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Abstract

 

Vessel wall subendothelial extracellular matrix, a dense
mesh formed of collagens, fibronectin, laminin, and proteo-
glycans, has important roles in lipid and lipoprotein reten-
tion and cell adhesion. In atherosclerosis, vessel wall hepa-
ran sulfate proteoglycans (HSPG) are decreased and we
therefore tested whether selective loss of HSPG affects lipo-
protein retention. A matrix synthesized by aortic endothelial
cells and a commercially available matrix (Matrigel; Bec-
ton Dickinson Inc., Rutherford, NJ) were used. Treatment
of matrix with heparinase/heparitinase (1 U/ml each) in-
creased LDL binding by 

 

z

 

 1.5-fold. Binding of lipoprotein
(a) [Lp(a)] to both subendothelial matrix and Matrigel

 

®

 

 in-
creased 2–10-fold when the HSPG were removed by heparin-
ase treatment. Incubation of endothelial cells with oxidized
LDL (OxLDL) or lysolecithin resulted in decreased matrix
proteoglycans and increased Lp(a) retention by matrix. The
effect of OxLDL or lysolecithin on endothelial PG was abol-
ished in the presence of HDL. The decrease in matrix HSPG
was associated with production of a heparanase-like activ-
ity by OxLDL-stimulated endothelial cells. To test whether
removal of HSPG exposes fibronectin, a candidate Lp(a)
binding protein in the matrix, antifibronectin antibodies
were used. The increased Lp(a) binding after HSPG re-
moval was inhibited 60% by antifibronectin antibodies. Sim-
ilarly, the increased Lp(a) binding to matrix from OxLDL-
treated endothelial cells was inhibited by antifibronectin
antibodies. We hypothesize that atherogenic lipoproteins
stimulate endothelial cell production of heparanase. This en-
zyme reduces HSPG which in turn promotes Lp(a) reten-
tion. (
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Introduction

 

Lipoprotein (a) [Lp(a)]

 

1

 

 is a complex lipoprotein consisting of
an LDL particle and apolipoprotein (apo) (a); apo(a) is at-
tached to apoB-100 by a disulfide linkage (1, 2). Apo(a) has a
high degree of homology to plasminogen, a serine protease zy-

mogen involved in fibrinolysis, and contains multiple tandem
repeats of plasminogen kringle IV–like domains. Lp(a) is a
leading inherited risk factor for atherosclerosis and stroke
(3–6). Lp(a) is present in human atherosclerotic plaques and
the amount of Lp(a) correlates with serum Lp(a) levels (7, 8).
When corrected for plasma levels, the deposition of Lp(a) in
the arteries exceeds that of LDL. Therefore Lp(a) appears to
be preferentially deposited in the plaques (9, 10). This may oc-
cur because Lp(a) binds, at least in vitro, to purified matrix
proteins via both apo(a) and apoB (11–14). However, the
mechanisms mediating Lp(a) retention by the arterial suben-
dothelial matrix (SEM), the major site of Lp(a) deposition in
vivo, are not known.

SEM is a dense mesh composed of proteins and proteogly-
cans (PG) (15). Major SEM proteins include collagens, fi-
bronectin, laminin, and vitronectin. PG, which constitute a sig-
nificant proportion of the matrix, contain highly negatively
charged glycosaminoglycans which are attached to a core pro-
tein (16, 17). Matrix PG contain three major classes of gly-
cosaminoglycans: heparan sulfate (HS), chondroitin sulfate,
and dermatan sulfate. The major SEM HSPG made by cul-
tured bovine aortic endothelial cells is perlecan (18). Perlecan
has a core protein of 

 

.

 

 400 kD to which the HS are attached at
one end. The core protein has multiple domains homologous
to the LDL receptor, laminin, immunoglobulin, and epidermal
growth factor.

Several studies indicate that the composition and content
of glycosaminoglycans change during lesion development (19–
23). Arterial wall chondroitin sulfate and dermatan sulfate
content increase during atherogenesis. Dermatan sulfate and
chondroitin sulfate have been postulated to play a role in LDL
retention within the vessel wall (21). In contrast, there is a de-
crease in the amount of HSPG in atherosclerotic vessels (22,
23). The cause and consequences of this decrease in HSPG in
vivo are not clear. In this study we show that exposure of cul-
tured endothelial cells to oxidized LDL (OxLDL) leads to a
reduction in matrix HSPG and the production of an endothe-
lial heparanase-like activity. More Lp(a) is retained by this
HS-depleted matrix.

 

Methods

 

Materials.

 

L

 

-lysophosphatidylcholine (lysolecithin) from bovine brain
was from Sigma Chemical Co. (St. Louis, MO). 

 

L

 

-[4,5-

 

3

 

H]leucine (147
Ci/mmol) and [

 

35

 

S]sulfate aqueous solutions were from Amersham
Corp. (Arlington Heights, IL). Heparinase and heparitinase were
purchased from either Sigma Chemical Co. or Seikagaku America
Inc. (Bethesda, MD). Chondroitin ABC lyase was from Seikagaku
America Inc. 1 U will form 0.1 

 

m

 

mol of unsaturated uronic acid/h.
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Lipoproteins.

 

LDL (

 

d

 

 

 

,

 

 1.063), Lp(a) (

 

d

 

 

 

5

 

 1.07–1.1), and HDL
(

 

d

 

 

 

5

 

 1.1–1.21) were isolated from fresh plasma by ultracentrifugation.
In all our experiments we used Lp(a) isolated from fresh plasma in
the presence of 0.01% azide, 1 mM EDTA, and 2,500 U/ml Trasylol
(aprotinin; Bayer Pharmaceutical, West Haven, CT). The data re-
ported here were obtained from Lp(a) preparations obtained from
two different subjects. Each of these Lp(a) on SDS-PAGE has one
apoB band and two isoforms of apo(a) and contained no degradation
products. The two major apo(a) isoforms in the two different Lp(a)
corresponded to sizes of 26 and 31 type IV kringle units. In some ex-
periments a commercially available, partially purified Lp(a) was used
to reconfirm the data.

LDL was oxidized by dialysis against a buffer containing 10 

 

m

 

M
CuSO

 

4

 

 for 24 h at room temperature (24). The amount of oxidation
was assessed by measuring thiobarbituric acid reactive substances as
described (25). The thiobarbituric acid reactive substance values of
OxLDL varied in the range of 16–26 nmol of malondialdehyde equiv-
alents/mg protein. Thus the OxLDL used was moderately oxidized
(compared to extensively oxidized LDL which typically has values of
40–45 nmol malondialdehyde). LDL and Lp(a) were radioiodinated
using iodine monochloride as previously described (26).

 

Cells.

 

Bovine endothelial cells were isolated and cultured as de-
scribed (27). The cells (5–15 passages) were grown in MEM contain-
ing 10% FBS (GIBCO/BRL Life Technologies, Gaithersburg, MD).

 

SEM.

 

Endothelial cells were grown in 24- or 48-well culture
dishes (Falcon; Becton Dickinson, Lincoln Park, NJ). SEM was pre-
pared as described previously (28). Briefly, confluent monolayers of
endothelial cells were washed three times with PBS and incubated for
5 min in a solution containing 20 mM NH

 

4

 

OH and 0.1% Triton X-100
at room temperature. Detached cells were removed by washing three
times with PBS followed by three times with MEM containing 3%
BSA/(MEM-BSA). This procedure has been shown to leave the in-
tact SEM attached to the surface of the well. In some experiments a
commercially available matrix, Matrigel

 

®

 

 (Becton Dickinson), was
used. Matrigel,

 

®

 

 according to the manufacturer, contains HSPG and
no chondroitin sulfate PG. 1 ml of Matrigel

 

®

 

 was diluted to 10 ml with
MEM-BSA and used to coat plates at 37

 

8

 

C for 2 h. For enzyme treat-
ment SEM or Matrigel

 

®

 

 was incubated with a mixture of heparinase
and heparitinase (1 U/ml each) or chondroitinase (1–2 U/ml) for 2 h
at 37

 

8

 

C.
In separate experiments to determine if these enzymes are active,

SEM PG were metabolically labeled with 

 

35

 

SO

 

4

 

 (see below) and incu-
bated with heparinase/heparitinase or chondroitinase. SEM predomi-
nantly contains HSPG and 

 

z

 

 70% of total sulfate label was released
by heparinase/heparitinase treatment. Heparinase and chondroitin-
ase at the concentrations used have no significant protease activity.

 

Lipoprotein binding.

 

SEM or Matrigel

 

®

 

 was washed and incu-
bated for 1 h at 37

 

8

 

C with 

 

125

 

I-LDL or Lp(a) in MEM-BSA. Unbound
lipoproteins were removed, the wells were washed three times, and
bound radioactivity was extracted by incubation in 0.1 N NaOH/0.1%
SDS for 1 h. For enzyme treatment SEM or Matrigel

 

®

 

 was first
treated with heparinase or chondroitinase for 2 h at 37

 

8

 

C washed, and
lipoprotein binding was performed. In some experiments Lp(a) was
first mixed with heparin (25 or 100 U/ml, Elkins-Sinn, Cherry Hill,
NJ) and then added to heparinase-treated matrix.

 

Metabolic labeling.

 

Endothelial PG were radiolabeled with [

 

35

 

S]sul-
fate for 24–48 h (29). Cell associated PG were assessed by removing
cells with NH

 

4

 

OH/Triton X-100 as described above. SEM PG were
extracted by incubation with 6 M guanidine hydrochloride for 4 h. Al-
ternatively, SEM was incubated with heparinase/heparitinase and re-
leased radioactivity was measured to assess HS. Total endothelial cell
proteins were labeled by incubating cells with [

 

3

 

H]leucine for 2 h at
37

 

8

 

C. Unincorporated radioactive amino acid was removed and total
protein synthesis was assessed either by extraction of cells with 0.1 N
NaOH/0.1% SDS for 1 h or by precipitation with 10% trichloroacetic
acid.

To study effects of lipoproteins, endothelial cell PG were labeled
as above and then incubated in MEM-BSA containing LDL, OxLDL,

HDL, or lysolecithin for 16 h. Cell and matrix PG were assessed as
above. To determine cytotoxic effects of OxLDL and lysolecithin, to-
tal protein synthesis was assessed as described above. OxLDL or ly-
solecithin treatment did not affect total protein synthesis. In addition
there were no visible morphological changes or cell death (Trypan
blue exclusion).

 

Measurement of HSPG-degrading activity of endothelial cell con-
ditioned medium (ECCM).

 

Confluent monolayers of endothelial cells
were incubated for 16 h in MEM-BSA or MEM-BSA containing
50 

 

m

 

g/ml OxLDL or 50 

 

m

 

M lysolecithin. Subsequently, ECCM was
collected and filtered. Endothelial cell monolayers and SEM in 48-
well culture plates were labeled with [

 

3

 

H]leucine or 

 

35

 

SO

 

4

 

. Labeled
cells and SEM were incubated with ECCM prepared from control
and lysolecithin-treated cells for 4 h at 37

 

8

 

C and released label was
counted. Release of [

 

3

 

H]leucine represents protease activity in ECCM
and release of 

 

35

 

SO

 

4

 

 represents heparanase activity.

 

Results

 

Removal of HS increases lipoprotein binding to matrix.

 

To test
whether removal of PG affects lipoprotein binding to matrix,

 

125

 

I-LDL and Lp(a) binding to normal and PG-deficient matrix
was assessed. Treatment with chondroitin ABC lyase (denoted
C’ase), which removes both chondroitin sulfate and dermatan
sulfate, did not affect the binding of either LDL or Lp(a) to
SEM (Fig. 1 

 

A

 

). In contrast, removal of HS with heparinase/
heparitinase treatment (denoted H’ase) increased LDL bind-
ing by 55% and Lp(a) binding by 200%. Since the amount of
PG made and deposited into SEM by endothelial cells varies,
an increase of as much as 10-fold in Lp(a) binding was ob-
served in some experiments. In subsequent experiments only
the binding of Lp(a) to matrix was explored.

We next assessed Lp(a) binding to Matrigel

 

®

 

. Since Matri-
gel

 

®

 

 contains only HSPG, the effects of heparinase/hepari-
tinase were assessed. Lp(a) binding to Matrigel

 

®

 

 increased
more than ninefold after the Matrigel

 

®

 

 was treated with hepa-
rinase (Fig. 1 

 

B

 

). These data suggest that matrix HS inhibit li-
poprotein interaction with matrix. Surprisingly, the increased
Lp(a) binding resulting from heparinase treatment of Matrigel

 

®

 

was not inhibited by exogenous heparin (25 U/ml). This sug-
gests that heparin does not interact with matrix proteins in the
same fashion as native HSPG.

 

OxLDL and lysolecithin decrease SEM PG.

 

We previously
reported (29) that endothelial cells exposed to lysolecithin pro-
duce an HSPG-degrading heparanase-like activity and we pos-
tulated that this activity decreases SEM HSPG. Since lysoleci-
thin is a component of OxLDL, we tested whether OxLDL
treatment alters SEM HSPG and leads to increased Lp(a)
binding to SEM. Endothelial cells containing 

 

35

 

SO

 

4

 

-labeled
PG were incubated with 100 

 

m

 

g/ml LDL, 25–100 

 

m

 

g/ml Ox-
LDL, or 50 

 

m

 

M lysolecithin for 16 h and SEM PG were deter-
mined by extraction with 6 M guanidine hydrochloride (Fig. 2

 

A

 

). As we previously reported (29), LDL treatment did not af-
fect the amount of PG in SEM. OxLDL in a dose-dependent
fashion decreased SEM PG. At 100 

 

m

 

g/ml, OxLDL reduced
the amount of PG in the SEM by 

 

.

 

 70%. As expected, lysolec-
ithin decreased SEM PG by 

 

z

 

 50%. Lysolecithin (29) and Ox-
LDL at these concentrations did not affect total protein syn-
thesis ([

 

3

 

H]leucine incorporation into proteins) suggesting the
absence of cytotoxic effects.

Decreased HSPG in matrix could be due to decreased syn-
thesis or increased degradation. We previously showed an
HSPG-degrading heparanase-like activity in lysolecithin-stim-
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ulated endothelial cells (29). To test whether OxLDL-medi-
ated decrease in matrix HSPG was due to degradation of HSPG
by endothelial heparanase, heparanase activity in ECCM from
control and OxLDL-(OxLECCM) stimulated endothelial cells
was determined (Fig. 2 

 

B

 

). 2.4-fold more [

 

35

 

S]sulfate was re-
leased from [

 

35

 

S]HSPG-containing matrix by OxLECCM, sug-
gesting that endothelial cells secrete a heparanase-like activity

in response to OxLDL. OxLDL did not release radiolabel
from [

 

3

 

H]leucine-labeled SEM, suggesting the absence of pro-
tease-like activity.

 

HDL blocks OxLDL and lysolecithin effects on SEM PG.

 

Since HDL inhibits several effects of OxLDL, we tested
whether the OxLDL- and lysolecithin-mediated decreases in
SEM PG were inhibited by HDL. Incubation of cells with

Figure 1. (A) Removal of HS increases lipoprotein binding to SEM. SEM was prepared as described and incubated in MEM-BSA (Control) or 
MEM-BSA containing 1 U/ml of chondroitin ABC lyase (C’ase) or 1 U/ml each of heparinase and heparitinase (H’ase) for 2 h at 378C. 125I-LDL 
or Lp(a) was added and incubated for 1 h at 378C. Bound lipoproteins were determined by extraction with NaOH/SDS as described. Values rep-
resent average of triplicate experiments6SD, 100% equals 1061.5 ng for LDL and 7.460.9 ng for Lp(a). (B) Lp(a) binding to Matrigel® is in-
creased by removal of HS. Matrigel® was diluted sixfold with MEM-BSA and used to coat 24-well plates for 2 h at 378C. Wells were then incu-
bated with MEM-BSA (Control) or MEM-BSA containing 1 U/ml heparinase and heparitinase (H’ase) for 2 h at 378C. Wells were washed and 
incubated with 125I-Lp(a) for 1 h at 378C. Bound radioactivity was determined as above. 100% equals 10.561.1 ng. For heparin experiment, 
Lp(a) was added together with 25 U/ml heparin to heparinase-treated Matrigel® and bound Lp(a) was determined.

Figure 2. (A) OxLDL and lysolecithin decrease matrix proteoglycans. Endothelial cell proteoglycans were metabolically labeled with 35SO4 by 
incubation in 35SO4-containing medium for 48 h. Medium was removed and the cells were washed with MEM-BSA and incubated with MEM 
alone (Control) or MEM containing 100 mg/ml LDL, different concentrations of OxLDL, or 50 mM lysolecithin for 16 h at 378C. After treat-
ments, media were removed and SEM was prepared as described in Methods. Total matrix proteoglycans were determined by extraction for 4 h 
with 6 M guanidine hydrochloride. OxLDL decreased matrix proteoglycans in a dose-dependent manner. (B) OxLDL-stimulated endothelial 
cells secrete a heparanase-like activity. Endothelial cells were incubated with MEM-BSA or MEM-BSA containing 100 mg/ml OxLDL for 16 h 
and ECCM was collected. Endothelial PG were metabolically labeled with 35SO4 by incubation in 35SO4-containing medium for 48 h and SEM 
was prepared. Total proteins were metabolically labeled by incubation in medium containing 25 mCi/ml [3H]leucine for 16 h. SEM containing la-
beled HSPG or proteins were incubated with MEM-BSA, ECCM, or OxLECCM for 4 h at 378C. Released label was counted. Approximately 
2.6-fold more 35S label was released by OxLECCM, suggesting the presence of an HSPG-degrading activity. OxLECCM did not release [3H]leu-
cine suggesting the absence of protease-like activity.
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HDL alone (100 

 

m

 

g/ml) slightly increased the amount of PG in
cells by 21% (not shown) and in SEM by 25% (Fig. 3). OxLDL
(100 

 

m

 

g/ml) and lysolecithin (50 

 

m

 

M) in this experiment de-
creased SEM PG by 61 and 56%, respectively. These de-
creases in SEM HSPG caused by OxLDL or lysolecithin treat-
ment were completely abolished when the incubation was
performed in the presence of HDL (100 

 

m

 

g/ml).

 

OxLDL or lysolecithin treatment of endothelial cells in-
creases Lp(a) binding to SEM.

 

We next tested whether the
OxLDL-mediated decrease in HSPG increases Lp(a) binding
to SEM. 

 

125

 

I-Lp(a) binding to SEM prepared from control and
lipoprotein-treated cells was assessed (Fig. 4). Similar amounts
of Lp(a) bound to matrix prepared from control cells and
LDL-treated cells. Lp(a) binding to SEM prepared from Ox-
LDL-treated endothelial cells increased to 

 

z

 

 260% of control.
Similarly, SEM prepared from lysolecithin-treated cells also
bound more Lp(a). These data show that the reduction in
HSPG caused by OxLDL and lysolecithin treatment allows
more Lp(a) binding.

 

HS mask Lp(a) binding sites in the matrix.

 

We hypothe-
sized that removal of HS exposed Lp(a) binding sites in the
matrix. We therefore tested whether an Lp(a) binding protein

such as fibronectin was exposed after heparinase treatment.
SEM was treated with heparinase/heparitinase for 2 h at 37

 

8

 

C
and then incubated with fibronectin antibodies for 30 min before
the addition of Lp(a) (Fig. 5). Heparinase in this experiment
increased Lp(a) binding by twofold. Fibronectin antibodies
(

 

AntiFN

 

) inhibited Lp(a) binding to heparinase-treated, but
not to control, SEM by 60%. Similarly, fibronectin antibodies
also decreased the amount of Lp(a) bound to heparinase-
treated Matrigel

 

®

 

 by 

 

z 40% (65.567 vs. 4163 ng).

Figure 3. HDL abolishes OxLDL and lysolecithin effects on SEM 
PG. Endothelial cell proteoglycans were metabolically labeled with 
35SO4 by incubation in 35SO4-containing medium for 48 h. Medium 
was removed and the cells were washed with MEM-BSA and incu-
bated with MEM alone (Control) or MEM containing 100 mg/ml 
HDL, 100 mg/ml OxLDL, 50 mM lysolecithin, 100 mg/ml each of Ox-
LDL and HDL, and 50 mM lysolecithin 1 100 mg HDL for 16 h at 
378C. After treatments, media were removed and SEM was prepared 
as described in Methods. Total SEM proteoglycans were determined 
by extraction for 4 h with 6 M guanidine hydrochloride.

Figure 4. Matrix prepared from OxLDL- and lysolecithin-treated 
cells binds more Lp(a). Endothelial cells were treated with LDL, Ox-
LDL, or lysolecithin as described in Fig. 2. SEM was then prepared 
from control and lipoprotein-treated cells and 125I-Lp(a) binding was 
assessed. The amount of Lp(a) bound to control matrix was 1160.9 
ng. Approximately 2.5- and 2-fold more Lp(a) was bound, respec-
tively, to SEM prepared from OxLDL and lysolecithin-treated endo-
thelial cells.

Figure 5. Removal of HS exposes Lp(a) binding sites on matrix fi-
bronectin. SEM was incubated with MEM-BSA (Control) or MEM-
BSA containing 1 U/ml each of heparinase and heparitinase (H’ase) 
for 2 h at 378C. Polyclonal fibronectin antibodies (Sigma Chemical 
Co., 1:100 dilution) were then added to control (AntiFN) and hepa-
ranase-treated matrix (H’ase 1 AntiFN) and further incubated for
30 min at 378C. 125I-Lp(a) binding was determined as described 
above. The increase in Lp(a) binding resulting from H’ase treatment 
was inhibited by fibronectin antibodies.
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We next tested whether the increase in Lp(a) binding to
SEM from OxLDL-treated cells was also due to exposed fi-
bronectin. As shown in Fig. 6, OxLDL treatment of endothe-
lial cells increased matrix binding of Lp(a) by 2.2-fold. This
was inhibited by . 60% by fibronectin antibodies. These data
suggest that the OxLDL-mediated reduction in SEM HS ex-
poses Lp(a) binding sites in SEM fibronectin.

Discussion

Subendothelial extracellular retention of lipoproteins is thought
to be a crucial event in the development of fatty streaks (30–
32). Carew and Schwenke (33) demonstrated that lipoprotein
retention, and not vessel permeability, was associated with ath-
erosclerosis development in areas of the rabbit aorta. Ultra-
rapid freezing and freeze etching studies by Frank and Fogel-
man (34) showed that the subendothelial space of aortas from
cholesterol fed rabbits has a three dimensional network of fi-
bers and fibrils. When LDL was injected into rabbits, it rapidly
crossed the intact endothelium and was trapped in this net-
work. More recent studies from the same group showed that
LDL associates with collagen fibers in the vicinity of cross con-
necting fibrils (35).

Much of the retention of Lp(a) within arteries appears to
be due to its apo(a) component and thus differs from LDL re-
tention which is thought to involve apoB. Although LDL are
smaller diameter particles which should more easily traverse
the endothelial barrier, Lp(a) accumulates more at atheroscle-
rosis-prone sites (10). In cerebral vessels, most of the Lp(a)
deposition is in endothelial and subendothelial layers (36).
Whether molecular changes in endothelium and subendothe-
lial matrix promote lipoprotein retention is unknown. Data
presented in this manuscript suggest that loss of HSPG in the
vessel may be an important contributor to increased lipopro-
tein retention. Removal of HS increased both LDL and Lp(a)

binding. Thus, the presence of HSPG may be beneficial for the
artery because it prevents retention of several atherogenic li-
poproteins in the matrix.

Several investigators in the past 20 years studied glycosami-
noglycans in normal and atherosclerotic vessels (20–23). Al-
though there are variations, the major conclusion from these
studies is that the contents of chondroitin sulfate and dermatan
sulfate are increased in lesions while that of HS is decreased.
Hollmann et al. (22) showed an inverse correlation between
the amount of cholesterol in the lesion and concentration of
HS in human aortas. More importantly, this negative correla-
tion was observed both in normal and atherosclerotic vessels.
Four- to five-fold more cholesterol was found in vessels which
have a 50% reduction in HS content. Although the reasons for
this correlation were not explained, the observation that HS
inhibits lipoprotein binding to matrix provides one mechanism
by which cholesterol can be deposited at regions lacking HSPG.

The mechanism of arterial HSPG decrease in vivo is un-
known. This could occur due to either decreased synthesis or
increased degradation. Heparanases, which degrade HSPG,
have been isolated and characterized from several mammalian
cells (37). This and previous (29) studies show that stimulated
endothelial cells can produce such an activity. Treatment of
endothelial cells with OxLDL or its component lysolecithin re-
duced matrix HSPG. This decrease was associated with endo-
thelial production of a heparanase-like activity (29), suggesting
that the HS decrease was more likely due to increased degra-
dation than decreased synthesis. Matrix-degrading metallopro-
teases are found in atherosclerotic vessels and are synthesized
by lesion macrophages (38, 39) and these enzymes are impli-
cated in extracellular matrix remodeling during atherogenesis.
Although such proteases could alter proteoglycans, our data
are most consistent with the production of a heparanase-like
activity by lysolecithin-stimulated endothelial cells. The amount
of sulfate-labeled proteins, predominantly proteoglycans, was
decreased in the matrix but not in the cells after lysolecithin
treatment (29). This was associated with the presence in lyso-
and OxLECCM of an activity which released sulfate but not
labeled amino acids from the matrix. Furthermore, we have
previously shown that the HSPG-degrading activity was inhib-
ited by heparin, a known heparanase inhibitor, and the 35SO4

degradation products were similar to those released by hepa-
rinase (29). Conceivably, OxLDL could alter other matrix
components apart from decreasing HSPG which results in an
increase in Lp(a) binding. However, at this point we believe
that the decrease observed in HSPG is sufficient to account for
the increased Lp(a) binding to the matrix.

A decrease in matrix HSPG has been previously observed
for endothelial cells subjected to different treatments. Guretzki
et al. (40) noted that incubation of endothelial cells with high
concentrations of LDL for 48 h caused a 50% decrease in ma-
trix HSPG. However, it is conceivable that the LDL under-
went oxidation during the long course of incubation leading to
the generation of products such as lysolecithin. Other agents
which affect endothelial HSPG include lipopolysaccharide
(41), high glucose (42), shear stress (43), heparin (44), certain
FFA (45), and activated T lymphocytes (46). Thus, a decrease
in HS may be a general inflammatory reaction contributing to,
among other things, increased lipoprotein binding.

The mechanisms of lysolecithin and OxLDL actions are
not clear. It should be noted that the effects of lysolecithin and
OxLDL in this and previous studies were observed in the pres-

Figure 6. Lp(a) binding to SEM from OxLDL-treated endothelial 
cells is decreased by antifibronectin antibodies. Endothelial cells 
were treated with OxLDL as described in Fig. 3. Lp(a) binding to 
control and OxLDL matrix was assessed in the absence or presence 
of fibronectin antibodies (FNAb) as described in Fig. 4. The increase 
in Lp(a) binding resulting from OxLDL treatment of endothelial cells 
was inhibited (z 58%) by fibronectin antibodies.
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ence of 3% albumin or 10% serum, suggesting that such effects
are possible in vivo in the environment of the subendothelial
intima. Moreover, we found no changes in total cell protein
synthesis suggesting that lysolecithin and OxLDL at the con-
centrations used have no cytotoxic effects. Several studies
have shown that alterations in endothelial function are medi-
ated by activation of protein kinase C (47, 48). Preliminary ex-
periments showed that treatment with PMA, a known PKC ac-
tivator, resulted in a decrease in matrix HSPG (not shown).
Thus, it appears that PKC activation may be a required step in
the secretion of heparanase. It is not known whether the en-
dothelial heparanase is a product of new gene transcription or
secreted from an existing intracellular source. Treatment of
endothelial cells with lysolecithin in the presence of actinomy-
cin D (an inhibitor of RNA synthesis, 5 mg/ml) or cyclohexamide
(an inhibitor of protein synthesis, 40 mg/ml) completely abol-
ished lysolecithin effects on matrix HSPG. Although this does
not prove that heparanase itself is a product of new transcrip-
tion, it suggests that new transcription and translation are re-
quired for heparanase secretion by endothelial cells.

In our experiments HDL completely abolished the effects
of both OxLDL and lysolecithin on endothelial HSPG metab-
olism. The mechanism of HDL inhibition of OxLDL and lyso-
lecithin effects is not clear. HDL might act as a sink for lysolec-
ithin and other modified lipids preventing their actions on
endothelial cells. In addition, recent studies showed that plate-
let activating factor acetyl hydrolase and paraoxonase enzymes
associated with HDL can metabolize and reduce the content
of biologically active oxidized lipids in OxLDL (49, 50). In our
experiments, HDL alone increased both cellular and suben-
dothelial PG. The extent of stimulation by HDL varied with
different batches of HDL; an increase of 25–75% in both cell
and matrix PG was observed. Thus our data show another
potentially antiatherogenic effect of HDL, that it increases
matrix HSPG and abolishes the effects of OxLDL on matrix
HSPG.

Although the exact mechanism of increased Lp(a) binding
after HS removal is not known, our data suggest that this is
most likely due to unmasking of lipoprotein binding sites in
the matrix proteins. Although matrix contains several adhe-
sion proteins, of particular relevance to atherosclerosis are fi-
bronectin and collagen type IV (51–54), and our data suggest
that fibronectin may play an important role in the retention of
Lp(a). Fibronectins are a class of glycoproteins found in solu-
ble form in plasma and in an insoluble form in extracellular
matrix (55). Immunohistological studies using human aortas
showed a membranelike layer positive for fibronectin along
the endothelium. Fibronectin is an early marker of atherogen-
esis and colocalizes with Lp(a) in early atherosclerotic lesions
and plaques. Thus, fibronectin is a likely binding site for Lp(a)
in vivo. Because HSPG are in a network with fibronectin and
other matrix adhesion proteins which have HS binding do-
mains, it is possible that removal of HS leads to exposure of
those sites. Alternatively, since apo(a) is a negatively charged
protein, removal of negatively charged HS in the matrix may
decrease charge repulsion, leading to increased binding.

Recent studies showed that fibronectin binds to plasmino-
gen, Lp(a), and recombinant apo(a) via its heparin binding do-
main and the lysine binding sites of plasminogen and apo(a)
(13, 56, 57). However, it is not clear whether heparin and
Lp(a) bind to exactly the same stretch of amino acids in fi-
bronectin. This may seem unlikely because in our experiments

heparin failed to inhibit Lp(a) binding to heparinase-treated
matrix. There may be several possibilities for the absence of
heparin inhibition on Lp(a) binding. The predominant HSPG
in subendothelial matrix is perlecan, which has three HS
chains of molecular mass 70–100 kD (18). If these chains are
involved in binding to fibronectin, removal of these chains by
heparinase treatment would presumably expose other areas in
addition to the heparin-binding domains. In this scenario, one
would have to assume that the HSPG blocking of Lp(a) bind-
ing may be more of a steric effect, and heparin, which has a
molecular mass of only 7–10 kD lacks such a steric effect. A
second possibility may have to do with glycosaminoglycan se-
quence specificity. Many heparin-binding proteins bind to spe-
cific sequences in heparin/heparan sulfate. A specific sequence
in perlecan HS may be involved in binding to fibronectin or
other matrix proteins, and heparin, which is a heterogeneous
population of glycosaminoglycans, may have limited amounts
of this sequence. A third possibility is that after removal of
HSPG from matrix, the matrix may reorganize (conforma-
tional change) leading to masking of the heparin-binding do-
main and exposing the Lp(a) binding site. Thus heparin-bind-
ing domains would no longer be available for interaction with
exogenous heparin.

In our experiments, a part of the Lp(a) binding to heparin-
ase-treated matrix was not inhibited by fibronectin antibodies.
Other matrix proteins which can potentially bind Lp(a) in-
clude collagens, laminin, and vitronectin. Laminin, also a hep-
arin-binding protein, has been shown to bind Lp(a) and is
present in both subendothelial matrix and Matrigel (58). How-
ever, in our experiments neither laminin antibodies nor anti-
bodies to collagen type I and IV inhibited Lp(a) binding to
matrix (not shown). In addition, since Lp(a) also contains
apoB, the nonfibronectin-binding could involve apoB interac-
tions with several other matrix components, e.g., collagens or
HSPG core proteins which contain lipoprotein binding sites.

Figure 7. A model for lipoprotein (a) retention in subendothelial ma-
trix. Some Lp(a) circulating in the bloodstream normally crosses the 
endothelial cell barrier. Most of this Lp(a) is not retained in the sub-
endothelial matrix, in part because the Lp(a) binding sites on fi-
bronectin are masked by HSPG. However, when, endothelial cells 
are stimulated by OxLDL or lysolecithin they produce a heparanase 
that degrades the HSPG. The loss of HSPG exposes the fibronectin 
and allows increased retention of Lp(a). Thus, in addition to reten-
tion via the apoB moiety, Lp(a) also now associates with matrix via a 
second, apo(a)-mediated process.
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Alternatively, there may be yet unidentified Lp(a)-binding
proteins in the matrix.

Based on our data, we hypothesize that in normal suben-
dothelial intima the matrix proteins such as fibronectin and
collagens are masked by the HSPG present in matrix (Fig. 7).
This masking prevents the binding of lipoproteins and, as re-
ported previously (29), monocytes and their subsequent reten-
tion within the intima. Our hypothesis is that agents such as
lipids and endotoxins stimulate endothelial cells to secrete the
matrix HSPG-degrading enzyme, heparanase. Loss of matrix
HSPG at sites of injury will increase lipoprotein binding and
trigger monocyte recruitment. Removal of HSPG may have
additional proatherogenic consequences. These include in-
creases in arterial permeability and release of matrix growth
factors from matrix HSPG (59). The growth factors might
stimulate endothelial cells to synthesize matrix proteins and in-
duce smooth muscle cells to migrate and proliferate in the in-
tima. Thus, we postulate that loss of HSPG is an atherosclero-
sis-promoting process.
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