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Abstract

Ž .FR134043, disodium Z,1S,15S,18S,24S,27R,29S,34S,37R -29-benzyl-21-ethylidene-27-hydroxy-15-isobutyrylamino-34-isopropyl-
w 24, 28 3, 8x31,37-dimethyl-10,16,19,22,30,32,35,38-octaoxo-36-oxa-9,11,17,20,23,28,31,33-octaazatetracyclo 16.13.6.1 .0 octatriconta-3,5,7-

trien-5,6-diyl disulfate, is a water-soluble inhibitor of human neutrophil elastase with a molecular mass of 1166.15 Da. FR134043
demonstrated a characteristic competitive inhibition of human neutrophil elastase with a K of 8 nM. In studies using synthetic substrates,i

FR134043 inhibited both neutrophil elastase activity and porcine pancreatic elastase activity with IC values of 35 nM and 49 nM50

respectively. FR134043 also inhibited hydrolysis of bovine neck ligament elastin by human neutrophil elastase with an IC value of 21050
Ž .nM. In in vivo experiments, FR134043 protected animals against human neutrophil elastase 50 mgranimal -induced lung hemorrhage in

hamsters with an ED value of 3.1 mgranimal for intratracheal administration and 5.0 mgrkg for intravenous administration.50
Ž .Subcutaneous treatment with FR134043 significantly suppressed human neutrophil elastase 20 mgrpaw -induced paw edema in mice

with an ED50 value of 3.3 mgrkg when evaluated 4 h after elastase injection. The potency of FR134043 given intratracheally to protect
Ž . Žagainst porcine pancreatic elastase 100 mgranimal -induced emphysema in hamsters was relatively low Quasi-static lung compliance;

. Ž .ED s1590 mgranimal compared to that in acute animal models. FR134043 10 mgrkg per h i.v. infusion significantly improved50
Ž .lipopolysaccharide 0.25 mgrkg per h i.v. infusion -induced thrombocytopenia and some coagulation parameters in rats. These results

suggest that systemic administration of FR134043 would be advantageous over intratracheal administration of FR134043 for the treatment
of adult respiratory distress syndrome, septic shock and pulmonary emphysema and other pathophysiologic conditions in which elastases
are thought to be involved. q 1998 Elsevier Science B.V.
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1. Introduction

Elastases are members of a family of serine proteinases
that hydrolytically degrade connective tissue components
such as elastin, proteoglycan, fibronectin, and collagen

Ž .types I, II, III and IV Havemann and Gramse, 1984 . The
protein, elastin, is an essential, highly flexible and highly
hydrophobic component of lung connective tissue, arteries,
skin and ligaments. Human neutrophil elastase, which is
stored in the azurophilic granules of polymorphonuclear
leukocytes and is released by inflammatory stimuli, is
considered to be the primary source of tissue damage

) Corresponding author. Tel.: q81-0298-47-8611; fax: q81-0298-47-
8610; e-mail: yasuhiko_shinguh@rnd.fujisawa.co.jp

associated with such inflammatory diseases as pulmonary
Ž .emphysema Groutas, 1987; Janoff, 1985 , adult respira-

Žtory distress syndrome Lee et al., 1981; McGuire et al.,
. Ž .1982 , septic shock Uchida et al., 1995 , cystic fibrosis

Ž .O’Connor et al., 1993; Hansen et al., 1995 , chronic
Ž .bronchitis Llewellyn-Jones et al., 1996 , rheumatoid

Ž .arthritis Mohr and Wessinghage, 1978 , and other inflam-
Ž .matory states Adeyemi et al., 1985; Fric et al., 1985 .

Extracellular human neutrophil elastase released from
leukocytes is normally inhibited by endogenous inhibitors
such as a1-proteinase inhibitor, so that its physiological
action is restricted. Recently, it has been postulated that
pulmonary emphysema occurs as a result of a local elas-
tase–antielastase imbalance caused by oxidative inactiva-
tion or a genetic deficiency of a1-proteinase inhibitor
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ŽCarp et al., 1982; Gadek and Pacht, 1990; Cox and
.Levison, 1988 . Indeed, individuals deficient in a1-pro-
Ž .teinase inhibitor Pizz phenotype are known to be particu-

larly susceptible to early development of emphysema
Ž .Larsson, 1978 . Evidence has also been reported that it
may be involved in the pathogenesis of increased and
abnormal airway secretions commonly associated with air-

Ž .way inflammatory diseases Sommerhoff et al., 1991 .
Thus, bronchoalveolar lavage fluid from patients with
chronic bronchitis and cystic fibrosis had increased neu-
trophil elastase activity. More recently, elastase inhibitors
were reported to prevent antigen-induced bronchoconstric-

Ž .tion in an animal model of asthma Fujimoto et al., 1995 .
Furthermore, excessive elastase has been proposed to con-
tribute not only to these chronic inflammatory diseases but
also to acute inflammatory diseases such as adult respira-
tory distress syndrome and septic shock. These findings
have stimulated interest in the search for agents that have
elastase inhibitory activity, and many synthetic low-molec-
ular-weight inhibitors of human neutrophil elastase have

Žbeen described and reviewed Williams et al., 1991a,b;
.Fletcher et al., 1990; Kawabata et al., 1991 .

We recently isolated a novel elastase inhibitor,
FR901277, from the culture filtrate of strains of Strepto-

Ž .myces resistomycificus No. 7622 Fujie et al., 1993 .
ŽFR134043, disodium Z,1S,15S,18S,24S,27R ,29S,34S,

.37R -29-benzyl-21-ethylidene-27-hydroxy-15-isobutyryla-
mino-34-isopropyl-31,37-dimethyl-10,16,19,22,30,32,35,
38-octaoxo-36-oxa-9,11,17,20,23,28,31,33-octaazatetra-

w 24, 28 3, 8 xcyclo 16.13.6.1 .0 octatriconta-3,5,7-trien-5,6-diyl
disulfate, C H N Na O S , is a water-soluble deriva-47 61 9 2 19 2

tive of FR901277 and consists of a cyclic peptide lactone
Ž .with a molecular mass of 1166.15 Da Fig. 1 . The solubil-

ity of FR134043 is greater than 420 mgrml at 378C, while
that of FR901277 is 0.39 mgrml at 378C.

This report describes the in vitro profile of FR134043
and its inhibitory effects on the actions of elastase and
lipopolysaccharide in various animal models.

2. Materials and methods

2.1. Animals and reagents

Ž . ŽHuman sputum elastase EC 3.4.21.37 875 unitsrmg
protein using succinyl-Ala–Ala-p-nitroanilide as a sub-

.strate and bovine neck ligament elastin congo-red were
purchased from Elastin Products, Pacific, MO, USA. Hu-
man sputum elastase was used as human neutrophil elas-

Žtase without further purification Green et al., 1991;
.Fletcher et al., 1990; Skiles et al., 1984 . Porcine pancre-

Ž . Žatic elastase EC 3.4.21.36 Type IV, 69 unitsrmg protein
.using elastin as a substrate , bovine pancreatic a-

Ž . Žchymotrypsin EC 3.4.21.1 54 unitsrmg protein using
Ž . .n-benzoyl-Tyr-ethyl-ester BTEE as a substrate , bovine

Ž . Žpancreatic trypsin EC 3.4.21.4 10,700 unitsrmg protein
Ž . .using n-benzoyl-Arg-ethyl-ester BAEE as a substrate ,

methoxysuccinyl-Ala–Ala-Pro-Val-p-nitroanilide, n-suc-
cinyl-Ala–Ala–Ala-p-nitroanilide, methoxysuccinyl-Ala–
Ala-Pro-Met-p-nitroanilide, n-benzoyl-Arg-p-nitroanilide

Žand a1-proteinase inhibitor 2.8 mg inhibits 1.0 mg of
trypsin with an activity of 10 000 BAEE unitsrmg protein,
3.5 mg inhibits 1.0 mg of a-chymotrypsin with an activity

.of 40–50 BAEE unitsrmg protein , and lipopolysaccha-
Ž .ride from Escherichia coli No. 011 B4 were purchased

from Sigma Chemicals, St. Louis, MO, USA. Porcine
Ž . Žpancreatic elastase EC 3.4.21.36 135 unitsrmg protein

.using elastin as a substrate for induction of experimental
emphysema was purchased from Elastin Products, Pacific,

Ž w .MO, USA. Archronium chloride Dialferin was pur-
chased from Japan Roche, Tokyo, Japan. Other chemicals
were of reagent grade.

Ž .Female golden hamsters Mesocricetus auratus aged
five weeks, weighing approximately 80 g, were obtained
from Charles River Wilmington, MA, USA. Male golden
Syrian hamsters, weighing approximately 120 g, and male
Wistar rats aged 6–7 weeks were obtained from Japan

Ž .Fig. 1. Chemical structure of FR134043, disodium Z,1S,15S,18S,24S,27R,29S,34S,37R -29-benzyl-21-ethylidene-27-hydroxy-15-isobutyrylamino-34-
w 24, 28 3, 8 xisopropyl-31,37-dimethyl-10,16,19,22,30,32,35,38-octaoxo-36-oxa-9,11,17,20,23,28,31,33-octaazatetracyclo 16.13.6.1 .0 octatriconta-3,5,7-trien-

5,6-diyl disulfate, C H N Na O S . The arrows show the structural differences between FR901277 and FR134043.47 61 9 2 19 2
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SLC, Shizuoka, Japan, and male C57BL mice aged 6
weeks were obtained from Clea Japan.

Ž .Ninety-six-well microtiter plates MS3496FE were
purchased from Sumitomo Bakelite, Tokyo, Japan. All
parts of a constant volume, whole-body plethysmograph
were purchased from Nihon Kohden, Tokyo, Japan.

2.2. Determination of K Õalue for human neutrophili

elastase

The K value was determined according to a methodi
Žpreviously described with some modifications Williams et

.al., 1991a . Briefly, the synthetic substrate methoxysuc-
cinyl-Ala–Ala-Pro-Val-p-nitroanilide was hydrolyzed by
human neutrophil elastase to p-nitroaniline at 258C. Hy-
drolysis was continuously measured spectrophotometri-
cally by monitoring absorbance changes at 410 nm with a
Hitachi U-3200 spectrophotometer. The substrate was dis-

Ž .solved in 100% DMSO dimethyl sulfoxide . Two
milliliters of reaction mixture contained 1850 ml of 0.1 M
HEPES, 0.5 M NaCl pH 7.5, 50 ml of substrate, and 50 ml

Žof inhibitor dissolved in the above buffer final DMSO
.concentration; 2.5% . The reaction was started by addition

Žof 50 ml of 200 nM of enzyme solution final enzyme
.concentration; 5 nM . Activity against the substrate was

determined by the increase in optical density at 410 nm
over 5 min. A K apparent was obtained from the intersec-i

tion of the lines determined by a non-weighted least-square
fit of the data.

2.3. Determination of IC Õalues for proteinases by using50

synthetic substrate

IC values for various proteinases were determined50

using a minor modification of the method described previ-
Ž .ously Bonney et al., 1989 . Briefly, 100 ml of incubation

mixture containing 50 ml of inhibitor dissolved in 6.4%
DMSO, 0.5 mM 25 ml of substrate dissolved in 4%

Ž .DMSO final DMSO concentration; 4.2% , and 25 ml of
Ž .enzyme in added last in 0.1 M HEPES 0.5 M NaCl, pH

7.5 was incubated in the wells of 96-well microtiter plates
at room temperature for 30 min. After incubation, the
release of p-nitroaniline was assayed at OD 415 nm with a
BIO-RAD Model 3550 Microplate Reader. Inhibitory ac-
tivities of each inhibitor against various proteinases were
determined from the increases in optical density at 415 nm.
Human neutrophil elastase at a final concentration of 50
nM was assayed using methoxysuccinyl-Ala–Ala-Pro-Val-
p-nitroanilide as a substrate. Porcine pancreatic elastase at
a final concentration of 200 nM was assayed using n-suc-

Ž .cinyl-Ala–Ala–Ala-p-nitroanilide Fujimoto et al., 1980
as a substrate, a-chymotrypsin at a final concentration of
640 nM was assayed using methoxysuccinyl-Ala–Ala-Pro-

Ž .Met-p-nitroanilide Nakajima and Powers, 1979 as a sub-
strate, and trypsin at a final concentration of 64 nM was

Žassayed using n-benzoyl-Arg-p-nitroanilide Lee et al.,
.1987 as a substrate.

2.4. Determination of IC Õalues for human neutrophil50

elastase by using insoluble elastin

The ability of FR134043 and a1-proteinase inhibitor to
inhibit the hydrolysis of insoluble elastin by human neu-
trophil elastase was determined spectrophotometrically us-
ing elastin congo-red as a substrate according to the method
described in a previous report with some modifications
Ž .Naughton and Sanger, 1961 . Briefly, elastin congo-red
Ž .final concentration; 2 mgrml and human neutrophil elas-

Ž .tase final concentration; 4 mgrmls133 nM were incu-
bated with various concentrations of FR134043 or a1-pro-
teinase inhibitor in 1.5 ml of 0.1 M Tris HCl buffer pH 8.0
containing 0.2 M of NaCl at 308C for 1 h. After incuba-
tion, the reaction was stopped by adding 1.5 ml of 0.1 M
acetic acid, and the mixture was centrifuged at 3000 rpm
for 10 min at room temperature. After centrifugation, the
absorbance at 495 nm of the supernatant was measured
with a Hitachi U-3200 spectrophotometer. Triplicate mea-
surements were made for each inhibitor concentration.

2.5. Human neutrophil elastase-induced lung hemorrhage
in hamsters

The ability of FR134043 to protect against human
neutrophil elastase-induced lung hemorrhage was evalu-
ated by using the method described in a previous report
Ž .Fletcher et al., 1990 . Briefly, female hamsters were
anesthetized by intraperitoneal injection of 40 mgrkg of

Ž .pentobarbital. One hundred microliters of saline control
Žor saline containing human neutrophil elastase 50

.mgranimal was instilled intratracheally, via a small inci-
sion in the ventral neck region, by using a 250-ml syringe
with a 1-cm length of small diameter tubing attached to a
27-gauge needle. The incisions were closed with surgical
quick-set adhesive. Various doses of FR134043 or a1-pro-
teinase inhibitor in 100 ml of saline were administered
intratracheally 5 min before enzyme injection. In the case
of intravenous or oral administration, each 5 mlrkg of
inhibitor was administered 3 min or 30 min before enzyme
injection, respectively. Control animals were given 100 ml
of saline only before enzyme instillation. Three hours after
enzyme injection, the animals were killed by CO asphyxi-2

ation. The trachea was re-exposed, and a 16-gauge needle
was inserted and held in place with a surgical suture. The
lungs were then lavaged with a single 2.5-ml volume of
saline in a 2.5-ml syringe by gently expanding the lungs
and then withdrawing the saline a total of three times,
yielding a final volume of approximately 1.5 ml broncho-
alveolar lavage fluid from each animal. The recovered

Ž .bronchoalveolar lavage fluid 250 ml was centrifuged at
3000 rpm for 10 min at room temperature. The supernatant
was aspirated off, and 2 ml of distilled water was added to
the pellet to cause cell disruption. This mixture was cen-
trifuged at 1000 rpm for 5 min. Then, the absorption of the
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supernatant was measured spectrophotometrically at 541
nm with a Hitachi U-3200 spectrophotometer, and the
hemoglobin content was expressed as OD 541 nm.

2.6. Human neutrophil elastase-induced paw edema in
mice

Mice were injected subcutaneously in the right hind
paw with 25 ml of saline or saline containing 0.8 mgrml
Ž .20 mgrpaw of human neutrophil elastase, and the left
hind paw was injected with the same volume of saline.
Various doses of FR134043 in saline were administered
subcutaneously in the back of mice 15 min before enzyme
injection. At a given time paw thickness was measured
with a slide caliper. Paw edema was expressed as the
difference in paw thickness between the right and left hind
paws.

2.7. Porcine pancreatic elastase-induced emphysema in
hamsters

Male hamsters were anesthetized intraperitoneally with
pentobarbital. Various doses of either FR134043 or a1-
proteinase inhibitor in 0.2 ml of saline were administered
intratracheally by the transoral route 5 min before instilla-
tion of 100 mg of porcine pancreatic elastase in 0.2 ml of
saline. Two weeks after enzyme instillation, the hamsters
were anesthetized with pentobarbital and pulmonary func-
tion was measured in supine hamsters using the constant
volume, whole-body plethysmograph. Quasi-static defla-
tion pressure–volume curves were obtained by intraperi-
toneally administering 5 mgrkg of archronium chloride to
suppress spontaneous breathing, inflating the lungs to a
transpulmonary pressure of 30 cmH O, deflating them to a2

transpulmonary pressure of 0 cmH O and aspirating them2

to a transpulmonary pressure of y20 cmH O. This was2

done by changing the pressure in the animal box by means
of an automatic pressure controller. Quasi-static lung com-
pliance was defined as the slope of the steep portion of the
deflation pressure–volume curve in the mid-volume range.
Vital capacity was defined as the difference in lung vol-
ume between total lung capacity at a transpulmonary pres-
sure of 25 cmH O and residual volume at a transpul-2

Ž .monary pressure of y20 cmH O Koo et al., 1976 .2

2.8. Experimental disseminated intraÕascular coagulation
in rats

Experimental disseminated intravascular coagulation
was induced in rats according to the method of Imura et al.
Ž .1986 with slight modifications. Male Wistar rats were

Ž .anesthetized with sodium pentobarbital 50 mgrkg i.p.
and right femoral veins were cannulated for infusion of
lipopolysaccharide and FR134043. Lipopolysaccharide at
0.25 mgrkg per h was infused at a flow rate of 0.6 mlrh
for 4 h. Blood samples were withdrawn from the abdomi-

nal aorta 4 h after lipopolysaccharide infusion to determine
coagulation parameters in rats with disseminated intravas-
cular coagulation. The samples used to determine the
coagulation parameters were anticoagulated with 3.8%

Ž .sodium citrate 1r10 volume . The coagulation parameters
estimated were; platelet counts, blood leukocyte counts,
prothrombin time, activated partial thromboplastin time,
fibrinogen and fibrinogenrfibrin degradation products.
Platelets and leukocytes were counted using an automatic

Ž .counter Sysmex PL 110, Toaiyodensi, Japan . Fibrino-
genrfibrin degradation products were measured with a

Ž .commercial kit Teikokuzoki Pharmaceutical, Japan ,
which utilizes a latex agglutination test. Prothrombin time,
activated partial thromboplastin time and fibrinogen were

Ždetermined using an autoalalyzar Amelung-Coagulometer
.KC10A, Amelung, Germany .

2.9. Statistical eÕaluation of data

In vitro IC values were calculated by using a non-50
Žweighted least-square fit of the data three data in each

.concentration . The statistical computer software package
StatView version 4.02 was used for in vivo analysis, using
the data derived from 6 to 8 animals in each group. Data
were evaluated using the paired t-test with significance at
) P-0.05, )) P-0.01, and ))) P-0.001.

3. Results

3.1. K Õalue for human neutrophil elastasei

Dixon plot analysis showed that FR134043 was a com-
petitive inhibitor of human neutrophil elastase with a K i

Ž .value of 8 nM Fig. 2 .

Fig. 2. Dixon plot for inhibition by FR134043 of human neutrophil
elastase hydrolysis of the synthetic substrate, methoxysuccinyl-Ala–Ala-

w xPro-Val-p-nitroanilide. S s methoxysuccinyl-Ala–Ala-Pro-Val-p-nitro-
w x w x w xanilide concentration; `, S s500 mM; v, S s200 mM; I, S s100

mM. FR134043 appears to be a competitive inhibitor with a K s8 nM.i
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Table 1
Inhibitory activity of FR134043 and a1-proteinase inhibitor against
various proteinases

Ž .Proteinase IC nM50

FR134043 a1-proteinase inhibitor

Human neutrophil elastase 35 64
Human neutrophil elastase 210 51

Ž .natural substrate
Porcine pancreatic elastase 49 160
Bovine pancreatic trypsin 200 90
Bovine pancreatic a-chymotrypsin 1800 620

Inhibitory activities were determined using the following synthetic and
natural substrates. Human neutrophil elastase; methoxysuccinyl-Ala–Ala-

ŽPro-Val-p-nitroanilide and bovine neck ligament elastin natural sub-
.strate , porcine pancreatic elastase; n-succinyl-Ala–Ala–Ala-p-nitro-

anilide, bovine pancreatic trypsin; n-benzoyl-Arg-p-nitroanilide, and
bovine pancreatic a-chymotrypsin; methoxysuccinyl-Ala–Ala-Pro-Met-
p-nitroanilide.

3.2. Inhibition of proteinases against synthetic substrates

Inhibitory activities of FR134043 and a1-proteinase
inhibitor against various proteinases were evaluated using
synthetic substrates. The IC value of FR134043 against50

human neutrophil elastase was 35 nM, and that of a1-pro-
Ž .teinase inhibitor was 64 nM Table 1 . The IC value of50

FR134043 against porcine pancreatic elastase was 49 nM,
and that of a1-proteinase inhibitor was 160 nM. FR134043
also inhibited other serine proteinases such as a-
chymotrypsin and trypsin with an IC value of 18 000 nM50

and 200 nM, respectively. a1-Proteinase inhibitor inhib-
ited various proteinases such as human neutrophil elastase,
porcine pancreatic elastase, bovine pancreatic a-
chymotrypsin and trypsin with IC50 values in the order of
64 to 620 nM under our assay conditions.

3.3. Inhibition of human neutrophil elastase against insol-
uble elastin

The IC values of FR134043 and a1-proteinase in-50

hibitor to inhibit insoluble elastin degradation were 210
Ž .nM and 51 nM, respectively Table 1 . The potency of

FR134043 was 4-fold less than that of a1-proteinase
inhibitor when a natural substrate was used.

3.4. Human neutrophil elastase-induced lung hemorrhage
in hamsters

The ability of FR134043 to protect animals from human
neutrophil elastase-induced lung hemorrhage was evalu-
ated. Intratracheal instillation with 50 mgranimal of hu-
man neutrophil elastase induced severe lung hemorrhage
ŽOD 541 nms9.29"1.15 to 23.83"3.26 in each experi-

Žment saline instillation; OD 541 nms0.22"0.04 to
.0.41"0.07 in each experiment mean"S.E.M., ns6,

.P-0.001 compared to saline group in each experiment .
Intratracheal treatment with FR134043 at doses of 1, 10,
100 mgranimal 3 min before human neutrophil elastase
instillation produced a significant and dose-dependent inhi-
bition of the hemorrhage with an ED value of 3.150

Ž .mgranimal 2.7 nmolranimal; Fig. 3A . Intratracheal
treatment with FR134043 at a dose of 100 mgranimal
provided almost complete protection against hemorrhage
Ž .P-0.001 . Intravenous administration of FR134043 at
doses of 1, 10, 100 mgrkg 3 min before enzyme instilla-
tion also protected against the hemorrhage in a dose-de-

Žpendent manner with an ED value of 5.0 mgrkg 4.350
.mmolrkg; Fig. 3C . Intratracheal treatment with a1-pro-

teinase inhibitor also protected against the hemorrhage in a
dose-dependent manner with an ED value of 22850

Ž .mgranimal 4.2 nmolranimal; Fig. 3B . Intravenous treat-
ment with a1-proteinase inhibitor at doses of 1, 10, 100

Ž .mgrkg was not effective Fig. 3D . We also examined the
effect of FR134043 intratracheally administered at various
intervals before or after human neutrophil elastase instilla-
tion. ED values increased with the interval between50

FR134043 administration and human neutrophil elastase
instillation. Both y2 h pre-treatment and q30 min post-
treatment with FR134043 were effective in protecting
against lung hemorrhage in hamsters, with ED50 values

Ž .with 15.2 mgranimal 13.0 nmolranimal and 4.2
Ž .mgranimal 3.6 nmolranimal , respectively.

Fig. 3. Effects of FR134043 and a1-proteinase inhibitor on human
neutrophil elastase-induced lung hemorrhage in hamsters. FR134043 and

Ž .a1-proteinase inhibitor were administered intratracheally 5 min A, B or
Ž . Žintravenously 3 min C, D before human neutrophil elastase 50

.mgranimal instillation. Values are means"S.E.M. for 6 hamsters. ) P
-0.05, )) P -0.01 and ))) P -0.001 vs. human neutrophil elastase.
HNE; human neutrophil elastase. FR; FR134043, a1-PI; a1-proteinase
inhibitor.
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Fig. 4. Effect of FR134043 on human neutrophil elastase-induced paw
edema in mice. FR134043 was administered subcutaneously 15 min
before injection of 20 mgrpaw of human neutrophil elastase. B; saline,
FR134043, I; 10 mgrkg, `; 32 mgrkg, and v; 100 mgrkg. Values
are means"S.E.M. for 6 mice. ) P -0.05, )) P -0.01 and ))) P -

0.001 vs. human neutrophil elastase.

3.5. Human neutrophil elastase-induced paw edema in
mice

The ability of FR134043 to protect against paw edema
induced by 20 mgrpaw of human neutrophil was evalu-
ated. The increase in paw edema was 36.0"2.1, 28.8"

y2 Ž4.7, 35.0"3.8, and 41.8"9.3=10 mm means"
.S.E.M., ns5 at 0.5, 1, 2 and 4 h after 20 mgrpaw of

human neutrophil injection. Subcutaneous treatment with
FR134043 15 min prior to enzyme injection protected

Ž .against paw edema in a dose-dependent manner Fig. 4 .
FR134043 at a dose of 100 mgrkg significantly sup-

Ž Ž .pressed the increase in paw edema. 11.8"5.3 67% ,
Ž . Ž . Ž .13.0"8.5 55% , 10.5"7.8 70% , and 5.3"6.3 87%

y2 Ž .=10 mm, means"S.E.M., ns5 at 0.5, 1, 2, and 4 h
.after enzyme injection, respectively The ED50 values of

Ž .FR134043 in this model were 6.6 mgrkg 5.7 mmolrkg
Ž .at 0.5 h, 6.5 mgrkg 5.6 mmolrkg at 1 h, 3.2 mgrkg

Ž . Ž .2.7 mmolrkg at 2 h, and 3.3 mgrkg 2.8 mmolrkg at 4
h, respectively.

3.6. Porcine pancreatic elastase-induced emphysema in
hamsters

The ability of FR134043 to protect against porcine
pancreatic elastase-induced emphysema in hamsters was
evaluated by measuring pulmonary function. Intratracheal
treatment with FR134043 at a dose of 3200 mgranimal 5
min before the intratracheal instillation of 100 mgranimal
of porcine pancreatic elastase significantly protected against
porcine pancreatic elastase-induced emphysematous

Ž .changes in both quasi-static lung compliance P-0.001
Ž .and vital capacity. P-0.05; Fig. 5A, C ED50 values

Fig. 5. Effect of FR134043 and a1-proteinase inhibitor on increases in
Ž . Ž .quasi-static lung compliance A, B and vital capacity C, D induced by

intratracheal instillation of 100 mgranimal of porcine pancreatic elastase
in hamsters. Respiratory variables were measured 2 weeks after intratra-
cheal instillation of porcine pancreatic elastase y5 min before instillation
of either FR134043 or a1-proteinase inhibitor. ) P -0.05, )) P -0.01,
))) P -0.001 vs. porcine pancreatic elastase. Cst; quasi-static lung
compliance, VC; vital capacity PPE; porcine pancreatic elastase, FR;
FR134043, a1-PI; a1-proteinase inhibitor.

Ž .were 1590 mgranimal 1.4 mmolranimal and 2965
Ž .mgranimal 2.5 mmolranimal for quasi-static lung com-

pliance and vital capacity, respectively, and those of a1-
Žproteinase inhibitor were 587 mgranimal 10.9

. Ž .nmolranimal and 924 mgranimal 17.1 nmolranimal ,
Ž .respectively Fig. 5B, D .

Fig. 6. Effect of FR134043 on leukopenia and thrombocytopenia caused
by lipopolysaccharide infusion in rats. Lipopolysaccharide at 0.25
mgrkgr per h was infused continuously for 4 h in rats simultaneously
treated or not with FR134043. Blood samples were collected at the end of
the infusion. The results are expressed as meansqS.E.M. ) P -0.05,

Ž .)) P -0.01, ))) P -0.001 vs. control. NML; Normal saline treated ,
Ž .CNT; control lipopolysaccharide treated .



( )Y. Shinguh et al.rEuropean Journal of Pharmacology 345 1998 299–308 305

Table 2
Effects of FR134043 on parameters of intravascular coagulation induced by lipopolysaccharide in rats

Ž . Ž . Ž . Ž . Ž .n s PT s APTT mgrdl Fibrinogen mgrml FDP mgrml
a a a aNormal 6 5.3"0.4 20.3"0.3 231"9 0.1"0.1

Control 5 21.8"0.7 50.3"3.9 40"6 3.8"0.4
Ž .FR134043 mgrkg per h

1 6 20.5"0.7 42.9"3.4 52"9 3.3"0.3
b3.2 6 20.5"0.7 40.0"1.8 62"13 2.8"0.5
b b10 6 19.6"0.8 39.1"1.6 49"7 2.5"0.4

32 6 20.4"1.3 42.5"2.3 48"8 2.5"0.5

Lipopolysaccharide was infused for 4 h with or without simultaneous treatment with FR134043. Blood samples were collected at the end of the infusion.
PT, APTT and FDP represent prothrombin time, activated partial thromboplastin time and fibrinogenrfibrin degradation products, respectively. The results
are expressed means"S.E.M.
aP-0.001 and bP-0.05; significantly different from the control.

3.7. Experimental disseminated intraÕascular coagulation
model in rats

The ability of FR134043 to protect against experimental
disseminated intravascular coagulation in rats was evalu-
ated by measuring coagulation parameters. The treatment
with FR134043 had no effect on the leukopenia at 4 h after
lipopolysaccharide infusion. In contrast, the lipopoly-
saccharide-induced reduction in blood platelet count was
slightly but significantly inhibited by FR134043 at 10 and

Ž .32 mgrkg per h Fig. 6 . As shown in Table 2, in the
control group, prothrombin time and activated partial
thromboplastin time were significantly prolonged from 5.3

Ž . Ž .to 21.8 s P-0.001 and 20.3 to 50.3 s P-0.001 ,
respectively. The level of fibrinogen was pronouncedly

Ž .decreased from 231 to 40 mgrdl P-0.001 and that of
fibrinogenrfibrin degradation products was increased from

Ž .0.1 to 3.8 mgrml P-0.001 . Treatment with FR134043
Žat doses of 3.2 and 10 mgrkg per h 2.7 and 8.6 mmolrkg

.per h significantly improved activated partial thrombo-
Ž .plastin time P-0.05 , and treatment with FR134043 at a

Ž .dose of 10 mgrkg per h 8.6 mmolrkg per h significantly
Ž .improved fibrinogenrfibrin degradation time P-0.05 .

4. Discussion

We synthesized FR134043, a water-soluble derivative
of FR901277, which is a human neutrophil elastase in-
hibitor discovered from culture filtrate of Streptomyces
resistomicificus No. 7622. The improvement in solubility
did not affect the basic characteristics of FR134043 com-

Žpared to those of the original material, FR901277 Fujie et
.al., 1993 . However, this allowed us to examine the effects

of FR134043 in various animal models, because FR134043
can be given in solution.

This study showed that FR134043 is a competitive
inhibitor of human neutrophil elastase with a K value ofi

8 nM. In study with synthetic substrates, FR134043 inhib-
ited both human neutrophil and porcine pancreatic elastase
with IC values of 35 nM and 49 nM respectively.50

Though FR134043 inhibited other serine proteinases such
Ž . Žas a-chymotrypsin IC s18 000 nM and trypsin IC50 50

.s200 nM , the potency was less than that for elastase-type
endopeptidase. Natural endogenous proteinase inhibitor,
a1-proteinase inhibitor, inhibited various serine pro-
teinases such as human neutrophil elastase, porcine pancre-
atic elastase, a-chymotrypsin and trypsin with almost simi-

Ž .lar potency IC valuess64–620 nM under our assay50

conditions. Elastase inhibitors can be classified into three
categories. The first category, neutrophil elastase specific

Ž .inhibitors such as ICI200,880 Williams et al., 1991b , and
Ž .SC39026 Nakao et al., 1987 , the second category, both

neutrophil and pancreatic elastase specific inhibitors such
Ž . Žas MR889 Baici et al., 1990 , ONO5046 Kawabata et al.,

. Ž .1991 , and FK706 Shinguh et al., 1997 , and the last
category, inhibitors that are relatively specific for elas-
tases, but which inhibit various serine proteinase broadly
such as a1-proteinase inhibitor and FR134043. The in-
hibitory activity of FR134043 was not confined to syn-
thetic peptide substrates but extended, with similar magni-
tude, to the degradation by human neutrophil elastase of a
macromolecular substrate such as elastin. The IC values50

of FR134043 and a1-proteinase inhibitor to inhibit the
hydrolysis by human neutrophil elastase of insoluble elastin
were 210 nM and 51 nM respectively. According to the
IC value, the potency of FR134043 for human neutrophil50

elastase with insoluble elastin as a substrate was 4-fold
less than that of a1-proteinase inhibitor, though the po-
tency of FR134043 was 2-fold greater than that of a1-pro-
teinase inhibitor when a synthetic substrate for human
neutrophil elastase, methoxysuccinyl-Ala–Ala-Pro-Val-p-
nitroanilide, was used.

As FR134043 inhibited the degradation of the natural
substrate, insoluble elastin, by elastases, the effects of
FR134043 on human neutrophil elastase-induced hemor-
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rhage was studied. The ability of FR134043 given intratra-
Žcheally to prevent lung hemorrhage was very potent ED50

.s3.1 mgranimal . Furthermore, FR134043 was also ef-
fective against human neutrophil elastase-induced lung
hemorrhage in low doses administered by the intravenous

Ž .route ED50s5.0 mgrkg . Most of the effects of other
low-molecular-weight inhibitors on lung hemorrhage have
been evaluated following intratracheal inhibitor administra-

Ž .tion Fletcher et al., 1990; Kawabata et al., 1991 . The
observation that intravenous administration of FR134043
was effective against elastase-induced lung hemorrhage is
advantageous for its clinical use, especially as intravenous
administration of a1-proteinase inhibitor was not effective
in this model. Intravenous treatment with high doses of
a1-proteinase inhibitor is not physiological and most of
the a1-proteinase inhibitor is thought to be oxidized and
inactivated during its circulation.

Human neutrophil elastase elicited paw edema, as do
other irritants such as zymosan, carrageenan and bradykinin
Ž .Damas and Remacle-Volon, 1992 . The paw edema of
this model is thought to reflect an increase in the perme-
ability of the peripheral capillaries. Vascular permeability
abnormalities cause many diseases such as adult respira-
tory distress syndrome. Adult respiratory distress syn-
drome is thought to be related to an increased activity of
neutrophil elastase. Elastase increases capillary permeabil-
ity, which may lead to lung edema. Subcutaneous treat-
ment with FR134043 at low doses was effective against
human neutrophil elastase-induced paw edema in a dose-
dependent manner.

We examined the ability of FR134043 to protect against
porcine pancreatic elastase-induced emphysema in ham-
sters. The mechanism by which porcine pancreatic elastase
induces emphysema is still controversial. Some investiga-
tors have suggested that instillation of porcine pancreatic
elastase in the lung causes lung hemorrhage and lung
inflammation and secondly triggers the release of endoge-

Ž .nous neutrophil elastases Lai and Diamond, 1990 , and
that porcine pancreatic elastase causes an increase in alve-

Žolar macrophages, a source of elastolytic enzymes Finlay
.et al., 1996 . Other investigators have suggested that

porcine pancreatic elastase directly degrades elastin in the
Ž .alveolar wall Morris et al., 1986 . The instillation of a

large amount of human neutrophil elastase in the lungs of
rodents is not physiological and many hamsters died due to
severe lung hemorrhage. However, the surviving hamsters
were relatively active, and emphysematous lung changes
were very slight, as examined by the measurement of
pulmonary function. The potency of FR134043 given intra-
tracheally to protect against porcine pancreatic elastase-in-

Žduced emphysema in hamsters ED s1590 mgranimal50
. Žon quasi-static lung compliance was very low more than

660-fold less than its potency to inhibit human neutrophil
Želastase-induced lung hemorrhage in hamsters ED s2.450

.mgranimal in our experiment. These results supported the
Ž .findings of Stone et al. 1990 , who proposed that assess-

ment of the ability of elastase inhibitors to suppress pul-
monary hemorrhage is not predictive of their ability to
ameliorate emphysema. The reason for the diminished
effectiveness of FR134043 against elastase-induced em-
physema is not due to its inability to inhibit rodent elas-
tases, because FR134043 inhibited the elastase of hamsters

Žas well as that of rats and mice with similar potency data
.not shown . The difference between the potency against

hemorrhage and that against emphysema is thought to be
due to half-lives of instilled enzyme and inhibitor in the
lung, that is, the lack of stability and continuity of
FR134043 in the lung. In order to investigate the stability
of FR134043 in organs, we studied the half-life of
FR134043 in various tissue homogenates. The in vitro
half-life of FR134043 in rat plasma, serum, and in 30% rat
liver homogenate was more than 24 h, but in 10% rat lung
homogenate and in 10% rat intestine homogenates its
half-life was 3.3 h and 11.6 h, respectively, while the
half-lives of both human neutrophil elastase and porcine
pancreatic elastase in hamster lung are reported to be 1 h
Ž .Lucey et al., 1988 . The half-life of FR134043 in the lung
in vitro was 3-fold longer than that of the elastases exam-
ined in vivo. However, the clearance of FR134043 from
the lung may be relatively rapid, although we did not
examine the half-life of FR134043 in the intact lung.

Ž .Uchida et al. 1995 reported that lipopolysaccharide-
induced pulmonary vascular injury was significantly atten-
uated in rats treated with ONO5046, but ONO5046 did not
inhibit the increase in serum fibrinogenrfibrin degradation
products. In contrast, continuous i.Õ. infusion of FR134043
attenuated lipopolysaccharide-induced thrombocytepenia
and the parameters of disseminated intravascular coagula-

Žtion activated prothrombin time and fibrinogenrfibrin
.degradation products , although FR134043 seemed to have

no effect on lipopolysaccharide-induced leukopenia. A re-
lationship between elastase and the anticoagulant abnor-

Žmality induced by sepsis has been reported Anderssen et
.al., 1993; MacGregor et al., 1997 . Our results also suggest

that elastase plays an important role in anticoagulant ab-
normalities and that some elastase inhibitors will be effec-
tive in this state.

In the in vivo animal models, FR134043 in low doses
protected against human neutrophil elastase-induced lung

Ž .hemorrhage i.t. and i.v. treatment , human neutrophil
Ž .elastase-induced paw edema s.c. treatment and lipopoly-

saccharide-induced disseminated intravascular coagulation
Ž .continuous i.v. infusion in rats. However, a high dose
was needed to protect against porcine pancreatic elastase-

Ž .induced emphysema i.t. treatment in hamsters.
In summary, FR134043 is a competitive inhibitor of

human neutrophil elastase that inhibits both the amidolytic
Ž . Žactivity synthetic substrate and elastolytic activity in-

.soluble elastin of elastase. Judged by the in vivo data for
FR134043, systemic treatment with FR134043 has advan-
tage over intratracheal treatment with FR134043. Our find-
ings suggest that systemically administered FR134043 will
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be a useful agent for studying the pathogenetic role of
human neutrophil elastase in inflammatory diseases such
as adult respiratory distress syndrome, pancreatitis, septic
shock and rheumatoid arthritis.
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