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Abstract

We assessed the effects of active site-directed, fibrinogen recognition exosite (FRE)-directed and bifunctional thrombin inhibitors, on
shear-induced platelet reactivity (adhesion/aggregation) and dynamic coagulation (coagulation of flowing blood). An in vitro test for
shear-induced haemostatic plug formation and dynamic coagulation (haemostatometry) was employed using non-anticoagulated rat blood.
The active site-directed inhibitors (argatroban, P891, P899) caused inhibition of platelet reactivity and coagulation at 1-, 100- and
100-uM concentrations, respectively. Bifunctional inhibitors (P553, P1053) exerted inhibitory effects at 0.1 wM. A dimeric bifunctional
inhibitor P824 caused significant inhibition at 1 WM. The FRE-directed inhibitor (P960) inhibited shear-induced platelet reactivity at 10
M but the dynamic coagulation at 1 .M. Combination of active site-directed argatroban and FRE-directed P960 did not show any
synergistic effect. The most potent inhibition was observed in monomeric bifunctional inhibitors. The inhibitory effects were compared
with the K; values against human thrombin and with the IC5, values against fibrin clot formation. The minimum effective concentrations
on shear-induced platelet reactivity and dynamic coagulation were comparable with the ICy, values, but not with the K; values. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction protease thrombin (Sixma, 1994). Thrombin is also the
most potent physiological activator of platelet aggregation.
Experiments using animal models of thrombosis have sug-
gested that suppression of an enhanced thrombin activity
may be a very promising way of preventing arterial throm-
bosis (Badimon et al., 1991; Sasaki et al., 1993; Harker et
al., 1995; Umemura et al., 1995; Yamashita et al., 1998).
Indeed, in clinical trials, thrombin inhibitors prevented
myocardial infarction and ischemic heart disease (Antman,
1994; GUSTO llalnvestigators, 1994; GUSTO Ilb Investi-
gators, 1996; Matsuo et al., 1997).

Thrombin binds to G-protein-coupled thrombin receptor
of platelet to split peptide bond at N-terminus. The newly
formed N-terminus (tethered ligand) binds to the specific
site of the receptor to transmit signals for platelet activa-

Arterial thrombi causing myocardial infarction and
stroke are formed at atherosclerotic and /or stenosed sites
and are triggered by platelet activation due to high shear
forces and/or lysophosphatidic acid. Exposure of suben-
dothelial collagen is certainly important for primary
haemostasis, but not for platel et activation following plague
rupture. Recent studies have shown that the lipid-rich core
of atherosclerotic lesions, which contains the platelet-
activating lipid lysophosphatidic acid, and not the exposed
collagen is thrombogenic (Fernandez-Ortiz et al., 1994;
Siess et al., 1999). Platelet-rich thrombus is stabilised by
fibrin, which is converted from fibrinogen by a serine
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tion (Vu et al., 1991). The effect of thrombin on platelets
can be inhibited by inactivation of its enzymatic activity or
by hampering the binding of tethered ligand to the recep-
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tors. The latter can be performed by small molecular
mimetics of the tethered ligands. However, this approach
was not successful, and this might be due to species
differences of tethered ligand receptors and the presence of
different thrombin receptors (Vu et a., 1991; Connolly et
a., 1994; Kahn et a., 1998). In addition, the external
mimetics could not compete with the high concentration of
the intramolecular tethered ligand.

The development of argatroban, a highly specific active
site-directed thrombin inhibitor, was based on the fib-
rinopeptide A sequence (Kikumoto et a., 1984). A natu-
rally occurring potent thrombin inhibitor, hirudin, was
purified from medicinal leech Hirudo medicinalis (Mark-
wardt, 1991). Three types of thrombin inhibitors have been
developed from studies on the interaction between throm-
bin and hirudin, i.e. active site-directed, fibrinogen recog-
nition exosite (FRE)-directed and bifunctional (active site-
directed plus FRE directed) inhibitors (Rydel et al., 1990;
Krstenansky et al., 1990; Maraganore et al., 1990; DiMaio
et a., 1990; Markwardt 1991; Szewczuk et a., 1992
Tsuda et al., 1994).

The agonist-induced platelet aggregometry has been
widely used to assess platelet reactivity (Born, 1962).
However, recent studies suggest that shear-induced platel et
function tests are superior to platelet aggregometry in
reflecting platelet reactivity in vivo (Peters et al., 1989;
Gorog and Kovacs, 1990, 1995; Ratnatunga et al., 1992,
Uchiyama et al., 1994; Cattaneo et al., 1995; Moake, 1995;
Ikarugi et a., 1999; Goto et al., 1999). Further, it has been
demonstrated that calcium ion plays important role in
shear-induced platel et aggregation (Sakariassen et al., 1984;
Chow et al., 1992; lkeda et al., 1993) suggesting that a
test, which uses non-anticoagulated blood is physio-
logically more relevant (Gorog and Kovacs, 1990, 1995;
Peters et al., 1989; Ratnatunga et al., 1992; Ikarugi et al.,
1999).

The aim of the present study was to assess the effects of
various types of synthesized thrombin inhibitors on platelet
reactivity and dynamic coagulation. This was achieved by
using a unique test for the measurement of haemostatic
plug formation and dynamic coagulation, which allowed
comparing the effects on platelet reactivity and coagulation
with the K; and ICg, values. The tests were carried out
using blood from rat because the need of repeated with-
drawals of fresh blood samples excluded the use of human
blood.

2. Materials and methods
2.1. Agents

Argatroban (Novastan, Mitsubishi—Tokyo Pharmaceuti-
cas, Tokyo, Japan) was diluted in saline. Three types of
thrombin inhibitors (Table 1) were synthesized by using
conventional Fmoc-strategy of solid phase peptide synthe-
sis. All peptides showed > 98 % purity based on the

Table 1
Sequences of the synthetic thrombin inhibitors

Sequences References

Active site-directed inhibitors
P891  Bbs-R-dPip-Nle-amide-AcOH
P899  Bbs-R-dPip-Thi-amide-AcOH

FRE-directed inhibitor

P960  Ac-DYEPIPEEA-Cha-dGlu-OH Krstenansky et a., 1990

Bifunctional inhibitors

P553 Bbs-R-dPip-Ada-Abu-DYEPIPEEA- Tsudaet a., 1994
Cha-dGlu-OH

P1053 Bbs-R-dPip-Ada-Abu-DFEEIPEEg-
Nle-LQ-OH - AcOH

P824  (Bbs-R-dPip-Ada-Abu-DFEPIPEEA-
Cha-C-OH - AcOH),

Bbs, 4-tert-Butylbenzenesulfonyl; dPip, D-pipecolic acid; Thl, B-(2-
thienyl)-alani Ada, 12-aminododecanoic acid; Abu, 4-aminobutyric acid;
Cha, 2-aminocyclohexane proplonic acid.

HPLC absorption profile at 210 nm. They were dissolved
and diluted in saline containing 5% Tween 80. Factor Xa
inhibitor, DX9065a, (donated from Daiichi Pharmaceuti-
cal, Tokyo, Japan) was dissolved and diluted in saline.
Human fibrinogen (Grade L, Kabi Vitrum, Stockholm,
Sweden) was dissolved (0.6%) in borate-buffered saline
(pH 7.8; 0.01 M Na,BO,0,- 10H,0, 0.16 M H,BO,,
0.04 M NaCl) and stored at —80°C until use. Bovine
a-thrombin (5000 unit/vial; Mochida Pharmaceutical,
Tokyo, Japan) was dissolved in distilled water (500
unit/ml), diluted in borate-buffered saline to 100 unit/ml
and stored at —80°C until use. The stock solutions were
diluted to the desired concentrations with borate-buffered
saline just before the measurement.

2.2. Animals

Male Wistar ST rats aged 10-11 weeks (Japan, Hama-
matsu, Japan) were housed in compliance with the “Guid-
ing Principles for the Care and Use of Animalsin the Field
of Physiological Sciences” (published by the Physiological
Society of Japan).

2.3. Haemostatometer

A three-channel haemostatometer (Ratnatunga et al.,
1992; Yamamoto et al., 1999), was purpose built in the
Laboratory of Physiology, Faculty of Nutrition, Kobe
Gakuin University in order to measure shear-induced
platelet reactivity and dynamic coagulation. The principle
of the measurement is shown in Fig. 1. The haemostatome-
ter has three parts: (A) holds the syringe with non-anti-
coagulated blood at 37°C. Thrombin inhibitors or vehicles
(control) were added to the blood in 1% or 10% volume.
Paraffin liquid was infused at a constant flow of 0.057
ml /min into the syringe to drive the blood to parts (B) and
(C). Part (B) is a polyethylene tube (outer diameter is
1.00 4+ 0.02 mm; inner diameter is 0.50 + 0.01 mm; 52.5-
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Fig. 1. Principle of haemostatometry. Haemostatometer is composed of three parts, (A), (B) and (C). Non-anticoagulated blood in a syringe is kept
verticaly in a holder at 37°C (A). Non-anticoagulated blood is displaced by paraffin liquid at 0.057 ml/min, resulting in blood flow in the other
polyethylene tubing (0.d., 1.00 + 0.02 mmy; i.d., 0.05 + 0.01 mm). Bleeding in the surrounding saline at 37°C is caused by punching with a needle, 0.18
mm in diameter, followed by haemostasis, shear-induced platelet-rich plug formation (B). Polyethylene tubing is connected to a blood waste reservoir

under 60 mm Hg and changes in pressure are recorded (C).

cm long) surrounded by saline at 37°C. Blood flows to part
(C) through the tube. Part (C) is a reservoir connected to
the pressure transducer to monitor pressure changes in the
system.

2.4. Shear-induced platelet-rich plug formation and dy-
namic coagulation

The three-channel haemostatometer was designed to
measure shear-induced platelet-rich plug formation and
dynamic coagulation from three blood samples concur-
rently. Blood was perfused through the tube by paraffin
liquid displacement. The pressure in the perfusion system
was stabilised at 60 mm Hg. Then, two through-holes were
made by piercing the tube with a 0.18-mm diameter needle
at 150 s after withdrawal of blood. This led to ‘ bleeding’
and resulted in an immediate drop of the pressure. There-
after, the perfusion pressure was gradually recovered to the
pre-punch 60 mm Hg as platelet-rich haemostatic plugs
were formed in the holes. The initial shear stress in each
hole was calculated to be 375 dyn/cm?. After haemosta-
sis, the pressure stayed at 60 mm Hg until it dropped
gradually or suddenly to zero. This was because of the clot
formation in the tube causing cessation of flow. The
pressure changes were defined as four parameters: H1, H2,
CT1 and CT2. The initial haemostatic reaction (H1) was
defined in the pressure curve, as the area of 30% pressure
recovery. The completed haemostasis (H2) was defined as
the area of 90% pressure recovery. Commencement of
coagulation (CT1) was defined as the time from the start
of the test until the pressure drops > 10 mm Hg from the
60-mm Hg value. The completed coagulation (CT2) was
defined as the time when pressure drops below 10 mm Hg.

2.5. Typical haemostatogram

A typical recording in Fig. 2 shows the effect of
thrombin inhibitors. When they were effective, thrombin

inhibitors delayed recovery of pressure after the puncture-
induced sharp pressure drop, and also inhibited the dy-
namic coagulation.

2.6. Measurements of platelet reactivity and dynamic co-
agulation

Blood withdrawn from the abdominal aorta of rat
(anaesthetised with nembutal, 60 mg/kg, i.m.) was dis-
pensed to 1.5 ml in syringes (part A) containing 15 or 150
pl of thrombin inhibitor or vehicle. After mixing the
inhibitor with the blood by several inversions, perfusion of
the blood was started by pumping paraffin liquid into the
blood sample at a constant rate of 0.057 ml /min. When
the pressure was stabilised at 60 mm Hg, holes were made
by punching the tube with a needle at 150 s after with-
drawal of blood. Bleeding stopped by the formation of
platelet-rich haemostatic plugs in the holes, and subse-
quently coagulation occurred, resulting in the arrest of
blood flow. Both phenomena were monitored by the pres-
sure changes.

2.7. K; measurement

K; values of inhibitors against thrombin were measured
spectrophotometrically by using fluorescent substrate Tos-
Gly-Pro-Arg-AMC in Tris—HCI buffered sdine (pH 7.8;
0.1 M NaCl, 0.05 M tris containing 0.1% polyethylene
glycol 8000) at room temperature, as described elsewhere
(Szewczuk et a., 1992).

2.8. 1C5, measurement

A 170-pl of 0.6% fibrinogen or citrated rat blood
(blood: 3.2% sodium citrate = 9:1) was mixed with 30 .l
of inhibitor or vehicle and the mixture was incubated at
37°C for 120 s. Coagulation was induced by 100 wl of
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Fig. 2. (A) A typica haemostatogram. ( v) punching. H1, the area until 30% pressure recovery; H2, the area until 90% pressure recovery; CT1, the time
until a pressure drop of 10 mm Hg from baseline, 60 mm Hg, by clotting; CT2, the time to reach 10 mm Hg and to keep below 10 mm Hg for 1 min. (B)
The haemostatogram in the absence and presence of thrombin inhibitor using the rat blood. (a) Saline; (b) argatroban (final concentration 1 wM).

bovine thrombin solution (final concentration 0.83
unit/ml). Clotting time was measured by a Coagulometer
KC1A (Amelung, Lehbrinksweg, Germany). The ICq,
value was defined as the inhibitor concentration, which
caused prolongation of the clotting time to that induced by
thrombin at a final concentration of 0.415 unit/ml.

2.9. Satigtical analysis

Results obtained by haemostatometry are expressed as
means + S.E.M. H1 and H2 data were converted to loga

rithmic before statistical analysis by paired Student’s t-test.
P < 0.05 was considered to be statistically significant.
3. Results

3.1. Effects of thrombin inhibitors on platelet reactivity
and dynamic coagulation

Argatroban significantly inhibited H1 and H2 (indices
of platelet reactivity) at final concentration of 1 WM. CT1
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Effects of the active site-directed thrombin inhibitors on platelet reactivity and dynamic coagulation
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Platelet reactivity Dynamic coagulation
H1(mmHg-s) H2 (mmHg - s) CT1(min) CT2 (min)
Argatroban control 2174 + 383 8444 + 1369 8.26 + 0.63 10.60 + 0.83
0.1 M 2217 + 342 8931 + 1038 9.27 + 0.83 11.86 + 0.95"
control 1933 + 450 7532 + 1439 9.00 + 0.80 10.77 + 1.19
1uM 3423 + 679" 12781 + 2140 1465+ 112" 18.36 + 1.25" ~
P8o1 control 3491 + 597 13863 + 1644 10.26 + 0.25 12.06 + 0.33
10 uM 3730 + 182 13924 + 1001 9.75 + 0.55 11.49 + 0.53
control 3491 + 597 13863 + 1644 10.26 + 0.25 12.06 + 0.75
100 pM 7268 + 482" ¢ 26313 + 1802 * 1426 +0.18" 18.09 + 0.57~
P899 control 4812 + 248 16499 + 839 9.88 + 0.46 12.63 + 0.90
10 uM 4146 + 338 15177 + 1110 10.05 + 0.39 11.67 + 0.62
control 4812 + 218 16499 + 839 9.88 + 0.46 12.63 + 0.90
100 pM 8719 + 1094~ 28681 + 2561 * 1529 + 1.08" 18.39+0.90"

Values are means + SE.M. n=5-8 in each group.

“p<0.05.
““p < 0.01 vs. control.

and CT2 (indices of coagulation) were significantly inhib-
ited at 0.1 wM. P891 and P899 significantly inhibited both
of platelet reactivity and coagulation at 100 WM (Table 2).

Table 3

Effects on an FRE-directed thrombin inhibitor on platelet reactivity and dynamic coagulation

The FRE-directed inhibitor, P960, significantly inhib-
ited platelet reactivity at 10 wM and coagulation at 1 M
(Table 3).

Platelet reactivity Dynamic coagulation
H1(mmHg-s) H2 (mm Hg - s) CT1(min) CT2 (min)
P960 control 1502 + 145 6116 + 369 8.62 4+ 0.33 10.93 + 0.49
1uM 1606 + 325 6982 + 1118 1044+ 036" " 1411+ 057" "
control 1375+ 164 5714 + 644 9.20 + 0.37 12.21 + 0.61
10 uM 3504 + 821* 14436 + 2611 * 1641+ 0.68" 2492+ 245"
Values are means + SE.M. n= 6-7 in each group.
“p < 0.05.
““p < 0.01 vs. control.
Table 4
Effects of bifunctional thrombin inhibitors on platelet reactivity and dynamic coagulation
Platelet reactivity Dynamic coagulation
H1(mmHg-s) H2 (mmHg-s) CT1(min) CT2 (min)
P553 control 1703 + 158 2312 + 640 9.12 + 0.45 12.64 + 1.04
0.01 pM 1769 + 274 7179 + 861 8.98 + 0.48 12.78 + 1.02
control 1680 + 158 7327 + 758 9.84 + 0.46 3.62 + 0.70
0.1pM 2312 + 289" 7292 + 791" 12.02+ 0.60* * 16.88 + 1.58"
P1053 control 2398 + 190 9582 + 582 11.08 + 0.42 14.51 + 0.70
0.01 pM 2378 + 251 9272 + 767 12.24 + 0.88 15.99 + 0.86
control 2558 + 187 9834 + 597 10.94 + 0.37 14.49 + 0.62
0.1 uM 3750 + 358" 13902 + 1265* 14554+ 0.83" 19.76 + 1.07" *
pP824 control 3168 + 554 12120 + 1776 10.68 + 0.66 13.06 + 0.74
0.1pM 3230 + 610 12527 + 2044 1144+ 111 15484+ 1.02" *
control 2391 + 497 9699 + 1579 9.79 + 0.46 11.83 + 0.45
1uM 3689 + 679" 14541 + 1989~ 12.76 + 1.04* 17244+ 140" *

Values are means + S.E.M. n = 6-11 in each group.

“p<0.05.
““p<0.01 vs. contral.
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Table 5

Effects of a factor Xa inhibitor on platelet reactivity and dynamic coagulation

Platelet reactivity Dynamic coagulation
H1(mmHg-s) H2 (mm Hg - s) CT1 (min) CT2 (min)
DX9065a control 1478 + 68 5897 + 241 7.97+0.35 10.21 + 0.45
1pM 1315+ 173 6222 + 752 8.92+0.31 1174+ 054"~
control 1339+ 118 5359 + 491 7.65 + 0.52 9.85 + 0.69
10 uM 2988 + 706 12778 + 1375" ~ 12.02+0.73" * 1514 + 041"~

Values are means + SE.M. n=5-7 in each group.
“p < 0.05.
““p < 0.01 vs. control.

Bifunctiona inhibitors, P553 and P1053, significantly
inhibited both platelet reactivity and coagulation at 0.1
pM. A dimeric bifunctional inhibitor, P824, inhibited
platelet reactivity at 1 uM and coagulation at 0.1 uM
(Table 4).

3.2. Effects of factor Xa inhibitor

An inhibitor of the enzyme, which converts prothrom-
bin to thrombin, DX9065a, significantly inhibited platelet
reactivity at 10 .M and coagulation at 1M (Table 5).

3.3. K;, IC5, and haemostatometric parameters

The minimum concentration of inhibitors necessary for
significant inhibition of platelet reactivity and coagulation
are shown in Table 6 together with their IC,, K; and
molecular weights.

4. Discussion

Platelet aggregation and stabilization of such primary
thrombus by fibrin strings play a central role in arterial
thrombogenesis. Thrombin is bifunctional both by activat-
ing platelets and converting fibrinogen to fibrin. Thus,
control of thrombin is very important and can be achieved
by two ways. (1) inhibiting its enzymatic activity and (2)
inhibiting the effect of thrombin on platelets. In the present
study, the former was assessed by K; values using syn-
thetic substrate Tos-Gly-Pro-Arg-AMC, IC,, values using
fibrinogen and citrated blood and blood clotting time under
flow (dynamic coagulation). Small molecular synthetic
substrates are often used in enzyme kinetic studies but as
shown in the present study are not suitable for assessment
of FRE-directed inhibitors.

ICs, values obtained using fibrinogen and citrated blood
showed good correlation with the minimum effective con-
centrations on dynamic coagulation (fibrinogen: 1C; vs.

Table 6
Comparison of K;, 1Cs, values with haemostatometric parameters
MW K; (x10"8 M) ICsy (X 1078 M) Minimum effective final concentration (X 10~8 M)
Fg Blood Platelet reactivity Coagulation
Active site-directed inhibitor
Argatroban 526 3.9% 15 3.0 100 100(CT1), 10(CT2)
P891 655 24 1000 690 10000 10000
P899 695 0.53 750 700 10000 10000
FRE-directed inhibitor
P960 1386 5000 75 25 1000 100
Bifunctional inhibitor
P553 2150 0.0002° 0.20 0.48 10 10
P1053 2169 0.0003 0.50 0.55 10 10
P824 4215 0.0004 0.45 0.78 100 100(CT1), 10(CT2)
Factor Xa inhibitor
DX9065a 571 4.1° 1000 1000 (CT1), 100 (CT2)
K; values.

#Kikumoto et al., 1984.
®Tsuda et al., 1994.
“Hara et al., 1994 (K, value against factor Xa).
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CT1, r=0.984, p<0.0001; ICy vs. CT2, r=0.984,
p < 0.0001; citrated blood: ICg, vs. CT1, r =1.000, p <
0.0001; ICg vs. CT2, r=1.000, p< 0.0001). On the
other hand, K; had no correlation with CT1 and CT2 (K;
vs. CT1l, r=—-0255 p=0602, K, vs. CT2 r=
—0.252, p=0.607). Correlations of ICy, values with
dynamic coagulation were dlightly higher in citrated blood
than in fibrinogen, and this may be due to physical contri-
bution of blood cells to coagulation under flow. This
suggests that for developing antithrombotic agents fibrino-
gen is a better substrate than the small molecular weight
synthetic substrates.

The minimum effective doses of thrombin inhibitors on
dynamic coagulation are about 3- to 130-fold higher than
ICy, values obtained in citrated rat blood. This difference
may be due to differences in thrombin concentrations in
the two systems. As haemostatometry uses non-anticoagu-
lated blood, thrombin formed under flow may induce
further thrombin generation via intrinsic coagulation factor
XI activation (Gailani and Broze, 1991; Oliver et al., 1999)
and for this reason higher concentration of thrombin in-
hibitor was needed. On the contrary, in the measurement
of 1Cg, using citrated blood, thrombin generation by the
positive feedback may not work because of calcium ion
chelation accordingly lower concentration of thrombin in-
hibitors were sufficient to inhibit the exogenous thrombin.

Growing evidence suggests that shear-induced platelet
aggregation tests reflect platelet reactivity in vivo more
truly than agonist-induced platelet aggregometry (Peters et
al., 1989; Gorog and Kovacs, 1990, 1995; Ratnatunga et
al., 1992; Uchiyama et a., 1994; Cattaneo et al., 1995;
Moake, 1995; Ikarugi et al., 1999; Goto et al., 1999).
Shear-induced platelet function test using non-anticoagu-
lated blood is ever more physiological (Peters et al., 1989;
Gorog and Kovacs, 1990, 1995; Ratnatunga et al., 1992;
Ikarugi et al., 1999), because physiological calcium ion
concentration and involvement of erythrocytes and leuco-
cytes are important in shear-induced platelet aggregation
(Sakariassen et al., 1984; Chow et al., 1992; |keda et d.,
1993; Hamburger and McEver, 1990; Valles et a., 1991;
Lopez-Farre et al., 1996).

During haemostatic platelet plug-formation, which oc-
curs in the haemostatometer, platelets are activated by high
shear forces in the punched holes. The initial shear stress
of 375 dyn/cm? is varied with the time as the hole
becomes occluded. Morphometric analysis of the haemo-
static plug has indicated that haemostatic plug formation is
a reliable index of platelet reactivity (Yamamoto et 4.,
1999). Platelet reactivity is inhibited by heparin, arga-
troban, calcium chelating agents such as citrate and EDTA,
stable prostacyclin, thromboxan A, receptor antagonist,
stable prostaglandin E; and aspirin (Yamamoto €t al.,
1999). Antiplatelet agents inhibit platelet reactivity (H1
and H2), but not coagulation (CT1 and CT2). Platelet
reactivity as measured by haemostatometry can detect
prothrombotic state (Peters et al., 1989; Gorog and Ko-

vacs, 1990, 1995; Ratnatunga et a., 1992; Ikarugi et a.,
1999). Further, this method is highly sensitive: in contrast
to platelet aggregometry, which uses micromolar concen-
trations of catecholamines (Mustonen and Lassila, 1996),
haemostatometry can detect the effect of catecholaminesin
physiological (nanomolar) concentrations (Ikarugi et al.,
1999).

Active site-directed inhibitor, P891, is homologous to
argatroban, but its binding is extended to S1 subsite by
adding the P1 residue L-Nle at the C-termina. This in-
hibitor was investigated to study the effect of the PI
residue. Since the molecular weight and K; value of P891
are similar to that of argatroban, it was expected to inhibit
platelet reactivity and coagulation comparable to arga-
troban. However, the obtained IC;, values and the mini-
mum effective concentrations by haemostatometry were
several hundred times higher than that of argatroban. P899
is homologous to P891 except L-Thi was used as a PI
residue and its K; value is smaller than that of argatroban.
This inhibitor was added to show that the low potency of
P891 was not due to the property of L-Nle. Inhibitory
potency of P899 was aso lower than argatroban in 1Cg,
value and by haemostatometry. Thus, weak potency of
P891 and P899 is a general feature of this class of in-
hibitors. These findings suggest that the affinity to throm-
bin in an in vitro purified system using synthetic substrate
do not correlate with the in vivo situation reflected by the
haemostatometry.

P553 is a potent synthetic thrombin inhibitor with a K;
value of 2.1 pM. Its high affinity comes from its simulta-
neous binding to the active site and the FRE of thrombin.
P1053 uses the sequence of hirudin from leech except
L-Nle instead of L-Tyr of hirudin sequence in order to
minimize the antigenicity of the inhibitor, i.e., hirudin
sequence has very low antigenic property. Since the K;
value of P1053 is comparable to that of P553, it was
expected to have comparable haemostatometric effect with
improved antigenic property and this was indeed demon-
strated in the present study.

P824 is homologous to P553, although it is dimerised
through the C-termina cystine residue. The dimer slows
down the off-rate of thrombin from the inhibitor in case of
excess amount of the inhibitor because thrombin has a
high chance to re-bind to another inhibitor segment of the
dimer before it is released to the solution. The effect of the
dimerisation (or slow off-rate) was studied by
haemostatometry. Contrary to our expectation, the efficacy
of dimeric P824 was limited and this may be due to the
limited access to fibrinogen and platelets by the steric
hindrance.

The combination of active site-directed inhibitor, arga-
troban, and FRE-directed inhibitor, P960, had no additive
or synergetic inhibition on either platelet reactivity or
coagulation. The potent inhibitory effect of the bifunc-
tional inhibitors could be due to an increased inhibitor
concentration on the thrombin molecule. Inhibiting throm-
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bin by the potent FRE-directed inhibitors may be useful in
various clinical thrombotic conditions.

In conclusion, the effects of active site-directed in-
hibitors, argatroban, P891 and P899, FRE-directed in-
hibitor P960, monomeric bifunctional inhibitors P553 and
P1053 and dimeric bifunctional inhibitor P824 on shear-in-
duced platelet aggregation and dynamic coagulation were
assessed. The most potent inhibitory effects were demon-
strated by the monomeric bifunctiona inhibitors. This
suggests that these compounds can be exploited as potent
antithrombotic agents. Thrombin inhibitors equally sup-
pressed platelet reactivity and coagulation. The present
findings suggest that these thrombin inhibitors may be
useful in the prevention and treatment of arterial thrombo-
sis.
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