American Journal of Pathology, Vol. 143, No. 3, September 1993

Copyright © American Society for Investigative Pathology

Degradation of Endothelial Cell Matrix Heparan
Sulfate Proteoglycan by Elastase and the
Myeloperoxidase-H,O,-Chloride System

Seymour J. Klebanoff,* Michael G. Kinsella,
and Thomas N. Wight!

From the Departments of Medicine* and Pathology,!
University of Washington, School of Medicine,

Seattle, Washington

The degradation of the beparan sulfate pro-
teoglycans of subendotbelial matrix by neutro-
Dphil elastase and the myeloperoxidase-H >0 -
chloride system added separately, sequentially,
ortogether at pH 4.5 to 7.5 was determined by the
release of lower molecular weight 3°S-labeled ma-
terial. Elastase alone and the myeloperoxidase
system alone caused degradation, and wben
4-bour exposure to elastase was followed by 15
minutes of exposure to the myeloperoxidase sys-
tem, the effect was greater than additive. A
greater than additive effect was not observed
when elastase followed the myeloperoxidase sys-
tem or the two were added together. Chloride (or
sulfate) alone increased the release of >>S-labeled
material from elastase-treated matrix, although
the effect of 0.1 M chloride was not as great as
that observed when an equivalent concentration
of cbloride was combined with myeloperoxidase
and H;0,. The release of these systems at sites of
adberence of neutropbils to glomerular basement
membrane may contribute to mneutrophil-
associated proteinuria. (Am J Patbol 1993, 143:
907-917)

Heparan sulfate proteoglycans (HSPGs) are widely
distributed on the plasma membrane of cells and in
the extracellular matrix where they are believed to be
important to a broad spectrum of biological functions.
2 The heterogeneous family of proteoglycans known
as HSPGs includes a number of macromolecules with
distinct protein cores, encoded by different genes,
and bearing one or more heparan sulfate glycosami-
noglycan chains. Heparan sulfate chains are linear
polysaccharides consisting of repeating disaccha-

ride units composed of glucosamine and glucuronic
acid, with the glucosamine residues either
N-acetylated or N-sulfated, and the glycosaminogly-
can chain variably modified by o-sulfation at various
positions in both residues and epimerization of some
glucuronate residues to iduronate. Thus, heparan sul-
fate chains are heterogeneous in structure, with spe-
cific sequences of modified residues implicated in
interactions with other molecules, such as anti-
thrombin 112 and basic fibroblast growth factor.# One
member of the family of HSPGs is the large matrix
HSPG, named perlecan, which is consistently present
as a component of basement membranes. Recently,
the complete amino acid sequences of human and
mouse perlecan have been deduced from overlap-
ping cDNAs .57 These studies indicate that the core
protein of perlecan has a predicted molecular weight
in excess of 450 kd and predict that perlecan bears
three heparan sulfate chains near the NH,-terminal of
the core protein. Perlecan is present in large amounts
in the glomerular basement membrane where its
heparan sulfate chains appear to act as a negatively
charged barrier to the passage of protein into the uri-
nary space.®® The nephrotic syndrome in rats is as-
sociated with a loss of glomerular basement mem-
brane heparan sulfate,'® and antibody to basement
membrane HSPG is nephrotoxic.''-13
Myeloperoxidase (MPO) is a highly cationic protein
present in the azurophil granules of neutrophils and
monocytes that is released either into the phagosome
or extracellularly when the phagocytes are stimu-
lated.'® Stimulated phagocytes also generate
H,0, during a respiratory burst and the MPO reacts
with H,O, and a halide such as chloride to form
agents toxic to ingested micro-organisms or extra-
cellular targets'*'® MPO infused into the renal artery
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binds to the negatively charged glomerular basement
membrane, and when the MPO infusion is followed by
infusion of H,O,, glomerular injury is induced as man-
ifested by endothelial cell swelling, focal epithelial cell
foot process fusion, a marked influx of platelets, and
proteinuria.'® 7 When radioiodide is also infused, io-
dination of the glomerular basement membrane is ob-
served,'® indicating the interaction of MPO, H,0,,
and a halide in the glomerular capillary wall. The in-
fused neutrophil proteinases, elastase and cathepsin
G, also bind to the glomerular basement membrane
with the production of marked proteinuria without ev-
idence of morphological damage.'® These findings
raise the possibility that the MPO-H,0O,-halide system
and the neutrophil proteinases elastase and cathep-
sin G act independently or together to contribute to
the damage observed in neutrophil-dependent glom-
erulonephritis and that this damage is induced in part
by an effect on the basement membrane heparan sul-
fate (perlecan).

In culture, endothelial cells assemble a basal ex-
tracellular matrix in which the predominant proteogly-
can is perlecan.’®2° This matrix can be labeled with
35G-sulfate, and the release of the label as well as the
demonstration of the presence of lower molecular
weight degradation products in the supernatant fluid
may serve as an in vitro correlate of our in vivo find-
ings, thus allowing more detailed mechanistic anal-
yses. In this study, 3°S-sulfate-labeled matrix, pre-
pared from bovine aortic endothelial cells, was
exposed to neutrophil elastase and to the MPO-H,0.-
chloride system either independently, sequentially, or
together and the release of lower molecular weight-
sulfated fragments determined.

Materials and Methods

Special Reagents

MPO was purified from human leukocytes?! and as-
sayed by guaiacol oxidation.?2 Human neutrophil
elastase was kindly provided by Margaret Vissers
(Christchurch, New Zealand) and assayed using
the specific synthetic peptide methoxysuccinyl-Ala-
Ala-Pro-Val-p-nitroanalide (Sigma, St. Louis, MQO).'8

Preparation of Labeled Subendothelial
Cell Matrix

Endothelial cells were isolated from calf thoracic
aortas and maintained as previously described.??
Cells between the 8th and 14th passage were col-
lected by trypsinization and seeded onto gelatin-

coated 24-well tissue culture trays (Costar, Cam-
bridge, MA) at a 2:1 split ratio. The cells were kept
in a CO, incubator for 9 to 12 days (generally 10)
and labeled by incubation for 24 to 48 hours with
100 uCi/ml carrier-free Nay[*°S]O, (ICN Radio-
chemicals, Costa Mesa, CA) in sulfate-free Dulbec-
co's modified eagle’s medium containing 10% fetal
bovine serum.

Subendothelial matrix was prepared from labeled
cell cultures essentially as described by Kramer et
al.?2 Briefly, the labeling medium was removed and
the cultures incubated for 5 minutes with 0.5%
Nonidet P-40 (Sigma) followed by three washes of 5
minutes each with sterile distillied water, which re-
moved most nuclei and cytoskeletal elements. The
labeled matrix adherent to the bottom of the wells
was stored for no longer than 4 hours in distilled
water at 4 C before use.

Harvest and Analysis of Samples

The distilled water was removed from the wells and
the reagents added, which are indicated in the fig-
ure legends and tables. The plates were incubated
at 37 C in a CO, incubator for the periods indi-
cated, placed on ice, and processed immediately.
The supernatants were removed from the culture
wells and frozen. Matrix was extracted overnight at
4 C with 0.5 ml of 6 M urea, 0.25 M NaCl, 2% Triton
X-100, 2.5 mM EDTA, 0.1 M 6-aminohexanoic acid,
5 mM benzamidine, 5 mM phenylmethylsulfonyl! flu-
oride, and 10 mM N-ethylmaleimide in 50 mM Tris-
HCI buffer (pH 7.5). The matrix was harvested with
a rubber policeman. Duplicate-measured aliquots
of the supernatant and solubilized matrix were spot-
ted on filter paper that was dipped in cetyl pyridin-
ium chloride to precipitate glycosaminoglycans.?4
The spots were washed to remove other labeled
components and counted in a liquid scintillation
counter. 3%S-labeled molecules were identified as
heparan sulfate by sensitivity to nitrous acid deami-
native cleavage at pH 1.5.2%

Sodium dodecylsulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) separation of the compo-
nents in the supernatant and matrix fractions was
performed in some experiments on 5- to 12-%
gradient slab gels essentially as described by
Laemmli.?® The positions of labeled bands were vi-
sualized by fluorography of fixed, dried gels previ-
ously treated with Enlightening (New England Nu-
clear, Boston, MA) enhancer and exposed at -70 C
on Kodak XAR-2 film. In other experiments,
samples were harvested as described above and



radiolabeled macromolecules separated by gel fil-
tration on an analytical Sepharose CL-4B column
(110 X 0.7 cm) in 4 M guanidinium hydrochloride
plus 0.05% Triton X-100. Recoveries of radiolabeled
macromolecules exceeded 90%. Radioactivity
present in collected fractions was determined by
liquid scintillation counting.

Immunochemical Analyses

Subendothelial cell matrices were prepared as de-
scribed above, fixed for immunofluorescence stud-
ies in 3% paraformaldehyde and 0.25% glutaralde-
hyde in 0.1 M potassium phosphate buffer, pH 7.4,
for 30 minutes at 4 C and washed three times with
cold phosphate-buffered saline. Fixed matrices
were quenched by treatment for 10 minutes with
0.05 M glycine in phosphate-buffered saline and
then incubated with 10% normal goat serum in 2%
bovine serum albumin (BSA) saline for 30 minutes
before incubation with the primary antibodies. Fixed
matrices were incubated overnight at 4 C with either
rabbit anti-bovine type IV collagen (Pel. Freez, Rog-
ers, AR) diluted 1:100, or monoclonal antibodies
specific for the core protein of basement membrane
HSPG (HK102 rat hybridoma supernate, courtesy of
Dr. K. Kimata, Nagoya, Japan) or the a-chain of
laminin (2E8 mouse hybridoma supernate, Develop-
mental Hybridoma Studies Bank maintained by the
Department of Pharmacology and Molecular Sci-
ences, Johns Hopkins University School of Medi-
cine, Baltimore, MD, and the Department of Biology,
University of lowa, lowa City, |A, under contract
NO1-HD-6-2915 from the NICHD) at 1:10 in 2%
BSA saline. Primary antibodies were localized by a
90-minute exposure to a 1:100 dilution of the appro-
priate fluorescein isothiocyanate-labeled goat sec-
ondary antiserum (Miles-Yeda, Naperville, IL) in 2%
BSA saline, and the complex was visualized and
microphotographs were made using a Zeiss photo-
microscope. In addition, some matrices were di-
rectly stained with TRITC-phalloidin (Sigma) to visu-
alize remnant portions of the polymerized actin
component of the cytoskeleton.

Statistical Analysis

Triplicate wells were used in each experiment and
the results averaged to obtain a single n for statisti-
cal analysis. The significance of differences were
determined by Student’s two-tailed t-test for inde-
pendent means (NS, P > 0.05).
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Results

Characterization of the Endothelial Cell
Matrix

The fibrillar matrix deposited by endothelial cells in
culture was detectable by phase contrast micros-
copy (Figure 1A), and was immunostained by anti-
bodies for basement membrane HSPG (Figure 1B),
type IV collagen (Figure 1C), and laminin (not
shown), suggesting that the matrix has structural
similarities to a basement membrane. The removal
of the overlying endothelial cells by the Nonidet
P-40 treatment and water washes was indicated by
the absence of nuclei on visualization by phase

-

Figure 1. Characterization of endotbelial cell matrix. Endothelial
cell matrix prepared as described in the Materials and Methods sec-
tion was viewed under (A) phase contrast microscopy or after immu-
nochemical staining for (B) basement membrane beparan sulfate
proteoglycan in the same field or (C) type 1V collagen. Bar = 20 .
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contrast microscopy and the absence of polymer-
ized actin on staining with TRITC-phalloidin (not
shown). The endothelial cells were initially plated on
gelatin; the major Coomasie blue-stained sodium
dodecylsulfate—polyacrylamide gel electrophoresis
(SDS-PAGE) bands attributable to gelatin were no
longer detectable in cultures 10 days after plating
(not shown).

Radiosulfate-labeled proteoglycans extracted
from prepared matrices ran on SDS-PAGE as a sin-
gle band that just entered the resolving gel (Figure
2). This band was removed by treatment with ni-
trous acid at pH 1.5, which specifically degrades
heparan sulfates. Chromatography of the extract of
labeled matrix on Sepharose CL-4B gave a sym-
metric peak with a K, of 0.25 (Figure 2). Taken to-
gether, these observations indicate that the base-
ment membranelike subendothelial matrix prepared
for these experiments contains a single major la-
beled proteoglycan species that has characteristics
of the large basement membrane HSPG previously
shown to be synthesized by endothelial cells in cul-
ture.‘9'27

Degradation of Endothelial Cell Matrix

Incubation of 3°S0,-labeled endothelial cell matrix
for 4 hours at 37 C in buffer alone at pH 7.5 resulted
in the release of 6.1% of the 3°S-labeled material
into the supernatant fluid (Figure 3). This baseline
release fell to very low levels as the pH was low-
ered, and thus may reflect the presence of endoge-
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Figure 2. Characterization of the radiosulfate-labeled proteoglycan.
The radiolabeled matrix was extracted as described in the Materials
and Methods section and separated by sodium dodecylsulfate—
polyacrylamide gel electrophoresis before and after treatment with ni-
trous acid at pH 1.5 for 90 minutes. A high molecular weight radio-
active band was observed, which was lost on nitrous acid treatment.
Chromatography of the extracted matrix on Sepharose CL-4B with
elution by 4 M guanidinium bydrochloride with 0.5% Triton X-100
revealed a single peak with K, = 0.25.
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Figure 3. Effect of elastase followed by the myeloperoxidase (MPO)
system on 3°S release from labeled matrix. The labeled matrix was in-
cubated either in buffer alone (1072 M sodium phosphbate buffer pH
7.5, sodium phosphate buffer pH 6.5, sodium acetate buffer pH 5.5,
sodium acetate buffer pH 4.5) or in buffer containing 1 pg/ml
elastase for 4 hours where indicated. 0.1 M Sodium chloride or 226
mU MPO/ml + 107 M H>O, + 0.1 M sodium chloride were then
added where indicated and the incubation continued for 15 min-
utes. The results are the mean + SE of three experiments. * Signifi-
cantly different from control, P < 0.05.

nous proteinases active at neutral pH. The addition
of neutrophil elastase significantly increased re-
lease above baseline at pH 7.5 (P < 0.01), 6.5 (P <
0.01), and, to a lesser degree, 5.5 (P < 0.001).
Fifteen-minute exposure to the MPO-H,O»-chloride
system also increased the release of 3°S-labeled
material from the matrix at pH 6.5 (P < 0.01) and, to
a lesser degree, at pH 5.5 (P < 0.001) and when
the matrix was exposed sequentially to elastase for
4 hours and the MPO system for 15 minutes, the re-
lease was greater than additive at pH 6.5, 5.5, and
4.5. Chloride alone at the concentration used in the
MPO system (0.1 M) significantly increased the re-
lease of 3°S-labeled material by elastase at pH 5.5
(P < 0.01) and 4.5 (P < 0.05) under the conditions
used in Figure 3, although the potentiating effect of
the complete MPO system was significantly greater
than that produced by chloride alone at pH 6.5 and
5.5 (P < 0.002 and P < 0.001, respectively).
Samples of extracted matrix and supernatant col-
lected after incubation with buffer alone, elastase at
pH 7.5 for 4 hours, or elastase at pH 5.5 for 4 hours
followed by the complete MPO system for 15 min-
utes were chromatographed on a gel filtration col-



umn to obtain a more precise measure of hydrody-
namic size (Figure 4). Aithough insufficient
radioactivity is released by buffer incubation alone,
radiolabeled matrix proteoglycan eluted from the
column as a peak of K, of ~0.21 (Figure 4A), com-
parable in size to the broader peak representing un-
treated matrix proteoglycan, eluted from a prepara-
tive column (Figure 2). Treatment of matrix
proteoglycan with nitrous acid resulted in complete
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Figure 4. Gel filtration analysis. Radiolabeled heparan sulfate pro-
teoglycan was extracted from the matrix (@) and supernatant (O) af-
ter incubations either with (A) buffer alone for 4 bours, (B) elastase
at pH 7.5 for 4 bours, or (C) elastase at pH 5.5 for 4 bours, followed
by the myeloperoxidase system for 15 minutes (as described in the
legend to Figure 3). Some extracts were treated after ethanol precipi-
tation with nitrous acid to degrade beparan sulfate before chroma-
tography (----).
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degradation, with radiolabel eluting near the column
total volume, indicating that the matrix proteoglycan
bears only heparan sulfate glycosaminoglycan
chains. Similar column profiles were obtained for
radiolabeled matrix incubated with acetate buffer at
pH 5.5 (not shown). After digestion with either
elastase alone (Figure 4B) or elastase plus the MPO
system (Figure 4C), the bulk of the material shifts to
smaller hydrodynamic sizes, with either treatment
giving similar profiles for matrix or supernatant sam-
ples. In matrix extracts the major peak eluted with a
Kav of 0.26 to 0.29, slightly smaller than matrix sam-
ples incubated with buffer alone. In addition, a
poorly resolved shoulder (K& ~0.45 to 0.47) in
matrix samples eluted at the same position as the
major peak of supernatant-associated radiolabel.
The minor peak of supernatant radioactivity eluted
with a K,, similar to that seen as the major peak
from matrix samples.

Figure 5 demonstrates the size distribution of the
products of proteoglycan degradation at pH 5.5
(Figure 5A) and 7.5 (Figure 5B), as detected by
SDS-PAGE. Both supernatant and matrix fractions
were analyzed. On incubation with buffer alone, es-
sentially all the radioactivity remained in the matrix
at pH 5.5, whereas some release into the superna-
tant (<10%) was observed at pH 7.5. Incubation
with buffer alone also did not change the SDS-
PAGE profile of matrix radioactivity, which ran as a
band that just entered the running gel. In contrast,
after incubation with elastase at either pH, a large
proportion of the radioactivity was present in frag-
ments that ran with an apparent M, of <250,000,
with more material of smaller size (M, < 100,000)
present after elastase treatment at pH 7.5. Little ra-
dioactivity was released by elastase into the super-
natant at pH 5.5, whereas most of the lower M, ra-
dioactivity was recovered from the supernatant of
matrices treated with elastase at pH 7.5. The MPO
system (MPO + H,O, + chloride) also increased
the release of radioactive products into the super-
natant at pH 7.5, and to a lesser degree at pH 5.5.
When treatment with elastase for 4 hours was
followed by treatment with the MPO system for 15
minutes, degradation at pH 5.5 was considerably
greater than the sum of the effects of elastase and
the MPO system alone. The increased release to
the supernatant under the combined action of
elastase and MPO is due largely to the release of
lower M, degradation products that remain matrix-
associated after elastase or MPO treatment alone at
pH 5.5. Chloride alone at 0.1 M had a small stimu-
latory effect on the release of labeled products in
the presence or absence of elastase, particularly at
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Figure 5. Sodium dodecylsulfate-polyacrylamide gel electrophoresis
analysis of elastase- and myeloperoxidase-treated matrix. The reac-
tion mixture was as described in Figure 3 for pH 5.5 (A) and 7.5 (B).
S, supernatant; M, matrix.

pH 5.5. All subsequent experiments were per-
formed at pH 5.5.

The stimulatory effect of chloride alone on the re-
lease of *5S-labeled material increased with an in-
crease in the chloride concentration, and sodium
chloride could be replaced in this regard by sodium
sulfate (Figure 6). This stimulation of release by high
salt concentrations was observed in the presence
and, to a lesser degree, in the absence of elastase.
When analyzed by SDS-PAGE, both chloride and
sulfate at high concentration increased the release
of matrix or its lower molecular weight fragments
into the supernatant fluid, particularly in the pres-
ence of elastase (Figure 7).
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Figure 6. Effect of chloride and sulfate concentrations. The labeled
matrix was incubated either in 10~2 M sodium acetate buffer pH 5.5
alone (solid bars) or in buffer containing 1 ug/ml elastase (open
bars) for 4 bours. Sodium chloride or sodium sulfate were added at
the concentrations indicated and the incubation continued for 15
minultes. The results are the mean + SE of four experiments. * Signif-
icantly different from no chloride or sulfate, P < 0.05. * Significantly
different from no elastase, P < 0.05.

Table 1 demonstrates the requirement for each
component of the reaction mixture for the release of
85S-labeled material by a 4-hour exposure to
elastase followed by a 15-minute exposure to the
MPO system. Release was lowest when chloride
was omitted. The partial release observed when
H-0, or MPO was omitted is due to the effect of
elastase plus chloride, and the partial release when
elastase was omitted is due to the effect of the MPO
system.

In Figure 3, labeled matrix was preincubated with
elastase for 4 hours and then incubated with either
chloride alone or the MPO-H,O,-chloride system for
15 minutes. In Figure 8, the order was reversed,
with chloride or the MPO system (15 minutes)
followed by elastase (4 hours). As in Figure 3, at
pH 5.5, 35S release was significantly increased by
elastase, the MPO system and chloride either indi-
vidually or in combination. %S release by a combi-
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Figure 7. Sodium dodecylsulfate-polyacrylamide gel electrophoresis
analysis of chloride- (or sulfate)-treated matrix. The reaction mixture
was as described in Figure 5 with the use of 0.5 M sodium chloride or
sodium sulfate.

Table 1. Effect of Deletion of Components

353 release
Supplements (%) P* Pt
None 0.4+0.3 <0.01
Elastase + MPO + H,O, + CI  33.7+5.3 <0.01
Cl omitted 2.0+0.5 <001 NS
H>O, omitted 76+£3.1 <002 NS
MPO omitted 10.4+3.8 <0.05 NS

Elastase omitted 6.7+1.8 <0.01 <0.02

The reaction mixture was as described in Figure 3, except that
102 M sodium acetate buffer (pH 5.5) was used and components
of the reaction mixture were omitted where indicated. Results are
the mean + SE of three experiments.

* P value for the difference from Elastase + MPO + Hz05 + Cl.

t P value for the difference from none.

nation of elastase and chloride was significantly
greater than either elastase (P < 0.001) or chloride
(P < 0.001) alone, or the sum of the two
(P < 0.002). %S release by a combination of
elastase and the MPO system was significantly
greater than either elastase (P < 0.001) or the MPO
system (P < 0.05) alone; however, it was not differ-
ent than the sum of the two.

In Figure 9, elastase, the MPO system, and chlo-
ride, singly or in combination, were added to the la-
beled matrix at zero time and incubated together for
periods of up to 4 hours. Under the conditions
used, the combination of elastase and chloride pro-
duced a significantly greater release of 3°S-labeled
compounds than did elastase and chloride alone
(or the sum of the two) at all time periods. The com-

Heparan Sulfate Proteoglycan Degradation 913
AJP September 1993, Vol. 143, No. 3

[35S]-Sulfate Release (Percent)

Figure 8. Effect of the myeloperoxidase (MPO) system followed by
elastase on *°S release. The reaction mixture was as described in Fig-
ure 3 (pH 5.5) except that the labeled matrix was incubated with
chloride or the MPO system for 15 minutes followed by a 4-hour
incubation with elastase where indicated. The results are the mean
* SE of three experiments. * Significantly different from control,
P <005
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Figure 9. Effect of elastase and the myeloperoxidase (MPO) system
added together on 35S release. The reaction mixture was as described
in Figure 3 (pH 5.5) except that the components were all added at
zero time and incubated for either 15, 60, or 240 minutes. The re-
sults are the mean of three experiments.

bination of elastase and the MPO system also pro-
duced a significantly greater release than did
elastase alone at all time periods; however, the ef-
fect of the combination was not significantly greater
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than that of the MPO system alone (or the sum of
the individual effects of elastase and the MPO sys-
tem).

Discussion

Neutrophils adherent to extracellular matrix such as
the glomerular basement membrane can release
various agents that have the potential for altering
the structure and thus the function of matrix compo-
nents. We have concentrated here on the effect of
elastase and the MPO-H,0O,-chloride system,
added separately or in sequence to endothelial cell-
derived extracellular matrix, on the degradation of
the 38S-sulfate—labeled basement membrane HSPG
(perlecan).

We found that elastase or the MPO-H,O,-chloride
system alone caused the release of lower molecular
weight fragments of labeled HSPG and that, when
elastase treatment was followed by the MPO sys-
tem, the effect was greater than additive, particu-
larly at acid pH. When the matrix was exposed to
the MPO system first and then to elastase, or when
both the MPO system and elastase were added to-
gether, the effect of the combined treatment was not
greater than the sum of the two systems added in-
dividually. Thus, both elastase and the MPO system
degrade HSPG with the effect of the MPO system
being enhanced by elastase pretreatment.

Elastase alone at pH 7.5, or together with the
MPO-H,0,-chloride system at pH 5.5, appears to
release HSPG degradation products of comparable
hydrodynamic size. Both treatments generate sev-
eral discrete HSPG fragments, with the smaller be-
ing released preferentially to the supernatant. The
partial retention of larger HSPG fragments in the
matrix suggests that elastase digestion alone is not
sufficient to cause release of all HSPG. It is possible
that larger fragments of HSPG may remain bound to
other matrix components by electrostatic forces and
that further proteolysis is required for release into
the supernatant. In this context, it is important to
note that the treatment did not cause complete mor-
phological dissolution of the matrix. For example,
despite the release of HSPG degradation products
after treatment with elastase or the MPO-H,O,-
chloride system, the remaining matrix appeared
morphologically intact as indicated by phase con-
trast microscopy. In each instance, the matrix
stained with an antibody to type IV collagen.

Chloride alone at high ionic strength increased
the release of labeled products in the presence and
absence of elastase, an effect that was also seen

with sulfate. The binding of elastase to sulfated gly-
cosaminoglycans results in partial inhibition of
enzyme activity, presumably due to electrostatic in-
teraction between the negatively charged polysac-
charide and the positively charged enzyme.28:2°
Thus, high ionic salt may facilitate elastase activity
by disruption of these ionic bonds, allowing the en-
zyme to react with the protein core. Alternatively, the
breaking of ionic bonds may allow more ready diffu-
sion of degradation products trapped in the matrix.
The effect of chloride alone at the concentration
used in the MPO system was small and could not
account for the effect of the complete MPO system.

The degradation of extracellular matrix by neutro-
phils has been demonstrated with the mechanism
of degradation varying in different studies. In one
study,®° human neutrophils allowed to adhere to
35S-sulfate-labeled extracellular matrix at pH 6.3
caused the release of labeled fragments. The pro-
teoglycan of the extracellular matrix was 70 to 75%
heparan sulfate, and that the degradation products
were derived from this proteoglycan was suggested
by their resistance to chondroitinase ABC and pa-
pain digestion, sensitivity to nitrous acid deamina-
tion, and precipitation by cetyl pyridinium chlo-
ride.®° Degradation was unaffected by stimulation
of the neutrophil by zymosan-activated serum or
phorbol myristate acetate, was lost when the pH
was raised above 7.2 and was inhibited by heparin
and proteinase inhibitors.3031 It was proposed that
degradation of extracellular matrix heparan sulfate
is due to the release of a heparanase from the spe-
cific granules of neutrophils,3? whose action is facil-
itated by a proteinase. In another study3334 in
which 3%S-sulfate—labeled extracellular matrix con-
taining a smaller proportion (25%) of heparan sul-
fate was used, human neutrophils used predomi-
nantly intrinsic proteinases to degrade the
proteoglycan. Degradation occurred at pH 7.4, was
increased by the neutrophil stimulants, phorbol
myrystate acetate or formyl-methionine-leucine-
phenylalanine plus cytochalasin B, and was
strongly inhibited by serum or a specific inhibitor of
neutrophil elastase. Degradation was unaffected by
catalase and superoxide dismutase. Degradation
was induced by cathepsin G and the MPO-H,0.-
chloride system; however, it was considerably less
than that produced by neutrophil elastase. Both
elastase and MPO-mediated degradation resulted
from the cleavage of the core protein rather than the
glycosaminoglycan of the peptidoglycan. Key et
al®® also have reported the cleavage of vascular
endothelial cell-associated 3°S-labeled heparan



sulfate proteoglycan by stimulated neutrophils, cell-
free neutrophil supernatants, and neutrophil
elastase.

When subendothelial matrix was labeled with 3H-
proline, degradation was dependent on neutrophil
elastase but not on oxygen metabolites.3> However,
when the elastase was inhibited by a4 proteinase
inhibitor, degradation could be facilitated by oxi-
dants formed by the MPO-H,O,-chloride system
because of their inhibitory effect on a; proteinase
inhibitor.35%¢ Neutrophil-dependent degradation of
glomerular basement membrane, as measured by
the release of hydroxyproline, required the pres-
ence of aggregated immunoglobulin G and was in-
hibited by a serine proteinase inhibitor, implicating
elastase and/or cathepsin G.37 The MPO-H,0,-
chloride system increased the susceptibility of the
glomerular basement membrane to proteolysis;
however, this potentiation was largely offset by oxi-
dative inactivation of the proteinases.®® Although
H>0,, MPO, and oxidants released by stimulated
polymorphonuclear leukocytes enhanced the deg-
radation of matrix laid down by neonatal rat aortic
smooth muscle cells, proteinases (elastase, colla-
genase, and/or gelatinase) appeared to be the ma-
jor enzymes responsible for the degradation.3°

In other studies, neutrophils or neutrophil extracts
increased the degradation of cartilage proteogly-
can, as measured by the release of 3°S-sulfate—
labeled material.“® Degradation was partially inhib-
ited by a specific neutrophil elastase inhibitor. The
product of the MPO system, HOCI, also degraded
cartilage proteoglycan; however, the MPO-H,O,-
chloride system had no consistent effect. It was
concluded that neutrophil-mediated degradation of
cartilage proteoglycan was due primarily to
elastase with a minor role for the products of the
MPO system. Neutrophil elastase and cathepsin G
have been reported to be the primary proteinases
responsible for neutrophil-mediated cartilage pro-
teoglycan degradation, with the contribution by
proteinase-3 being negligible.#' The degradation of
articular cartilage proteoglycan aggregates by hy-
pochlorite*? and the cleavage of hyaluronic acid by
the MPO-H,Ox-chloride system#344 has been re-
ported.

Our studies support degradation of HSPG of the
glomerular basement membrane as a contributing
factor in the induction of proteinuria by renal artery
infusion of MPO and H,0,'® or elastase.'® With
MPO and H,O, infusion, proteinuria is associated
with marked morphological changes that are not
observed after elastase infusion. Thus, glomerular
damage, particularly produced by the MPO system,
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appears to also involve other mechanisms. In
neutrophil-dependent glomerulonephritis, neutro-
phils adhere to glomerular endothelial cells and
basement membrane and release oxidants and
granule enzymes at the site of attachment.*546 Glo-
merular injury under these conditions may result in
part from the disruption of basement membrane
proteoglycans by proteinases and/or oxidants.
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