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Abstract

Neutrophil elastase degrades extracellular matrix components and is involved in tissue destruction in several inflammatory states. We
examined the inhibition of the elastase activity derived from activated neutrophils in vitro and in vivo by FR134043, disodium-
(Z,1S155,18524S,27R,29S,34S,37R)- 29- benzy! - 21 -ethylidene-27 -hydroxy -15 -isobutyrylamino-34 -isopropyl- 31,37 -dimethyl-10,16,
19,22,30,32,35,38-0ctaoxo-36-0xa-9,11,17,20,23,28,31,33-octaazatetracycl0[ 16.13.6.12428 038 octatriconta-3,5, 7-trien-5,6-diyl  disulfate,
an elastase inhibitor with broad specificity, and elucidated the role of neutrophil elastase in pathogenesis of acute inflammation. In a
culture of human neutrophils, phorbol myristate acetate (PMA) and calcium ionophore increased elastase activity in the supernatants,
which was amplified by co-existing mononuclear leukocytes. Formyl-Met—L eu—Phe stimulated elastase release in the presence of, not
without, mononuclear leukocytes. Intratracheal injection of lipopolysaccharide elevated the elastase activity in bronchoalveolar lavage
fluid of rats. These elastase activities were significantly inhibited by FR134043. Intratracheal treatment with FR134043 in rats also
inhibited the enzyme induced by lipopolysaccharide, though the maximum inhibition was 52%. Ear edema elicited by topical application
of PMA in mice was significantly suppressed by pretreatment with FR134043 (38% inhibition at 1 mg/ear). In carrageenan-induced joint
injury in rats, plasma extravasation into the synovial cavity was partially and significantly inhibited by FR134043 at 1 mg/knee, while an
elastase-specific inhibitor showed no effect. These results suggest that neutrophil elastase is partialy involved in tissue damage in acute
inflammation provoked by irritants, but not in carrageenan-induced hyperpermeability. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Neutrophil elastase, a granule serine proteinase, is a
member of the proteinase family that hydrolytically de-
grades connective tissue components such as elastin, pro-
teoglycan, fibronectin and collagen types I, II, I1I, and IV
(Havemann and Gramse, 1984). Normally the activity of
neutrophil elastase released to extracellular region is strictly
regulated by endogenous macromolecular inhibitors, in-
cluding a1-proteinase inhibitor, o 2-macroglobulin and se-
cretory leukoproteinase inhibitor. However, in certain in-
flammatory states where large numbers of polymorphonu-
clear leukocytes are infiltrated and activated, enormous
amounts of the elastase are released and the endogenous
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inhibitors are inactivated by neutrophil oxidative products,
which results in excessive elastase activity and crucia
tissue damage. Such a local eastase—antielastase imbal-
ance has been hypothesized to be involved in the patho-
genesis of several acute and chronic inflammatory diseases
including pulmonary emphysema (Carp et al., 1982; Janoff,
1985; Cox and Levison, 1988; Gadek and Pacht, 1990),
adult respiratory distress syndrome (Lee et al., 1981;
McGuire et a., 1982), septic shock (Uchida et al., 1995),
cystic fibrosis (O’ Conner et al., 1993; Hansen et al., 1995),
chronic bronchitis (Llewellyn-Jones et a., 1996), rheuma
toid arthritis (Mohr and Wessinghage, 1978; Virca et al.,
1984), myocarditis (Lee et al., 1998) and other inflamma-
tory states (Adeyemi et al., 1985; Fric et al., 1985). These
findings point to the likely therapeutic advantage of elas-
tase inhibitors in these pathogenic conditions.

We have previously reported the discovery of
FR901277, an elastase inhibitor of microbial origin, and its
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biochemical and pharmacological properties (Fujie et al.,
1993, 1999). FR9O01277 is a competitive inhibitor of hu-
man neutrophil elastase with a K; of 12 nM that inhibits
chymotrypsin-type serine proteinases as well, additionally
the compound attenuates the elastase-induced inflamma-
tory responses in vivo. FR901277 has relatively low solu-
bility in water so that it is difficult to administer the
compound in animals. Therefore we modified FR90
1277 to the more water-soluble disulfonated derivative,
FR134043, disodium (Z,1S515S18S524S27R,29S34S,
37R) -29-benzyl-21-ethylidene-27-hydroxy-15-isobutyryla-
mino -34-isopropy! -31,37- dimethyl -10,16,19,22,30,32,35,
38-octaoxo-36-0xa-9,11,17,20,23,28,31,33-octaazatetra-
cyclo [16.13.6.124%8,038]octatriconta-3,5,7-trien-5,6-diyl
disulfate (Fig. 1), and confirmed that FR134043 has amost
the same biochemical and pharmacological profiles as its
original form (Shinguh et al., 1998). These results indi-
cated that FR134043 could be a useful agent for studying
the contribution of neutrophil elastase in severa pathologi-
cal conditions. However, both FR901277 and FR134043
have so far been evaluated only in inflammation models
induced by administering elastase itself, while the role of
the enzyme in certain inflammatory states is still contro-
versial.

In the present study, the release of elastase activity from
human neutrophils stimulated by various irritants and the
inhibitory effect of FR134043 on elastase were examined.
Bacterial lipopolysaccharide has been reported to cause
airway hypersensitivity and inflammatory responses in the
bronchopulmonary region (Nagai et al., 1991). Therefore,
we attempted to measure directly the elastase activity
induced by lipopolysaccharide in the bronchoalveolar
lavage fluid of rats. We then evaluated the inhibitory
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Fig. 1. Chemica structure of FR134043, a water-soluble derivative of
FR901277, disodium (Z,1S15S18S24S27R,29534S37R)-29-benzyl-
21-ethylidene-27- hydroxy-15- isobutyrylamino- 34 -isopropyl-31,37-dime-
thyl-10,16,19,22,30,32,35,38-octaoxo-36-oxa-9,11,17,20,23,28,31,33-0c-
taazatetracyclo[16.13.6.1242%.0%8Joctatriconta-3,5,7-trien-5,6-diyl  disul-
fate, C4;HgiNgNa,046S,.

effects of FR134043 on two well-studied acute inflamma-
tion models in rodents, phorbol myristate acetate (PMA)-
induced ear edema and carrageenan-induced plasma ex-
travasation in the knee joint. Another inhibitor, FK706,
sodium 2-[4-[[(S)-1-[[(S)-2-[[( RS)-3,3,3-trifluoro-1-isopro-
pyl- 2-oxopropyl]aminocarbonyl]pyrrolidin- 1-yl]carbonyl]-
2-methylpropy!]Jaminocarbonyl]benzoylamino]acetate, is an
elastase-specific inhibitor (Shinguh et al., 1997). FK706
was also evauated in these inflammation models and
compared with FR134043 regarding their inhibitory poten-
cies in order to determine whether neutrophil elastase is
involved in these inflammatory states.

2. Materials and methods
2.1. Reagents

The following reagents were purchased from commer-
cial sources: lipopolysaccharide (from Escherichia coli
Serotype 0127:B8), carrageenan (Type 1V), PMA,
formyl-Met—Leu—Phe (FMLP) (Sigma, St. Louis, MO,
USA), A23187 (Cabiochem, La Jolla, CA, USA), human
sputum elastase (EC 3.4.21.37) (Elastin Products,
Owensville, MO, USA), Hank’s balanced salt solution
(HBSS) (Nissui Pharmaceutical, Tokyo, Japan), S-2484
(L-pyroglutamyl-prolyl-valyl-p-nitroanilide) (Chromo-
genix, Molndal, Sweden). FR134043 was isolated and
FK706 was synthesized in our laboratory. Other chemicals
used in the present experiments were of reagent grade.

2.2. Animals

Male Sprague-Dawley rats (6 weeks old), male Wistar
rats (8 weeks old) and female BDF1 mice (8 weeks old)
were obtained from Japan SLC (Shizuoka, Japan), and
allowed free access to standard pellet diet and water under
controlled conditions. All animal experiments in the pre-
sent study were conformed to the guidelines for animal
experiments at Fujisawa Pharmaceutical.

2.3. Céll separation and culture of human neutrophils

Heparinized venous blood was obtained from healthy
male volunteers. Mononuclear cells (monocytes/lympho-
cytes) were isolated by centrifugation on Ficoll-Pague Plus
(Pharmacia Biotech, Uppsala, Sweden) density gradient.
Polymorphonuclear neutrophils were separated by dextran
sedimentation from the pellet after isolation of mononu-
clear cells. Contaminating erythrocytes were removed by
hypotonic lysis. Both cell types were washed twice and
resuspended in HBSS, then dispensed into 24-well tissue
culture plates (Corning Costar, Corning, NY, USA) in a
final volume of 1 ml. Neutrophils (2 X 10° cells/ml) were
preincubated for 30 min a 37°C in CO, incubator in the
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presence or the absence of mononuclear cells (1 x 108
cells/ml). Various stimuli were then added and the incuba
tion was continued. After 2 h of incubation with stimuli,
the culture supernatants were collected and centrifuged.
These cell-free supernatants were stored at —20°C for
testing elastase activity.

2.4. Collection of bronchoalveolar lavage fluid from
lipopolysaccharide-treated animals

Male Sprague—Dawley rats were anesthetized by intra-
peritoneal injection of 40 mg/kg of pentobarbital. The
trachea was exposed in the ventral region, then 1 ml /kg of
saline or lipopolysaccharide (10 mg/kg) dissolved in saline
was ingtilled intratracheally through a small diameter tube
inserted earlier. For ex vivo studies of elastase release, a
saline solution of drug was administered intratracheally in
a volume of 1 ml/kg, 5 min before and 3.5 h after
lipopolysaccharide treatment. Four hours after lipopoly-
saccharide ingtillation, the rats were killed by CO, asphyx-
iation and the lungs were lavaged with a single 7-ml
volume of saline by infusing and withdrawing 10 times,
yielding a final volume of 5 ml of bronchoalveolar lavage
fluid.

2.5. Assay of neutrophil elastase activity

The activity of neutrophil elastase was measured ac-
cording to a method previoudly reported (Tanaka et al.,
1990), with some modifications. Briefly, 200 wl of sample
was mixed with 200 wl of reaction buffer (0.1 M Tris
containing 0.96 M NaCl, pH 8.3), then the reaction was
started by the addition of 200 wl of 2 mM S-2484 (a
synthetic substrate for neutrophil elastase, dissolved in
25% dimethy! sulfoxide). In the case of the supernatants of
human neutrophils, the reaction was carried out at room
temperature and cleavage of the substrate was continu-
ously monitored spectrophotometrically at 410 nm. To
examine the inhibitory activity of FR134043, the reaction
was performed in 96-well plates (Sumitomo Bakelite,
Tokyo, Japan) by scaling down the volume, and the optical
density at 405 nm was measured after incubation for 60
min using a microplate reader. For measurement of the
elastase activity in bronchoalveolar lavage fluid from rats,
the reaction mixture was incubated at 37°C for 3 h and, at
the end of the reaction, 500 | each of 5.8 mM sodium
nitrite (dissolved in 100 mM HCI), 26.3 mM ammonium
sulfamide and 2.7 mM N-1-naphtyl ethylenediamine dihy-
drochloride were added to diazotize the p-nitroaniline. The
amount of diazo dye yielded was assayed from the optical
density at 545 nm. Elastase activity was calculated from a
standard curve obtained with commercially available stan-
dard elastase (human sputum elastase, 875 units/mg pro-
tein) and expressed as U /I. Human sputum elastase was
used as human neutrophil elastase without further purifica
tion (Skiles et a., 1984; Green et d., 1991).

2.6. PMA-induced ear edema in mice

The ability of elastase inhibitors to prevent PMA-in-
duced ear edema was evaluated in female BDF1 mice.
Drugs were dissolved in acetone—ethanol (1:1) and applied
in a volume of 20 ! to both the inner and outer surfaces
of the right ear of mice (total 40 .l /ear). After 10 min, 2
pg/ear of PMA dissolved in 40 wl of acetone—ethanol
(1:1) was similarly applied to the right ear. The left ear
was treated with the same volume of vehicle. The mice
were killed by CO, asphyxiation 6 h after PMA treatment,
and a circular tissue specimen was cut from the middle
part of each ear with a 6-mm diameter punch and weighed.
Ear edema was expressed as the difference in weight
between the right and the left ear. The dose required to get
50% inhibition compared to the PMA control was deter-
mined as EDyg,.

2.7. Carrageenan-induced joint inflammation in rats

The effects of elastase inhibitors on carrageenan-in-
duced joint injury were examined by measuring the exuded
dye in the cartilage extracts according to the method
previously described (Lam and Ferrel, 1989; Hirayama et
al., 1993), with some modification. Briefly, male Wistar
rats were anesthetized by intraperitoneal injection of 50
mg/kg of pentobarbital. Drugs were suspended in 0.1
(w/v)% methylcellulose and injected into the synovial
cavity of the right knee in a volume of 50 wl /knee, while
the left knee received the same volume of 0.1% methylcel-
lulose. Evans blue, 20 mg/kg, dissolved in saline was
administered intravenoudly just before carrageenan. There-
after, 15 min after the drug injection, 50 wl/knee of 2
(w/Vv)% carrageenan was injected into the synovial cavity
of both knees. The animals were killed 4 h after car-
rageenan treatment, then the whole knee joint capsules
(about 1.5 cm length) of both sides without skin were
dissected. Evans blue in these samples was extracted with
3 ml of 1% Na,SO,—acetone mixture (3:7) for 24 h at
room temperature. Each preparation was centrifuged and
the optical density of the supernatant was measured at 620
nm. The amount of exuded dye was calculated by compar-
ing the optical density with that of a standard curve
prepared with known concentrations of Evans blue, and the
difference in dye amount between right and left knees was
taken as the effect of drugs.

2.8. Satistic analysis

All results were expressed as the means+ SEM. In
vitro 1C, and in vivo EDg, values were calculated by
using a non-weighted |east-square fit of the data. Statistical
significance of differences was determined by Student’s
t-test with significance at *P < 0.05, **P < 0.01, ***P <
0.001.
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3. Results

3.1. Release of elastase activity from human neutrophils
and its inhibition by FR134043

Human neutrophils stimulated by various irritants were
investigated for their ability to release elastase activity,
using a synthetic substrate, S-2484 (Fig. 2). Lipopolysac-
charide (100 ng/ml, final concentration) did not enhance
the elastase release from human neutrophils under the
present experimental conditions. However, neutrophils ex-
posed to PMA (20 nM) or A23187 (1 wM) for 2 h released
a marked amount of elastase activity into the culture
supernatants: 181.3 + 8.2 and 243.4 4+ 16.0 U /I, respec-
tively (means + S.EE.M., n=4). These increases in elastase
activity caused by PMA and A23187 were amplified sig-
nificantly when neutrophils were cultured with mononu-
clear cellss 258.6+6.8 U/l (P<0.001 vs. without
mononuclear cells, n=4) and 6706+ 26.4 U/l (P<
0.001 vs. without mononuclear cells, n= 4), respectively.
FMLP (0.1 wM) had no effect on the elastase activity
when added to neutrophils aone, but in the presence of
mononuclear cells FMLP increased elastase rel ease signifi-
cantly: 93.8+ 5.0 U/l without mononuclear cells vs.
121.7 + 3.2 U /I with mononuclear cells(P < 0.01, n= 4).

The inhibitory activity of FR134043 against elastase
released from human neutrophils was studied. Fig. 3 shows
the concentration—inhibition relationships of FR134043,
using standard human neutrophil elastase (289 U /I, final
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Fig. 2. Elastase release in the culture supernatants of human neutrophils
in response to several stimuli. Neutrophils (2x10° cells/ml) were
incubated for 2 h at 37°C with lipopolysaccharide (LPS) (100 ng,/ml),
phorbol myristate acetate (PMA) (20 nM), A23187 (1 wM) or formyl—
Met—Leu—Phe (FMLP) (0.1 wM), in the absence or presence of mononu-
clear cells (1x 108 cells/ml). Elastase activity was assessed by monitor-
ing the degradation of S-2484 and shown as U/l compared with the
activity of standard human neutrophil elastase (875 units/mg). Results
are expressed as means+ S.E.M. for four experiments. Significant differ-
ences are; **P < 0.01 and ***P < 0.001 vs. control (without or with
mononuclear cells). Additionally, #P < 0.05, ##P < 0.01 and ###P
< 0.001 vs. corresponding neutrophils cultured without mononuclear
cells.
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Fig. 3. Inhibitory effects of FR134043 on the elastase activity released
from human neutrophils. Neutrophils (2x 108 cells/ml) were mixed with
mononuclear cells (1x 108 cells/ml) and stimulated with PMA (20 nM)
or A23187 (1 wM) for 2 h at 37°C. The cell-free supernatants from PMA-
(m) or A23187- () treated cultures, and standard human neutrophil
elastase (0.33 pg/ml, O) were investigated for their ability to degrade
S-2484 in presence of various concentrations of FR134043. Elastase
activity in the absence of FR134043 was defined as 0% inhibition.
Results are means of two experiments.

concentration) and the culture supernatants of neutrophils
stimulated for 2 h with PMA or A23187 in the presence of
mononuclear cells as elastase preparations. These three
inhibition curves almost completely overlapped with 1Cg,
values of 2.2-2.7 nM, and nearly 100% inhibition was
obtained a 100 nM and higher concentrations of
FR134043. This result suggests that the degrading activity
against S-2484 in the supernatants of co-culture of human
neutrophils and mononuclear cells was mostly due to
neutrophil elastase.

3.2. FR134043 and FK706 inhibited the elastase activity in
bronchoalveolar lavage fluid from lipopolysaccharide-
treated rats

Lipopolysaccharide-treated animals have been reported
to show elevated local elastase activity. We tested the
ability of lipopolysaccharide to release elastase activity in
rats and observed that intratracheal instillation of lipopoly-
saccharide provoked an evident elastase release into bron-
choalveolar lavage fluid after 4 h of exposure: 1.30 4+ 0.05

Table 1
Inhibitory effects of FR134043 and FK706 on elastase activity induced
by lipopolysaccharide in rat bronchoalveolar lavage fluid

Drugs ICgs (M)

Rat BALF Standard HNE
FR134043 2000 28
FK706 5900 17.9

Bronchoalveolar lavage fluid (BALF) from lipopolysaccharide-treated
rats and standard human neutrophil elastase (HNE) were studied for the
effects of elastase inhibitors. Drugs dissolved in reaction buffer, elastase
preparation and 2 mM S-2484 were mixed and incubated for 3 h at 37°C,
then the optical density at 545 nm was measured after diazotization.
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Fig. 4. Ex vivo study for the effects of FR134043 (A) and FK706 (B) on
elastase activity in lipopolysaccharide-treated rat bronchoalveolar lavage
fluid. lipopolysaccharide (10 mg,/kg) was ingtilled in rat trachea, and the
drugs were administered intratracheally 0.5 h before and 3.5 h after
lipopolysaccharide instillation. Four hours after lipopolysaccharide treat-
ment, bronchoalveolar lavage fluid was collected and elastase activity
was measured by diazotization method. Results are expressed as OD at
545 nm (means+ S.E.M. for 10 animals). The control elastase activities
calculated from the standard curve were: 0.85+ 0.05 (A) and 0.94+0.08
U/I (B) in saline-treated rats vs. 1.34+0.07 (A) and 1.224+0.07 U /I (B)
in lipopolysaccharide-treated rats. *P < 0.05, **P < 0.01 and ***P <
0.001 vs. lipopolysaccharide.

U/l in lipopolysaccharide-treated rats vs. 0.81 + 0.07 U /I
in saline-treated controls (P < 0.001, n = 5). Table 1 indi-
cates that FR134043 and FK706 inhibited the elastase
activity in bronchoalveolar lavage fluid in vitro with ICg,
values of 2.0 and 5.9 mM, respectively. These ICg, values
were 700- and 300-fold greater than those obtained with
standard human neutrophil elastase, respectively, athough
higher concentrations of the inhibitors of the order of 100
M could show more than 90% inhibition against elastase
in bronchoalveolar lavage fluid (data not shown).

Effects of intratracheally administered FR134043 and
FK706 on lipopolysaccharide-induced increase of elastase

activity in bronchoalveolar lavage fluid were also exam-
ined (Fig. 4). FR134043 reduced the elastase activity in a
dose-dependent manner up to 1 mg/kg, but the dose of 10
mg/kg produced no greater inhibition than did 1 mg/kg
(52.0% inhibition). On the other hand, FK706 inhibited the
increase of elastase activity completely at the dose of 1
mg/kg, with an ED;, value of 0.21 mg/kg.

3.3. FR134043 and FK706 attenuated PMA-induced ear
edema in mice

In order to examine the involvement of neutrophil
elastase in an acute inflammation model, we evaluated the
ability of elastase inhibitors to suppress ear edema in mice
(Fig. 5). PMA application on the ear surface dlicited
marked swelling, which was indicated by the increase in
dissected tissue weight (5.44 + 0.61 mg in PMA control,
n = 10). Pretreatment with FR134043 10 min before PMA
application had no effect on ear swelling at doses of 0.01
and 0.1 mg/ear, while FR134043 inhibited the edema
significantly at 1 mg/ear (38.4% inhibition, P < 0.05 vs.
PMA control). FK706 similarly inhibited the ear swelling
at 1 mg/ear, but the potency of attenuation was greater
than that of FR134043 (60.7% inhibition, P < 0.01 vs.
PMA control). The EDg, values were > 1.0 and 0.73
mg,/ear, respectively.

3.4. Carrageenan-induced joint inflammation in rats was
improved by FR134043 but not by FK706

Another acute inflammation model, plasma extravasa
tion in the rat knee joint induced by carrageenan was

-]
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Increase in ear weight (mg)
v T

o

PMA 0.01 0.1 1 0.01 01 1

FR134043 (mg/ear) FK706 (mg/ear)

Fig. 5. Effects of FR134043 and FK706 on PMA-induced ear edema in
mice. The drugs dissolved in acetone—ethanol (1:1) were applied on the
right ear 10 min before PMA treatment (2 pg/site). Circular specimens
(6 mm diameter) of both ears were obtained and weighed 6 h after PMA
application. Results are expressed as the difference in weight between
right and left ears (means+ S.E.M. for 10 animals). The control right and
left ear weights were 11.9+ 0.6 and 6.5 + 0.3 mg, respectively. * P < 0.05,
**P <001 and ***P < 0.001 vs. PMA.
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Table 2
Effects of elastase inhibitors on intra-articular dye exudation induced by
carrageenan

Drugs Dose Knee Dyeleakage % Inhibition
(ng/knee) (n9)
Negative control (4.6+0.6)
Carrageenan control R 19.8+15 5.7
L 21.0+0.9
FR134043 100 R 20.1+2.0 -123
L 179+12
1000 R 151+0.9? 25.6
L 20.3+0.5
FK706 100 R 269+3.8 —-14.0
L 23.6+35
1000 R 32.0+3.6 —236
L 259+24

Carrageenan (1 mg/knee) was injected into the synovia cavity of both
knee joints in male Wistar rats after topical pretreatment with drugs. Four
hours after carrageenan injection, the animals were killed and knee joint
capsules were dissected to extract the exuded dye. Amount of the dye
leakage in intra-articular region was expressed as substraction of basal
leakage in negative control (treated with saline and 0.1% methylcellulose)
from total amount of dye leakage. The results are means+ S.E.M. for 5-6
animals. Inhibition rate was calculated by comparing the dye amount of
right joint (R) to that of left (L). ®P < 0.01 vs. left joint.

employed to study the role of elastase. Table 2 indicates
the amounts of Evans blue dye exuded into the intra-articu-
lar region of right (drug-treated) and left (0.1% methylcel-
lulose-treated) knees, both of which were injected with 1
mg carrageenan. Approximately 20 wg of dye was recov-
ered in the extract of left cartilage after 4 h stimulation
with carrageenan. The amount of dye was significantly
reduced by 1000 p.g/knee injection of FR134043 into the
right joint (P < 0.01), but not by 100 w.g/knee. FK706,
however, had no suppressive effect on the plasma extrava
sation in the carrageenan-treated rat joint, but tended to
facilitate it.

4. Discussion

Neutrophils are activated and release superoxide, cy-
tokines and chemokines, and tissue destructive proteinases
including elastase in response to various stimuli in acute
and chronic inflammatory states. Not only neutrophils but
also mononuclear cells migrate to the location of the actual
inflammation, and activated, producing a complicated in-
teraction. Therefore, the effect of co-existing mononuclear
cells on the elastase release from neutrophils is worth
examining. As shown in Fig. 2, phorbol ester PMA and
calcium-ionophore, A23187, promoted the elastase activity
in the culture supernatant of human neutrophils, which was
amplified in the presence of mononuclear cells. These
results suggest that those stimuli directly affect both cell
types by activating protein kinase C or elevating intra-
cellular calcium, respectively, and that some factors facili-
tating neutrophil activation are secreted by mononuclear

cells. Tumor necrosis factor-a (TNF-o) derived from
mononuclear cells is a mgjor candidate for such a factor,
since it has been reported that TNF-o stimulates neutrophil
function via p38 mitogen-activated protein kinase activar
tion followed by nuclear translocation of nuclear factor-x B
(NF-xkB) (McDonald et a., 1997; Zu et a., 1998). No
detectable amount of elastase was observed with the neu-
trophils stimulated by chemoattractant FMLP, but elastase
activity was significantly increased in the presence of
mononuclear cells. Based on the previous report that FMLP
can induce elastase release in lipopolysaccharide-primed
neutrophils (Ottonello et al., 1997), co-existence of
mononuclear cells is thought to have a priming effect
against neutrophils. Lipopolysaccharide had no effect on
elastase release regardless of the presence or absence of
mononuclear cells. It has been reported that lipopoly-
saccharide inhalation by guinea pigs increases elastase
activity in bronchoalveolar lavage fluid 2 h after exposure
(Nagai et a., 1991). Nevertheless, in the present in vitro
study, elastase activity was not enhanced even by 24 h
incubation of neutrophils with lipopolysaccharide (data not
shown). This result suggests that lipopolysaccharide has
only a priming effect on neutrophils concerning release of
elastase, which agrees with results of the study indicating
neutrophil priming by lipopolysaccharide for enhanced
superoxide release (DelLeo et al., 1998). Lipopolysaccha-
ride-stimulated mononuclear cells are thought to produce
various factors, but their amounts might be insufficient for
enhanced elastase exocytosis in the primed, not activated,
neutrophils.

S-2484 is a granulocyte elastase-specific synthetic sub-
strate with high sensitivity and supposed to be suitable for
detecting elastase activity in biological materials (Kramps
et al., 1983; Tanakaet al., 1990). In our study, we focused
on neutrophil elastase, a serineproteinase, and used S-2484
for the analysis of elastase activity in order to ignore the
activity of macrophage elastase, a metalloproteinase. The
degrading activity against S-2484, released from co-culture
of neutrophils and mononuclear cells stimulated by PMA
or A23187, was fully inhibited by a neutrophil €elastase
inhibitor, FR134043, with a potency similar to that of
standard human neutrophil elastase (Fig. 3). This result
also demonstrates that the degrading activity observed in
the culture supernatants in the present study mostly origi-
nated from neutrophil elastase, and that inhibitors like
FR134043 have inhibitory activity against elastase even in
crude biological materials. We aso tested the activity of
the neutrophil supernatants to degrade a natura substrate,
elastin, using a method previously described (Shinguh et
al., 1997). However, no degradation was observed, proba
bly due to low sensitivity of elastin against elastase (data
not shown).

Lipopolysaccharide, intratracheally instilled in rats, pro-
voked an increased elastase release in bronchoalveolar
lavage fluid 4 h after exposure. This result, compared with
those obtained in vitro, suggests that pulmonary compo-
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nents other than neutrophils and mononuclear cells may
influence and increase elastase release in lipopolysaccha
ride-induced lung injury. The elastase activity was inhib-
ited by FR134043 and FK706, another elastase inhibitor,
though the ICg, values of each inhibitor were 700- and
300-fold greater, respectively, than those found against
standard human neutrophil elastase. These greater 1C,,s
may result from: (1) inactivation of these drugs in the
reaction mixture including bronchoalveolar lavage fluid;
(2) degradation of the substrate, S-2484, by some pro-
teinases other than elastase. Since both drugs exerted more
than 90% inhibition at higher concentrations and the activ-
ity of neutrophil eastase was thought to be measured
specifically under the present experimental conditions as
stated above, the former possibility is probably applicable.
In an ex vivo study, intratracheal administration of
FR134043 reduced the elastase activity in rat broncho-
aveolar lavage fluid significantly but only partialy (ap-
proximately 50% maximum), while FK706 inhibited it
completely at 1 mg/kg. This observation suggests that
FR134043 is more sensitive to inactivating attack by the
components of bronchoalveolar lavage fluid (oxidative
compounds or metabolic enzymes, probably) than FK706.
Additionally, the difference in the mode of inhibition
might cause this result; FR134043 is a reversible and
competitive inhibitor while FK706 is a dow binding in-
hibitor. It has been reported that S-2484 hydrolytic activity
in bronchoalveolar lavage fluid from human patients with
adult respiratory distress syndrome or pneumonia, is mod-
erately reduced by EDTA or o-phenanthroline as well as
al-proteinase inhibitor (Tanaka et al., 1990). Therefore,
the contribution of other proteinases, especially metallo-
proteinases, to the currently observed elastase activity is
not excluded.

We evauated the ability of elastase inhibitors to ame-
liorate inflammatory states in two acute inflammation ani-
ma models, both of which reflect the elevated vascular
permeability based on the tissue damage following the
activation of peripheral blood cells. In PMA-induced ear
edema, topica treatment with FR134043 and FK706 had
significant and dose-dependent sparing effects on ear
swelling with ED,, values of >1 and 0.73 mg/site,
respectively. Treatment with the drugs at doses higher than
1 mg/ear was impossible due to the limited solubility in
acetone—ethanol and detachment from the application site,
resulting in a substantially lower dose. PMA directly acti-
vates protein kinase C, which is thought to be involved in
various neutrophil responses such as superoxide generation
by NADPH oxidase (Castagna et al., 1982), release of
granule enzymes (White et al., 1984) and activation of
Na*/H* antiporter (Grinstein and Furuya, 1986). Other
investigators have reported that PMA-induced ear edemais
mainly mediated by leukotrienes and prostaglandins, and
5-lipoxygenase inhibitors can strongly attenuate the edema
(Carlson et al., 1985; Yamazaki et al., 1998). Our present
results suggest that neutrophil elastase may play a partia

role in ear swelling in this model, but possihility of a
contribution of other factors such as leukotrienes and
prostaglandins is not negligible.

The effect of elastase inhibitors on carrageenan-induced
inflammation was also evaluated by measuring plasma
extravasation into the synovial cavity of the knee. It has
been reported that this acute arthritis model involves both
the neurogenic components and other non-neurogenic me-
diators of the inflammatory response, as seen in a the study
using a denervation procedure and an antagonist of sub-
stance P (Lam and Ferrel, 1989). Carrageenan is, addition-
aly, known to strongly recruit inflammatory cells, espe-
cialy neutrophils. This evidence increases the interest in
the role of neutrophil-derived proteolytic enzymes in the
joint inflammation caused by carrageenan. In our experi-
ments, plasma extravasation in the knee joint was weakly
but significantly reduced by the treatment with FR134043,
however, it was not affected by FK706. FR134043 inhibits
chymotrypsin-type serine proteinases (Shinguh et 4.,
1998), while FK706 is an elastase-specific inhibitor
(Shinguh et al., 1997). Therefore, it is hypothesized that
neutrophil elastase is little involved in carrageenan-in-
duced joint inflammation, but some other serine pro-
teinases are possibly involved.

Neutrophil elastase dlicits the tissue-destructive activity
directly or indirectly. Matrix proteins such as elagtin,
collagen and proteoglycan are readily degraded by neu-
trophil elastase. Neutrophil elastase has also been shown to
activate matrix metalloproteinases (MMP) (Nagase et 4.,
1990; Ferry et a., 1997), and inactivate the endogenous
inhibitor, tissue inhibitor of metalloproteinases (TIMP),
resulting in an imbalance between MMP and TIMP (ltoh
and Nagase, 1995). Some investigators have reported that
the elastolytic activity in synovia fluids from patients with
osteoarthritis or rheumatoid arthritis is mainly due to met-
alloproteinases (Chevdlier et al., 1996). Others have sug-
gested that neutrophils dlicit local release of cathepsin G
and elastase in synovial fluid of patients with reactive and
rheumatoid arthritis (Nordstrom et a., 1996), and that
those proteinases are potent degraders of cartilage proteo-
glycan (Janusz and Doherty, 1991). Though some of these
observations regard subjects with chronic joint inflamma-
tion, they are suggestive of acute inflammatory states.
Based on the above evidence, the reduction of plasma
extravasation by FR134043 in the present study was likely
to have been caused by inhibition of neutrophil-derived
cathepsin G, since FR134043 has no inhibitory effect on
metall oproteinases, including human collagenase (MMP-1),
even at 10 wM in vitro (data not shown). It has been
indicated that the inhibitory effect of an elastase inhibitor,
MDL 101,146, on cartilage degradation depends on the
choice of animal model, that is, the inhibitor is effective on
collagen-induced arthritis but not on adjuvant arthritis
(Janusz and Durham, 1997). The joint inflammation mode!
used in the present study does not seem to involve neu-
trophil elastase, however, it shows the advantage of
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FR134043, an inhibitor with broad specificity, for the
treatment of cartilage destruction.

In summary, neutrophils activated in response to certain
stimuli release significant amount of elastase, a granule
proteolytic enzyme, both in vitro and in vivo. This phe-
nomenon is affected by mononuclear cells and/or other
co-existing components, suggesting the construction of an
inflammatory network. FR134043 is a potent neutrophil
elastase inhibitor, and almost fully inhibits the neutrophil-
derived elastase activity in crude biological materials.
Judged by this result, FR134043 is a useful agent for
studying the pathogenic role of neutrophil elastase in
inflammatory disorders. The significant attenuation of
PMA-induced ear edema by FR134043 and FK706 sug-
gests the partial involvement of neutrophil elastase in the
elevated vascular permeability in this model. The observa-
tion that carrageenan-induced plasma extravasation is
barely ameliorated by FR134043 and not at all by FK706,
indicates the very small contribution of neutrophil elastase
and possible involvement of neutrophil cathepsin G in the
acute arthritis model.

References

Adeyemi, E.O., Neumann, S., Chadwick, V.S., Hodgson, H.J.F., Pepys,
M.B., 1985. Circulating human leukocyte elastase in patients with
inflammatory bowel disease. Gut 26, 1306—1311.

Carlson, R.P., O'Neill-Davis, L., Chang, J., Lewis, A.J.,, 1985. Modula-
tion of mouse ear edema by cyclooxygenase and lipoxygenase in-
hibitors and other pharmacologic agents. Agents Actions 17, 197-204.

Carp, H., Miller, F., Hoidal, JR., Janoff, A., 1982. Potential mechanism
of emphysema: al-proteinase inhibitor recovered from lungs of
cigarette smokers contains oxidized methionine and has decreased
elastase inhibitory capacity. Proc. Natl. Acad. Sci. USA 79, 2041-
2045.

Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, U., Nishizuka,
Y., 1982. Direct activation of calcium-activated, phospholipid-depen-
dent protein kinase by tumor-promoting phorbol esters. J. Biol. Chem.
257, 7847—-7851.

Chevalier, X., Groult, N., Texier, JM., Larget-Piet, B., Hornebeck, W.,
1996. Elastase activity in cartilage extracts and synovia fluids from
subjects with osteoarthritis or rheumatoid arthritis: the prominent role
of metalloproteinases. Clin. Exp. Rheumatol. 14, 235-241.

Cox, D.W., Levison, H., 1988. Emphysema of early onset associated with
a complete deficiency of alpha-1-antitrypsin (null homozygotes). Am.
Rev. Respir. Dis. 137, 371-375.

DelLeo, F.R., Renee, J, McCormick, S., Nakamura, M., Apicella, M.,
Weiss, J.P., Nauseef, W.M., 1998. Neutrophils exposed to bacterial
lipopolysaccharide upregulate NADPH oxidase assembly. J. Clin.
Invest. 101, 455-463.

Ferry, G., Lonchampt, M., Pennel, L., de Nanteuil, G., Canet, E., Tucker,
G.C., 1997. Activation of MMP-9 by neutrophil elastase in an in vivo
model of acute lung injury. FEBS Lett. 402, 111-115.

Fric, P., Kasatirek, E., Slaby, J., Marck, T., 1985. Effect of new oligopep-
tide inhibitors of elastase on acute experimental pancreatitisin the rat.
Hepato-Gastroenterology 32, 206—209.

Fujie, K., Shinguh, Y., Hatanaka, H., Shigematsu, N., Murai, H., Fujita,
T., Yamashita, M., Okamoto, M., Okuhara, M., 1993. FR901277, a
novel inhibitor of human leukocyte elastase from Streptomyces resis-
tomycificus. J. Antibiot. 46, 908—913.

Fujie, K., Shinguh, Y., Yamazaki, A., Hatanaka, H., Okamoto, M.,
Okuhara, M., 1999. Inhibition of elastase-induced acute inflammation
and pulmonary emphysema in hamsters by a novel neutrophil elastase
inhibitor FR901277. Inflamm. Res. 48, 160—167.

Gadek, JE., Pacht, E.R., 1990. The proteinase-antiproteinase balance
within the human lung: implications for the pathogenesis of emphy-
sema. Lung (Suppl.) 552-564.

Green, B.G., Weston, H., Ashe, B.M., Doherty, J., Finke, P., Hagmann,
W., Lark, M., Mao, J., Maycock, A., Moore, V., Mumford, R., Shah,
S., Walakovits, L., Knight, W.B., 1991. PMN elastase: a comparison
of the specificity of human isozymes and the enzyme from other
species toward substrates and inhibition. Arch. Biochem. Biophys.
286, 284—292.

Grinstein, S., Furuya, W., 1986. Cytoplasmic pH regulation in phorbol
ester activated human neutrophils. Am. J. Physiol. 251, C55—C65.
Hansen, G., Schuster, A., Zubrod, C., Wahn, V., 1995. Alpha 1-pro-
teinase inhibitor abrogates proteolytic and secretagogue activity of

cystic fibrosis sputum. Respiration 62, 117—-124.

Havemann, K., Gramse, M., 1984. Physiology and pathology of neutral
proteinases of human granulocytes. Adv. Exp. Med. Biol. 164, 1-20.

Hirayama, Y., Yasumitsu, R., Kawamura, A., Fujii, T., 1993. NK1
receptors mediate tachykinin-induced plasma extravasation in the rat
knee joint. Agents Actions 40, 171-175.

Itoh, Y., Nagase, H., 1995. Preferential inactivation of tissue inhibitor of
metalloproteinases-1 that is bound to the precursor of matrix metallo-
proteinase 9 (progelatinase B) by human neutrophil elastase. J. Biol.
Chem. 270, 16518-16521.

Janoff, A., 1985. Elastases and emphysema. Current assessment of the
protease-antiprotease hypothesis. Am. Rev. Resp. Dis. 132, 417-433.

Janusz, M.J., Doherty, N.S., 1991. Degradation of cartilage matrix pro-
teoglycan by human neutrophils involves both elastase and cathepsin
G. J. Immunol. 46, 3922-3928.

Janusz, M.J., Durham, S.L., 1997. Inhibition of cartilage degradation in
rat collagen-induced arthritis but not adjuvant arthritis by the neu-
trophil elastase inhibitor MDL 101,146. Inflammation Res. 46, 503—
508.

Kramps, JA., Vantwick, C.H., Vanderlinden, A.C., 1983. L-Pyrigluta-
myl-L-prolyl-L-valine-p-nitroanilide, a highly specific substrate for
granulocyte elastase. Scand. J. Clin. Lab. Invest. 43, 427-432.

Lam, F.Y., Ferrel, W.R., 1989. Inhibition of carrageenan induced inflam-
mation in the rat knee joint by substance P antagonist. Ann. Rheum.
Dis. 48, 928-932.

Lee, C.T., Fein, A.M., Lippmann, M., Holzman, H., Kimbel, P., Wein-
baum, G., 1981. Elastolytic activity in pulmonary lavage fluid from
patients with adult respiratory distress syndrome. New Engl. J. Med.
304, 192-196.

Lee, JK., Zaidi, SH., Liu, P., Dawood, F., Cheah, A.Y., Wen, W., Saiki,
Y., Rabinovitch, M., 1998. A serine elastase inhibitor reduces inflam-
mation and fibrosis and preserves cardiac function after experimen-
tally-induced murine myocarditis. Nat. Med. 4, 1383—-1391.

Llewellyn-Jones, C.G., Harris, T.A., Stockley, R.A., 1996. Effect of
fluticasone propionate on sputum of patients with chronic bronchitis
and emphysema. Am. J. Respir. Crit. Care. Med. 153, 616-621.

McDonald, P.P., Bald, A., Cassatella, M.A., 1997. Activation of the
NF-x B pathway by inflammatory stimuli in human neutrophils. Blood
89, 3421-3433.

McGuire, W., Spragg, R.G., Cohen, A.B., Cochrane, C.G., 1982. Studies
on the pathogenesis of adult respiratory distress syndrome. J. Clin.
Invest. 69, 543-553.

Mohr, W., Wessinghage, D., 1978. The relationship between polymor-
phonuclear granulocytes and cartilage destruction in rheumatoid
arthritis. Z. Rheumatol. 37, 81-86.

Nagai, H., Tsuji, T., Shimazawa, S., Goto, S., Yoshitake, K., Koda, A.,
1991. Participation of collagenase and elastase in LPS-induced airway
hyperresponsiveness in guinea pigs. Inflammation 15, 317—330.

Nagase, H., Enghild, J., Suzuki, K., Salvesen, G., 1990. Stepwise activa-
tion mechanisms of the precursor of matrix metalloproteinases 3



K. Fujie et al. / European Journal of Pharmacology 374 (1999) 117-125 125

(stromelysin) by proteinases and (4-aminophenyl)mercuric acetate.
Biochemistry 29, 5783-5789.

Nordstrom, D., Lindy, O., Konttinen, Y.T., Lauhio, A., Sorsa, T., Friman,
C., Pettersson, T., Santavirta, S., 1996. Cathepsin G and elastase in
synovia fluid and peripheral blood in reactive and rheumatoid arthri-
tis. Clin. Rheumatol. 15, 35-41.

O'Conner, C.M., Gaffney, K., Keane, J, Southey, A., Byrne, N,
O’'Mahoney, S., Fitzgerald, C.M., 1993. Alpha 1-proteinase inhibitor,
elastase activity, and lung disease severity in cystic fibrosis. Am. Rev.
Respir. Dis. 148, 1665—1670.

Ottonello, L., Barbera, P., Dapino, P., Sacchetti, C., Dallegli, F., 1997.
Chemoattractant-induced release of elastase by lipopolysaccharide
(LPS)-primed neutrophils; inhibitory effect of the anti-inflammatory
drug nimesulide. Clin. Exp. Immunol. 110, 139-143.

Shinguh, Y., Imai, K., Yamazaki, A., Inamura, N., Shima, I., Wak-
abayashi, A., Higashi, Y., Ono, T., 1997. Biochemica and pharmaco-
logical characterization of FK706, a novel elastase inhibitor. Eur. J.
Pharmacol. 337, 63—71.

Shinguh, Y., Yamazaki, A., Inamara, N., Fujie, K., Okamoto, M., Naka
hara, K., Notsu, Y., Okuhara, M., Ono, T., 1998. Biological and
pharmacological characterization of FR134043, a novel elastase in-
hibitor. Eur. J. Pharmacol. 345, 299-308.

Skiles, JW., Fuchs, V., Chow, G., Skoog, M., 1984. Inhibition of human
leukocyte elastase by N-substituted tripeptide trifluoromethyl ketone.
Res. Commun. Pathol. Pharmacol. 45, 339—345.

Tanaka, H., Shimazu, T., Sugimoto, H., Yoshioka, T., Sugimoto, T.,
1990. A sensitive and specific assay for granulocyte elastase in
inflammatory tissue fluid using L-pyroglutamyl-L-proryl-L-valine-p-
nitroanilide. Clin. Chim. Acta 187, 173-180.

Uchida, M., Okajima, K., Murakami, K., Okabe, H., Takatsuki, K., 1995.
Endotoxin-induced pulmonary vascular injury is mainly mediated by
activated neutrophil in rats. Thromb. Res. 78, 117-125.

Virca, G.D., Mallya, RK., Pepys, M.B., Schnebi, H.P., 1984. Quantita-
tion of human leukocyte elastase, cathepsin G, a-2-macroglobulin and
a-1-proteinase inhibitor in osteoarthritis and rheumatoid arthritis syn-
oviad fluids. Adv. Exp. Med. Biol. 167, 345-353.

White, JR., Huang, C.K., Hill, JM., Naccache, P.H., Becker, E.L.,
Sha' afi, R.I., 1984. Effect of phorbol 12-myristate 13-acetate and its
analogue 4a-phorbol-12-13-didecanoate on protein phosphorylation
and lysomal enzyme release in rabbit neutrophils. J. Biol. Chem. 259,
8605—8611.

Yamazaki, R., Aiyama, R., Matsuzaki, T., Hashimoto, S., Yokokura, T.,
1998. Anti-inflammatory effect of YPE-01, a novel diarylheptanoid
derivative, on dermal inflammation in mice. Inflammation Res. 47,
182-186.

Zu, Y.L., Qi, J, Gilchrist, A., Fernandez, G.A., Vazquez-Abad, D.,
Kreutzer, D.L., Huang, C.K., Shaafi, R.l., 1998. p38 mitogen-
activated protein kinase activation is required for human neutrophil
function triggered by THF-a or FMLP stimulation. J. Immunol. 160,
1982-1989.



