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Abstract

Beside its physiological function as a powerful host defense, neutrophil elastase is also known as one of the most destructive enzymes in

the body. Current notion holds that neutrophil elastase is able to escape from regulation by multiple protease inhibitors at inflammatory sites.

Once unregulated, this enzyme disturbs the function of the lung permeability barrier and induces the release of pro-inflammatory cytokines.

These actions then cause symptoms that are typical in the pathophysiology of acute lung injury. In this article, we review recent progress in

the understanding of the physiological activity of neutrophil elastase and its role in acute lung injury. Evidence in this review that supports the

involvement of neutrophil elastase in the pathophysiology of acute lung injury includes: (1) neutrophil elastase levels are increased in both

clinical and animal models of acute lung injury; (2) topical or systemic administration of neutrophil elastase produces typical symptoms of

acute lung injury both in vitro and in vivo; and (3) inhibition of increased neutrophil elastase activity reduces symptoms of acute lung injury

in animal models. A greater understanding of the role of this enzyme in the pathophysiology of acute lung injury will lead to better treatments

for this complicated disease.
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1. Introduction

Reactive oxygen species and proteases are neutrophil-

derived toxic molecules that have long been considered

important in the pathophysiology of acute lung injury (Jan-

off, 1985). Neutrophil elastase (E.C.3.4.21.37) is one such

molecule in particular that has received attention as an

enzyme capable of degrading almost all extracellular matrix

proteins as well as a variety of key plasma proteins

(Havemann and Gramse, 1984). In addition to its proteolytic

activity, neutrophil elastase induces the release of pro-

inflammatory cytokines such as interleukin-6 (Bedard et

al., 1993) and interleukin-8 (Nakamura et al., 1992). Under

physiological conditions, neutrophil elastase is a powerful

host defense and its activity is tightly regulated by endog-

enous protease inhibitors (Travis and Salvesen, 1983). At

inflammatory sites, however, this enzyme appears to remain

active due to an imbalance between its own elevated level

and that of the endogenous protease inhibitors (Weiss, 1989;

Morrison et al., 1990; Kawabata et al., 1996). In lung and its

surrounding environment, the unregulated proteolytic activ-

ity of neutrophil elastase leads to a variety of changes that

are directly and indirectly related to the pathophysiology of

acute lung injury.

In this article, we review the findings of recent studies

on neutrophil elastase and its role in acute lung injury.

First, we survey neutrophil elastase, its natural substrates,

target cells, and endogenous protease inhibitors. We then

examine the mechanism by which this enzyme is able to

escape endogenous protease inhibition at inflammation

sites. In the latter part of this article, we focus on: (1)

whether neutrophil elastase levels are increased in clinical

or animal models of acute lung injury; (2) whether

topical or systemic application of neutrophil elastase

produces typical symptoms of acute lung injury both in

vitro and in vivo; and (3) whether inhibition of increased

neutrophil elastase activity reduces symptoms of acute

lung injury in animal models. Finally, we propose a

general pathophysiological role for neutrophil elastase

and sum up with a brief conclusion.
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2. Neutrophil elastase and its regulation

2.1. Neutrophil elastase

Neutrophil elastase, a member of the chymotrypsin

superfamily of serine proteases, is a 33-kDa enzyme with

several isoforms that differ in their extent of glycosylation

(Bieth, 1986; Ohlsson and Olsson, 1974). Commercially, the

most readily available enzyme is sputum elastase, which is

isolated from human sputum and has at least five distinct

isozymes (Twumasi and Liener, 1977). This elastase is both

immunologically and catalytically indistinguishable from

human neutrophil elastase, indicating that it is derived from

neutrophils. This enzyme is also found in much smaller

amounts in monocytes and mast cells (Lavie et al., 1980;

Meier et al., 1985) although its role in these cells is not yet

clear. In neutrophils, the concentration of neutrophil elastase

exceeds 5 mM and its total cellular amount has been

estimated to be up to 3 pg (Liau and Campbell, 1995).

Such a high concentration of elastase is tightly regulated by

compartmentalization in the azurophil granules (Bieth,

1986). Upon activation, neutrophil elastase is rapidly

released from the granules into the extracellular space with

some portion remaining bound to the neutrophil plasma

membrane (Owen et al., 1995) and is regulated by multiple

endogenous inhibitors. It has also been reported that neu-

trophils contain a1-protease inhibitor (Du Bois et al., 1991),

one of the most abundant endogenous inhibitors in the body

(Travis and Salvesen, 1983). Details on neutrophil elastase

endogenous protease inhibitors are reviewed later in this

article.

2.2. Natural substrates and target molecules of neutrophil

elastase

The main intercellular physiological function of neutro-

phil elastase is the degradation of foreign organic molecules

phagocytosed by neutrophils, whereas the main target for

extracellular elastase is elastin (Janoff and Scherer, 1968).

Although neutrophil elastase has actually been defined as a

protease that can degrade elastin fiber, other proteases

including protease 3, cathepsin G, macrophage elastase,

gelatinase, and cathepsin L and S are able to degrade elastin

as well (Lee and Downey, 2001). What makes neutrophil

elastase unique and recognized as one of the most destruc-

tive enzymes is its ability to degrade almost all extracellular

matrix and key plasma proteins (Table 1). In addition to

elastin, neutrophil elastase is known to degrade the extra-

cellular matrix proteins, collagen types I–IV, proteoglycan,

fibronectin, platelet IIb/IIIa receptor, complement receptor,

thrombomodulin, lung surfactant, and cadherins (Havemann

and Gramse, 1984; Carden et al., 1998; Ginzberg et al.,

2001; Ariel et al., 1998; Abe et al., 1994; Liau et al., 1996).

Regarding plasma proteins, neutrophil elastase is able to

cleave coagulation and complement factors, immunoglobu-

lin, several proteases, and protease inhibitors (Havemann

and Gramse, 1984; Okada et al., 1988), leading to their

activation or loss of function. In addition to its proteolytic

activity, neutrophil elastase is also known to induce the

production of interleukin-6, interleukin-8, granulocyte–

macrophage coronary-stimulating factor (Bedard et al.,

1993; Nakamura et al., 1992) and mucin from epithelial

cells (Sommerhoff et al., 1990), and the release of trans-

forming growth factor-h which binds to extracellular matrix

(Taipale et al., 1995). Interestingly, neutrophil elastase-

degraded fragments such as those from fibrin (Cepinskas

et al., 1997) and laminin (Steadman et al., 1993) are known

to be chemotactic toward neutrophils. It has also been

shown that neutrophil elastase binds to integrin CR3 (Cai

and Wright, 1996) and cleaves intercellular adhesion mol-

ecule-1 (Champagne et al., 1998), thereby promoting neu-

trophil migration from adhesion sites.

Whether the proteolytic activity of neutrophil elastase

has any pathophysiological importance is largely unknown.

However, as opposed to the classical notion that neutrophil

elastase is a pro-inflammatory factor, recent studies suggest

that neutrophil elastase down-regulates the inflammatory

process. Neutrophil elastase is capable of degrading various

pro-inflammatory cytokines such as interleukin-1, tumor

necrosis factor (Owen et al., 1997), interleukin-2 (Ariel et

al., 1998) and interleukin-6 (Bank et al., 1999) and, as noted

Table 1

Natural substrates and target cells of neutrophil elastase

Class Proteins/target cells General function

Matrix proteins Elastin, collagen

(types I– IV), proteoglycan

loss of function

Thrombomodulin,

Lung surfactant, cadoherins

Fibronectin neutrophil chemotaxis

Plasma proteins Coagulation factors

(V, VIII, XI, XIII)

loss of function

Complement factors

(C1s, C2–5, C9)

activation of

complement cascades

C1-inactivator

Fibrinogen, a2-plasmin neutrophil chemotaxis

Immunoglobulins IgG, IgM activation of neutrophil

and macrophage

Proteases Kininogen, collagenase,

Gelatinase

activation of enzymes

Protease inhibitor TIMPa loss of function

Cytokines ILb-1, -2 and -6, TNFac loss of function

Others Platelet IIb/IIIa receptor,

ICAM-1d
loss of function

Lymphocyte activation

Platelet platelet aggregation

Epithelial cell release of IL-6,

IL-8 and GM-CSFe

release of TGFhf

and mucin

a Tissue inhibitor of metalloprotease.
b Interleukin.
c Tumor necrosis factor.
d Intercellular adhesion molecule-1.
e Granulocyte-macrophage coronary-stimulating factor.
f Transforming growth factor beta.
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above, is also able to release soluble complement receptors

that can inhibit complement activation. Furthermore, neu-

trophil elastase-induced release of transforming growth

factor-h, an anti-inflammatory cytokine (Ulich et al.,

1991), may be important in the remodeling of inflammation.

Conversely, mice lacking the gene for an endogenous

protease inhibitor (secretory leukocyte protease inhibitor)

exhibit increased elastase activity and tissue inflammation,

along with delayed wound healing (Ashcroft et al., 2000).

Thus, an artificially elevated elastase activity promotes

inflammation and delays wound healing. The pathophysio-

logical relevance of neutrophil elastase-mediated substrate

degradation has been reviewed in more detail elsewhere

(Lee and Downey, 2001).

2.3. Endogenous protease inhibitors

Body fluids contain high concentrations of multiple

protease inhibitors, which both locally, and in circulation,

play an important role in protecting against unregulated

proteolysis by neutrophil elastase (Table 2). Among these

inhibitors, a1-protease inhibitor, a2-macroglobulin, and

secretory leukocyte protease inhibitor are important in their

abundance and characteristics (Travis and Salvesen, 1983;

Bieth, 1984). These inhibitors form complexes with neu-

trophil elastase in 1:1 or, in the case of a2-macroglobulin,

1:2 molar ratios, thereby inhibiting its enzymatic activity. In

the plasma, a1-protease inhibitor is the major inhibitor of

neutrophil elastase with the highest concentration and inhib-

itory potency, accounting for approximately 92% neutrophil

elastase inhibition. The remaining neutrophil elastase inhib-

ition is attributed to a2-macroglobulin (Ohlsson and Olsson,

1974); however, the mechanism of this inhibition is totally

different from that of a1-protease inhibitor. Whereas a1-

protease inhibitor irreversibly inhibits neutrophil elastase by

forming a stable acylenzyme–inhibitor complex through its

catalytic site, a2-macroglobulin stereochemically inhibits

neutrophil elastase by trapping it inside itself. Eventually,

the trapped neutrophil elastase largely loses its proteolytic

activity against macromolecular substrates, but is still able

to hydrolyze some native proteins, particularly small sub-

strates, at its unoccupied catalytic site (Travis and Salvesen,

1983). Whether this remaining proteolytic activity has any

pathophysiological significance is not clear; however, evi-

dence suggests that part of the tissue degradation in emphy-

sema (Stone et al., 1982) and rheumatoid arthritis (Moore et

al., 1999) can be attributed to the proteolytic activity of the

a2-macroglobulin–neutrophil elastase complex. As com-

pared to these two main inhibitors, secretory leukocyte

protease inhibitor is a smaller protease inhibitor (10.5

kDa), localized at the cytoplasm of bronchial gland serous

cells (Mooren et al., 1982). Due to its smaller size, secretory

leukocyte protease inhibitor has easier access to tight spaces

as compared to plasma macromolecular inhibitors (a1-pro-

tease inhibitor and a2-macroglobulin), and a recent study

has suggested that secretory leukocyte protease inhibitor

plays an important role in protecting against neutrophil

elastase-mediated tissue injury in the lower respiratory tract

(Owen et al., 1995).

2.4. Mechanism by which neutrophil elastase escapes the

action of endogenous protease inhibitors

Clearly, the physiological function of endogenous pro-

tease inhibitors is to provide an anti-neutrophil elastase

screen so that overwhelming neutrophil elastase does not

injure host tissue. Given the effectiveness and multiplicity

of this anti-neutrophil elastase shield, it seems unlikely that

neutrophil elastase mediates extracellular tissue injury. In

fact, the calculated half-life of active neutrophil elastase is

only about 0.6 ms, and by 3 ms, all neutrophil elastase

activity is inhibited in vivo (Travis and Salvesen, 1983).

Moreover, the concentration of a1-protease inhibitor (15–

30 AM) is eightfold in excess of its Ki value (3.3� 10� 14

M) for neutrophil elastase (Beatty et al., 1984). However, it

was already recognized almost 80 years ago that isolates

from purulent fluids recovered from inflammation sites are

capable of degrading a variety of native proteins (Opie,

1922).

Current notion holds that neutrophil elastase at inflam-

matory sites is able to escape from regulation by multiple

protease inhibitors in several ways. First, these protease

inhibitors have high molecular weights and cannot enter the

microenvironment between neutrophils and their substrate

tissues due to stereochemical limitations. In fact, it has been

shown that proteolysis by neutrophil-associated neutrophil

elastase is not fully inhibited by treatment with either high

molecular weight endogenous protease inhibitors or plasma,

whereas free neutrophil elastase is totally blocked by either

treatment. A low molecular weight neutrophil elastase

inhibitor is able to block proteolysis even in such a micro-

environment (Campbell and Campbell, 1988; Campbell et

al., 1982; Weitz et al., 1986). The second blocking mech-

anism is that a1-protease inhibitor is inactivated through

oxidation of its catalytic center (methionine residue in

position 358) by reactive oxygen species derived from

activated neutrophils (Matheson et al., 1979). It was sub-

sequently found that this mechanism also inactivates the

endogenous protease inhibitors, a2-macroglobulin and

secretory leukocyte protease inhibitor (Weiss, 1989; Kramps

et al., 1987). The third mechanism is the impairment of

Table 2

Typical endogenous protease inhibitors for neutrophil elastase

a1PI
a a2M

b SLPIc

Molecular weight (kDa) 55 725 10.5

Concentration (Amol/l plasma) 54 3 1.4d

Kon (M� 1 S� 1) 6� 107 4� 107 1.2� 107

a a1-Protease inhibitor.
b a2-Macroglobulin.
c Secretory leukocyte protease inhibitor.
d Concentration in bronchial secretion.
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inhibitory activity against tissue-bound neutrophil elastase

(Morrison et al., 1990; Kawabata et al., 1996). This pro-

posed mechanism comes from experiments showing that

endogenous protease inhibitors are not fully effective

against tissue-bound neutrophil elastase, yet are fully able

to inhibit the activity of the free enzyme (Kawabata et al.,

1996). Interestingly, in these experiments, the inhibitory

activity of endogenous protease inhibitors was related to

their molecular weight, suggesting that molecular mass is

the main factor for activity impairment in these inhibitors.

Low molecular weight neutrophil elastase inhibitors were

fully active against tissue-bound and free forms of neutro-

phil elastase. It has also been shown that endogenous

protease inhibitors are not fully effective to inhibit neutro-

phil elastase bound to the surface of neutrophils (Owen et

al., 1995). In addition to the mechanisms mentioned above,

a previously proposed mechanism suggests that a locally

overwhelming amount of neutrophil elastase shifts the

balance in favor of neutrophil elastase attack on tissue;

however, until quite recently, there was little experimental

support for the existence of this mechanism. Campbell et al.

(1999) suggest that a quantum burst of neutrophil granules

provides locally a very high concentration of neutrophil

elastase that overwhelms the anti-neutrophil elastase screen,

resulting in lung damage in patients with a1-protease

inhibitor deficiency. These mechanisms, collectively, may

lead to a local imbalance between neutrophil elastase and

endogenous protease inhibitors that finally enables neutro-

phil elastase to escape regulation.

This evidence that the inhibitory activity of endogenous

protease inhibitors is impaired at inflammatory sites empha-

sizes the importance of synthetic neutrophil elastase inhib-

itors without the size, steric, and mechanistic limitations of

endogenous protease inhibitors. As a result, many classes of

synthetic neutrophil elastase inhibitors have been developed

with the aim of regulating neutrophil elastase activity at

inflammatory sites. Details of these synthetic neutrophil

elastase inhibitors can be found in some of the recent

reviews (William and Norton, 1999; Edwards and Bernstein,

1994).

3. Neutrophil elastase and acute lung injury

Acute lung injury is a syndrome that results from a

variety of unrelated insults, including infection by Gram-

negative bacteria. The most severe form, adult respiratory

distress syndrome, is a high mortality disease that resists

most therapies. The pathophysiological characteristics of

this disease include interstitial and alveolar edema associ-

ated with a large amount of neutrophil infiltration into these

spaces (Wiener-Kronish et al., 1990). Recent studies suggest

that neutrophil elastase plays an important role in the

pathophysiology of acute lung injury. However, to verify

this hypothesis, the following must be examined: (1)

whether neutrophil elastase levels are increased in clinical

or in animal models of acute lung injury; (2) whether

application of neutrophil elastase induces typical symptoms

of acute lung injury in vitro or in vivo; and (3) whether

inhibition of increased neutrophil elastase activity reduces

symptoms of acute lung injury.

3.1. Are neutrophil elastase levels increased in clinical and

animal models of acute lung injury?

Over the last two decades, large amounts of data have

accumulated regarding neutrophil elastase concentration

(i.e., neutrophil elastase complexed with a1-protease inhib-

itor) and/or, in some cases, neutrophil elastase activity in

clinical acute lung injury. An early study using 23 adult

respiratory distress syndrome and 55 nonadult respiratory

distress syndrome patients demonstrated that neutrophil

elastase activity was significantly increased in bronchoal-

veolar lavage fluid from the patients with adult respiratory

distress syndrome (Lee et al., 1981). However, two subse-

quent smaller studies failed to detect any neutrophil elastase

activity in bronchoalveolar lavage fluid (Idell et al., 1985;

Weiland et al., 1986). Interestingly, in both studies, an

increase in neutrophil elastase–a1-protease inhibitor com-

plex was detected and, in the case of Idell et al. (1985), a

highly positive correlation between the concentration of

neutrophil elastase–a1-protease inhibitor complex and pul-

monary function (Aa-PO2) was observed. More recent

studies measuring plasma neutrophil elastase–a1-protease

inhibitor complex have consistently shown that neutrophil

elastase is increased in acute lung injury/adult respiratory

distress syndrome patients with, in some cases, a positive

correlation between the severity of the disease [PaO2/FiO2

(Rocker et al., 1989), respiratory index (Donnelly et al.,

1995)] and organ failure (Tonz et al., 1995).

Generally, discrepancies are mostly seen in studies meas-

uring bronchoalveolar lavage fluid components. In addition

to earlier studies showing that neutrophil elastase activity is

not always increased in bronchoalveolar lavage fluid from

patients with adult respiratory distress syndrome, a recent

study using 38 adult respiratory distress syndrome and 28

nonadult respiratory distress syndrome patients failed to

show any positive correlation between neutrophil elastase–

a1-protease inhibitor complex in bronchoalveolar lavage

fluid and disease severity as indicated by bronchoalveolar

lavage fluid protein concentration and PaO2/FiO2 value

(Mathy-Hartert et al., 2000). Reasons that may explain these

discrepancies include: the diversity of patients’ background,

the stage of sampling, and the technical difference between

systemic and local measurement. For example, in contrast to a

plasma measurement, a bronchoalveolar lavage fluid meas-

urement has the advantage of directly measuring neutrophil

elastase release in local lung space. However, the results from

humans are highly dependent on the specific site of lavage, in

contrast with bronchoalveolar lavage fluid measurements

from small animals where whole lungs are usually lavaged.

In addition to these technical issues, the substrate used in
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neutrophil elastase activity measurement should be consid-

ered. As has been shown by Wewers et al. (1988), neutrophil

elastase recovered in bronchoalveolar lavage fluid from

patients with adult respiratory distress syndrome is largely

bound toa1-protease inhibitor ora2-macroglobulin.Whereas

the amount of neutrophil elastase bound to a1-protease

inhibitor is measurable as neutrophil elastase–a1-protease

inhibitor complex, the activity of neutrophil elastase bound to

a2-macroglobulin is not always measurable. This is because

the neutrophil elastase–a2-macroglobulin complex retains

proteolytic activity against low molecular weight substrates

(Lee et al., 1981) but loses most of its activity against high

molecular weight substrates such as elastin (Idell et al., 1985;

Weiland et al., 1986). Thus, whether neutrophil elastase

activity is detected in bronchoalveolar lavage fluid from

patients with adult respiratory distress syndrome is largely

attributable to the type of substrate used in each study.

The next question that arises is whether increase neu-

trophil elastase activity by neutrophil elastase–a2-macro-

globulin complex is correlated with the severity of acute

lung injury and/or the proteolytic degradation of intact

tissues. Regarding acute lung injury, our data show that

neutrophil elastase activity in bronchoalveolar lavage fluid,

as detected by chromogenic substrates, was markedly

increased in a hamster model of acute lung injury induced

by endotoxin inhalation, and that this activity correlates

highly with the increase in protein concentration in bron-

choalveolar lavage fluid (Kawabata et al., 2000). Similarly,

when acute lung injury was induced by intravenous injec-

tion of cobra venom factor, plasma neutrophil elastase

activity increased rapidly and an increase in lung perme-

ability followed (Hagio et al., 2001) (Fig. 1). It is interesting

to note that in endotoxin-induced acute lung injury, neu-

trophil elastase activity in bronchoalveolar lavage fluid

increased but that in plasma did not, whereas in cobra

venom factor-induced acute lung injury, the reverse hap-

pened. Thus, the target tissue of neutrophil elastase may

differ depending on the type of insult leading to acute lung

injury. Regarding the proteolytic degradation of intact

tissues, we have noted that increased neutrophil elastase

activity in bronchoalveolar lavage fluid correlates with

desmosine concentration in it in NO2-exposed hamster

models of acute lung injury, both of which also correlate

with increased protein concentration in bronchoalveolar

lavage fluid (Nakao et al., unpublished results). This evi-

dence suggests that increased neutrophil elastase activity in

the neutrophil elastase–a2-macroglobulin complex corre-

lates significantly with acute lung injury and host tissue

degradation.

3.2. Does experimental application of neutrophil elastase

produces typical symptoms of acute lung injury?

The pathophysiology of acute lung injury is complex and

the full spectrum of this condition cannot be entirely

attributed to neutrophil elastase. Nonetheless, some acute

pathophysiological changes, including interstitial and alveo-

lar edema, intra-alveolar hemorrhage and underlying neu-

trophil infiltration (Tomashefski, 2000), can be induced by

topical neutrophil elastase application. Early studies indi-

cated that intratracheal instillation of neutrophil elastase in

hamsters induced hemorrhagic lung edema associated with

neutrophil infiltration (Senior et al., 1977) that progressed to

emphysema. It was also demonstrated that similar injury

was also induced by intravenous injection of pancreatic

elastase in hamsters (Schuyler et al., 1978) and in minipigs

(Stokke et al., 1986) although the enzyme used in these

studies was from pancreas. Interestingly, in the later case,

minipigs exhibited progressive respiratory failure with a

prompt increase in pulmonary vascular resistance, a

decrease in cardiac output, and lung neutrophilia. Thus,

pulmonary inflammatory lung edema is induced directly by

intratracheal instillation of neutrophil elastase and systemi-

cally by intravenous infusion of pancreatic elastase.

More recent studies have focused on the effect of

neutrophil elastase either on the organ or cellular level.

Using isolated cell-free perfused rabbit lungs, Koch et al.

Fig. 1. Changes in neutrophil elastase (NE) activity in hamster models of

acute lung injury. Panels A and B show changes in bronchoalveolar lavage

fluid (BALF)-NE activity and protein concentration after 30-min endotoxin

(ET, 300 Ag/ml) inhalation. Each point in panels A and B represents the

meanF S.E.M. for eight to nine animals. Panels C and D show changes in

plasma NE activity and lung permeability index after intravenous injection

of cobra venom factor (CVF, 10 U/kg) and [125I]-bovine serum albumin.

Lung permeability index is expressed as the ratio of radioactivity in lung

tissue to that in aortic blood. Each point in panels C and D represents the

meanF S.E.M. for three to four animals. Neutrophil elastase activity was

measured with a synthetic substrate, N-methoxysuccinyl-Ala-Ala-Pro-Val-

p-nitroanilide and is expressed as n mole p-nitroanilide release/ml/24 hr.
aP < 0.05, bP < 0.01 and cP < 0.001 vs. relevant saline-control group

(Student’s t-test). Modified from Kawabata et al. (2000) and Hagio et al.

(2001).
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(1992) showed that elastase most potently increases the

capillary filtration coefficient as compared with two other

inducers, positive hydrostatic pressure and arachidonic acid.

At the cellular level, Suttorp et al. (1993) showed that

neutrophil elastase increases the hydraulic conductivity of

cultured endothelial cell monolayers, probably by widening

intercellular gaps. Another study using cultured epithelial

cell monolayers (Peterson et al., 1995) demonstrated that

neutrophil elastase increases epithelial cell permeability by

charge-dependent mechanisms. Raats et al. (2000) recently

suggested that neutrophil elastase increases basement mem-

brane permeability by disrupting the integrity of heparan

sulphate proteoglycans. These studies show that neutrophil

elastase increases the solute permeability of endothelial and

epithelial cells and the basement membrane barrier, all of

which are important in the development of interstitial and

alveolar edema (Carden et al., 1998).

3.3. Does inhibition of increased neutrophil elastase activity

reduces symptoms of acute lung injury?

The development of neutrophil elastase inhibitors has

significantly increased our knowledge of the role of neu-

trophil elastase in acute lung injury. Over the last decade,

neutrophil elastase inhibitors have been used in many

animal studies. These inhibitors include chloromethylketone

(Powers et al., 1977), SC-39026 (Nakao et al., 1987), L-

658,758 (Finke et al., 1992), ICI-200,355 (Sommerhoff et

al., 1991), and ONO-5046 (Kawabata et al., 1991). Sys-

temic treatment with these inhibitors is consistently effective

in different animal models of acute lung injury induced by

various insults including endotoxin, reperfusion, thrombin,

and phorbol myristate acetate. For example, chloromethyl-

ketone ameliorated the increase in [125I]-labeled lung albu-

min uptake following an intraperitoneal endotoxin plus

intravenous N-formyl-L-methionyl-L-leucyl-L-phenylalanine

challenge in rats (Anderson et al., 1990). Chloromethylke-

tone was also effective against the increase in bronchoal-

veolar lavage fluid protein after hind limb ischemia

reperfusion in rats (Welbourn et al., 1991). Similar efficacy

against reperfusion-associated acute lung injury (as indi-

cated by an increase in capillary filtration coefficient) was

observed with L-658,758 in isolated rat lung (Carden et al.,

1998). In a sheep model of endotoxin-induced lung func-

tion, SC-39026 attenuated the increase in lung lymph flow

and lung lymph protein clearance (Gossage et al., 1993). A

more recent study showed that ICI-200,355 reduced throm-

bin-induced pulmonary edema in rats with evidence of a

decrease in lung neutrophilia (Ahn et al., 1994). Together,

results of these studies indicate that treatment with neutro-

phil elastase inhibitors can reduce the severity of acute lung

injury in several animal models.

In addition to the above studies, those using ONO-

5046 (LY544349, Sivelestat) may be particularly useful

for understanding the role of neutrophil elastase. Sivele-

stat is highly specific to neutrophil elastase, is systemi-

cally potent, and attenuates symptoms of acute lung

injury in a variety of animal models, including those

induced by systemic and local endotoxin challenge in

sheep (Kubo et al., 1994) and guinea pig (Sakamaki et

al., 1996), by injection of phorbol myristate acetate

(Wang et al., 1999) and triolein (Nakata and Dahms,

2000), and by reperfusion (Kishima et al., 1998). Our

results with Sivelestat indicate that this neutrophil elastase

inhibitor neither inhibits other proteases, including those

in the serine, cystein and matrix metalloprotease families,

nor affects many of the inflammatory mediators, such as

reactive oxygen species (Iwamura et al., 1993) and

cytokines (Table 3), all of which have been implicated

in the development of acute lung injury (Wiener-Kronish

Table 3

In vitro profile of Sivelestat

Molecules Experimental system Results

Serine protease

Human neutrophil

elastase

synthetic substrate/

purified enzyme

Ki = 46 nM

Hamster neutrophil

elastase

synthetic substrate/

neutrophil extract

Ki = 34 nM

Porcine pancreatic

elastase

synthetic substrate/

purified enzyme

Ki = 3800 nM

Thrombin, trypsin,

plasmin, kallikrein

synthetic substrate/

purified enzyme

IC50 > 500 AM

Cystein protease

Cathepsin B, ICEa native substrate/

semi-purified enzyme

IC50>500 AM

MMPs

Gelatinase, collagenase,

stromelysin

native substrate/

semi-purified enzyme

IC50>500 AM

Macrophage elastase

P. aeruginosa elastase

Other enzymes

Cyclooxygenase I, II AAb/semi-

purified enzyme

IC50>300 AM

5,15-Lipoxygenase AA/purified enzyme IC50>300 AM

Cytokine production

IL-1a, TNFh,
IL-6, IL-8

PBMCc/

endotoxin

IC50>300 AM

Expression of adhesion

molecule

E-selectin, ICAM-1d,

VCAM-1e
HUVECf/TNFa IC50>100 AM

Production of reactive

oxygen species

H2O2 neutrophil/PMAg IC50>200 AM
a Interleukin-1 converting enzyme.
b Arachidonic acid.
c Peripheral blood mononuclear cell.
d Intracellular adhesion molecule.
e Vascular cell adhesion molecule.
f Human umbilical vein endothelial cells.
g Phorbol myristate acetate.
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et al., 1990). Furthermore, when continuously infused to

hamsters, Sivelestat, at 0.1 mg/kg/h or higher doses, was

able to dose-dependently inhibit increased neutrophil

elastase activity in peripheral blood activated ex vivo

with opsonized zymosan. In hamsters, the inhibition of

elevated neutrophil elastase activity in bronchoalveolar

lavage fluid by Sivelestat at 0.3 mg/kg/h or higher doses

attenuated both the increase in protein concentration and

neutrophilia in bronchoalveolar lavage fluid after endo-

toxin inhalation. Similarly, by inhibiting the elevation of

plasma neutrophil elastase activity, Sivelestat ameliorated

the increase in lung vascular permeability, as indicated by

vascular-lung [125I] albumin ratio as well as by protein

concentration in bronchoalveolar lavage fluid (Fig. 2)

after cobra venom factor injection. Thus, specific inhib-

ition of increased neutrophil elastase activity can actually

reduce the symptoms of acute lung injury, particularly in

endotoxin-induced models, even when the infusion was

started after the onset of acute lung injury, suggesting

that inhibition of neutrophil elastase is therapeutically

useful in the treatment of acute lung injury. Furthermore,

results from a multicenter, double-blind Phase II study

(Ogawa et al., 1997) in 179 patients with systemic

inflammatory response syndrome showed that Sivelestat,

at 0.2 mg/kg/h, administered for 5 days, effectively

reduced acute lung injury as indicated by Mauuray’s lung

injury score. Using a stratified small size analysis

(patients with three or less dysfunctional organs, includ-

ing lung injury), Sivelestat improved survival rate in the

5-day administration period. Sivelestat is approved in

Japan for the treatment of acute lung injury in patients

with systemic inflammatory response syndrome.

4. Mechanism by which neutrophil elastase might induce

acute lung injury

As mentioned earlier in this article, a substantial

amount of evidence supports the current hypothesis that

neutrophil elastase plays an important role in the patho-

physiology of acute lung injury, although the precise

mechanism by which neutrophil elastase contributes to

acute lung injury remains speculative. This is because the

multisubstrate specificity of neutrophil elastase hampers

the identification of its primary target protein in vivo.

Fig. 2. Effect of neutrophil elastase inhibition (NE) on lung edema in

hamster models of acute lung injury. Panels A and B show the effect of

Sivelestat on BALF-NE activity and protein concentration 24 h after

inhalation of endotoxin (ET). Sivelestat was continuously infused 2–24 h

after ET inhalation. Each bar in panels A and B represents the

meanF S.E.M. for 11–12 animals. Panels C and D show the effect of

Sivelestat on plasma NE activity and lung permeability index 30 min after

intravenous injection of cobra venom factor (CVF) and [125I]-bovine serum

albumin. Lung permeability index is expressed as the ratio of radioactivity

in lung tissue to that in aortic blood. Sivelestat was continuously infused 90

min before to 30 min after injection of CVF. Each bar in panels C and D

represents the meanF S.E.M. for five to nine animals. dP < 0.001 vs. saline-

inhaled group (Student’s t-test). aP< 0.05 and bP < 0.01 vs. ET-inhaled or

CVF-injected group (Dunnett’s t-test). Modified from Kawabata et al.

(2000) and Hagio et al. (2001).

Fig. 3. Proposed mechanism by which neutrophil elastase (NE) induces

acute lung injury. Neutrophil elastase is released in response to multiple

stimuli and is able to remain active due to several mechanisms. Unregulated

neutrophil elastase activity would then hydrolyze several substrates, leading

to pathophysiological changes that are characteristics of acute lung injury.

Neutrophil elastase may indirectly modulate lung inflammation by

stimulating the production of pro-inflammatory cytokines. a)interleukin-6,
b)interleukin-8, c)reactive oxygen species, d)a1-protease inhibitor, e)a2-

macroglobulin.
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Recent studies have suggested that cell junction proteins,

such as the cadoherins in endothelial (Carden et al.,

1998) and epithelial cells (Ginzberg et al., 2001), throm-

bomodulin (Miyazaki et al., 1998) and proteoglycans in

basement membrane (Raats et al., 2000) and in lung

interstitium (Passi et al., 1998), are responsible for the

increase in alveolocapillary permeability either by dis-

rupting the function of the lung permeability barrier or by

directly damaging it. Neutrophil elastase may also play a

critical role in lung inflammation, either by influencing

neutrophil chemotaxis and cell adhesion or by inducing

the release of inflammatory mediators, such as interleu-

kin-8, granulocyte–macrophage coronary-stimulating fac-

tor, and complement factors. While still a speculation, a

possibility exists that neutrophil elastase may also con-

tribute to a decrease in respiratory function, not only by

inducing alveolar edema but also by damaging alveolar

surfactant (Liau et al., 1996). The proposed mechanisms

by which neutrophil elastase might contribute to the

pathophysiology of acute lung injury are summarized in

Fig. 3.

It should also be noted that neutrophil elastase is not

the sole factor responsible for lung edema. In fact,

Miyazaki et al. (1998) showed that treatment with Sive-

lestat was less effective to preventing transendothelial cell

permeability than transepithelial cell permeability using

tumor necrosis factor-a and phorbol myristate acetate-

activated neutrophils in isolated perfused rabbit lungs. We

have also noted that Sivelestat partially reduces the

increase in the lung microvascular permeability index

(up to 60%) but totally blocks the increase in bronchoal-

veolar lavage fluid protein in hamsters injected with

cobra venom factor (Hagio et al., 2001). Additionally,

Sivelestat did not reduce the acute lung injury induced by

air embolism in sheep (Miyahara et al., 1996). Therefore,

other factors may also contribute to the increase in

alveocapillary permeability in acute lung injury. Addi-

tional studies, including the identification of target pro-

teins of neutrophil elastase, would be useful for

understanding more precisely the role of neutrophil elas-

tase in the pathophysiology of acute lung injury.

5. Conclusion

Results from the studies discussed in this review

indicate that: (1) neutrophil elastase levels are increased

in clinical and animal models of acute lung injury, (2)

topical or systemic application of neutrophil elastase

produces typical symptoms of acute lung injury both in

vitro and in vivo, and (3) inhibition of increased neu-

trophil elastase activity reduces symptoms of acute lung

injury. This evidence strongly supports the current

hypothesis that neutrophil elastase plays an important

role in the pathophysiology of acute lung injury. It is

hoped that a better understanding of the role of neutro-

phil elastase in the pathophysiology of acute lung injury

will lead to more efficacious treatment for this compli-

cated and therapy-resistant disease.
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