
Summary. During accelerated vascular remodeling such
as in atherosclerosis, the composition of the extracellular
matrix becomes altered. The matrix components of the
diseased artery influence cellular processes such as
adhesion, migration and proliferation. Furthermore, in
atherosclerosis, the inability of the cells within the lesion
to produce a mechanically stable matrix may lead to
plaque rupture. In this immunohistochemical study of
atherosclerotic mice aorta, we have reviewed the
presence of ECM components with roles in maintaining
tissue structure and function. These components include
osteopontin and COMP as well as the leucine rich
repeats proteins decorin, PRELP, and fibromodulin.
Immunohistochemistry demonstrated presence of
osteopontin, COMP, decorin, PRELP and fibromodulin
in lesion areas of ApoE/LDLr deficient mice. Some
advanced lesions exhibited areas of cartilage-like
morphology and were shown to represent cartilage by
their content of the cartilage specific proteins collagen II
and aggrecan. The results suggest that cartilage-
associated cell/collagen binding ECM proteins may be
involved in the pathogenesis of atherosclerosis.
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Introduction

During the progression of atherosclerosis, an
extensive remodeling of the extracellular matrix (ECM)
takes place. The development of atherosclerosis is
initiated by an inflammatory process, triggered by an
increased uptake of LDL particles in the intimal space of
the vessel wall. Cytokines, growth factors and adhesion
molecules attract medial smooth muscle cells (SMC),

which subsequently start to proliferate and produce
ECM proteins, including collagen. Growth factors and
cytokines further promote growth of the plaque and
formation of a fibrous cap which encapsulate the lesion.
At a later stage, matrix-degrading enzymes secreted by
macrophages, may weaken the fibrous cap leading to
thrombus formation (Ross, 1999; Rosenfeld, 2000). A
number of recent reports provide examples of how the
ECM participates during different stages of the disease.
An altered ECM affects cellular adhesion, migration and
proliferation (Raines, 2000). It has also been shown that
a modified ECM influences collagen fiber formation
(Barnes and Farndale, 1999), lipid retention (Williams
and Tabas, 1995) and calcification (Watson et al., 1998).
Vascular calcification has been found to be an organised
process with similarities to bone formation (Doherty and
Detrano, 1994) and recent studies have shown that bone
and cartilage-associated proteins are present in
atherosclerotic lesions (Dhore et al., 2001; Canfield et
al., 2002). 

In this study, we have analyzed the expression of 5
cartilage-associated ECM proteins with cell and/or
collagen binding properties in atherosclerotic aorta of
apoE/LDLr double knockout mice. Collagen binding
proteins have been shown to affect collagen fiber
assembly and their presence may be of significance for
the formation of functional collagen fibers, and thereby
affect plaque stability. Cell-interacting ECM components
may be important for SMC migration and proliferation
as well as for the calcification process. We have used
antibodies against osteopontin, Cartilage Oligomeric
Matrix Protein (COMP), decorin, Proline, arginine-Rich
End Leucine-rich repeat Protein (PRELP) and
fibromodulin. Furthermore, we have analyzed the
development of cartilage-like areas of arterial lesions
and cartilage proteins within these areas. In this study we
have used the apoE/LDLr deficient mouse, which
develops severe hyperlipidaemia and atherosclerotic
lesions spontaneously. This model is particularly useful
for studies of ECM proteins since vascular remodeling,
which involve ECM reorganisation, is part of the
atherosclerotic process in these mice (Bonthu et al.,
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1997). 
Some of the investigated proteins (osteopontin,

COMP and decorin) have been identified in human
atherosclerotic lesions (O'Brien et al., 1994; Riessen et
al., 1994, 2001), while others have never before been
studied in vascular disease (PRELP and fibromodulin).
A detailed presentation of the expression of these five
ECM components is required for a better understanding
of their roles during the atherosclerotic process. 

Materials and methods

Animals

The study was approved by the local ethical
committee and conforms to the guide for the care and
Use of Laboratory Animals published by the US
National Institutes of Health (NIH Publication No. 85-
23, revised 1985). Apo E-/-/LDLr-/- (B6.129- Apoe
tm1Unc Ldlr tm1Her) and control mice with background
strain (C57BL/6x129) were purchased from JAX mice,
Jackson Laboratories, Bar Harbour, ME. The animals
were fed regular diet and given water ad libitium. Mice
were sacrificed by carbon dioxide inhalation.

Antibodies

Monoclonal α-smooth muscle actin (NH2-peptide)
antibody was purchased from Sigma, rat anti mouse
macrophage/monocyte antibody (MOMA-2) from
Serotec, UK and monoclonal rat osteopontin (MPIIIB10-
1) from Developmental Studies Bank, University of
Iowa, USA. The following rabbit polyclonal antiserum
described elsewhere were used against; bovine aggrecan
(Murphy et al., 1999), bovine osteopontin (Franzén and
Heinegård, 1985), and rat COMP (Joosten et al., 1999).
The antibody against collagen II (Mo and Holmdahl,
1996) was a kind gift from professor Rickard Holmdahl,
Lund University, Sweden. Polyclonal PRELP antiserum
was raised against recombinant rat PRELP, expressed in
293-EBNA cells (Bengtsson et al., 2000) and affinity
purified on the recombinant protein. Polyclonal
antiserum was also raised against decorin and
fibromodulin, purified from rat bone and human
cartilage respectively.

Western blotting

Animals were sacrificed; aortas localised, surgically
removed and rinsed in PBS, dissected clear and ground
in liquid nitrogen. The homogenate was extracted with
4M-guanidine chloride HCl, 5mM N-ethylmalemide, pH
5.8 on a shaking table at 4 ºC for 24 hours. After
centrifugation at 12000 g at 4 ºC for 20 min, the
supernatant was precipitated twice in 10 volumes of 96%
ethanol, 50 mM sodium acetate for 8 hours. Precipitates
were dissolved in electrophoresis sample buffer (2%
SDS, 125 mM Tris-HCl, pH 6.8, 0,01% bromphenol
blue and 20% glycerol). Total protein concentration was

determined by using DC Protein Assay (Biorad
laboratories CA) according to the manufacturers
protocol. Samples (15 µg of total protein) were
electrophoresed on a 10% SDS-polyacrylamide gel and
transferred onto a nitrocellulose membrane (Hybond-C
Extra, Amersham Lifescience). The membranes were
blocked with 7% non fat dry milk and incubated for 1
hour with appropriate antibody. Detection was made
with HRP conjugated secondary antibody followed by
ECL incubation and development on film. Western
blotting was repeated at least three times for each
antibody.

Tissue preparation for immunohistochemistry

A cut was made in the portal vein for venous
outflow. Aortas were perfused with 4% para-
formaldehyde (Sigma) in phosphate buffered saline pH
7.3 by slowly injecting 10 ml of fixative to the left
ventricle of the heart. The aorta was taken out and put in
fixative for 24 hours. Specimens were rinsed in PBS,
dehydrated in a series of increasing ethanol
concentrations and embedded in paraffin (Histowax,
Histolab, Gothenburg, Sweden). Sections (5 µm) were
cut with a microtome. Tissue sections were
deparaffinized with xylene and rehydrated with graded
ethanols. 

Immunohistochemistry

Endogenous peroxidase activity was quenched by
incubating the sections with 3% hydrogen peroxide in
methanol for 10 min. Sections were rinsed in phosphate
buffered saline (PBS) and incubated with normal goat
serum (Vectastain elite kit,Vector laboratories, Inc
Burlingame, CA) before the primary antibody was
added. Primary antibodies were diluted in PBS/0.3%
bovine serum albumin (BSA) and incubated overnight in
a humidified chamber. Subsequent staining followed the
protocol of the manufacturer (Vectastain Elite kit, Vector
laboratories, Inc Burlingame, CA). Sections were
incubated with diaminobenzidine (DAB) substrate kit
(Vector laboratories, Inc Burlingame CA) for 1-5 min.
After washes in PBS, sections were stained with
haematoxyline for 20 s, dehydrated in ethanol/xylen and
mounted with pertex (Histolab, Gothenburg, Sweden).
Immunohistochemical stainings were performed at least
twice with each antibody. For all the proteins studied
except osteopontin, the same antibody was used in
immunostainings and Western blotting. A polyclonal rat
osteopontin antibody was used in immunohistochemistry
and a monoclonal rat osteopontin was used in Western
blotting. Specificity of the antibodies was assured by
adding excess antigen to the antiserum, which
diminished antibody staining in immunohistochemistry
(data not shown). These controls were carried out on
antibodies where corresponding antigen was available
(bovine OPN, rat COMP and rat decorin). The lesion
presented in figures 2 and 7 represent data from
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consecutive sections.

Results

Cellular composition of the lesions

The cellular content in aortic lesions from apo
E/LDLr deficient mice was analyzed with immunohisto-
chemistry using macrophage (MOMA-2) and smooth
muscle cell (α-actin) specific antibodies. Fig. 1 shows
consecutive sections with positive staining for α-actin
(Fig. 1A,C) and MOMA-2 (Fig. 1B,D) from two
different lesions of 24 weeks old mice. Positive
immunostaining for a-actin was present in the media and
in the fibrous cap of the lesions (Fig. 1A,C). MOMA-2
reactivity colocalized with cells of foam cell-like
morphology (Fig. 1B,D). Areas of cartilage-like
morphology with fewer cells but more abundant ECM
compared to other lesions was detected in advanced
plaques from 24 weeks old knock-out mice. These
regions were also found to contain the cartilage specific
proteins collagen II (Fig. 2A) and aggrecan (Fig. 2B).
They were also positive for COMP, fibromodulin and
PRELP (Fig.  7), all present in normal cartilage. There
was no reactivity for α-actin or for MOMA-2 (Fig.

2C,D).

Osteopontin

We demonstrate the presence of osteopontin in
lesions of aortas from 20 and 24-week old knock-out
mice (Fig. 3A). Areas rich in macrophages showed a
more intense staining for osteopontin than those
containing SMC. In normal aorta, low levels of
osteopontin were found in the innermost part of the
media (Fig. 3A). However, in Western blotting, presence
of osteopontin was restricted to diseased aortas. A band
of 65 kDa corresponding to the size of osteopontin was
demonstrated in protein extract from 24 weeks old apo
E/LDLr deficient mice. This band was not present in the
control aortic extract (Fig. 6A).

COMP

The expression pattern for COMP in apo E/LDLr
deficient mice resembles that for osteopontin. Strong
staining for COMP was detected in lesions dominated by
macrophages but was also found in lesions rich in SMC
(Fig. 3B). COMP was also detected in small amounts in
the media of normal aorta (Fig. 3B). In Western blotting,
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Fig. 1. Cellular
composition of the
lesions.
Localization of
SMC and
macrophages in
consecutive
sections from
lesions of 24 weeks
old apoE/LDLr
deficient mice.
SMC was detected
with SMC specific
α-actin-antibody (A
and C) and
macrophages with
MOMA-2 (B and
D). Scale bar: 100
µm.



the presence of COMP was restricted to diseased
arteries. A band of approximately 100 kDa could be
detected in protein extract from aortas of knock-out mice
but not in aortas of control mice (Fig. 6B). COMP was
also present in the cartilage-like structure of the lesion
seen in Figure 7A,B, where the protein mainly localized
pericellularly.

Decorin

By immunohistochemistry we found presence of
decorin in atherosclerotic as well as in normal aortas
(Fig. 4). However, the most abundant decorin
immunoreactivity was detected in lesion areas where it
colocalized with SMC. The protein was also present in
the fibrous cap region (Fig. 4). In Western blotting one
strong and polydisperse band (60-80 kDa) was detected
in protein extracts of both atherosclerotic and normal
aortas (Fig. 6C). 

PRELP

PRELP was present in plaques of 20 and 24 week-
old knock-out mice with a more abundant expression in

macrophage-dominated lesions compared to those rich in
SMC (Fig. 5A). Low levels of PRELP staining could be
found in normal aorta and in the media of diseased
aortas (Fig. 5A). In Western blotting experiments, one
band of about 60 kDa could be detected in the lane with
extract from diseased aortas as well as in the lane with
normal aortic extract (Fig. 6D). PRELP was also present
in the advanced lesion with cartilage-like morphology,
but restricted to a pericellular localization in specific
regions of this structure (Fig. 7C,D).

Fibromodulin

We demonstrate the presence of fibromodulin in
lesion areas of 20 and 24 weeks old knock-out mice
(Fig. 5B). Figure 5B demonstrates abundant
fibromodulin immunoreactivity, localized to areas of
macrophage-like cells, in a lesion of a 20-week-old
mouse. A weak fibromodulin staining was also found in
normal aorta (Fig. 5B). Figure 6E shows a Western blot
with bands corresponding to fibromodulin (65 kDa) in
lanes with extracts from normal as well as from diseased
aorta. The lesion with cartilage-like morphology
expressed fibromodulin in a pericellular fashion in some
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Fig. 2. Advanced
lesion with cartilage
structure. Detection of
cartilage-specific
proteins in an
advanced lesion of a
24 weeks old apo
E/LDLr knock-out
mouse. The region
with cartilage-like
morphology (encircled
with a dotted line)
stained positive for
collagen II (A) and
aggrecan (B),
whereas it stained
negative for α-actin
(C) and MOMA-2 (D).
Scale bar: 100 µm.
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Fig. 3. Immunohistochemistry demonstrating presence of osteopontin (A) and COMP (B) in aortas of 20 and 24 weeks old apo E/LDLr deficient (KO)
and wild type (WT) mice. A: adventitia, M: media, L:  lesion. Scale bar: 100 µm.



areas of this structure (Fig. 7E,F).

Discussion 

The present study demonstrates the presence of
several cell binding and/or collagen binding ECM
proteins in atherosclerotic lesions of apo E/LDLr
deficient mice. The difference in localization for the
ECM proteins within the plaques in combination with
their ability to either bind to cells in the vessel wall
and/or take part in collagen fiber assembly reflect
different functions for these proteins during the disease
process. 

Elevated levels of osteopontin in human
atherosclerotic plaques have been described by several
groups (Giachelli et al., 1993; O'Brien and Garvin,
1994). In agreement, we found osteopontin in lesions of
apo E/LDLr knock-out mice. Osteopontin was detected
in regions rich in macrophages with a foam cell like
morphology. This finding is consistent with that of
Reckless and co-workers (Reckless et al., 2001), who
found osteopontin in lipid filled lesions in a number of
different atherosclerotic mouse strains. Indeed,
osteopontin has been shown to be synthesised by

macrophages and to modulate macrophage adhesion
(Nasu et al., 1995), migration and cytokine release
(Singh et al., 1990). Furthermore, there are a number of
reports demonstrating the involvement of osteopontin in
processes like SMC calcification (Shanahan et al., 1994;
Wada et al., 1999), adhesion and migration (Liaw et al.,
1994). We also found osteopontin in fibrotic lesions in
association with SMC, although with a lower expression
than in macrophage filled lesions. It is likely that
osteopontin has a dual role in atherogenesis, acting both
as a modulator of the inflammatory process and as a
regulator of SMC behaviour.

COMP is present in cartilage, tendon, and synovium
(Hedbom et al., 1992; Di Cesare et al., 1997). As was the
case for osteopontin, COMP expression was found in
lesion areas, and with a similar distribution within the
plaques. A more intense staining was detected in
macrophage rich regions compared to areas rich in SMC.
Recently, COMP has been shown to be produced by
human vascular SMC in vitro as well as being present in
atherosclerotic and restenotic human arteries (Riessen
and Fenchel, 2001). COMP can bind SMC (Riessen and
Fenchel, 2001) and may thereby alter SMC function in
the growing plaque. Furthermore, COMP has been
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Fig. 4. Immunohistochemistry demonstrating presence of decorin in aortas of 20 and 24 weeks old apo E/LDLr deficient (KO) and wild type (WT) mice.
A: adventitia, M: media, L: lesion, FC: fibrous cap. Scale bar: 100 µm.
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Fig. 5. Immunohistochemistry demonstrating presence of PRELP (A) and fibromodulin (B) in aortas of 20 and 24 weeks old apo E/LDLr deficient (KO)
and wild type (WT) mice. A: adventitia; M: media, L: lesion. Scale bar: 100 µm.



proposed to play a role as regulator of collagen fiber
formation (Rosenberg et al., 1998), and may as such also
be important for the collagen assembly during lesion

formation.
The leucine rich repeat (LRR) ECM proteins form a

family of proteins with a structure suitable for
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Fig. 6. Western blots demonstrating presence of OPN (A), COMP (B), decorin
(C), PRELP (D), and fibromodulin (E) in aortic extracts from apo E/LDLr
deficient (KO) and wild type mice (WT). Control lanes contain bovine COMP
(B), mouse tracheal cartilage (C,E) and bovine PRELP (D).



interaction with protein ligands (Kobe and Deisenhofer,
1994). Many of the ECM LRR proteins bind to collagen
and appear to have roles in collagen fibrillogenesis.
However, they may also regulate cellular functions such
as adhesion, proliferation and migration, for reviews see
(Iozzo, 1997;  Hocking et al., 1998). 

We found the LRR proteoglycan decorin in the
lesions as well as in intact arterial wall, with the most
abundant expression in the fibrous cap regions. This is in
line with studies by Riessen et al., who has shown that
decorin accumulates in atherosclerotic and restenotic
lesions and mainly in association with collagen-rich
regions of the plaque (Riessen et al., 1994). It has been
shown that decorin binds to and inhibit collagen
fibrillogenesis (Vogel et al., 1984). It may also retain
LDL particles in the vessel wall (Kovanen et al., 1999)
and recently, it was shown that decorin modulates matrix
mineralisation (Mochida et al., 2003).

The LRR proteins PRELP and fibromodulin showed
a similar distribution in the aorta. The expression was
most prominent in lesions and particular in regions rich
in macrophages. These LRR proteins are present in a
number of different connective tissues, including
cartilage and bone, but none of them has been studied in
the vessel wall before. PRELP was not only present in

macrophage-rich lesions but also in SMC regions of
plaques, indicating that it may have different functions
than fibromodulin during the atherosclerotic process.
PRELP and fibromodulin bind tightly to collagen and it
is likely that they are necessary for an adequate collagen
fiber formation, being a prerequisite for the development
of a stable plaque. The LRR proteins, particularly
PRELP, which contains a heparan sulphate binding
sequence (Bengtsson and Aspberg, 2000), may bind to
cells in the lesion and regulate their migratory and
proliferatory behaviour.

In certain areas of advanced lesions we found
distinct cartilage-like structures with expression of the
cartilage specific proteins aggrecan and collagen II.
Figures 2 and 7 demonstrates co-localization of collagen
II and aggrecan with COMP, fibromodulin and PRELP.
It is possible that the expression of COMP, fibromodulin,
PRELP and other cartilage proteins precede the
formation of cartilage structures in the vessel wall. A
recent paper demonstrates that bone marrow derived
stem cells induced to differentiate to chondrocytes
express ECM proteins including COMP and
fibromodulin (Barry et al., 2001). Previous reports have
demonstrated presence of cells with chondrocyte-like
appearance in arterial lesions of mice (Qiao et al., 1994)
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Fig. 7. Cartilage proteins in advanced lesion. Immunohistochemistry demonstrating presence of COMP (A and B), PRELP (C and D) and fibromodulin
(E and F) in cartilage-like areas of an advanced lesion of a 24 weeks old apo E/LDLr deficient mouse. Scale bars: 100 µm.



and humans (Qiao et al., 2003) in association with
calcification. The chondrocyte-like cells may originate
from pericytes of the adventitia (Canfield et al., 2000),
neural crest-derived cells of the media (Topouzis and
Majesky, 1996) or circulating stem cells from the bone
marrow (Sata et al., 2002).

In summary, we have demonstrated the expression of
a number of ECM proteins in atherosclerotic aortas of
ApoE/LDLr deficient mice. OPN and COMP were found
only in lesion areas, fibromodulin and PRELP were up-
regulated in atherosclerotic aortas, whereas decorin was
present in both normal and diseased vessels. All of these
proteins are associated with cartilage and some of them
co-localised with the cartilage-specific proteins collagen
II and aggrecan in advanced lesions. The results suggest
that cartilage-associated cell/collagen binding ECM
proteins are involved in the pathogenesis of
atherosclerosis, and may form a basis for future studies
on functions of these ECM proteins in vascular disease.

Acknowledgements. This work was supported by grants from the
Swedish Research Council, the Swedish Foundation for Stratergic
Research (National Network and Graduate School for Cardiovascular
Research), the Swedish Heart Lung Foundations, the Alfred Österlund
Foundation, the Fund of King Gustav V 80th Birthday, the Magnus
Bergwall Foundation, the Crafoord Foundation, the Franke and
Margareta Bergquist Foundation, the Carl Tesdorpf Foundation and
Swedish Match.

References

Barnes M.J. and Farndale R.W. (1999). Collagens and atherosclerosis.
Exp Gerontol. 34, 513-25.

Barry F., Boynton R.E., Liu B. and Murphy J.M. (2001). Chondrogenic
differentiation of mesenchymal stem cells from bone marrow:
differentiation-dependent gene expression of matrix components.
Exp. Cell Res. 268, 189-200.

Bengtsson E., Aspberg A., Heinegård D., Sommarin Y. and Spillmann
D. (2000). The amino-terminal part of PRELP binds to heparin and
heparan sulfate. J. Biol. Chem. 275, 40695-40702.

Bonthu S., Heistad D.D., Chappell D.A., Lamping K.G. and Faraci F.M.
(1997). Atherosclerosis, vascular remodeling, and impairment of
endothelium-dependent relaxation in genetically altered
hyperlipidemic mice. Arterioscler. Thromb. Vasc. Biol. 17, 2333-
2240.

Canfield A.E., Farrington C., Dziobon M.D., Boot-Handford R.P.,
Heagerty A.M., Kumar S.N. and Roberts I.S. (2002). The
involvement of matrix glycoproteins in vascular calcification and
fibrosis: an immunohistochemical study. J. Pathol. 196, 228-234.

Canfield A.E., Doherty M.J., Wood A.C., Farrington C., Ashton B.,
Begum N., Harvey B., Poole A., Grant M.E. and Boot-Handford R.P.
(2000). Role of pericytes in vascular calcification: a review. Z
Kardiol. 89, 20-27.

Dhore C.R., Cleutjens J.P., Lutgens E., Cleutjens K.B., Geusens P.P.,
Kitslaar P.J., Tordoir J..H., Spronk H.M., Vermeer C. and Daemen
M.J. (2001). Differential expression of bone matrix regulatory
proteins in human atherosclerotic plaques. Arterioscler. Thromb.
Vasc. Biol. 21, 1998-2003.

Di Cesare P.E., Carlson C.S., Stollerman E.S., Chen F.S., Leslie M. and
Perris R. (1997). Expression of cartilage oligomeric matrix protein by
human synovium. FEBS Lett. 412, 249-252.

Doherty T.M. and Detrano R.C. (1994). Coronary arterial calcification as
an active process: a new perspective on an old problem. Calcif.
Tissue Int. 54, 224-230.

Franzén A. and Heinegård D. (1985). Isolation and characterization of
two sialoproteins present only in bone calcified matrix. Biochem. J.
232, 715-724.

Giachelli C.M., Bae N., Almeida M., Denhardt D.T., Alpers C.E and
Schwartz S.M. (1993). Osteopontin is elevated during neointima
formation in rat arteries and is a novel component of human
atherosclerotic plaques. J. Clin. Invest. 92, 1686-1696.

Hedbom E., Antonsson P., Hjerpe A., Aeschlimann D., Paulsson M.,
Rosa-Pimentel E., Sommarin Y., Wendel M., Oldberg Å. and
Heinegård D. (1992). Cartilage matrix proteins. An acidic oligomeric
protein (COMP) detected only in cartilage. J. Biol. Chem. 267, 6132-
6136.

Hocking A.M., Shinomura T. and McQuillan D.J. (1998). Leucine-rich
repeat glycoproteins of the extracellular matrix. Matrix Biol. 17,
1-19.

Iozzo R.V. (1997). The family of the small leucine-rich proteoglycans:
key regulators of matrix assembly and cellular growth. Crit. Rev.
Biochem. Mol. Biol. 32, 141-174.

Joosten L.A., Helsen M.M., Saxne T., van De Loo F.A., Heinegård D.
and van Den Berg W.B. (1999). IL-1 alpha beta blockade prevents
cartilage and bone destruction in murine type II collagen-induced
arthritis, whereas TNF-alpha blockade only ameliorates joint
inflammation. J. Immunol. 163, 5049-5055.

Kobe B. and Deisenhofer J. (1994). The leucine-rich repeat: a versatile
binding motif. Trends Biochem. Sci. 19, 415-421.

Kovanen P.T. and Pentikainen M.O. (1999). Decorin links low-density
lipoproteins (LDL) to collagen: a novel mechanism for retention of
LDL in the atherosclerotic plaque. Trends Cardiovasc. Med. 9, 86-
91.

Liaw L., Almeida M., Hart C.E., Schwartz S.M and Giachelli C.M. (1994).
Osteopontin promotes vascular cell adhesion and spreading and is
chemotactic for smooth muscle cells in vitro. Circ Res. 74, 214-224.

Mo J.A. and Holmdahl R. (1996). The B cell response to autologous
type II collagen: biased V gene repertoire with V gene sharing and
epitope shift. J. Immunol. 157, 2440-2448.

Mochida Y., Duarte W.R., Tanzawa H., Paschalis E.P. and Yamauchi M.
(2003). Decorin modulates matrix mineralization in vitro. Biochem.
Biophys. Res. Commun. 305, 6-9.

Murphy J.M., Heinegård R., McIntosh A., Sterchi D. and Barry F.P.
(1999). Distribution of cartilage molecules in the developing mouse
joint. Matrix Biol. 18, 487-97.

Nasu K., Ishida T., Setoguchi M., Higuchi Y., Akizuki S. and Yamamoto
S. (1995). Expression of wild-type and mutated rabbit osteopontin in
Escherichia coli, and their effects on adhesion and migration of
P388D1 cells. Biochem. J. 307, 257-265.

O'Brien E.R., Garvin M.R., Stewart D.K., Hinohara T., Simpson J.B.,
Schwartz S.M. and Giachell i  C.M. (1994). Osteopontin is
synthesized by macrophage, smooth muscle, and endothelial cells
in primary and restenotic human coronary atherosclerotic plaques.
Arterioscler. Thromb. 14, 1648-1656.

Qiao J.H., Mertens R.B., Fishbein M.C. and Geller S.A. (2003).
Cartilaginous metaplasia in calcified diabetic peripheral vascular
disease: morphologic evidence of enchondral ossification. Hum.

346

Extracellular matrix proteins in atherosclerosis



Pathol. 34, 402-407.
Qiao J.H., Xie P.Z., Fishbein M.C., Kreuzer J., Drake T.A., Demer L.L

and Lusis A.J. (1994). Pathology of atheromatous lesions in inbred
and genetically engineered mice. Genetic determination of arterial
calcification. Arterioscler. Thromb. 14, 1480-1497.

Raines E.W. (2000). The extracellular matrix can regulate vascular cell
migration, proliferation, and survival: relationships to vascular
disease. Int. J. Exp. Pathol. 81, 173-182.

Reckless J., Rubin E.M., Verstuyft J.B., Metcalfe J.C. and Grainger D.J.
(2001). A common phenotype associated with atherogenesis in
diverse mouse models of vascular lipid lesions. J. Vasc. Res. 38,
256-65.

Riessen R., Isner J.M., Blessing E., Loushin C., Nikol S. and Wight T.N.
(1994). Regional differences in the distribution of the proteoglycans
biglycan and decorin in the extracellular matrix of atherosclerotic
and restenotic human coronary arteries. Am. J. Pathol. 144, 962-
974.

Riessen R., Fenchel M., Chen H., Axel D.I., Karsch K.R. and Lawler J.
(2001). Cartilage oligomeric matrix protein (Thrombospondin-5) is
expressed by human vascular smooth muscle cells. Arterioscler.
Thromb. Vasc. Biol. 21, 47-54.

Rosenberg K., Olsson H., Mörgelin M. and Heinegård D. (1998).
Cartilage oligomeric matrix protein shows high affinity zinc-
dependent interaction with triple helical collagen. J. Biol. Chem. 273,
20397-20403.

Rosenfeld M.E. (2000). An overview of the evolution of the
atherosclerotic plaque: from fatty streak to plaque rupture and
thrombosis. Z. Kardiol. 89, 2-6.

Ross R. (1999). Atherosclerosis is an inflammatory disease. Am. Heart

J. 138, S419-S420.
Sata M., Saiura A., Kunisato A., Tojo A., Okada S., Tokuhisa T., Hirai

H., Makuuchi M., Hirata Y. and Nagai R. (2002). Hematopoietic stem
cells differentiate into vascular cells that participate in the
pathogenesis of atherosclerosis. Nat. Med. 8, 403-409.

Shanahan C.M., Cary N.R., Metcalfe J.C. and Weissberg P.L. (1994).
High expression of genes for calcification-regulating proteins in
human atherosclerotic plaques. J. Clin. Invest. 93, 2393-2402.

Singh R.P., Patarca R., Schwartz J., Singh P. and Cantor H. (1990).
Definition of a specific interaction between the early T lymphocyte
activation 1 (Eta-1) protein and murine macrophages in vitro and its
effect upon macrophages in vivo. J. Exp. Med. 171, 1931-1942.

Topouzis S. and Majesky M.W. (1996). Smooth muscle lineage diversity
in the chick embryo. Dev. Biol. 178, 430-445.

Wada T., McKee M.D., Steitz S. and Giachelli C.M. (1999). Calcification
of vascular smooth muscle cell cultures: inhibition by osteopontin.
Circ. Res. 84, 166-178.

Watson K.E., Parhami F., Shin V. and Demer L.L. (1998). Fibronectin
and collagen I matrixes promote calcification of vascular cells in
vitro, whereas collagen IV matrix is inhibitory. Arterioscler. Thromb.
Vasc. Biol. 18, 1964-1971.

Williams K.J. and Tabas I. (1995). The response-to-retention hypothesis
of early atherogenesis. Arterioscler. Thromb. Vasc. Biol. 15, 551-
561.

Vogel K.G., Paulsson M. and Heinegård D. (1984). Specific inhibition of
type I and type II collagen fibrillogenesis by the small proteoglycan
of tendon. Biochem. J. 223, 587-597.

Accepted October 22, 2003

347

Extracellular matrix proteins in atherosclerosis


