-2-yl amine , a

more potent antagonist, are capable of providing improve-
Ž .ment in lung function Tamura et al., 1994 . These later

results raise the possibility that more potent antagonists
may exhibit greater clinical efficacy.

In our search for a more potent PAF receptor antagonist
suitable for human studies, we have synthesized and char-

Ž .acterized ABT-491 Fig. 1 . The molecule was selected
from a series of imidazopyridine-indole containing recep-
tor antagonists that were synthesized based on the concept
of merging the lipophilic indole portion of Abbott’s pro-
drug ABT-299 with the phenyl spacer and imidazapyridine
heterocycle of British Biotechnology’s PAF receptor an-

Ž Žta g o n is t B B -8 8 2 N -m e th y l- N - 4 - 1 H - 2 -
w x .methylimidazo 4,5-c pyridylmethyl phenylsulphonyl-L-

. Ž .leucine ethyl ester Curtin et al., 1996 . Optimization of
the resulting series led to the discovery of ABT-491, an
aqueous soluble receptor antagonist that possesses im-
proved pharmacological properties compared to its prede-
cessors. Based upon its favorable preclinical profile, ABT-
491 has been selected for human studies. The present
communication describes the pharmacological profile of

Ž . Ž .this molecule: 1 characterization of in vitro activity, 2
Ž .in vivo potency in PAF challenge models, and 3 efficacy

in experimental acute endotoxemia.

2. Materials and methods

2.1. Chemicals

w3 x Ž . w14 xH C -PAF 120–180 Cirmmol and C serotonin18
Ž . Ž55 mCirmmol were purchased from Amersham Arlin-

. Žgton Heights, IL, USA . ABT-491 4-ethynyl-N, N-dimeth-
w wŽ w xyl-3- 3-fluoro-4- 2-methyl-1H-imidazo- 4,5-c pyridin-1-

. x xyl methyl benzoyl -1 H-indole-1-carboxamide hydrochlo-
.ride was synthesized at Abbott Laboratories. Mono-Poly

Ficoll-Hypaque medium was obtained from Flow Labora-
Ž .tories McLean, VA, USA . N-Succinyl-L-alanyl-L-alanyl-

L-prolyl-L-valine-amino-4-methylcoumarin was purchased
Ž .from Peninsula Laboratories Belmont, CA, USA . Other

Žreagents were purchased from Sigma St. Louis, MO,
.USA . Two forms of ABT-491, the free base and hydro-

chloride salt, have been used to generate the pharmacology
profile presented in this report. Comparative studies indi-

cated that in vitro and in vivo potency and duration of
action of the two forms are indistinguishable under the
conditions of the assays.

2.2. Laboratory animals

Ž .Male, CD1rICR albino mice 25–30 g and Hartley
Ž .guinea pigs 200–300 g were purchased from Charles

Ž .River Labs Wilmington, DE, USA . Sprague-Dawley rats
Ž . Ž190–220 g were purchased from SASCO Oregon, WI,

.USA , and New Zealand white rabbits from Hazelton
Ž .Research Products Hazelton, WI, USA . Animals were

maintained in lightrdark cycle for at least one week after
purchase. Animals were given continuous access to food
and water with the exception of animals for oral studies,
which were fasted overnight prior to use. All studies were
performed in accordance with protocols approved by the
Abbott Laboratories Animal Use and Care Committee and
met guidelines approved by the American Veterinary Med-
ical Association.

2.3. Statistical methods

Drug effect was expressed as percent inhibition of the
response for each treatment group based on responses of
vehicle-dosed control groups. Each set of dose–response
data was fitted with a straight line using the logarithm of
the dose as the x-value. No transformation was applied to
the y-value, and data were excluded at the extreme re-

Ž .sponses 0–15% and 90–100% so that there was no
significant deviation from a straight line. In all sets the
slope term was strongly significant in the analysis of
variance. The dose where the regression line crossed the

Ž .50% response line ED was calculated and Fieller’s50

theorem was used to compute a 95% confidence interval
for this point. Potency for antagonizing cellular responses
to PAF is expressed as an A value determined by Schild2

plots using least squares analysis to achieve the best linear
Ž .fit of the data Schild, 1947 . The Student’s t-test was used

for statistical comparisons. The x2-test was used for analy-
sis of results from lethality studies.

2.4. Binding assays

The PAF receptor binding assays with rabbit platelet
membranes and washed human platelets were based upon

Ž .the procedures described by Hwang et al. 1983, 1985a
Ž . Žand Hwang and Lam 1986 , and detailed elsewhere Al-

.bert et al., 1996a . In brief, the standard membrane binding
assay, conducted in Millititre-GV microtiter filter plates
Ž .Millipore, Milford, MA, USA , contained 10 mg platelet

w3 xmembrane protein, 0.6 nM of H C -PAF and test com-18

pound in buffer containing 0.25% bovine serum albumin in
a final volume of 100 ml. The human platelet assay,

Žconducted in 96-well glass fiber filtration plates Multi-
.screen-FC, type C, Millipore, Bedford, MA, USA , con-
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6 w3 xtained 30=10 washed platelets, 0.6 nM H C -PAF18

and test compound in a total volume 250 ml assay buffer.
Test compounds were dissolved in dimethyl sulfoxide and

Ž .diluted into buffer vehicle final concentration -0.1% .
Both assays were conducted at ambient temperature for 60
min. After the incubation period, the filter plates were
subjected to vacuum filtration, washed with 1 ml of ice-cold
assay buffer, and assayed for radioactivity with a mi-

Žcrotiter scintillation counter Top Count Packard Instru-
.ment, Meriden, CT, USA . Specific binding was defined as

w3 xthe difference between total binding of 0.6 nM H C -18
Ž3 .PAF H radioactivity in the absence of added PAF and

Ž3nonspecific binding H radioactivity in the presence of 1
. 3

mM PAF . Compound binding is H radioactivity in the
presence of the test compound. Percent inhibition is calcu-

wŽ .lated as Total bindingyCompound binding rSpecific
xbinding =100%.

2.5. PAF-induced platelet responses

For the rabbit platelet release assay, washed rabbit
w14 xplatelets labeled with C serotonin were prepared as de-

Žscribed previously Ostermann et al., 1983; Albert et al.,
.1996a . Aliquots of the platelet suspension were incubated

at 378C with various concentrations of test compounds or
Ž .vehicle Tyrode buffer with 1.3 mM CaCl for 5 min.2

Various concentrations of PAF or vehicle buffer were then
added and the reaction mixture was incubated for an
additional 6 min. To assess specificity of inhibition, throm-

Ž . 2q Žbin 0.05–0.2 Urml or Ca ionophore A23187 0.3
.mM was substituted for PAF. The release reaction was

terminated by cooling on ice and by the addition of 3 mM
Ž .EDTA final concentration in saline. The platelet suspen-

Ž .sion was then centrifuged 1500=g, 15 min, 48C and the
supernatant was collected for measurement of released 14C
radioactivity by liquid scintillation spectrometry.

To assay b-thromboglobulin release in blood peripheral
human blood was obtained from healthy human volunteers

Ž .and treated with heparin 20 Urml and incubated with
Ž .0.2% bovine serum albumin in normal saline vehicle or

ABT-491 at the indicated concentration for 5 min at room
temperature. Aliquots of the blood were then incubated
with PAF or vehicle for an additional 5 min at 378C and
placed in ice-water. The blood samples were centrifuged
Ž .1000=g for 15 min and the plasma was removed and
stored frozen until analyzed. Plasma levels of b-thrombo-
globulin were measured using commercially available im-
munoassay kits following the manufacturer’s recommenda-

Žtions Diagnostica Stago, American Bioproducts, Parsi-
.panny, NJ, USA .

2.6. PAF-induced neutrophil responses

The assays for PAF-induced elastase release, reactive
oxygen species production and intracellular Ca2q were

Ž .described in detail elsewhere Albert et al., 1996a . In

Žbrief, for the elastase release assay, neutrophils 1
.millionrml in Tyrode buffer, pH 7.4 were pretreated with

drug for 6–8 min at room temperature and then exposed to
Ž . Žcytochalasin B 1 mgrml for 15 min at 378C Dewald and
.Baggiolini, 1987 . Various concentrations of PAF in Ty-

rode buffer containing 0.2% bovine serum albumin were
then added and the incubation was continued for an addi-
tional 10 min until terminated by rapid cooling. The cell

Žsuspensions were then centrifuged at 58C 700=g for 15
.min . Elastase activity in the supernatant was then mea-

Žsured with a fluorescence plate reader Fluoroskan II,
.Titertek, ICN Flow, Costa Mesa, CA, USA using the

synthetic substrate N-succinyl-L-alanyl-L-alanyl-L-prolyl-
Ž .L-valine-amino-4-methylcoumarin 0.25 mM at excitation

and emission wavelengths of 370 and 460 nm, respec-
tively. Relative activity was computed as the ratio of the
rate of fluorescence increase obtained with stimulated and
non-stimulated cells.

For the reactive oxygen species assay, cells were resus-
Ž 6 .pended 5=10 cellsrml in Dulbecco’s phosphate-

buffered saline containing 0.25% bovine serum albumin
Ž . Ž .and 20 mM luminol Allen, 1986 . The cells 70 ml were

preincubated in microtiter trays at room temperature with
Ž10 ml drug or vehicle 1% dimethyl sulfoxide in Hanks’

.balanced salt solution . After 5 min, 10 ml PAF or vehicle
was added and the preincubation continued for an addi-
tional 2 min at room temperature. At the end of the
preincubation, 10 ml formyl-methionyl-leucinyl-phenyl-

Ž .alanine fMLP or vehicle was added. The resulting light
output was recorded in a microtiter scintillation counter
Ž .Top Count Packard Instrument at 20-s intervals for 5
min. Response to PAF and fMLP challenge was measured

Žby calculating the area under the curve using the trape-
.zoidal rule for the response to the challenge over the

5-min period.
To measure intracellular Ca2q, neutrophils suspended in

Hanks’ balanced salt solution containing 0.035% NaHCO ,3

pH 7.0, were incubated with 5 mM indo-1 AM for 30 min
at room temperature, washed, and resuspended at a con-

Ž . 6centration of 1–2 =10 cellsrml. The cells were pre-
treated with receptor antagonist for 60 s followed by the
addition of agonist at the indicated concentrations. Fluores-
cence was measured at an excitation wavelength of 350

Ž 2q.nm and emission wavelengths of 485 nm low Ca and
Ž 2q.410 nm high Ca using an SLM 8000 spectrofluorom-

Ž .eter SLM-Aminco Instruments, Urbana, IL, USA . Intra-
cellular Ca2q concentration was calculated from the ratio

Žof fluorescence at the two emission wavelengths Gryn-
.kiewicz et al., 1985 . Values are expressed as percent

inhibition relative to control response to PAF in the ab-
sence of antagonist.

2.7. PAF-induced Õascular permeability and paw edema

The dorsal region of rats was shaved for preparation of
intradermal injections of PAF essentially as previously
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Ž .described Hwang et al., 1985b . Ten minutes prior to PAF
challenge, the animals were injected with Evans blue dye
Ž . Ž1% in normal saline, 2 mlrkg via a tail vein 5–6

.animals per group . 100 ml of 0.5 mgrml PAF in PBS
Ž .phosphate-buffered saline containing 0.25% bovine serum
albumin, pH 7.3, was injected intradermally into the dorsal
skin at four sites evenly spaced on each side of the midline
Žbovine serum albumin alone was injected and found to

.have no significant effect . Test compounds were adminis-
tered intravenously or orally 1 h prior to PAF challenge
unless stated otherwise. 60 min after the PAF challenge the
animals were killed and the dorsal skin was reflected back
to reveal the extravasation areas. The diameter of each spot
was measured and used to calculate area of extravasation.
For studies with guinea-pigs, dosing and analysis proce-
dures were as described above with the exception that the
Evans blue dye solution was injected via a dorsal digital

Ž .vein of either a thoracic or pelvic limb of animals ns6 .
PAF-induced edema was measured using a mercury

Ž .plethysmograph Model 7150, Ugo Basile, Varese, Italy .
After determining the pre-challenge volume of the right

Ž . Žhind paw of mice ns6 , PAF 50 ml of 1 mgrml PAF in
PBS buffer containing 0.25% bovine serum albumin, pH

. Ž7.3 was injected subcutaneously into the paw Qu et al.,
.1990 . Fifteen minutes after the PAF injection, the right

hind paw volume was again measured. Paw edema was
calculated for each mouse, in each treatment group, by
subtracting paw volume at the pre-challenge time from
paw volume at 15 min. Test compounds were administered
intravenously or orally 30 min prior to PAF challenge.

2.8. PAF and endotoxin-induced shock

To measure PAF or endotoxin-induced hypotension, the
carotid artery of guinea pigs and rats maintained under
light to moderate anesthesia by inhalation of Penthrane
Ž .Abbott Laboratories, North Chicago, IL, USA was can-
nulated with PE-50 tubing. The tubing was tunneled subcu-
taneously to the posterior neck, exteriorized and connected

Ž 2to a pressure transducer and polygraph Model MI , Mod-
.ular Instruments, Southeastern, PA, USA for monitoring

arterial pressure. After cannulation, the animals were al-
lowed to recover for at least 1 h. After the recovery period
a baseline pressure for each animal was established by
monitoring arterial pressure over a 15 min period. There
was no significant difference between baseline values
among control and experimental groups.

ŽFor pre-treatment studies antagonist or vehicle 0.9%
. Ž . Ž .saline was given 15 min intraarterial or 1 h p.o. prior

to agonist challenge. Following pretreatment, guinea pigs
Ž .and rats were challenged with PAF 0.6 mgrkg or endo-

Ž .toxin LPS, 25 mgrkg in PBS, pH 7.4 , administered as an
intraarterial bolus. For studies of the ability of ABT-491 to
reverse ongoing hypotension, drug was administered 60
min following LPS challenge. Measurements of arterial
pressure were taken at 1 min intervals until the conclusion

of the experiment. To correct for the small degree of
Ž .animal to animal variation -10% , pressure values were

expressed as percent initial baseline. Response to PAF or
LPS challenge and drug was determined by calculating the

Žarea under the curve of percent baseline vs. time using the
.trapezoidal rule for the response to the challenge over the

experimental period. From these areas, percent inhibition
Žof the agonist-induced response was calculated as drugy

. Ž .agonist r vehicleyagonist .
Intestinal bleeding induced by LPS treatment was deter-

mined by measuring hemoglobin which leaked into the
gastrointestinal lumen. ABT-491 was given p.o. to con-

Ž .scious rats 6–7 per group followed 60 min later by LPS
Ž .25 mgrkg . Rats were killed 30 min after LPS challenge
and a 15 cm segment of intestine, starting from the duo-
denum, was collected from each rat. Luminal content was
collected by rinsing the intestine segment. Hemoglobin
concentration in the rinse was measured with a hemoglobi-

Ž .nometer Coulter Electronic, Hialeah, FL, USA by com-
parison to a calibration curve obtained with standard
hemoglobin solutions.

ŽLethality studies were conducted with PAF 3–1000
. Ž .mgrkg and LPS 8.5 mgrkg in mice and rats, respec-

tively. In both cases ABT-491 was administered orally 30
min prior to PAF or LPS challenge. The lethal effects of
PAF, which generally occurred within 30 min following
PAF challenge, were monitored over an 8 h period. LPS-
induced mortality generally occurred 6–10 h following
LPS challenge. Rats were closely monitored over a period
of 2 weeks following LPS to determine the total number of
deaths.

3. Results

3.1. Inhibition of PAF binding

The intrinsic PAF binding activity of ABT-491 has
w3 xbeen evaluated by measuring the inhibition of H C -PAF18

binding to the PAF receptor of isolated rabbit platelet
membranes and intact human platelets. Results, shown in
Fig. 2A, illustrate the potency of ABT-491 in these assays.

Ž .The inhibitory binding constants K computed from thesei

results for ABT-491 are 1.8 and 0.57 nM, respectively and
Ž .are within 3-fold the potency of PAF itself K , 0.6 nM .d

ŽThe Hill coefficients obtained from the binding results 1.1
.and 0.8 approach unity, indicating, as has previously been

Ž .shown for PAF Hwang and Lam, 1986 , that ABT-491
interacts with a single class of binding sites.

The nature of inhibition of PAF binding exhibited by
ABT-491 was examined using rabbit platelet membranes.
In a competition binding experiment, membrane prepara-

Ž .tions were incubated 1 h with increasing concentrations
w3 xof H PAF in the absence and presence of ABT-491

Ž .0.5–1.9 nM . Scatchard analysis of these results revealed
Žthat the maximal number of receptor sites B , x-inter-max
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Ž .Fig. 2. Effect of ABT-491 on PAF binding. A Inhibition of specific
w3 xbinding of H PAF to rabbit platelet membranes and washed human

Ž .platelets. Rabbit platelet membranes square or washed human platelets
Ž . w3 xcircle were incubated with 0.3–100 nM ABT-491 and 0.6 nM H PAF
for 1 h at 258C. Specific binding was determined from the difference

w3 xbetween H PAF binding in the absence and presence of 1 mM PAF.
Each point represents the mean"standard deviation from two experi-

Ž .ments performed in duplicate. B and C Effect of preincubation with
w3 xABT-491 on Scatchard plots of H PAF binding. Rabbit platelet mem-

w3 x Žbranes were incubated with increasing concentrations of H PAF 0.15–
. Ž .4.8 nM for 30 min at 258C in the presence of vehicle closed square or
Ž . Ž . Ž . Ž .0.5 nM open square , 1 nM q , 2 nM diamond and 4 nM triangle

ABT-491. Drug was added to the membrane preparation either simultane-
w3 x Ž . w3 x Ž .ously with H PAF B or was added 60 min prior to H PAF C .

w3 xSpecific binding of H PAF calculated from the saturation isotherms
were subjected to Scatchard analysis. Each point represents the mean of
duplicate determinations. Variation of the duplicates was within 10% of
the mean.

.cept was not affected whereas the apparent dissociation
Ž .constant K , y1rslope increased with respect to in-d

Ž .creasing concentrations of ABT-491 Fig. 2B . These re-
sults strongly indicate that ABT-491 is a competitive
inhibitor of PAF binding to the high-affinity receptor.
However, although ABT-491 acts as a competitive recep-
tor antagonist under equilibrium conditions, there is a
time-dependent component to its inhibitory action. This is
apparent from the Scatchard analysis of results from a
binding assay in which membranes were preincubated for
1 h with ABT-491 prior to a 30 min incubation with
w3 xH PAF. Under these experimental conditions, the Bmax

was altered with little effect on the apparent K , indicatived
Ž .of non-competitive inhibition Fig. 2C . These results sug-

gest that ABT-491, in comparison to PAF, may have a
relatively slow off-rate on the PAF receptor.

To assess the specificity of inhibition for PAF binding,
ABT-491 was evaluated in a wide variety of receptor, ion
channel, and membrane binding assays. ABT-491 did not
exhibit significant interaction at test concentrations up to

Ž10 mM in any of these 45 different binding assays data
.not shown .

3.2. Antagonism of PAF-induced platelet responses

Platelet degranulation and release of granular con-
stituents is a consequence of PAF-mediated platelet activa-

Ž .tion McManus et al., 1981 . The ability of ABT-491 to
inhibit platelet degranulation was demonstrated using

w14 xPAF-induced C serotonin release from rabbit platelets.
In the presence of increasing concentrations of ABT-491
Ž .1–3 nM 5 min prior to PAF , a rightward and parallel

w14 xshift in the PAF dose–response curves for C serotonin
Ž .release was observed Fig. 3A . From Schild analysis of

the rightward shift, the A value for ABT-491 for func-2

tional inhibition of PAF binding was calculated as 0.9 nM.
Ž .Similar results A s1.3 nM were obtained in an addi-2

tional experiment, yielding a mean A value of 1.1 nM2
Ž .not shown . At concentrations of ABT-491 greater than 3
nM the maximal response to PAF was not restored with
agonist concentrations as high as 10 mM. These results,
suggestive of non-competitive antagonism, are consistent
with the kinetics observed in the binding studies with
platelet membranes preincubated with ABT-491. In other

Ž .experiments, ABT-491 10 mM did not cause release of
w14 xC serotonin and did not inhibit release in response to

Ž . 2q Ž .thrombin 0.2 Urml or Ca ionophore 0.3 mM . Taken
together these results indicate that ABT-491 selectively
and potently inhibits functional activity coupled to the
platelet PAF receptor.

The appearance in plasma of platelet-specific granular
constituents can serve as an index of activation and de-
granulation of platelets in blood. When incubated with
human peripheral blood, PAF causes an increase in the
plasma concentration of the platelet constituent b-throm-

Ž .boglobulin Fig. 3B . Pretreatment of the blood with ABT-
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491 inhibited the release of b-thromboglobulin in a con-
centration-dependent fashion. The rightward shift in the
potency of PAF in the presence of increasing concentra-
tions of the antagonist was similar to that observed with
washed rabbit platelets. Schild analysis of these data and
data from an additional experiment not shown yielded a

Ž .mean A value of 5.2 nM Fig. 3B, insert . This value is2

consistent with the potency of ABT-491 for inhibiting PAF
Ž .binding to platelet PAF receptors K s0.6–2 nM . Thesei

results demonstrate the effectiveness of ABT-491 against a
PAF-induced platelet response in a complex biological
milieu.

3.3. Antagonism of PAF-induced neutrophil responses

Three PAF-mediated neutrophil responses were exam-
ined in this study: intracellular Ca2q mobilization, degran-

Žulation, and priming Korchak et al., 1988; Dewald and

Ž . w14 xFig. 3. Effect of ABT-491 on PAF-induced cellular responses. A Rabbit platelet degranulation. Rabbit platelets labeled with C serotonin were
Ž . Ž . Ž . Ž . Ž . Ž .pre-incubated in the absence closed square or presence of 1 nM q , 2 nM diamond , 3 nM = , 4 nM triangle or 6 nM solid circle ABT-491 and

w14 xthen incubated with PAF. The release of C serotonin was monitored and expressed as percent of maximal response to PAF in the absence of drug.
Ž .Values are the mean of duplicate determinations of an experiment representative of two experiments. Schild analysis inset yielded an A value of 0.9 nM2

Ž . Ž . Ž . Ž .slopes2.9 . B b-Thromboglobulin release in human blood. Blood was preincubated for 5 min in the absence closed square or presence of 1 nM q ,
Ž . Ž . Ž . Ž .3 nM = , 10 nM solid circle , 30 nM solid triangle or 100 nM closed diamond ABT-491 and then exposed to PAF at the indicated concentration for

an additional 5 min. b-Thromboglobulin released was measured and expressed as percent of maximal response to PAF in the absence of drug. Values are
Ž .the mean of duplicate determinations of an experiment representative of two experiments. Schild analysis inset yielded an A value of 7.3 nM2

Ž . Ž . 2q 2q Ž . Žslopes1.0 . C Ca mobilization in human neutrophils. Intracellular Ca was monitored in the absence closed square or presence of 25 nM closed
. Ž . Ž . Ž .triangle , 50 nM inverted closed triangle , 100 nM closed diamond or 200 nM hatched square ABT-491 and expressed as percent of maximal response

Ž . Ž . Ž .to PAF in the absence of drug. Values are the mean of duplicate determinations. Schild analysis inset yielded an A value of 25 nM slopes2.0 . D2
Ž . Ž . Ž .Degranulation of human neutrophils. Neutrophils preincubated in the absence closed square or presence of 0.25 nM inverted triangle , 1 nM q , 4 nM

Ž . Ž .triangle or 8 nM closed circle ABT-491 were exposed to PAF at the indicated concentration. Elastase released into the media was measured and
Ž . Ž .expressed as percent of maximal response to PAF in the absence of drug. Schild analysis inset yielded an A value of 0.29 nM slopes1.2 . In each2

panel variation of the duplicates was within 10% of the mean.
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Fig. 4. Time-course of PAF-induced neutrophil responses and inhibition
Ž . 2qwith ABT-491. A Ca mobilization. Human neutrophils prelabeled

Ž . Ž .with indo-1 were incubated 60 s 378C with buffer closed square or
Ž . Ž .with 50 nM inverted closed triangle or 100 nM closed diamond

Ž .ABT-491. The cells were then exposed to PAF 30 nM and fluorescence
Ž . 2qexcitation 350 nm was monitored. Change in intracellular Ca levels
was derived from changes in the ratio of fluorescence at 410 nm and 485

Ž .nm. B PAF priming of fMLP-induced release of superoxide. ABT-491
Ž .was preincubated with human neutrophils for 60 s 378C prior to

Ž . Ž .addition of PAF 300 nM . fMLP 100 nM was added 2 min after PAF.
Reactive oxygen species formation was measured by chemiluminescence.
Values are mean of duplicates. Ranges were within 10% of the mean.
Symbols: closed triangle, PAF; open triangle, fMLP; closed square,
PAFqfMLP; closed diamond, 125 nM ABT-491; diamond, 500 nM
ABT-491.

Baggiolini, 1987; Baggiolini and Dewald, 1986; Gay,
. 2q1993 . The Ca response induced by PAF is rapid and

transient, reaching a maximum in 30–45 s then returning
Ž .to near-basal levels within 120 s Fig. 4A . The response

was inhibited in a concentration-dependent manner by
preincubation with ABT-491 that resulted in a rightward
shift in the PAF dose–response curve, suggestive of com-

Ž .petitive antagonism Fig. 3C . Schild analysis of the data
yielded an A value of 25 nM. The antagonist appears to2

Ž .be selective since ABT-491, at a concentration 1 mM that
completely inhibited the PAF-induced response, did not

2q Žinhibit the Ca response to leukotriene B and C5a not4
.shown .

Neutrophil degranulation induced with PAF can be
assessed by measuring elastase, an azurophil granule con-
stituent released into the media in the presence of cyto-
chalasin B. The release is dependent upon the PAF concen-

Ž .tration EC approximately 100 nM and is complete50

within 5 min after exposure to the agonist. As was ob-
served with the Ca2q response, preincubation with increas-

ing concentrations of ABT-491 resulted in a rightward
Ž .shift in the dose–response relationship to PAF Fig. 3D .

Schild analysis yielded an A value of 0.30 nM. Similar2

results were obtained in two additional experiments, yield-
Ž .ing a mean A value of 0.29"0.02 nM not shown .2

In addition to its direct effects, PAF is capable of
priming cells for enhanced responses to other agonists. As
shown in Fig. 4B, prior exposure of human neutrophils to
PAF resulted in enhanced reactive oxygen species produc-
tion induced by subsequent exposure to the chemotactic

Ž .peptide fMLP. PAF alone 300 nM had virtually no effect
Ž . Ž .-0.1% of maximal . ABT-491 125 and 500 nM inhib-
ited the priming effect of PAF in a dose-related manner.
Schild analysis of the data obtained from these and other
experiments with additional drug concentrations yielded an

Ž .A value of 83 nM slopes1.3, not shown . These results2

provide further evidence of the ability of ABT-491 to
functionally antagonize PAF-mediated responses in highly
relevant cell populations.

3.4. In ÕiÕo models of PAF-induced inflammation

PAF induces localized cutaneous vascular permeability
Žand edema characteristic of acute inflammation Hwang et

.al., 1985b; Qu et al., 1990 . ABT-491 possessed potent
activity as an antagonist of these responses. In rat, an
orally administrated dose of 1 mgrkg of ABT-491 resulted
in 90% inhibition of the PAF-induced permeability re-

Ž .sponse Fig. 5A . The inhibition was dose related and
regression analysis yielded an ED value of 0.094 mgrkg.50

In addition, this compound exhibited potent activity when
Ž .administered intravenously ED s0.003 mgrkg . In50

guinea-pig, ABT-491 was several fold less potent. Never-
theless, when administered intravenously, a dose of 50

Ž .mgrkg produced near-maximal antagonism 75% of the
Ž .permeability response Fig. 5B . As in the rat, the inhibi-

tion in guinea-pig was dose related for both intravenous
Žand oral administration ED s0.016 and 0.29 mgrkg,50

.respectively . Administration of ABT-491 to rats at a dose
Ž . Ž .1 mgrkg i.v. sufficient to provide maximal 87% inhibi-
tion of the PAF-induced response had no significant effect
Ž .-5% on the permeability responses induced by sero-

Ž .tonin and histamine not shown .
The effect of ABT-491 on PAF-induced edema was

assessed in mice. Pre-administration of ABT-491 to mice
subjected to subcutaneous injections of PAF in the paw
inhibited the resulting edema formation in a dose-related

Ž . Ž .manner Fig. 5C . The potency ED of ABT-491 for50

blocking edema was 0.069 mgrkg when administered
intravenously and 0.38 mgrkg when administered orally.
These values are comparable to those for inhibiting PAF-
induced responses in the guinea pig and rat, and further
illustrate the effectiveness of ABT-491 in blocking PAF-
mediated inflammatory responses.
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Fig. 5. Inhibition of PAF-induced cutaneous vascular permeability and
Žedema by ABT-491. ABT-491 was administered intravenously open

. Ž . Ž . Ž . Ž .square or orally solid square to rats A , guinea pigs B , and mice C
Ž .prior to PAF 0.05 mg challenge. Changes in cutaneous vascular perme-

Ž . Ž .ability A and B or edema C were determined and are expressed as
Žmean percent inhibition of the control"standard deviation 5–6 animals

.per group . Vehicle control response to subcutaneous PAF resulted in
Ž . Ž .skin lesions 14.2"0.5 mm rat and 15.1"0.3 mm guinea pig in

diameter. The vehicle control response to PAF in the paw resulted in a
93"9 ml increase in volume.

3.5. Duration of action

The model for PAF-induced cutaneous permeability
was used to assess the duration of activity of ABT-491.
The compound was administered orally at a dose expected
to produce 70–80% inhibition 1 h after administration. The
level of inhibition of PAF-induced permeability was then
assessed at various times after compound dosing. As shown

Ž .in Fig. 6, ABT-491 0.5 mgrkg p.o. provided protection
Ž .)50% against cutaneous PAF challenge in the rat for
greater than 8 h.

3.6. PAF- and LPS-induced shock

Following systemic administration, PAF causes an acute
Ž .drop in systemic arterial pressure Blank et al., 1979 . At

higher doses of PAF, death results from acute cardio-
Žpulmonary failure and complement activation Carlson et

.al., 1987; Sun and Hsueh, 1991 . The hypotensive re-
sponse induced in guinea pig by intraarterial administra-
tion of PAF was antagonized in a dose-dependent fashion

Ž .by pretreatment with ABT-491 Fig. 7A . The ED values50

derived from regression analysis for intraarterial and oral
administration of ABT-491 were 0.005 and 0.026 mgrkg
Ž .Fig. 7A, insert .

LPS given intraarterially to rats also results in hypoten-
sion. The initial response is transient but is followed by a

Ž .sustained decrease in systemic blood pressure Fig. 7B .
Ž .ABT-491, when administered intraarterially 0.1 mgrkg

Ž .or orally 1 mgrkg 1 h prior to LPS, blocked the second-
phase response. Inhibition was dose-dependent and analy-

Ž .sis of the dose–response relationship Fig. 7B, insert
yielded ED values for intraarterial and oral administra-50

tion of 0.004 and 0.036 mgrkg respectively. In addition to
being effective when given prior to LPS, ABT-491 was
also capable of reversing hypotension when administered
post LPS. As shown in Fig. 7B, administration of ABT-491
restored blood pressure as late as 1 h after LPS challenge.

Other hallmarks of septic shock, including gastrointes-
tinal injury and lethality, are evident following the admin-
istration of LPS. Marked hyperemia and overt luminal
bleeding are prominent in the small bowel of the rat within
30 min post LPS. Microscopically, congestion of mucosal
microvessels, single cell necrosis and isolated loss of villi

Ž .are evident Wallace et al., 1987 . In the current study the
extent of damage was followed by scoring the gross
appearance of the small intestine and by measuring intralu-

Ž .minal hemoglobin. ABT-491 0.050 mgrkg , given orally
60 min prior to LPS challenge, inhibited intestinal bleeding

Ž .by 79% P-0.05 . A 10-fold higher dose resulted in
complete protection and a normal appearing intestine.

Studies on the lethal effect of PAF were conducted with
Ž .mice. Intravenous administration of PAF 3–1000 mgrkg

resulted in an increase in mortality that was dose-depen-

Fig. 6. Duration of inhibition by ABT-491 after oral dosing. ABT-491
Ž .0.5 mgrkg, solid square was administered orally at the indicated

Ž .interval prior to PAF 0.05 mg challenge. PAF-induced changes in
vascular permeability were measured and expressed as mean percent

Žinhibition of control response"standard deviation four animals per
.group .
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Fig. 7. Inhibition of PAF and LPS-induced systemic hypotension with
Ž . Ž . Ž .ABT-491. A PAF. Vehicle closed square or 10 mgrkg square , 30

Ž . Ž .mgrkg triangle or 100 mgrkg diamond ABT-491 was administered
Ž .orally to conscious guinea pigs 1 h prior to PAF 0.6 mgrkg challenge

Ž . Ž . Ž .times0 . B LPS. Vehicle closed square or ABT-491 was adminis-
Ž . Žtered intraarterially 0.1 mgrkg, diamond or orally 1 mgrkg, closed

.circle to conscious rats 15 min and 1 h prior to LPS challenge or
Ž .ABT-491 0.1 mgrkg was administered intraarterially 60 min after

Ž .receiving LPS challenge solid triangle . Mean arterial pressure was
monitored at 1 min intervals throughout both experiments. Data are

Ž .expressed as mean percent initial pressure 4–7 animals per group .
Standard deviations, omitted for clarity, were within 10% of the mean.
The dose–response relationships obtained from addition experiments with

Ž . ŽABT-491 administered intraarterially open square and orally closed
. ) Ž .square are illustrated in the inserts. P -0.05 vs. LPS 64–70 min .

Ž .dent LD approximately 30 mgrkg, Fig. 8 . Pre-treat-100
Ž .ment with ABT-491 1, 10 and 100 mgrkg, p.o. resulted

in a rightward shift in the dose–response curve, indicative

Fig. 8. Competitive antagonism of PAF-induced lethality by ABT-491 in
Ž . Ž . Ž .mouse. Vehicle circle or 1 mgrkg square , 10 mgrkg diamond , 100

Ž . Ž .mgrkg q or 1000 mgrkg triangle ABT-491 was administered orally
Ž .to mice 10 animals per group 30 min prior to PAF challenge. Survival

was monitored for 18–24 h.

of competitive antagonism. Administration of 1 mgrkg
ABT-491 provided total protection against lethality in-
duced by a PAF challenge as high as 1 mgrkg, greater
than 30-fold the PAF LD . These observations are con-100

sistent with potent antagonism of the cardio-pulmonary
responses to PAF and provide additional evidence that in
vivo administration of ABT-491 results in antagonism of
systemic PAF responses.

The effect of ABT-491 on long-term survival was also
Ževaluated in the rat endotoxemia model. LPS 8.5 mgrkg,

.i.v. resulted in 43% mortality within 24 h. Pretreatment
Ž .with ABT-491 1 mgrkg, p.o. produced a marked reduc-
Ž .tion in mortality 15% vs. 43%, P-0.05 .

4. Discussion

The intrinsic potency of ABT-491 is in the nanomolar
Žand sub-nanomolar range K of 3.8 and 0.3 nM respec-i

.tively for rabbit and human platelets. Thus the potency of
ABT-491 is comparable or superior to previously de-
scribed PAF receptor antagonists and rivals that of PAF
Ž .Summers and Albert, 1995 . The potent inhibition of PAF
binding exhibited by ABT-491 is selective and appears to
be competitive when the antagonist is co-incubated with
PAF. However, longer exposure of the platelet membranes
with ABT-491 in the absence of PAF results in non-com-
petitive inhibition kinetics. This apparent lack of reversibil-
ity of inhibition under these conditions suggests that ABT-
491 has a slow disassociation rate from the receptor in
comparison to PAF. It is interesting to note that SR-27417,
another potent PAF receptor antagonist, also has an irre-

Žversible aspect to its binding kinetics Herbert et al.,
.1993b .

At the cellular level, ABT-491 is a potent antagonist of
responses linked to the PAF receptor in platelets and
neutrophils, two cell populations that are highly relevant to
PAF pathophysiology. Platelet activation may be a trigger
of coagulation activation and thrombi formation associated
with disseminated intravascular coagulation, a clinical syn-

Ž .drome linked to septic shock Rackow and Astiz, 1993 .
PAF-mediated activation and degranulation of neutrophils
may play a central role in tissue damage associated with
sepsis, pancreatitis, ischemiarreperfusion injury and other

Ždiseases with inflammatory components Braquet et al.,
.1987b, 1989 .

The platelet response assayed in our studies, degranula-
tion, was inhibited by ABT-491 in a selective manner.
With isolated platelets, the close correlation between po-

Ž .tency for functional antagonism A s1.1 nM and bind-2
Ž .ing potency K s1.8 nM is consistent with interaction ofi

ABT-491 with the PAF receptor being a mechanism of
action of the drug. ABT-491 was also effective in blocking

Ž .platelet activation in blood A s5.2 nM , indicating that2

the presence of high concentrations of protein and other
Ž .serum factors only slightly 5-fold alters the ability of

ABT-491 to interact with the PAF receptor.
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Ž 2qThe three neutrophil responses degranulation, Ca
.mobilization and priming examined in this study were

Žinhibited by ABT-491 A s0.3, 25 and 83 nM, respec-2
.tively , which serves to illustrate the effectiveness of the

antagonist with PAF-mediated responses in pro-inflamma-
tory cells. Interestingly, the antagonist was somewhat less
potent at blocking the priming effect than the direct effects
of PAF. A similar shift in potency for blocking the priming
and direct effects of PAF in neutrophils has been reported
previously with a structurally related receptor antagonist,

Ž .ABT-299 Albert et al., 1996a . The relatively wide range
of potency values for inhibiting responses within a single
cell population raises the possibility of receptor subtypes
for PAF. However, only highly homologous members of a

Žsingle class of PAF receptors have been cloned Nakamura
.et al., 1991; Honda et al., 1991 . Thus to date there is little

evidence to support the existence of multiple genes ex-
pressing receptor subtypes, although differences in the 5X

untranslated region of heart and leukocyte cDNA have
Ž .been reported Mutoh et al., 1993; Shimizu et al., 1992 .

Another possibility to account for the range in potencies
may be the existence of a distinct signal transduction
pathway for the priming effect of PAF. Such a pathway
has been previously suggested based upon the observation
that, unlike the direct effects of PAF, primed stimulation
was not desensitized by sequential exposure of neutrophils

Ž .to PAF Gay, 1993 . The relative importance to PAF
pathophysiology of the priming versus direct effects re-
mains unclear since no receptor antagonist reported to date
exhibits selectivity for the priming response.

The in vivo efficacy of ABT-491 was evaluated in
PAF-challenge models of localized inflammatory re-

Ž .sponses cutaneous vascular permeability and edema , a
Ž .systemic response hypotension and a generalized re-

Ž .sponse acute lethality across three species. When admin-
istered orally, ABT-491 was most potent for inhibiting
PAF-induced permeability and hypotension in the rat and

Žguinea-pig ED values of 0.094 and 0.026 mgrkg, re-50
.spectively . The antagonist was 4- to 10-fold less potent,

although still very effective, in inhibiting PAF-induced
permeability in the guinea-pig and edema in the mouse
Ž .ED values of 0.29 and 0.38 mgrkg, respectively . Ap-50

Žproximately the same rank order in potency ED values50
.of 0.003–0.069 mgrkg was observed when the antagonist

was administered parenterally. Thus when given in sub-
mgrkg doses either orally or parenterally, ABT-491 serves
as a potent receptor antagonist of localized and systemic
PAF responses.

The potent in vivo activity of ABT-491 is accompanied
by long duration of action. With the PAF cutaneous vascu-
lar permeability model in rat, an oral dose of 0.5 mgrkg
provided )50% protection against PAF challenge for )8
h. This duration of activity compares favorably to other
PAF receptor antagonists administered at equal or higher
doses, with the exceptions of SR-27,417 and ABT-299,
which exhibit duration comparable to ABT-491 in this

Ž .model Albert et al., 1996a . The duration of bioactivity
exhibited by ABT-491 is somewhat longer than might be
expected based on the relatively rapid rate of elimination
from circulation of ABT-491 obtained from pharmacoki-

Žnetic studies with ABT-491 in the rat t s0.8 h, unpub-1r2
.lished observation . Other PAF receptor antagonists have

also been reported to exhibit surprisingly long duration of
Žaction in vivo. For example administration of SR-27417 1

.mgrkg produces significant inhibition of PAF-induced
Ž .hypotension for at least 48 h Bernat et al., 1992 . Irre-

versible inhibition of PAF binding to its receptor would
lead to extended in vivo bioactivity. Indeed, time-depen-
dent and non-competitive inhibition has been reported for
SR-27417 and has been offered as an explanation of the

Ž .antagonist’s long duration of activity Herbert et al., 1993a .
A similar situation may exist for ABT-491, which exhibits
competitive antagonism at the receptor and cellular level
but an apparent slow off rate from the receptor.

ABT-491 was also effective in blocking the acute,
shock-like responses induced by LPS in rat that are thought

Žto be, at least in part, PAF-mediated Sanchez Crespo and
Fernandez-Gallardo, 1991; Braquet et al., 1987a; Summers

.and Albert, 1995 . The potency of ABT-491 for inhibiting
ŽLPS-induced hypotension i.a. and p.o. ED values of50

.0.004 and 0.036 mgrkg respectively correspond with the
potency of the antagonist for blocking PAF-induced hy-

Ž .potension 0.005 and 0.026 mgrkg in the same species.
The effectiveness in blocking the LPS hypotension is in
agreement with the activity of a wide range of structurally
diverse PAF receptor antagonists having varying degrees

Žof efficacy for blocking hypotension Doebber et al., 1985;
Chang et al., 1987; Qi and Jones, 1990; Torley et al.,

.1992; Albert et al., 1996b . ABT-491 was also capable of
reversing established LPS-induced hypotension. Adminis-
tration of a single bolus of PAF, which is known to have a

Ž .short half-life in vivo Blank et al., 1981 , did not result in
a prolonged hypotensive response. Thus the effectiveness
of the PAF receptor antagonist on reversing the LPS-in-
duced response suggests an ongoing synthesis of PAF for
at least 1 h following exposure to LPS. These results,
along with those previously reported for other antagonists
ŽTorley et al., 1992; Terashita et al., 1992; Albert et al.,

.1996b , help to confirm the role of PAF in the hypotension
associated with endotoxic shock in the rat.

PAF has also been previously implicated as a mediator
of endotoxin-induced gastrointestinal damage and lethality

Žin the rat Albert et al., 1996b; Torley et al., 1992; Wallace
.et al., 1987; Terashita et al., 1985 . In the present study

0.050 mgrkg ABT-491 given orally 60 min prior to LPS
challenge was effective in blocking by 79% LPS-induced
damage. Thus the oral potency for blocking gastrointes-
tinal damage correlates well with activity for the hypoten-
sive response and places ABT-491 as one of the most
potent PAF receptor antagonists evaluated in this model.
ABT-491 also was effective in increasing the long-term
survival rate of rats administered LPS; however, the oral
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Ž .dose 1 mgrkg necessary to achieve maximum effect was
higher than that required for protection against gastrointes-
tinal damage. Furthermore, the effect was somewhat less
than that achieved in the PAF-induced lethality model
Ž .85% vs. 100% survival . The higher dose and less effi-
cacy in the LPS lethality model may be a reflection of the
longer coverage time required for protecting against LPS-

Ž .induced mortality most deaths occur 6–8 h post LPS
compared to the acute hypotensive and organ injury re-

Ž .sponses 30–60 min . They may also reflect the role of
other mediators in the response to LPS.

In conclusion ABT-491 is a novel antagonist that is
active at nanomolar and sub-nanomolar concentrations in
selectively inhibiting PAF binding and PAF-mediated cel-
lular responses. The receptor antagonist is orally active at
sub-mgrkg doses and exhibits a bioduration of )8 h. Its
oral activity coupled with its aqueous solubility provide a
variety of dosing options and make ABT-491 an attractive
candidate for clinical studies. Thus ABT-491, along with

Žseveral other structurally distinct antagonists e.g., BBT-
.882 and SR-27,417 , may prove useful in defining the role

of PAF in human diseases such as asthma, allergic rhinitis
and sepsis.

References

Albert, D.H., Conway, R.G., Magoc, T.J., Tapang, P., Rhein, D.A., Luo,
G., Holms, J.H., Davidsen, S.K., Summers, J.B., Carter, G.W., 1996a.
Properties of ABT-299, a prodrug of A-85783, a highly potent platelet
activating factor receptor antagonist. J. Pharmacol. Exp. Ther. 277,
1595–1606.

Albert, D.H., Luo, G., Magoc, T.J., Tapang, P., Holms, J.H., Davidsen,
S.K., Summers, J.B., Carter, G.W., 1996b. ABT-299, a novel PAF
antagonist, attenuates multiple effects of endotoxemia in conscious
rats. Shock 6, 112–117.

Allen, R.C., 1986. Phagocytic leukocyte oxygenation activities and
chemiluminescence: a kinetic approach to analysis. Methods Enzy-
mol. 133, 449–493.

Baggiolini, M., Dewald, B., 1986. Stimulus amplification by PAF and
LTB in human neutrophils. Pharmacol. Res. Commun. 18, 51–59.4

Bel, E.H., De Smet, M., Rossing, T.H., Timmers, M.C., Dijkman, J.H.,
Sterk, P.J., 1991. The effect of a specific oral PAF-antagonist,
MK-287, on antigen-induced early and late asthmatic reactions in
man. Am. Rev. Respir. Dis. 143, A811.

Bernat, A., Herbert, J.M., Salel, V., Lespy, L., Maffrand, J.P., 1992.
Protective effect of SR 27417, a novel PAF antagonist, on PAF- or
endotoxin-induced hypotension in the rat and the guinea-pig. J. Lipid
Mediat. 51, 41–48.

Blank, M.L., Snyder, F., Byers, L.W., Brooks, B., Muirhead, 1979.
Antihypertensive activity of an alkyl ether analog phosphatidyl
choline. Biochem. Biophys. Res. Commun. 906, 1200.

Blank, M.L., Lee, T.C., Fitzgerald, V., Snyder, F., 1981. A specific
hydrolase for 1-alkyl-2-acetyl-sn-glycero-3-phosphocholine hypoten-
sive platelet activating lipid. J. Biol. Chem. 256, 175–178.

Braquet, P., Paubert-Braquet, M., Bessin, P., Vargaftig, B.B., 1987a.
Platelet-activating factor: a potential mediator of shock. Adv.
Prostaglandin Thromboxane Leukotriene Res. 7, 822–827.

Braquet, P., Touqui, L., Shen, T.Y., Vargaftig, B.B., 1987b. Perspectives
in platelet-activating factor research. Pharmacol. Rev. 39, 97–145.

Braquet, P., Paubert-Braquet, M., Koltai, M., Bourgain, R., Bussolino, F.,
Hosford, D., 1989. Is there a case for PAF antagonists in the
treatment of ischemic states? Trends Pharmacol. Sci. 10, 23–30.

Carlson, R.P., O’Neill-Davis, L., Chang, J., 1987. Pharmacologic modu-
lation of PAF-induced mortality in mice. Agents Actions 21, 379–381.

Chang, S.W., Feddersen, C.O., Henson, P.M., Voelkel, N.F., 1987.
Platelet-activating factor mediates hemodynamic changes and lung
injury in endotoxin-treated rats. J. Clin. Invest. 79, 1498–1509.

Curtin, M.L., Carrera, J.G.M., Florjancic, A.S., Garland, R.B., Heyman,
H.R., Sheppard, G.S., Steinman, D.H., Trautmann, J.A., Xu, L.,
Davidsen, S.K., Conway, R.G., Rhein, D.A., Albert, D.H., Luo, G.,
Magoc, T.J., Tapang, P., Morgan, D.W., Summers, J.B., Carter,
G.W., 1996. Discovery and Characterization of A-137491, A Potent
Antagonist of Platelet Activating Factor. 211th ACS National Meet-
ing, New Orleans, Louisiana, March, 1996.

Dermarkarian, R.M., Israel, E., Rosenberg, M.A., Jansen, A., Danzig,
M.R., Fourre, J., Drazen, J.M., 1991. The effect of Sch-37370, a dual
PAF and histamine antagonist, on the bronchoconstriction induced in
asthmatics by cold, dry air isocapnic hyperventilation. Am. Rev.
Respir. Dis. 143, A812.

Dewald, B., Baggiolini, M., 1987. Evaluation of PAF antagonists using
human neutrophils in a microtiter plate assay. Biochem. Pharmacol.
36, 2505–2510.

Doebber, T.W., Wu, M.S., Robbins, J.C., Choy, B.M., Chang, M.N.,
Ž .Shen, T.Y., 1985. Platelet activating factor PAF involvement in

endotoxin-induced hypotension in rats. Studies with PAF-receptor
antagonist kadsurenone. Biochem. Biophys. Res. Commun. 127, 799–
808.

Freitag, A., Watson, R.M., Matsos, G., Eastwood, C., O’Byrne, P.M.,
1993. Effect of a PAF antagonist WEB-2086, on allergen induced
asthmatic response. Thorax 48, 594–598.

Gay, J.C., 1993. Mechanism and regulation of neutrophil priming by
platelet-activating factor. J. Cell Physiol. 156, 189–197.

Grynkiewicz, G., Poenie, M., Tsien, R., 1985. A new generation of Ca2q

indicators with greatly improved fluorescence properties. J. Biol.
Chem. 260, 3440–3445.

Herbert, J.M., Fraisse, L., Bachy, A., Valette, G., Savi, P., Laplace, M.C.,
Lassale, J., Roche, B., Lale, A., Keane, P.E., Maffrand, J.P., 1993a.
Biochemical and pharmacological properties of SR 27388, a dual
antioxidant and PAF receptor antagonist. J. Lipid Mediat. 8, 31–51.

w3 xHerbert, J.M., Laplace, M.C., Maffrand, J.P., 1993b. Binding of H SR
Ž .27417, a novel platelet-activating factor PAF receptor antagonist, to

rabbit and human platelets and polymorphonuclear leukocytes.
Biochem. Pharmacol. 45, 51–58.

Honda, Z., Nakamura, M., Miki, I., Minami, M., Watanabe, T., Seyama,
Y., Okado, H., Toh, H., Ito, K., Miyamoto, T., Shimizu, T., 1991.
Cloning by functional expression of PAF receptor from guinea-pig
lung. Nature 349, 342–346.

Hwang, S.-B., Lam, M.-H., 1986. Species difference in the specific
receptors of platelet activating factor. Biochem. Pharmacol. 35, 4511–
4518.

Hwang, S.B., Lee, C.S., Cheah, M.J., Shen, T.Y., 1983. Specific receptor
Žsites for 1-O-alkyl-2-O-sn-glycero-3-phosphocholine platelet activat-

.ing factor on rabbit platelet and guinea pig smooth muscle mem-
branes. Biochemistry 22, 4756–4763.

Hwang, S.B., Lam, M.H., Shen, T.Y., 1985a. Specific binding sites for
platelet-activating factor in human lung tissues. Biochem. Biophys.
Res. Commun. 128, 972–979.

Hwang, S.B., Li, C.L., Lam, M.H., Shen, T.Y., 1985b. Characterization
of cutaneous vascular permeability induced by PAF in guinea pigs
and rats and its inhibition by PAF receptor antagonists. Lab. Invest.
52, 617–630.

Koltai, M., Hosford, D., Guinot, P., Esanu, A., Braquet, P., 1991. Platelet
activating factor. A review of its effects, antagonists and possible
future clinical implications. Drugs 42, 9–29, 174–204.

Korchak, H.M., Vosshall, L.B., Haines, K.A., Wilkenfeld, C., Lundquist,
K.F., Weissmann, G., 1988. Activation of the human neutrophil by



( )D.H. Albert et al.rEuropean Journal of Pharmacology 325 1997 69–8080

calcium-mobilizing ligands. II. Correlation of calcium, diacyl glycerol
and phosphatidic acid generation with superoxide anion generation. J.
Biol. Chem. 263, 11098–11105.

Kuitert, L.M., Hui, K.P., Uthayarkumar, S., Burke, W., Newland, A.C.,
Uden, S., Barnes, N.C., 1993. Effect of the platelet-activating factor
antagonist UK-74,505 on the early and late response to allergen. Am.
Rev. Respir. Dis. 147, 82–86.

McManus, L.M., Hanahan, D.J., Pinckard, R.N., 1981. Human platelet
stimulation by acetyl glyceryl ether phosphorylcholine. J. Clin. Invest.
67, 903–906.

Mutoh, H., Bito, H., Minami, M., Nakamura, M., Honda, Z., Izumi, T.,
Nakata, R., Kurachi, Y., Terano, A., Shimizu, T., 1993. Two different
promoters direct expression of two distinct forms of mRNAs of
human PAF receptor. FEBS Lett. 322, 129–134.

Nakamura, M., Honda, Z., Izumi, T., Sakanaka, C., Mutoh, H., Minami,
M., Bito, H., Seyama, Y., Matsumoto, T., Noma, M., Shimizu, T.,
1991. Molecular cloning and expression of PAF receptor from human
leukocytes. J. Biol. Chem. 266, 20400–20405.

Ostermann, G., Till, U., Thielmann, K., 1983. Studies on the stimulation
of human blood platelets by semi-synthetic platelet-activating factor.
Thromb. Res. 30, 127–136.

Prescott, S.M., Zimmerman, G.A., McIntyre, T.M., 1990. Platelet-activat-
ing factor. J. Biol. Chem. 265, 17381–17384.

Qi, M., Jones, S.B., 1990. Contribution of platelet activating factor to
hemodynamic and sympathetic responses to bacterial endotoxin in
conscious rats. Circ. Shock 32, 153–163.

Qu, X.F., Hayashi, M., Yamaki, K., Oh-Ishi, S.O., 1990. Assessment of
vascular permeability increase in the mouse by dye leakage during
paw edema. Jpn. J. Pharmacol. 52, 500–503.

Rackow, E.C., Astiz, M.E., 1993. Mechanisms and management of septic
shock. Crit. Care Clin. 9, 219–237.

Sanchez Crespo, M., Fernandez-Gallardo, S., 1991. Pharmacological
modulation of PAF: a therapeutic approach to endotoxin shock. J.
Lipid Mediat. 4, 127–144.

Schild, H.O., 1947. pA, a new scale for the measurement of drug
antagonism. Br. J. Pharmacol. 2, 189–195.

Shimizu, T., Honda, Z., Nakamura, M., Bito, H., Izumi, T., 1992. PAF
receptor and signal transduction. Biochem. Pharmacol. 44, 1001–1008.

Ž .Snyder, F. Ed. , 1987. Platelet-Activating Factor and Related Lipid
Mediators. Plenum, New York, NY.

Summers, J.B., Albert, D.H., 1995. Platelet activating factor antagonists.
Adv. Pharmacol. 32, 67–168.

Sun, X.M., Hsueh, W., 1991. Platelet-activating factor produces shock, in
vivo complement activation, and tissue injury in mice. J. Immunol.
147, 509–514.

Tamura, G., Takishima, T., Mue, S., Makino, S., Itoh, K., Miyamoto, T.,
Shida, T., Nakajima, S., 1994. Effectiveness of a potent platelet
activating factor antagonist, WEB-2086, on asthma: a multicenter,

Ž .double-blind, placebo-controlled study. Eur. Respir. J. 7 Suppl. 18 ,
752.

Terashita, Z., Imura, Y., Nishikawa, K., Sumida, S., 1985. Is platelet
Ž .activating factor PAF a mediator of endotoxin shock? Eur. J.

Pharmacol. 109, 257–261.
Terashita, Z., Takatani, M., Nishikawa, K., 1992. Pharmacological profile

of TCV-309 – a potent PAF antagonist. J. Lipid Mediat. 5, 183–185.
Torley, L.W., Pickett, W.C., Carroll, M.L., Kohler, C.A., Schaub, R.E.,

Wissner, A., DeJoy, S.Q., Oronsky, A.L., Kerwar, S.S., 1992. Studies
of the effect of a platelet-activating factor antagonist, CL 184,005, in
animal models of gram-negative bacterial sepsis. Antimicrob. Agents
Chemother. 36, 1971–1977.

Wallace, J.L., Steel, G., Whittle, B.J., Lagente, V., Vargaftig, B., 1987.
Evidence for platelet-activating factor as a mediator of endotoxin-in-
duced gastrointestinal damage in the rat. Effects of three platelet-
activating factor antagonists. Gastroenterology 93, 765–773.

Wilkens, J.H., Wilkens, H., Uffmann, J., Bovers, J., Fabel, H., Frolich,
Ž .J.C., 1990. Effects of a PAF antagonist BN-52063 on bronchocon-

striction and platelet activation during exercise induced asthma. Br. J.
Clin. Pharmacol. 29, 85–91.


