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Abstract

Ž w Ž . x w xThe effects of KF31327 3-ethyl-8- 2- 4-hydroxymethylpiperidino benzylamino -2,3-dihydro-1H-imidazo 4,5-g quinazoline-2-thione
. Ž .dihydrochloride on phosphodiesterase 5 cyclic GMP-specific phosphodiesterase activity and platelet aggregation were investigated and

compared with those of sildenafil, a well-known phosphodiesterase 5 inhibitor. KF31327 inhibited phosphodiesterase 5 from canine
Ž . Ž .trachea K s0.16 nM more potently than sildenafil K s7.2 nM . The kinetic analysis revealed that KF31327 was a non-competitivei i

Ž .inhibitor. In the presence of nitroglycerin nitric oxide generator , both compounds inhibited the collagen-induced aggregation of rabbit
platelets at less than 0.1 mM, augmenting intracellular cyclic GMP level without affecting cyclic AMP. In contrast, in the absence of

Ž .nitroglycerin, a higher concentration 10 mM of KF31327 was required to inhibit platelet aggregation and increased both cyclic
nucleotide levels. However, 10 mM sildenafil did not affect aggregation despite elevation of cyclic GMP comparable to that in the
presence of nitroglycerin. These results indicate that in the presence of nitroglycerin, the inhibition of platelet aggregation by KF31327 is
due to the elevation of cyclic GMP, whereas the mechanism underlying the inhibition without nitroglycerin might be related to a rise in
intracellular cyclic AMP. q 2001 Elsevier Science B.V. All rights reserved.

Ž w Ž . x w x .Keywords: KF31327 3-ethyl-8- 2- 4-hydroxymethylpiperidino benzylamino -2,3-dihydro-1H-imidazo 4,5-g quinazoline-2-thione dihydrochloride ; Phos-
Ž .phodiesterase 5 cyclic GMP-specific phosphodiesterase ; cAMP; cGMP; Platelet; Sildenafil

1. Introduction

Cyclic nucleotides are major intracellular signaling
molecules that play a crucial role in mammalian cells.
Intracellular concentrations of cyclic nucleotides are regu-
lated by two families of enzymes, adenylate and guanylate
cyclases which synthesize cyclic AMP and cyclic GMP
from corresponding nucleotide triphosphates, and cyclic
nucleotide phosphodiesterases which catalyze the hydroly-
sis and inactivation of cyclic AMP andror cyclic GMP.
Cyclic nucleotide phosphodiesterases consist of at least 11
enzyme families in mammals each being encoded by a

Ž .distinct gene or genes Beavo, 1995; Francis et al., 2000 .
The phosphodiesterase isozymes can be distinguished by
their kinetic properties, substrate preference, regulatory

Žmolecules and inhibitor sensitivity Beavo, 1995; Torphy
.and Undem, 1991; Nicholson et al., 1991 . Phosphodi-
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esterases are attractive molecular targets for therapeutics.
The focus of the present paper is phosphodiesterase 5,
which, based on its substrate specificity, has been termed a
cyclic GMP-specific phosphodiesterase. It is selectively

Ž .inhibited by zaprinast Beavo and Reifsnyder, 1990 and
Ž .sildenafil Boolell et al., 1996 , and less selectively by

Ž .dipyridamole Weishaar et al., 1990 . Phosphodiesterase 5
is mainly expressed in smooth muscles including vascular

Ž .and tracheal smooth muscle Francis et al., 1990 , and also
Ž .in platelets Sheth and Colman, 1995 . It has been recog-

nized for 20 years that inhibitors of phosphodiesterase 5
are potent inhibitors of platelet aggregation, weak cardiac

Žinotropic agents and vascular relaxants Hidaka and Endo,
.1984 . Sildenafil enhances relaxation of smooth muscle in

the corpus cavernosum and is thereby effective in the
Žtreatment of male erectile dysfunction Boolell et al.,

.1996 .
ŽWe have discovered a new compound KF31327 3-

w Ž . xethyl-8- -2 4 - hydroxymethylpiperidino benzylamino -2,3-
w xdihydro-1 H-imidazo 4,5-g quinazoline-2thione dihydro-

.chloride; Fig. 1 , which potently, selectively and in a
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Fig. 1. Structure of KF31327 and sildenafil.

non-competitive manner, inhibits phosphodiesterase 5. We
have compared the ability of KF31327 and sildenafil to
inhibit collagen-induced platelet aggregation, and corre-
lated this with their effects on intracellular cyclic GMP
and cyclic AMP levels in platelets.

2. Materials and methods

2.1. Materials

w 3 x X X Žw3 x2, 8- H -Adenosine 3 , 5 -cyclic phosphate H cyclic
. w 3 x X XAMP; 925 GBqrmmol and 8- H -guanosine 3 , 5 -cyclic

Žw3 x .phosphate H cyclic GMP; 344.1 GBqrmmol were ob-
Ž .tained from NENe Life Science Products Boston, MA .

Ž .Diethylaminoethyl DEAE -Sephacel and Calmodulin-Sep-
harose 4B were obtained from Amersham Pharmacia

Ž .Biotech Piscataway, NJ . Cyclic AMP, cyclic GMP,
5X-nucleotidase, phosphodiesterase 3X:5X-cyclic nucleotide-

Ž .activator calmodulin and L-nitro-arginine methyl ester
Ž . Ž .L-NAME were from Sigma St. Louis, MO . Collagen

Ž .reagent was from Moriya Tokyo, Japan . Nitrogly-
Ž . Žcerin was from Midori-juji Osaka, Japan . Zaprinast M

.& B22948: 2-o-propoxyphenyl-8-azapurin-6-one was
Žfrom Research Biochemical International Natick,

. Ž w ŽMA . KF31327, sildenafil 1- 4-ethoxy-3- 6,7-dihydro-1-
w x .methyl-7-oxo-3-propyl-1H-pyrazolo 4,3-d pyrimidin- 5 - yl

x . Žphenylsulphonyl -4-methyl-piperazine , milrinone 2-
Ž X . Ž . .methyl-5-cyano- 3,4 -bipyridin -6 1H -one and rolipram

Ž Ž . Ž .R ,S- " -4- 3-cyclopentyloxy-4-methoxyphenyl -2-
.pyrrolidine were synthesized at the Department of Medici-

nal Chemistry at Kyowa Hakko Laboratories.

2.2. Animals

ŽMale beagles 12–13 month old weighing 11.6–12.0
.kg were obtained from Nihon Nosan Kogyo K.K.

Ž . ŽYokohama, Japan . Male Japanese white rabbits 3.0–3.5
. Ž .kg were from Ichikawaya Tokyo, Japan . The animals

Ž .were kept in temperature-controlled rooms 22–24 8C
with a 12-h light–dark cycle. The animals received com-

mercial standard diets and water. All animals were used in
accordance with the guiding principles for the care and use
of laboratory animals approved by the Japanese Pharmaco-
logical Society, and the experimental protocols were re-
viewed and approved by the ethical committee of Pharma-
ceutical Research Institute, Kyowa Hakko Kogyo.

2.3. Phosphodiesterase isozyme preparation

2q ŽCa rcalmodulin-stimulated phosphodiesterase phos-
.phodiesterase 1 , cyclic GMP-stimulated phosphodieste-

Ž .rase phosphodiesterase 2 , cyclic GMP-inhibited phospho-
Ž .diesterase phosphodiesterase 3 , cyclic AMP-specific

Ž .phosphodiesterase phosphodiesterase 4 and cyclic GMP-
Ž .specific phosphodiesterase phosphodiesterase 5 were sep-

arated from canine tracheal tissue as previously described
Ž .Torphy and Cieslinski, 1990 with slight modifications.
Briefly, male beagles were killed with an i.v. injection of

Ž .sodium pentobarbital 65 mgrkg . The tracheas were
rapidly removed and stored at y80 8C until use. The
tracheas were minced with fine scissors and homogenized

Ž . Žwith a Polytron five bursts, 15 srburst Kinematica,
.Luzerne, Switzerland . The homogenate of the trachea was

centrifuged at 100,000=g for 1 h at 4 8C. The supernatant
was applied to a DEAE-Sephacel anion exchange column.
The phosphodiesterase isozymes were eluted with 0 to 1 M
sodium acetate as a linear gradient. Fractions were col-
lected and assayed for phosphodiesterase activity. All
preparation procedures were performed at 4 8C. Phospho-
diesterase isozymes were stored at y80 8C in buffers

Žcontaining 2000 Urml aprotinin Bayer, Leverkusen, Ger-
.many , and the characteristics of the enzymes were veri-

fied by assessing the effectiveness of regulatory factors or
the effect of selective inhibitors.

2.4. Measurement of phosphodiesterase actiÕity and kinetic
analysis

Phosphodiesterase activity was measured by the method
Ž .of Kincaid and Manganiello 1988 . The reaction mixture

Ž .contained: 50 mM N, N-bis 2-hydroxyethyl -2-amino
Ž .ethanesulfonic acid BES rsodium hydroxide, 1 mM

MgCl , 0.1 mM EGTA and 0.1 mgrml soybean trypsin2
Ž .inhibitor pH 7.2 . Unless otherwise stated, 1 mM

w3 x w3 xH cyclic AMP or H cyclic GMP was used as a sub-
strate. The reaction mixture was incubated for 10 to 30
min at 30 8C depending on the enzyme activity. The
reaction was terminated by addition of 0.25 M hydrochlo-
ric acid and neutralized by 0.25 M NaOH buffered with

Ž . X0.1 M TrisrHCl pH 8.0 . After conversion of the 5 -
nucleotide to its corresponding nucleoside by 5X-nucleo-
tidase, the samples were applied to a DEAE-Sephadex

Ž .A-25 column Amersham Pharmacia Biotech , and the
w3 xradioactivities of the H nucleoside eluted with water was

Žmeasured by scintillation counter LS6500 Beckman In-
.struments, Fullerton, CA . The concentration of each drug
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Ž .required to produce 50% inhibition IC was calculated50

by linear regression analysis of the percent inhibition data.
In the kinetic analyses, phosphodiesterase 5 activity was

w3 x Ž .assayed with H cyclic GMP 4, 8, 16 and 32 mM as
substrate in the presence of various concentration of
KF31327 or sildenafil. K values for the compounds werei

calculated by drug concentration vs. slope replot from each
of Lineweaver–Burk plots.

2.5. Preparation of rabbit washed platelets

Platelet-rich plasma was prepared as previously de-
Ž .scribed by Simpson et al. 1988 with slight modifications.

Peripheral blood of male healthy white rabbits was antico-
agulated with 0.38 wrv% sodium citrate. The citrate-

Žtreated blood was centrifuged 250=g for 10 min at 25
.8C , and the platelet-rich plasma was collected. Washed

platelets were prepared from the platelet-rich plasma cen-
Ž .trifuged 2000=g for 10 min at 25 8C . The pellet was

resuspended in Ca2q, Mg2q-free HEPES-Tyrode buffer
containing: 134 mM NaCl, 12 mM NaHCO , 2.9 mM3

KCl, 0.36 mM NaH PO , 5 mM HEPES, 5 mM glucose2 4
Ž .and 0.5 wrv% bovine albumin pH 7.4 , and centrifuged

Ž .2000=g for 10 min at 25 8C . After repeating this
procedure four times, the pellet was resuspended in
HEPES-Tyrode buffer containing: 134 mM NaCl, 12 mM
NaHCO , 2.9 mM KCl, 0.36 mM NaH PO , 5 mM3 2 4

HEPES, 5 mM glucose, 0.5 wrv% bovine albumin, 2 mM
Ž .CaCl and 1 mM MgCl pH 7.4 . The afforded washed2 2

platelets were adjusted at 3.6=108 cellsrml.

2.6. Platelet aggregation assay

Platelet aggregation was measured by the turbidimetric
Ž .method Born and Cross, 1963 in a TE-500 aggregometer

Ž .Erma Optical Works, Tokyo, Japan . Various concentra-
tions of drugs were added to 8=107 cells of rabbit washed
platelets in a final volume of 240 ml and pre-incubated for
5 min at 37 8C. After the addition of 10 ml collagen

Ž .solution final 2 mgrml , aggregation was determined by
the change in absorbance monitored for 10 min. Aggrega-
tion was expressed as a percentage of control sample.
Aggregation in the presence of nitroglycerin and L-NAME

Ž .was determined by the addition of nitroglycerin 10 mM
Ž .and L-NAME 100 mM to each of platelet aliquots at the

same time as the addition of the drugs.

2.7. Assay of intracellular cyclic nucleotides leÕels in
washed platelets

The washed platelets were suspended in the same buffer
Ž 7 .8=10 cells as described in Section 2.6, supplemented
with various drugs, and then incubated at 37 8C. The
experimental schedule of pre-incubation and collagen-
stimulation was identical to that used for the aggregation
assays. Incubation was terminated by addition of trichloro-

Ž .acetic acid final 5 wrv% at the following incubation
times; 0, 2 and 5 min pre-incubation and after 10 min
incubation with collagen. Effect of L-NAME on platelet
cyclic nucleotide was assessed after 10 min incubation

Žwith collagen. After centrifugation 2000=g for 10 min at
.25 8C , trichloroacetic acid in the supernatant was removed

by four times of extraction with 2.5 volumes of wa-
ter-saturated diethylether. The aqueous phase was lyophi-
lized and the cyclic nucleotide contents were determined
using commercially available enzyme immunoassay kits
Ž .Amersham Pharmacia Biotech . The data were analyzed

Ž .using DeltaSoft3 ver.1.3 BioMetallics, Princeton, NJ , and
expressed as pmol cyclic AMP or cyclic GMP per 108

platelets.

2.8. Statistical analysis

All results were expressed as the means"S.E.M. IC50

values of enzyme inhibition for the compounds were deter-
mined on the basis of concentration–response curves in
which the concentrations ranged from 0.001 nM to 10 mM

Ž .using the Probit logistic model method in SAS System
Ž .for Windows release.6.12 SAS Institute, Cary, NC . Com-

parison of platelet aggregation and cyclic nucleotide con-
tent in vehicle and drug-treated platelets was made with

Ž .one-way analysis of variance ANOVA followed by Dun-
nett’s test. Statistical differences between the two groups
were analyzed by Wilcoxson’s test and Student’s unpaired
t-test for platelet aggregation and cyclic nucleotide con-
tents, respectively. Concentration dependency of phospho-
diesterase 5 inhibitors was analyzed by max-t-test. A prob-

Ž .ability P of less than 0.05 was considered as significant.

3. Results

3.1. Potent and selectiÕe inhibition of phosphodiesterase 5
by KF31327

Five phosphodiesterase isozymes were separated from
Ž .canine trachea as Torphy and Cieslinski 1990 previously

reported. Phosphodiesterase 1 to 4 were assayed with
w3 xH cyclic AMP as substrate and phosphodiesterase 5 with
w3 xH cyclic GMP. Phosphodiesterase 1 was activated 2-fold
by the addition of 20 Urml calmodulin and 0.45 mM
CaCl . Phosphodiesterase 2 was stimulated 20-fold by 102

mM cyclic GMP. Phosphodiesterase 3, 4 and 5 were
identified by their substrate specificity and the effect of
selective inhibitors. Phosphodiesterase 3 was inhibited by

Ž .milrinone IC s 1.8 mM , phosphodiesterase 4 by50
Ž .rolipram IC s3.0 mM and phosphodiesterase 5 by50
Ž .zaprinast IC s0.53 mM . Each isozyme displayed50

Michaelis–Menten type kinetics and each K value wasm
Žsimilar to the previously reported value Torphy and Cies-

.linski, 1990 . KF31327 showed considerable degree of
selectivity for phosphodiesterase 5; it potently inhibited
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Table 1
Phosphodiesterase inhibition profiles of KF31327 and sildenafil in each
phosphodiesterase isozyme fraction prepared from canine trachea

KF31327 Sildenafil

Ž .IC nM50

Phosphodiesterase 1 380"30 780"110
Phosphodiesterase 2 670"120 80,000"5,000
Phosphodiesterase 3 38"3 35,000"2,000
Phosphodiesterase 4 800"50 22,000"4,000
Phosphodiesterase 5 0.074"0.005 2.7"0.2

w3 xIC values were determined using 1 mM H cyclic AMP as substrate50
w3 xfor phosphodiesterases 1 to 4 and 1 mM H cyclic GMP as substrate for

phosphodiesterases 5. Each value represents the mean"S.E.M. of three
experiments.

phosphodiesterase 5 with an IC value of 0.074 nM but50

the IC values against phosphodiesterase 1, 2, 3 and 450
Ž .were 380, 670, 38 and 800 nM, respectively Table 1 .

Thus, KF31327 was at least 500-fold selective for inhibi-
tion of phosphodiesterase 5. Sildenafil, which is a well-
known inhibitor of phosphodiesterase 5, potently inhibited

Ž .the isozyme IC s2.7 nM . Sildenafil possessed similar50

Ž . Ž .Fig. 2. Lineweaver–Burk plots of KF31327 A and sildenafil B in
Ž .inhibition of phosphodiesterase 5 ns3 . Phosphodiesterase 5 activity

w3 x Ž .was assayed with H cyclic GMP 4, 8, 16 and 32 mM as substrate.
Concentrations of the inhibitors were 0.05, 0.15 and 0.3 nM for KF31327
and 2, 6 and 15 nM for sildenafil, respectively. Lines were fitted
according to non-competitive and competitive inhibition modes for
KF31327 and sildenafil, respectively.

inhibitory selectivity for phosphodiesterase 5 to that exhib-
ited by KF31327. KF31327 inhibited phosphodiesterase 5

Ž .reversibly data not shown .

3.2. Kinetic analysis of phosphodiesterase 5 inhibition by
KF31327 and sildenafil

To compare the mode of inhibition of phosphodi-
esterase 5 by KF31327 and sildenafil, the enzyme activity
was measured in the presence of different concentrations
of the compounds together with varying substrate cyclic
GMP concentrations. Fig. 2 shows the kinetic analyses by
means of Lineweaver–Burk plots. The analysis clearly
indicates that KF31327 inhibits phosphodiesterase 5 in a
non-competitive manner, in contrast, sildenafil acted as a
competitive inhibitor. The K values for KF31327 andi

sildenafil, calculated by drug concentration vs. slope re-
Ž .plots Royer, 1986 , were 0.16"0.02 and 7.2"0.7 nM,

Ž . ŽFig. 3. Inhibitory effects of KF31327 gray bars and sildenafil hatched
.bars on collagen-induced platelet aggregation in rabbit washed platelets

Ž . Ž .in the presence A and absence B of nitroglycerin. Platelets were
pre-incubated for 5 min with 10 mM nitroglycerin and each of drugs at
indicated concentration, and then challenged with 2 mgrml of collagen

Ž . ))for 10 min. Values represent mean"S.E.M. ns4 . P-0.01 com-
Žpared with vehicle. aaP-0.01 KF31327 vs. sildenafil. KF31327 A

. Ž .and B and sildenafil A concentration dependently inhibited platelet
Ž .aggregation verified by max-t-test P-0.01 .
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Fig. 4. Time course of change on cyclic nucleotide levels in rabbit
Ž .washed platelets in the presence of 10 mM nitroglycerin. Control A , 0.1

Ž . Ž .mM KF31327-treated B and 0.1 mM sildenafil-treated C platelets were
pre-incubated for 5 min then stimulated by collagen for 10 min. The
cyclic AMP and cyclic GMP contents were determined by enzyme

Ž . )immunoassay. Values are presented as means"S.E.M. ns3 . P-0.05
and ))P-0.01 compared with content at time zero.

respectively. Thus, KF31327 was 45-fold more potent than
sildenafil.

3.3. Effects of KF31327 on platelet aggregation

In the presence of 10 mM nitroglycerin, both KF31327
and sildenafil prevented aggregation of rabbit washed

Ž .platelets in concentration-dependent manners Fig. 3A .
KF31327 and sildenafil at 0.1 mM inhibited platelet aggre-
gation by 58"10% and 50"8%, respectively. In the

Žabsence of nitroglycerin, higher concentrations 1 and 10
.mM of KF31327 were required to inhibit platelet aggrega-
Ž .tion Fig. 3B . KF31327 inhibited washed platelet aggrega-

tion by 90"1% at 10 mM. In contrast, sildenafil, at
concentrations up to 10 mM, had no effect on platelet

aggregation in the absence of nitroglycerin. Platelet aggre-
gation inhibited by 10 mM KF31327 in the absence of
nitroglycerin was not affected by the addition of 100 mM

ŽL-NAME, an inhibitor of nitric oxide synthase % inhibi-
tion of aggregation; 85"2% without L-NAME vs. 84"

.1% with L-NAME, ns3 .

3.4. Effect of KF31327 on cyclic nucleotide leÕels in
platelets

Cyclic nucleotide levels in washed platelets were mea-
sured in order to investigate the relationship between the
inhibitory activity for platelet aggregation and the alter-
ation of cyclic nucleotides by KF31327 and sildenafil.
Naive washed platelets contain 0.04"0.01 and 0.51"0.08

Fig. 5. Time course of change on cyclic nucleotide levels in rabbit
Ž .washed platelets in the absence of nitroglycerin. Control A , 10 mM

Ž . Ž .KF31327-treated B and 10 mM sildenafil-treated C platelets were
pre-incubated for 5 min then stimulated by collagen for 10 min. Values

Ž . ) ))are presented as means"S.E.M. ns3 . P-0.05 and P-0.01
compared with content at time zero.
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pmolr108 cells of cyclic GMP and cyclic AMP, respec-
Ž .tively at time zero in Figs. 4 and 5 . After 5 min pre-in-

cubation, 10 mM nitroglycerin marginally raised intra-
cellular cyclic GMP levels to 0.10"0.04 pmolr108 cells

Ž .but had little effect on the level of cyclic AMP Fig. 4A .
Stimulation of cells by collagen for 10 min resulted in a

Ž .slight increase of cyclic GMP level Fig. 5A . KF31327
and sildenafil at 0.1 mM increased the level of cyclic GMP
in the presence of 10 mM nitroglycerin without affecting

Ž .cyclic AMP Fig. 4B and C . After 5 min pre-incubation,
cyclic GMP levels increased to 0.98"0.17 and 0.29"0.02
pmolr108 cells for KF31327 and sildenafil, respectively.
The accumulation of cyclic GMP by KF31327 during 5
min incubation with nitroglycerin was concentration-de-

Ž .pendent and greater than that by sildenafil Fig. 6A .

Fig. 6. Cyclic nucleotide levels in rabbit washed platelets after 5 min
Ž . Ž .incubation with drugs in the presence A or the absence B of 10 mM

nitroglycerin just before the induction of aggregation by collagen. Values
Ž . ))are presented as means"S.E.M. ns3 . P-0.01 compared with

vehicle. aP-0.05 and aaP-0.01 KF31327 vs. sildenafil. Cyclic
Ž . Ž .GMP level A and B and cyclic AMP level B were concentration

dependently increased by treatment of KF31327 verified by max-t-test
Ž .P-0.05 .

Ž .In the absence of nitroglycerin, KF31327 10 mM
inhibited platelet aggregation, whereas sildenafil alone at

Ž .10 mM had no effect Fig. 3B . Therefore, the changes of
cyclic nucleotide levels caused by KF31327 and sildenafil
without addition of nitroglycerin were investigated. Both
KF31327 and sildenafil showed significant increase in
cyclic GMP at 10 mM. After 5 min incubation, the mean
cyclic GMP levels of KF31327 and sildenafil-treated cells
were 0.95"0.17 and 0.36"0.01 pmolr108 cells, respec-

Ž .tively Fig. 5B and C . The cyclic AMP level was also
significantly raised by KF31327 to 1.48"0.04 pmolr108

cells, but not by sildenafil. Augmentation of both cyclic
GMP and cyclic AMP by KF31327 was concentration-de-

Ž .pendent Fig. 6B and was not inhibited by 100 mM
Ž .L-NAME data not shown .

4. Discussion

KF31327 inhibited phosphodiesterase 5 from canine
Žtrachea with a high potency 45 times than that of silde-

. Ž .nafil and a high selectivity at least 500-fold over phos-
Ž .phodiesterase 1 to 4 Table 1 . Kinetic analysis revealed

that the inhibition of phosphodiesterase 5 by KF31327 was
non-competitive, whereas sildenafil was competitive as

Ž . Ž .Ballard et al. 1998 reported Fig. 2 . To date, several
phosphodiesterase 5 selective inhibitors have been re-
ported, including zaprinast, E4021, sildenafil and T-1032
ŽBallard et al., 1998; Kotera et al., 2000; Miyahara et al.,

.1995; Turko et al., 1998 . All these inhibitors are competi-
tive; KF31327 is the first non-competitive inhibitor of this
isozyme to be reported. Non-competitive inhibitors could
achieve enzyme inhibition independent of substrate con-
centration. Hence the elevation of cyclic GMP in a specific
intracellular region via phosphodiesterase 5 inhibition by
KF31327 might not diminish the efficacy of the inhibitor,
which is distinct from the actions of competitive phospho-
diesterase 5 inhibitors, and lead to preferred pharmacologi-
cal effects.

Elevation of intracellular cyclic GMP andror cyclic
ŽAMP suppresses platelet aggregation Sheth and Colman,

.1995; Haslam et al., 1999 , and inhibition of platelet
aggregation by selective phosphodiesterase 5 inhibitors is

Ždue to an augmentation of cyclic GMP level Bowen and
.Haslam, 1991; Chiu et al., 1997; Hagiwara et al., 1984 .

We compared the efficacy of KF31327 and sildenafil in
rabbit platelet aggregation induced by collagen. Rabbit

Žplatelets exclusively express phosphodiesterase 3 cyclic
.GMP-inhibited phosphodiesterase and phosphodiesterase

Ž .5 Hidaka et al., 1979; Liao et al., 1998 . In human
platelets, these two isozymes are also the major phosphodi-

Ž .esterases Ito et al., 1996 .
When soluble guanylate cyclase in platelets was stimu-

lated by a nitric oxide generator, nitroglycerin, low con-
Ž .centrations less than 0.1 mM of both KF31327 and
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Ž .sildenafil inhibited aggregation Fig. 3A . This effect was
clearly associated with an increase in cyclic GMP, while

Ž .cyclic AMP level did little change Figs. 4B,C and 6A .
KF31327 produced a much higher elevation of cyclic
GMP level, possibly reflecting a different inhibitory mode
from that of sildenafil described above. However, KF31327
showed only a slight potency on platelet aggregation over
sildenafil, for which at present we have no appropriate

Ž .explanation Fig. 3A . Although KF31327 inhibited phos-
phodiesterase 5 with a K value of 0.16"0.02 nM,i

anti-platelet activity and augmentation of cyclic GMP by
ŽKF31327 were observed at higher concentrations Figs. 3A

.and 6A . This difference could be due to binding of
KF31327 to bovine albumin in the suspension buffer or
some proteins in platelets, or limited penetration of
KF31327 into platelet cells.

In contrast, in the absence of nitroglycerin only high
Ž .concentrations 1 and 10 mM of KF31327 inhibited ag-

Ž .gregation, sildenafil had no effect in this study Fig. 3B
and the similar result of sildenafil was reported by Wallis

Ž .et al. 1999 . It is also reported that E4021, another
phosphodiesterase 5 selective inhibitor, alone up to 10 mM
had no anti-platelet activity induced by thromboxane A 2

receptor agonist, but that E4021 plus a nitric oxide genera-
Ž .tor, 3-morpholino-sydnonimine SIN-1 , inhibited aggrega-

Žtion at concentrations that had no effect individually Ito et
.al., 1996 . In spite of the absence of nitroglycerin, KF31327

increased cyclic GMP level in platelets at effective concen-
trations. KF31327 also caused accumulation of cyclic AMP
in platelets in a concentration-dependent manner, although
not statistically significant from control platelets at 1 mM
Ž . Ž .Fig. 6B . Sildenafil 10 mM augmented cyclic GMP in
the absence of nitroglycerin which was comparable to that
observed in its presence, yet it failed to inhibit platelet
aggregation. There is not so much difference in the time
course of cyclic GMP accumulation between the platelets
treated with both nitroglycerin and phosphodiesterase 5

Ž .inhibitors 0.1 mM and those with phosphodiesterase 5
Ž . Ž .inhibitors alone 10 mM Figs. 4 and 5 . In addition, the

result that neither the inhibition of platelet aggregation nor
the increase of cyclic GMP by KF31327 was affected by
nitric oxide synthase inhibitor L-NAME confirmed no in-
volvement of intrinsic nitric oxide for generation of cyclic
GMP in platelets. Thus, the distinctive activity of the
phosphodiesterase inhibitors on platelet aggregation be-
tween the presence and the absence of nitroglycerin sug-
gests that the total level of intracellular cyclic GMP is not
the only factor controlling platelet aggregation.

The inhibitory mechanism of platelet aggregation by
KF31327 in the absence of nitroglycerin may underlie on
other determinants. One possibility is that localization of
cyclic GMP in cells is different between platelets treated
with KF31327 and sildenafil. KF31327 produces much
larger increase in cyclic GMP level than sildenafil at
effective concentrations. The elevated cyclic GMP by
KF31327, more than 20-fold of basal level, might reach

the target site for cyclic GMP in the pharmacological
effect. The other possibility is the effect of cyclic AMP. In
the absence of nitroglycerin KF31327, but not sildenafil,
increased cyclic AMP and inhibited platelet aggregation.
The result that KF31327 produced higher inhibition rate of
platelet aggregation in the absence of nitroglycerin than

Ž .that in its presence Fig. 3 , though apparent cyclic GMP
levels were similar, suggests that the inhibition of aggrega-
tion is at least in part mediated by cyclic AMP. Previous
reports have shown that phosphodiesterase 3 inhibitors,
milrinone and SK & F94120, alone suppress the aggrega-
tion of rabbit and human platelets through the elevation of

Ž .cyclic AMP Simpson et al., 1988; Sly et al., 1997 .
KF31327 is highly selective for phosphodiesterase 5 but it

Ž .does also inhibit phosphodiesterase 3 IC s38 nM .50

Consequently, inhibition of phosphodiesterase 3 activity by
KF31327 provides an explanation for the increase of cyclic
AMP level that probably contributes to the inhibition of
platelet aggregation.

In summary, KF31327 is a potent, selective and non-
competitive inhibitor of phosphodiesterase 5, and it po-
tently inhibits collagen-induced platelet aggregation. The
elevation of both cyclic nucleotides, i.e. cyclic GMP and
cyclic AMP, in platelets provides a dual inhibitory mecha-
nism for the inhibition of platelet aggregation by KF31327.
When activation of soluble guanylate cyclase by nitric
oxide occurs, lower concentration of KF31327 inhibits
platelet aggregation and cyclic GMP mediates its in-
hibitory effect. However, in the absence of nitric oxide,
cyclic AMP, as well as cyclic GMP, accumulates due to
inhibition of phosphodiesterase 3 by higher concentration
of KF31327, and this raised level of cyclic AMP con-
tributes to the anti-aggregatory effect. In most cardio-
vascular tissues, including vascular smooth muscle and
platelets, both phosphodiesterase 3 and 5 are expressed,
and cyclic AMP and cyclic GMP could act synergistically
as vasodilating and anti-aggregating mediators. The char-
acteristics of KF31327, a potent and non-competitive phos-
phodiesterase 5 inhibitor with relatively weak activity for
phosphodiesterase 3, seem to have therapeutic potential in
a series of disorders.

Acknowledgements

We are grateful to Dr. John A. Salmon and Dr. Peter
Richardson for helpful discussion, and Ms. Taeko Suzuki,
Ms. Naomi Kamiya and Ms. Rie Mochizuki for excellent
technical assistance.

References

Ballard, S.A., Gingell, C.J., Tang, K., Turner, L.A., Price, M.E., Naylor,
A.M., 1998. Effects of sildenafil on the relaxation of human corpus
cavernosum tissue in vitro and on the activities of cyclic nucleotide
phosphodiesterase isozymes. J. Urol. 159, 2164–2171.



( )R. Hirose et al.rEuropean Journal of Pharmacology 431 2001 17–2424

Beavo, J.A., 1995. Cyclic nucleotide phosphodiesterases: functional im-
plications of multiple isoforms. Physiol. Rev. 75, 725–748.

Beavo, J.A., Reifsnyder, D.H., 1990. Primary sequence of cyclic nu-
cleotide phosphodiesterase isozymes and the design of selective in-
hibitors. Trends Pharmacol. Sci. 11, 150–155.

Boolell, M., Gepi-Attee, S., Gingell, J.C., Allen, M.J., 1996. Sildenafil, a
novel effective oral therapy for male erectile dysfunction. Br. J. Urol.
78, 257–261.

Born, G.V.R., Cross, M.J., 1963. The aggregation of blood platelet. J.
Physiol. 168, 178–195.

Bowen, R., Haslam, R.J., 1991. Effects of nitrovasodilators on platelet
cyclic nucleotide levels in rabbit blood; role for cyclic AMP in
synergistic inhibition of platelet function by SIN-1 and prostaglandin
E1. J. Cardiovasc. Pharmacol. 17, 424–433.

Chiu, P.J.S., Vemulapalli, S., Chintala, M., Kurowski, S., Tetzloff, G.G.,
Brown, A.D., Sybertz, E.J., 1997. Inhibition of platelet adhesion and
aggregation by E4021, a type V phosphodiesterase inhibitor, in guinea
pigs. Naunyn-Schmiedeberg’s Arch. Pharmacol. 355, 463–469.

Francis, S.H., Thomas, M.K., Corbin, J.D., 1990. Cyclic GMP-binding
cyclic GMP-specific phosphodiesterase from lung. In: Beavo, J.,

Ž .Housley, M.D. Eds. , Cyclic Nucleotide Phosphodiesterases: Struc-
ture, Regulation, and Drug Action, Wiley, Chichester, UK, pp. 117–
140.

Francis, S.H., Turko, I.V., Corbin, J.D., 2000. Cyclic nucleotide phospho-
diesterases: relating structure and function. Prog. Nucleic Acid Res.
Mol. Biol. 65, 1–52.

Hagiwara, M., Endo, T., Kanayama, T., Hidaka, H., 1984. Effect of
Ž . Ž .1- 3-chloroanilino -4-phenylphthalazine MY-5445 , a specific in-

hibitor of cyclic GMP phosphodiesterase, on human platelet aggrega-
tion. J. Pharmacol. Exp. Ther. 228, 467–471.

Haslam, R.J., Dickinson, N.T., Jang, E.K., 1999. Cyclic nucleotides and
phosphodiesterases in platelets. Thromb. Haemostasis 82, 412–423.

Ž .Hidaka, H., Endo, T., 1984. In: Strada, S.J., Thompson, W.J. Eds. ,
Advances in Cyclic Nucleotide and Protein Phosphorylation Research,
vol. 16. Raven Press, New York, pp. 245–259.

Hidaka, H., Hayashi, H., Kohri, H., Kimura, Y., Hosokawa, T., Igawa,
T., Saitoh, Y., 1979. Selective inhibitor of platelet adenosine
monophosphate phosphodiesterase, cilostamide, inhibits platelet ag-
gregation. J. Pharmacol. Exp. Ther. 211, 26–30.

Ito, M., Nishikawa, M., Fujioka, M., Miyahara, M., Isaka, N., Shiku, H.,
Nakano, T., 1996. Characterization of the isoenzymes of cyclic
nucleotide phosphodiesterase in human platelets and the effects of
E4021. Cell. Signalling 8, 575–581.

Kincaid, R.L., Manganiello, V.C., 1988. Assay of cyclic nucleotide
phosphodiesterase using radiorabeled and fluorescent substrate. Meth-
ods Enzymol. 159, 457–470.

Kotera, J., Fujishige, K., Michiba, H., Yuasa, K., Kubo, A., Nakamura,

Y., Omori, K., 2000. Characterization and effects of methyl-2-
Ž . Ž . Ž4-aminophenyl -1,2-dihydro-1-oxo-7- 2-pyridinylmethoxy - 4 - 3,4,5-

. Ž .trimethoxyphenyl -3-isoquinoline carboxylate sulfate T-1032 , a
novel potent inhibitor of cGMP-binding cGMP-specific phosphodi-

Ž .esterase PDE5 . Biochem. Pharmacol. 60, 1333–1341.
Liao, C.H., Tzeng, C.-C., Teng, C.-M., 1998. Cyclic AMP and cyclic

wŽGMP phosphodiesterase inhibition by an antiplatelet agent, 6- 3-
. xmethylene-2-oxo-5-phenyl-5-tetrahydrofuranyl methoxy quinolinone

Ž .CCT-62 . Eur. J. Pharmacol. 349, 107–114.
Miyahara, M., Ito, M., Itoh, H., Shiraishi, T., Isaka, N., Konishi, T.,

Nakano, T., 1995. Isoenzymes of cyclic nucleotide phosphodiesterase
in the human aorta: characterization and the effects of E4021. Eur. J.
Pharmacol. 284, 25–33.

Nicholson, C., Challiss, R., Shahid, M., 1991. Differential modulation of
tissue function and therapeutic potential of selective inhibitors of
cyclic nucleotide phosphodiesterase isoenzymes. Trends Pharmacol.
Sci. 12, 19–27.

Royer, G.P., 1986. Fundamentals of Enzymology: Rate Enhancement,
Specificity, Control and Application. Krieger Publishing, Melbourne,
FL.

Sheth, S.B., Colman, R.W., 1995. Platelet cAMP and cGMP phosphodi-
esterases. Platelets 6, 61–70.

Simpson, A.W.M., Reeves, M.L., Rink, T.J., 1988. Effects of SK &
F94120, an inhibitor of cyclic nucleotide phosphodiesterase type III,
on human platelets. Biochem. Pharmacol. 37, 2315–2320.

Sly, M.K., Eberhart, R.C., Prager, M.D., 1997. Anti-platelet action of
nitric oxide and selective phosphodiesterase inhibitors. Shock 8,
115–118.

Torphy, T.J., Cieslinski, L.B., 1990. Characterization and selective inhibi-
tion of cyclic nucleotide phosphodiesterase isozymes in canine tra-
cheal smooth muscle. Mol. Pharmacol. 37, 206–214.

Torphy, T., Undem, B., 1991. Phosphodiesterase inhibitors: new opportu-
nities for the treatment of asthma. Thorax 46, 512–523.

Turko, I.V., Francis, S.H., Corbin, J.D., 1998. Potential roles of con-
served amino acid in the catalytic domain of the cGMP-binding

Ž .cGMP-specific phosphodiesterase PDE5 . J. Biol. Chem. 273, 6460–
6466.

Wallis, R.M., Corbin, J.D., Francis, S.H., Ellis, P.E., 1999. Tissue
distribution of phosphodiesterase families and the effects of sildenafil
on tissue cyclic nucleotides, platelet function, and the contractile
responses of trabeculae carneae and aortic rings in vitro. Am. J.
Cardiol. 83, 3C–12C.

Weishaar, R.E., Kobylarz, S.D., Keiser, J., Haleen, S.J., Major, T.C.,
Rapundalo, S., Peterson, J.T., Panek, R., 1990. Subclasses of cyclic
GMP-specific phosphodiesterase and their role in regulating the ef-
fects of atrial natriuretic factor. Hypertension 15, 528–540.


