Research Paper

THE aim of this study was to investigate the mechanism
for the increase in endothelial permeability induced by
human neutrophil elastase (HNE). Pretreatment of bovine
pulmonary artery endothelial cells (BPAEC) with
HNE(0-30 ig/ml) for 1h produced a concentration
dependent increase in "®I-albumin clearance. The effect
was reversible and was not due to cytolysis. Pretreatment
of BPAEC with sodium tungstate, which depletes
xanthine oxidase, or with oxypurinol, did not prevent
HNE induced incteased permeability. Heparin, which
neutralizes the cationic charge of HNE, also had no
protective effect. Pretreatment with heat inactivated HNE,
which still had positive charge sites, did not result in
increased endothelial permeability. Also, ONO-5046, a
novel specific inhibitor of HNE, did prevent increased
permeability. These results suggest that elastase increases
endothelial permeability mainly through its proteolytic
effects,
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Introduction

Polymorphonuculear leukocytes (PMN) con-
tribute to the development of high-permeability
lung oedema. Several studies in models of acute
lung injury indicate that PMN adhere to the
microvascular endothelium, extravasate and then
accumulate.”™ Bronchoalveolar lavage fluid of
patients with adult respiratory distress syndrome
shows an increase in PMN.>® Furthermore,
rendering animals neutropenic or administering
monoclonal antibodies against neutrophil adhesion
molecules affords significant protection against
models of the adult respiratory distress syndrome.””
About 34 ug of elastase is found in 10° PMN, !
and these cells release 20-30% of their elastase
content'> when they are activated and adhere to
endothelial cells.” The exposure of endothelial cells
to elastase increases the endothelial perme-
ability.'*'® The mechanism of the elastase induced
increase in permeability has not been fully
elucidated.

Rodell e al** reported that xanthine oxidase
(XO) mediates elastase induced endothelial injury
in models of isolated lungs and endothelium.
Peterson ef al'® demonstrated that the positive
charge of elastase is most important for increased
transendothelial albumin transfer. Prolonged expo-
sute to PMN elastase releases >'Cr from prelabelled
endothelial cells,'”'® suggesting cytolysis as a cause
of hyperpermeability. Because PMN elastase
degrades the extracellular matrix proteins such as
collagen and fibronectin,' the proteolytic ability of
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elastase may play an major role in the increased
permeability of endothelial cells by altering the
integrity of the extracellular matrix.

In the present study the effects of elastase on
monolayers of bovine pulmonary artery endothelial
cells (BPAEC) were examined and the mechanism
of the elastase induced increase’ in endothelial
permeability was investigated. The roles of the
positive charge, XO activity, and the enzymatic
proteolytic effect of elastase were also examined.

Materials and Methods

Reagents: Human neutrophil elastase (HNE) was
purchased from Elastin Products Co., Inc. (Owens-
ville, MO, USA). It was prepared from sputum
obtained from patients with cystic fibrosis, affinity
purified on soluble elastin covalently linked to
agarose beads, and further purified by affinity
chromatography on agarose. The final product is
free of cathepsin G, myeloperoxidase and lysozyme.

' The solution containing HNE was negative for

endotoxin, as determined by the Limulus lysate
test.2

Sodium tungstate, oxyputrinol, heparin, gelatin,
bovine fibronectin, bovine setum albumin (fraction
V) and hydroxyethyl piperazine ethane sulfonic acid
(HEPES) wete purchased from Sigma Chemical Co.
(St Louis, MO, USA). Dulbecco’s modified Eagle’s
medium (DMEM) and foetal bovine serum
(FBS) were purchased from Gibco Laboratories
(Grand Island, NY, USA), and 1257 albumin from
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New England Nuclear (Boston, MA, USA). A
new specific elastase inhibitor, ONO-5046, N-
[2-[4- (2,2 - dimethylpropionyloxy)phenylsulfonyl-
amino]benzoyl] aminoacetic acid, was provided by
Ono Pharmaceutical Co. (Osaka, Japan).

Preparation of cells: The BPAEC were freshly
isolated, grown in DMEM supplemented with 10%
FBS, and used between passages 18 and 22. These
cells were characterized as endothelial in origin by
the presence of angiotensin converting enzyme
activity and factor VIII related antigen. The
endothelium had typical cobblestone morphology
with tight interendothelial junctions. A total of
1 X 10° BPAEC in 0.5 m! were seeded and allowed
to grow to a confluent monolayer.

Preparation of monolayers on filters: Polycarbonate filters
with 0.8 um pore in diameter (Nucleopore;
Pleasanton, CA, USA) were washed in 0.1% acetic
acid and coated with gelatin as described
previously,” and glued to the bottom of plastic
cylinders that had an inside diameter of 9 mm
(Adaps, Inc.; Dedham, MA, USA). The wells were
suspended in 24-well culture plates, sterilized by
ultraviolet light for 24 h, and then coated with
bovine fibronectin, 30 ug/ml. The BPAEC were
seeded onto the filters and maintained at 95%
humidity, 5% CO,, 37°C. They were used 4-5 days
after seeding.

Transendothelial albumin assay: The system for determin-
ing transendothelial '*I-albumin flux was described
previously.”? Wells containing the endothelial
monolayers served as luminal chambers and wete
floated by means of a styrofoam collar in a large
abluminal chamber. The abluminal chamber con-
tained 25ml of Hank’s balanced salt solution
(HBSS) with 20 mM HEPES and 0.5% fraction V
bovine serum albumin, which was stirred contin-
uously for complete mixing and maintained at a
constant temperature of 37°C. The luminal chamber
contained 650 ul of identical medium to which
125T_albumin was added as tracer. With the chamber
sitting in the well, the levels of medium in the well
and in the abluminal were the same, so no
hydrostatic pressure was generated across the
monolayer.

The bufler in the abluminal chamber was sampled
every 5 min for 1 h. The "®I-activity was measured
in a gamma counter (Aloka; Tokyo, Japan), and
the transendothelial clearance rate (ul/min) was
calculated by weighted least-squares non-linear
regression (BMDP Statistical Software; Berkeley,
CA, USA).”Z The clearance rate was corrected for
differences in the ratio of free to bound '®I; free
21 concentrations were determined by tri-
chloroacetic acid precipitation.
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Treatment of endothelial monolayers with HNE : Since FBS
in the culture medium contains several anti-
proteases,” BPAEC monolayets wete washed twice
gently with HBSS, then filled with 650 ul of HBSS
containing tracer *I-albumin and several con-
centrations of HNE (0, 0.1, 1, 5, 10, 30 ug/ml).
After incubation for 1 h, transendothelial albumin
clearance was measured. The time course of the
elastase induced increase in permeability was also
examined. After incubation of monolayers with
HNE (1 ug/ml) for 0-6 h, transendothelial albumin
clearance was measured for 1 h. In addition, the
reversibility of the response was examined. The
BPAEC monolayers were treated with 0, 1 or
10 pg/ml of HNE for 1 h, washed twice with HBSS,
and incubated for 12 h in DMEM containing 10%
FBS without HNE before transendothelial albumin
permeability was measured.

Culture of BPAEC with tungsten: Tungsten is known
to inactivate XO by blocking incorporation of
molybdenum. To deplete intracellular XO from
endothelial cells, the BPAEC were cultured and
passed three times through DMEM containing
sodium tungstate (10 ppm). After the sub-culture,
these cells were seeded on the filters and the
albumin clearance was measured.

Effect of heat inactivation: To evaluate the effect of
enzymatic activity of HNE on transendothelial
permeability, HNE was heated to 100°C for 30 min.
The heating resulted in a 98% reduction in specific
elastolytic activity, as measured by release of soluble
elastin fragments from radiolabelled insoluble
bovine nuchal elastin.'

Effects of oxypurinol, heparin and ONO-5046 : Oxypurinol
was used as an XO inhibitor. Hepatin has a negative
charge and was used to neutralize the positive
charge of the endothelial cell surface. ONO-5046
competitively inhibits the proteolytic activity of
HNE (IC5, = 0.044 uM, K; = 0.2 uM).**

The BPAEC monolayers were treated with
oxypurinol (500 uM), heparin (30 ug/ml) and
ONO-5046 (107 M), 30 min prior to addition of
HNE (0, 1 or 10 ug/ml). After incubation for 1 h,
transendothelial albumin clearance was measured.

Lactate debydrogenase assay: Release of lactate dehydro-
genase (LDH) from BPAEC was determined to
assess whether the permeability increasing effects of
HNE were due to cytolysis. Endothelial mono-
layers were plated on 24-well culture plates. When
confluent, monolayers were washed twice with
phosphate buffered saline and incubated with HBSS
containing HNE (0, 1 or 10 ug/ml) for 1 h. The
LDH activity in the culture medium was assayed
using an LDH assay kit (Wako; Osaka, Japan).
Released LDH was expressed as a percentage of
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FIG. 3. Effect of oxypurinol on the human neutrophil elastase (HNE)
induced increase in permeability. Bovine pulmonary artery endothelial

monolayers were preincubated with (open bars) or without (cross-
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FiG. 2. Time course of the elastase induced increase in endothelial
permeability. Bovine pulmonary artery endothelial monolayers were
incubated with 1 ug/ml of human neutrophil elastase (HNE) for 0-6 h

before transendothelial 251-albumin clearance was measured. Values are
means + S.E.; n=6 in each group. *p < 0.05 compared with control

monolayers without HNE.



N. Suznki, Y. Ishii and S. Kitamura

s saastos
B R R R s e

Elastase (ug/ml)

e R ST
wﬁoooo%‘000%00&&0000000000&0000:#000‘4A..#....o.b.t.%.t@t@?

SRR
RIS

ot ottt s e oest
el e et et T et e e e e Tt e Tt e e ta R A e e e

% LDH

Al et e e e e e e e

Elastase (ug/ml)

monolayers
Elastase

Table 2. LDH release from BPAEC
(ug/ml)

| ]
(=3
(=4
o
N

(unwy/ju) sjes sdueIRID ULIWINGIY-|,,

1000+
FIG. 6. Effect of human neutrophil elastase (HNE) and heat inactivated

HNE on endothelial permeability. Bovine pulmonary artery endothelial
a temperature of 100°C for 30 min. Transendothelial '261-albumin
clearance rates were measured. Values are means + S.E.; n==6 in each

inactivated HNE (open bars) for 1 h; heat inactivation was achieved at
group. **p < 0.01 compared with monolayers with HNE.

monolayers were treated with HNE (cross-hatched bars) or with heat

10

A TSI Y
==
A s o e e e e e e e T AT et et e tetotatatetatetetetuty.

lateateteletetetatntato et te e e e e e e

PR O R

) medium containing 10 ppm of sodium
-albumin clearance rates were measured

Elastase (ug/ml)

—
<
c
3
[]
=
s
=
=

D Tungsten(+)

2000

(ujwyju) ajea asuesesld UIWING|Y-

1000

(uwwy/ju) ajes asueses|d UlWNG|Y-|;,

B R RO ]

R T R T R TR
B R R R

leleledeteleleloletete et et ts ot e tn ot oo e e tatuto It e e tatata e e et e e e e ta e e 2 2

u'u.wu.u.wu’u.u.u‘u.ﬂ.N.4ﬂ.dddd4.434&&4.4.4.'.44.4.5
Do R
B R
RrertatatetatetateteleleletetetetatatateteteletotetatetetetetetototaTe e e,
B oo oot
B N IS
B ety
A e I S I BN N

FIG. 7. Effect of ONO-5046 on the human neutrophil elastase (HNE)
induced increase in permeability. Bovine puimonary artery endothelial

monolayers were preincubated with (open bars) or without (cross-
hatched bars) 10~ M of ONO-5046 for 30 min. Transendothelial

126|_albumin clearance rates were measured without HNE and after

addition of HNE (1 or 10 ug/mti) for 1 h. Values are means & S.E.; n=6
in each group. **p < 0.01 compared with monolayers with HNE,

10

albumin

Pretreatment of BPAEC

Elastase (ug/ml)

(HNE) induced increase in permeability. Bovine pulmonary artery
2000 -

endothelial cells were cuitured during three passages with (open bars)

and without (cross-hatched bars

FIG. 4. Effect of tungsten treatment on the human neutrophil elastase
tungstate. Transendothelial 125

without HNE and after addition of HNE (1 or 10 ug/mi) for 1 h. Values

are means + S.E.; n =6 in each group.

1000+

(uiwypu) ojed soueLERSld LIWNQIY-] .,

(Fig. 7). Heat inactivation of enzymatic

FIG. 6. Effect of heparin on the human neutrophil elastase (HNE) induced
increase in permeability. Bovine pulmonary artery endothelial monolayers
were preincubated with (open bars) or without (cross-hatched bars)
30 ug/mi of heparin for 30 min. Transendothelial 128|_albumin clearance

completely prevented the HNE induced hyperpet-

with ONO-5046, a specific inhibitor of HNE,
meability

rates were measured without HNE and after addition of HNE (1 or

10 ug/ml) for 1 h. Values are means + S.E.; n= 6 in each group.

Effect of engymatic activity:

increase in the usual transendothelial
transfer (Fig. 6).

~NIO N
- =
+HH+H
© <~
0 mw

activity of HNE also prevented the increase in

permeability (Fig. 6).

6 in each group.

1 h with elastase. Values are

Bovine pulmonary artery endothelial

cell (BPAEC) monolayers were treated
%LDH = (LDH in medium/[LDH in

medium + LDH in cell lyaste]) x 100.

means + S.E.; n

for

Treatment of BPAEC with

elastase for 1 h did not increase LDH release (Table

2). This finding indicates that the increase in

endothelial permeability was not due to a cytolytic

effect of HNE.

14 Mediators of Inflammation - Vol 3- 1994

Cyrotoxicity assay of elastase



Elastase-induced increased permeability

Discussion

Several studies have indicated that HNE
increases transendothelial permeability,'* ¢ but the
mechanism has not yet been fully elucidated.
Tungsten is known to inactivate XO by blocking
incorporation of molybdenum.® Rodell ¢ a/.'*
found that lungs isolated from rats fed a
tungsten-rich diet had negligible XO activity. After
exposure to hyperoxia, these lungs developed less
acute oedematous injury during perfusion with
HNE than XO replete lungs from control rats. In
addition, tungsten treated, XO depleted cultured
BPAEC made less superoxide anion, and the
BPAEC monolayers leaked less I labelled albumin
after exposure to HNE, 5 ug/ml for 3 h than did
XO treplete endothelial cell monolayers.'* In the
present study, however, tungsten treatment did not
have any protective effect on the HNE induced
increase in endothelial permeability. Superoxide
anion production in the culture supernatant after
exposure of endothelial cells to HNE was not
significantly affected by tungsten treatment (data
not shown). In addition, oxypurinol, which depletes
XO activity,”® did not prevent the HNE induced
increase in albumin transfer. These data suggested
that XO is not involved in the mechanism of HNE
induced increase in endothelial permeability.

Endothelial cells have a negatively charged
glycocalyx on their luminal surface, which may be
important in controlling the escape of water and
macromolecules from the vascular space.”’ Since
HNE is positively charged at physiological pH,*>°
there is a possibility that HNE increases endothelial
permeability by its neutralizing effect on the
negatively charged endothelial barrier. Peterson ez
al.® showed that heat-inactivated HNE (30 pg/ml)
migrated the same distance in non-equilibrium disc
gel electrophoresis as did native HNE and still had
increased transendothelial albumin transfer. They
also indicated that heparin neutralized the cationic
charge sites on HNE and blocked the HNE induced
increase in albumin transfer. In the present study,
heat inactivated HNE did not increase permeability.
Heparin did not prevent the HNE induced
increased permeability. With HNE, concentrations
of 1 and 10 ug/ml, positive charge did not have any
effect on the HNE induced increase in transen-
dothelial albumin clearance.

Heat inactivated HNE, which has specific
elastolytic activity of only 2%, did not increase
permeability. ONO-5046, which competitively
inhibits HNE,* completely blocked the HNE
induced increase in albumin clearance. These results
suggest that enzymatic activity of HNE is essential
for the increase in endothelial albumin clearance.

HNE has nonspecific proteolytic activity, such
that long-term exposure to this substance eventually

ptoduces cytolysis. Varani ef a/.!” reported that
HNE (5 pg/ml) caused endothelial cell killing only
after prolonged incubation (longer than 8h).
Inauen e /. teported that incubation with HNE
(0.5-1.5 ug/ml) for 8h increased detachment of
endothelial cells exposed to anoxia reoxygenation
but did not affect *'Cr release. They suggested that
a low dose of HNE does not cause cytolysis but
does cause cell dysfunction. In the present study,
the exposure of BPAEC to 1 or 10 ug/ml of HNE
for 1h did not release LDH but did increase
permeability, indicating that the increase in
petmeability was not due to cytolysis. The
reversibility of the response supports this conclu-
sion,

In the present experiment, only enzymatic
inactivation prevented the HNE induced increase
in transendothelial albumin clearance. This finding
suggests that HNE increases endothelial perme-
ability mainly by its enzymatic proteolytic effect.

HNE degrades a variety of important structural
proteins, such as e¢lastine, proteoglycan, collagen
type I, II, III and IV, and fibronectin.?! Weiss ez
al? teported that both normal and chronic
granulomatous disease neutrophils degraded the
subendothelial matrix secreted by human en-
dothelial cells by an elastase dependent process.
Furthermore, Key ef 2/ demonstrated that HNE
causes cleavage of cellular proteoglycans.

The extracellular matrix associated with vascular
endothelial cells 7# vivo plays an important role in
the extravasation of plasma proteins and blood
cells.®® Recently, Partridge e¢# /> using an
endothelial monolayer treated with tumour necrosis
factor o, reported that the increase in permeability
involves the loss of fibronectin and remodelling of
the extracellular matrix. This report supports our
hypothesis that HNE increases permeability via the
proteolytic cleavage of extracellular matrix. Our
study further suggests that the inhibitor of
proteolytic activity of HNE might protect against
elastase induced acute lung injury.
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