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Inhibition of neutrophil elastase activity attenuates complement-mediated
lung injury in the hamster
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Abstract

The role of neutrophil elastase in complement-mediated lung injury was examined in hamsters using a specific neutrophil elastase
inhibitor, sodium N-[2{442,2 dimethylpropionyloxy phenylsulfonylamiho benZoyl aminoacetate tetrahy(rate sivelestat . Intravenous
injection with cobra venom factdr CVF into hamsters transiently increased plasma neutrophil elastase activity by about 10-fold. This
increase was followed by a sustained increase in lung vasgifat I bovine serum albumin permeability peaking 30 min after CVF
injection. The increase in lung vascular permeability was associated with neutrophil accumulation in lung tissue and an increase in protein
concentration in the bronchoalveolar lavage fluid. Inhibition of the elevated plasma neutrophil elastase @ctivity 36.5%, 66.9% and
104.3% by continuous i.v. infusion with sivelestat 0.1, 0.3 and ¥ kay'h), dose-dependently attenuated the increase in lung vascular
permeability 30 min after CVF injection. Furthermore, sivelestat at 1/kgg’h almost totally prevented the increase in protein
concentration in the bronchoalveolar lavage fluid without affecting lung neutrophil accumulation. These results suggest that neutrophil
elastase is an important mediator in complement-mediated acute lung i6j@2§01 Elsevier Science B.V. All rights reserved.
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1. Introduction and Ward, 1986 . However, the contribution of other
neutrophil-derived mediators such as proteases in comple-
ment-mediated acute lung injury remains unclear.

Among these proteases, neutrophil elastase may be of a
r;I:>articular interest. This protease is capable of degrading
key structural elements of connective tissues such as elastin,
collagen and proteoglycan Havemann and Gramse,)1984 ,
leading to lung vascular and trans-alveolar protein leakage
and dysfunction. Indeed, neutrophil elastase has been im-
plicated in the increase of permeability both in vascular
endothelial( Suttorp et al., 1993 and alveolar epithelial
cells (Peterson et al., 1995 that are considered to be
et al., 1982; Johnson et al., 1986; Doerschuk et al., 1996 .deeply involved in lung (_edema. Furthermore, it. has been

assumed that neutrophil elastase and reactive oxygen

Inhibition of cell adhesion, neutrophil depletion, and pre- species svnerdise to induce tissue damage by a mechanism
treatment with catalase, iron chelators, or hydroxy radical ; P ynerg ge by

scavengers significantly attenuate CVF-induced lung in- in which reactive oxygen species inactivaig-protease

; . . : ! . inhibitor, a major endogenous elastase inhibitor in the
jury in rats, suggesting that neutrophil-derived reactive ) : .

. . o body, thereby allowing neutrophil elastase to attack tissues
oxygen species play an important role in this type of acute

lung injury (Mulligan et al., 1994; Ward et al., 1985; Till (Wels_s, 1989 . I_n th|s_ study, we hypothe_5|zed that neu-
trophil elastase is an important mediator in complement-

mediated acute lung injury. To verify this hypothesis, we
* Corresponding author. Tel.#81-75-961-1151; fax:+81-75-962- examined the relationship between the development of
9314. acute lung injury and plasma neutrophil elastase activity,

Complement activation is a critical event in many acute
inflammatory responses that subsequently injure tissues.
As a result of complement activation, the anaphylatoxin
Cbha is generated from a complement cascade causing a
increase in vascular permeability, and the release of reac-
tive oxygen species and proteases from neutrophils
(Worthen and Henson, 1983 . An increasing body of evi-
dence has shown that systemic complement activation by
bolus intravenous injection of cobra venom factor QVF
into several animal species results in acute lung injury as
indicated by an increase in lung vascular permeallity Till
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and the effect of a specific neutrophil elastase inhibitor, from the abdominal aorta of each animal. Animals were
sodium N-[2]442,2-dimethylpropionyloxy phenylsulfo- then sacrificed by transection of the abdominal aorta and
nylamind benzoyl aminoacetate tetrahydrate sivelestat ontheir lungs were perfused with 10—15 ml of saline via a
this injury in CVF-injected hamsters. Sivelestat, also known catheter, which was inserted from the right cardiac ventri-
as ONO-5046 Na, has previously been shown to inhibit cle to the pulmonary artery. Lungs were then isolated and
neutrophil elastase derived from several animal speciesradioactivity counts in the perfused lung tissue and aortic
including hamsters and to have no effect on other pro- blood were determined with a gamma courfter ARC-370M,
teases such as cathepsin G and plasmin Kawabata et al.Aloka, Tokyo, Japanh . Lung vascular permeability index

199D and on the production of reactive oxygen species was defined by the ratio of radioactivity in lung tissue to

from neutrophils( Iwamura et al., 1993 . that in 1 ml of aortic blood.
2.3.2. Protein concentration in bronchoalveolar lavage
2. Materials and methods fluid o S
Animals that had been injected saline instead of
21. Animals [***Ibovine serum albumin were used. The procedures for

aortic blood sampling and animals sacrifice were the same

Male golden hamsteré Keari, Osaka, Japan weighing &S ?hose for the determination of lung ygscular p_ermeabil-
90-120 g were used in this study. The animals were ity index. After the animals were sacrificed, their whole
housed in an air-conditioned room at 22 °C and 55+ lungs were lavaged five times with a single voluthe 2.8
10% humidity with alternating 12-h lightdark cycle. Ani- mI)_ of citrated saline via a tracheal cannula attached to a
mals were given food and water ad libitum until use. SYMnge. The bronchoalyeolar lavage fluid was then cen-
Animal experiments were performed in accordance with t”fU_ged_(1700>< g, 10 min, 4°C) and the protein concen-
the institutional animal care guidelines of Ono Pharmaceu- tration in the supernatant determined by the Lowry's
tical Company. method.

2.3.3. Neutrophil accumulation in lung tissue
After bronchoalveolar lavage, whole lung tissues were
excised and their myeloperoxidase activity was determined

) A polyethylene Cathe“?r outer c_jiameter, 0.61 mm; inn_er by a previously described methéd Kawabata et al., 2000
diameter, 0.28 min was inserted into the left femoral vein, as an index for neutrophil accumulation in lung tissue.

passed under the skin and exteriorized in the dorsal neCkBriefIy the lung was excised, added to 3 ml of 50 mM

of each_animal under ketamine hydrochlorile 100-150 KPO, buffer (pH 6.0 containing 0.5% cetyltrimethylam-
mg/kg, i.p.) anesthesia. The free end of the catheter Was 1 onium bromide and homogenized with Physcotfon Bio-

connected to an infusiqn pump model 55'1111_’ Ha_rvard Mixer, model ABM-1, Nihonseiki kaisha, Tokyo, Japan .
Apparatus, South Natrick, MA for drug administration. The tissue homogenate was centrifuged 152@0) 10

Animals usually recovered from anesthesia within 1 h and min, 4°C), and the supernatant was diluted 5-fold with the
thereafter were allowed free movement. After the animals KPO, buffer. Fifty microliters of the diluted supernatant

recovered from anesthesia, they were continuously infusedwas mixed with 1.4 ml of 0.00107% H L diluted with

with saline at a rate of 0.2 ryh using the infusion pump. KPO, buffed . The mixture was then added to sDof 30

Ninety minutes after the start of 2saline infusion, C¢F 10 mM o-dianisidine aq., and the change in absorbance was
. 125 . -y

U/2 ml/kg) followed by either{ ™ ) bovine serum albu- monitored at 450 nm for 1 min. An increase in absorbance

min (0.5uCi/0.2 ml/anima) or equal volume of saline a5 reqarded as the tissue myeloperoxidase activity.
were injected via the catheter. At specified time intervals

after CVF injection, lung vascular permeability index, 2.3.4. Measurement of plasma neutrophil elastase activity

protein concentration in bronchoalveolar lavage fluid, neu-  Plasma was separated from citrated arterial blood which
trophil accumulation in lung tissue and plasma neutrophil had been taken from the abdominal aorta of each animal
elastase activity were measured by the methods describedand was used for the determination of neutrophil elastase

2.2. Animal model

below. activity. Plasma neutrophil elastase activity was deter-
mined spectrophotometrically usingl-methoxysuccinyl-

2.3. Evaluation of lung injury Ala-Ala-Pro-Val p-nitroanilide, a highly specific synthetic
substrate for neutrophil elastase according to the method of

2.3.1. Lung vascular permeability index Yoshimura et al.( 1994 . Briefly, plasma was incubated

Animals that had been injectétf® ] I bovine serum albu- with 0.1 M Tris—HCI buffer( pH 8.0 containing 0.5 M
min as described above were used to determine lungNaCl and 1 mM substrate at 3T for 24 h and the amount
vascular permeability index according to the method of of p-nitroanilide liberated was measured spectrophotomet-
Till and Ward (1986 . Under sodium pentobarbifal 60 rically at 405 nm and was considered as neutrophil elastase
mg/kg, i.p.) anesthesia, 1 ml of citrated blood was taken activity.
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2.4. Effect of sivelestat on CVF-induced complement acti- t-test or one-way analysis of variance followed by Dun-
vation in hamster nett’s t-test. P-values of less than 0.05 were considered to
be statistically significant.
Based on the method described by Platts-Mills and
Ishizaka( 197% , the effect of sivelestat on CVF-induced
complement activation in hamster was studied using CVF- 3. Results
induced hemolysis. Briefly, heparinized blood was taken
from the abdominal aorta of normal hamsters under pento-3.1. Changes in plasma neutrophil elastase activity and
barbital anesthesia 60 g, i.p.), and 35Qu! of blood lung vascular permeability index

was added to 5Qu.! of gelatin—veronal buffer containing o o
0.1% M@* and 30 mM ethylene glycol big-amino- A preliminary study indicated that CVF at 1, 3 and 10

ethylethey N;N,N’,N'-tetraacetic acid EGTA( pH 7.3— U/kg increased both lung vascular permeability and
7.4). After pre-incubation at 37C for 2 min, the mixture plasma neutrophil elastase activity in a concentration-re-

was added to 5@ of CVF, dissolved in gelatin—veronal !ated manner. We, therefore, used 10Kg of CVF in all

buffer (final concentration 30 mml), and 50u! of sive- subsequent experiments. As shown in Fig. 1, intravenous
lestat( final concentration 100.M)and was further incu- o

bated at 37°C for 15 min. After incubation, 50Qu| of \»5 _A- Plasma elastase activity

gelatin—veronal buffer containing 10 mM of EDTA was

added to the mixture to terminate the reaction. The mixture *i"[*

was then centrifuged 1700g, 10 min, 25C)and the 107 *]1" —O— Saline

supernatant was separated. The absorbance of the super-
natant was measured at 412 nm and used as a measure of
hemolysis.

2.5. Compounds administration and efficacy

Based on a previous ex vivo study, indicating that
90-min continuous infusion of sivelestat achieved steady
state plasma neutrophil elastase inhibition in hamsters
(Kawabata et al., 2000 , we started continuous intravenous
infusion of sivelestat 90 min before 30 min after CVF
injection via a femoral catheter. A radical scavenging
enzyme, catalase, was also infused in the same manner as
sivelestat.

X 10 nmole p-nitroanilide/ml plasma

2.6. Drugs and chemicals

Sivelestat sodium hydrate, sodiun[2{42,2-dimeth-
ylpropionyloxy) phenylsulfonylamino benzdyl aminoacetate
tetrahydrate( sivelestat; ONO-5048a) was synthesized
in our laboratory. Cobra venom fact¢r CVF, from Naja
naja kaouthia , catalasay-methoxysuccinyl-Ala-Ala-Pro-
Val p-nitroanilide, o-dianisidine were purchased from
Sigma ( St. Louis, M® .[**° ]l bovine serum albumin — . |
(specific activity 3.4—-4.3uCi/wng) was obtained from 0 10 20 30 60 120
NEN Research Product6 Boston, WA . Sivelestat was Time after CVF injection (min)
dissolved in saline with a small amount of Na QO MQ Fig. 1. Changes in plasma neutrophil elastase acti¢ity A and lung
of 0.5 M Na,CQ,/mg sivelestat . N-methoxysuccinyl-  vascular permeability B [*** ]I bovine serum albumin was intravenously
Ala-Ala-Pro-Val p-nitroanilide was dissolved in 1-methyl- injected immediately before the injection of CVF. At specified time

. L. . . L points, 1 ml of citrated aortic blood was taken from each animal as
2-pyrrolidone.o-Dianisidine was dissolved in distilled wa-  gescribed in the text and lung vascular permeability index as defined by

Whole lung cpm/ml blood cpm

ter. Other agents were dissolved in saline. the ratio of[*2° ] bovine serum albumin radioactivity present in the lung
tissue to that in 1 ml of aortic blood was measured. Plasma neutrophil
2 7. Satistical analysis elastase activity was determined spectrophotometrically with a synthetic

substrate, N-methoxysuccinyl-Ala-Ala-Pro-Valp-nitroanilide. A group

Lo of three to four animals were used to study each p6int saline-injected
All data were expressed as the meaf.E.M. Statisti- group: O, CVF-injected group®). " P < 0.05," ‘P <0.01 and’ * * P

cal significance was analyzed either by Student’s two-tailed < 0.001 vs. relevant saline-injected gro(ip Studemttesd .
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Fig. 2. Changes in lung myeloperoxidase actitity A and protein concen-
tration in bronchoalveolar lavage fluid )B . Animals were sacrificed at

specified time points and protein concentration in bronchoalveolar lavage
fluid and myeloperoxidase activity of lavage lungs were determined as
described in the text. The myeloperoxidase activity in lavaged lungs was
considered to be the number of neutrophils infiltrated in lung tissue. A
group of four to six animals were used to study each p6int saline-in-
jected group:O, CVF-injected group®). “P <0.05 and” P < 0.01

vs. relevant saline-injected groip Studertttes) .

injection of CVF (10 U/kg) transiently elevated plasma
neutrophil elastase activity by approximately 10-fold with
the highest activity 10 min after CVF injection. The activ-
ity remained higher than that in the saline-injected animals
for 60 min after CVF injection and thereafter returned to
the basal level. Cobra venom factor injection also in-
creased lung vascular permeability following the increase
in plasma neutrophil elastase activity with a high level
remaining at least until the end of the observation period
(120 min after CVF injection . In the saline-injected ani-
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injection(Fig. 2 . The activity remained higher than that in
the saline-injected group for observation period. Under our
experimental conditions, inflammatory cell count and neu-
trophil elastase activity in bronchoalveolar lavage fluid
were unchanged at least for 120-min post-CVF injection.
Protein concentration in bronchoalveolar lavage fluid in-
creased biphasically 30 and 120 min after CVF injection
with the higher value 120 min after CVF injection.

3.3. Effects of sivelestat on the increase in plasma neu-
trophil elastase activity and lung vascular permeability

The efficacy of sivelestat was examined 30 min after
CVF injection. In the CVF control, plasma neutrophil
elastase activity and lung vascular permeability increased
4.5-fold and 4.9-fold as compared with the saline-injected

A. Plasma elastase activi
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Fig. 3. Effect of sivelestat on the increase in plasma neutrophil elastase

Saline

mals, such changes were not observed throughout theyciity and lung vascular permeability. Thirty minutes after the injection

observation period.

3.2. Changes in lung neutrophil accumulation and protein
concentration in bronchoalveolar lavage fluid

Lung myeloperoxidase activity, an index for neutrophil
accumulation in lung tissues, peaked 30 min after CVF

of CVF and [*** [ bovine serum albumin, plasma neutrophil elastase
activity (A) and lung vascular permeability )B were determined as
described in Fig. 1. In the saline control group, animals were intra-
venously injected saline instead of CVF. Sivelestat or saline was intra-
venously infused 90 min before to 30 min after CVF injection. Numbers
attached to each column represent the number of total animals in each
group. The results indicate mears.E.M. of each group: P < 0.05 and

" “P < 0.01 vs. CVF-injected group Dunnetttstesd .
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myeloperoxidase activity in lung tissues 30 min after CVF
injection in each group. In accordance with the results
presented in Fig. 3, intravenous infusion of sivelestat at 1
mg,/kg/h inhibited CVF-induced increase in plasma neu-
trophil elastase activity, and reduced that in protein con-
centration in bronchoalveolar lavage fluid. However, the
treatment did not affect the increase in myeloperoxidase

activity in lung tissues.

3.5. Effect of sivelestat on CVF-induced complement acti-
vation in hamsters

Addition of CVF into hamster blood resulted in hemol-

0 ysis (absorbance was 0.1350.012 and 0.372 0.064 nm

in non-treated and treated blood, respectively < 0.001

600 with Student’s two-tailedt-tesd . Sivelestat had no effect
on this hemolysis even at 1Q0M (absorbance was 0.364
€ 400 4 + 0.062 nm .
2
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Fig. 4. Effects of sivelestat on the increase in plasma neutrophil elastase
activity (A), protein concentration in bronchoalveolar lavage fitid B and
lung myeloperoxidase activity )C . Thirty minutes after the injection of
CVF, plasma neutrophil elastase activity, protein concentration in bron-
choalveolar lavage fluid and myeloperoxidase activity in lavaged lungs
were determined as described in the text. Sivelestat ¥kmgh) or
saline was intravenously infused 90 min before 30 min after CVF
injection. In the saline control group, animals were intravenously injected
saline instead of CVF. The number attached to each column represents
the number of total animals in each group. The results indicate mean
S.E.M. of each group: "P <0.01 vs. CVF-injected group Dunnett's
t-tesd .

group, respectively. Sivelestat at 0.1, 0.3 and 1/kgy'h

dose-dependently reduced the increase in plasma neu-

trophil elastase activity by 36.5%, 66.9% and 104.3%,
respectively, and that in lung vascular permeability by
30.0%, 44.6% and 56.2%, respectivély Fig. 3 .

3.4. Effect of sivelestat on the increase in protein concen-
tration in bronchoalveolar lavage fluid

Fig. 4 shows plasma neutrophil elastase activity, protein
concentration in bronchoalveolar lavage fluid and

B. Lung vascular permeability index
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Fig. 5. Effects of catalase on the increase in plasma neutrophil elastase
activity and lung vascular permeability. Plasma neutrophil elastase activ-
ity (A) and lung vascular permeability )B were determined 30 min after
CVF injection by the same method as described in Fig. 1. Siveléstat 1
mg/kg/h), catalasé 2500 kkg,/h) or saline was intravenously infused

90 min before 30 min after CVF injection. In the saline-control and
CVF-control group, animals were intravenously infused saline. The num-
ber attached to each column represents the number of total animals in
each group. The results indicate mea®.E.M. of each group. “ P < 0.01

vs. CVF-injected grougg Dunnett'stes) .
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3.6. Effect of catalase on plasma neutrophil elastase activ- ster-neutrophil elastase activity with an JC value of
ity and lung vascular permeability 374+ 4 nM but does not inhibit other neutrophil-derived
proteases such as cathepsif{ G Kawabata et al.,)1991 . In

The effect of catalase, aH O scavenging enzyme, wasaddition to its specificity among proteases, sivelestat nei-
also examined using the same animal model. The effect ofther affects the production of reactive oxygen species
sivelestat in this experiment was comparable to that shown(lwamura et al., 1998 nor inhibits the activity of lipoxyge-
in Fig. 3. Continuous intravenous infusion of catalase nase( 5- and 15-lipoxygenadse and cyclooxygeiéase cyclo-
(2500 U/kg/h, 5000 U/kg in total over 2-h infusion had  oxygenase | and )JI( unpublished data which have been
no obvious effect on the CVF-induced increase either in implicated in the development of acute lung injury. Al-
the plasma neutrophil elastase activity or in lung vascular though, inhibition of CVF-induced complement activation
permeability( Fig. 3 . (Till et al., 1987 or lung neutrophil accumulatién Mulli-

gan et al.,, 199% can attenuate CVF-induced lung injury,

the present in vitro study indicated that sivelestat had no
4. Discussion effect on CVF-induced complement activation in hamsters

even at 100nM. Furthermore, sivelestaf 1 migg,/h)

In the present study, we have shown that i.v. injection attenuated lung injury with the evidence of plasma neu-
with cobra venom factof CVF into conscious hamsters trophil elastase inhibition but did not affect neutrophil
resulted in a marked elevation of plasma neutrophil elas- accumulation( Fig. % . Another factor that can modify
tase activity followed by a sustained increase in lung CVF-induced lung injury is hemodynamics. Although it
vascular permeability Fig.)1 and protein concentration in has been shown that CVF induces significant changes in
bronchoalveolar lavage fluid Fig.)2 . Furthermore, we hemodynamics and that agents that modify hemodynamics
have found that inhibition of the elevated plasma neu- can affect lung injury via the alteration of lung vascular
trophil elastase activity by a specific neutrophil elastase permeability. Sivelestat, however, does not affect systemic
inhibitor, sivelestat, attenuates the subsequent increase irblood pressure and heart rate even at 30/kgyh in
both lung vascular permeability Fig) 3 and the increase in normal hamster§é data not shown . These findings suggest
protein concentration in bronchoalveolar lavage fllid Fig. that systemic complement activation increases neutrophil
4). These results are consistent with the current hypothesiselastase activity that subsequently causes acute lung injury.
that neutrophil elastase is an important mediator in com-  Sivelestat at 1 mgkg/h, a dosage capable of abolish-
plement-mediated acute lung injury. ing plasma neutrophil elastase activity, almost totally

Under physiological conditions, neutrophil elastase ac- blocked the increase in protein concentration in broncho-
tivity in the body is tightly regulated by endogenous alveolar lavage fluid Fig. ¥ but partially reduced that in
protease inhibitors, such as,-protease inhibito{ Travis lung vascular permeability Figs. 3 and 5. These results
and Salvesen, 1983 . However, at inflammatory sites, theseare consistent with previous findings that sivelestat pre-
protease inhibitors, typicalky,-protease inhibitor, are in-  vents the increase in bronchoalveolar lavage fluid perme-
activated by neutrophil-derived reactive oxygen species ability index more evidently than that in lung vascular
(Weiss, 1989 . Although neutrophil elastase-inhibitory ac- permeability in a rabbit model of neutrophil-dependent
tivity and susceptibility of endogenous protease inhibitors acute lung injury( Miyazaki et al., 1998 . In the present
to reactive oxygen species-inactivation are important regu- model, neutrophil elastase appears to play a major role in
latory factors for in vivo neutrophil elastase activity, these trans-alveolar permeability, whereas, other factors also
characteristics are known to vary widely among animal contribute to vascular permeability. It is considered that
species. It has been reported that protease inhibitors inneutrophil elastase disturbs the functions of epithelial and
some rodent species such as mouse, rat and guinea piglveolar endothelial cells ap@r their tight junctions via
have an anti-neutrophil elastase activity several folds higherits broad range of proteolytic activity. This possibility is
than that in humai Schulz et al., 1989 , whereas, those insupported by the finding that neutrophil elastase can in-
sheep, rabbit and mini pig are much more susceptible tocrease the permeability of both endothelial and alveolar
oxidative inactivation than those in humd&n Takahara et epithelial cells which are known to regulate vascular and
al., 1983 . By contrast, anti-neutrophil elastase activity of trans-alveolar permeability. The target proteins by which
endogenous protease inhibitors and their susceptibility to neutrophil elastase increases permeability are unclear,
oxidative inactivation in hamsters are relatively similar to however, the endothelial cell surface protein, thrombomod-
those in humafi Schulz et al., 1989; Takahara et al., 1983 .ulin, and the cell junction protein, cadherin may be poten-
The present animal model, thus, may be useful in the studytial target proteins of neutrophil elastase as has been
of neutrophil elastase in the pathogenesis of acute lungsuggested recently Carden et al., 1998 .
injury. It is not clear in the present study what factors other

The protective effect of sivelestat might be largely than neutrophil elastase contribute to the increase in lung
attributable to the specific inhibition of neutrophil elastase vascular permeability. The anaphylatoxin C5a may be a
activity. As reported previously, sivelestat inhibits ham- potential mediator as it is generated in response to comple-
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ment activation and can directly increase vascular perme-resulting in a protection from acute lung injury associated

ability (Worthen and Henson, 1983 . Furthermore, C5a is with CVF-injection in hamsters.

able to release histaming Till et al., 1991 and leuko- In summary, we suggest that neutrophil elastase plays

trienes( Worthen and Henson, 1983 that are capable ofan important role in complement-mediated acute lung in-

increasing vascular permeability. Indeed, in a rat model of jury.

CVF-induced acute lung injury, the increase in lung vascu-

lar permeability is partially prevented by anti-histamines

(Till et al., 199D . Therefore, C5a may directly gfmt References
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