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Osteopontin Upregulation in Atherogenesis Is Associated with Cellular
Oxidative Stress Triggered by the Activation of Scavenger Receptors
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Background. Osteopontin (OPN) is a highly phosphorylated sialoprotein and a prominent
component of mineralized extracellular matrices of bones and teeth. Although the struc-
ture of OPN has begun to be elucidated, the role of OPN overexpression in tissues distant
from the bones and teeth remains poorly understood. In the present study, a rabbit model
of hypercholesterolemia was employed to analyze the relationship between the vascular
calcification process and OPN overexpression in the neointima of atherosclerotic plaques.

Methods. OPN identification in the aorta of experimental animals fed with a high choles-
terol diet was carried out by immunohistochemical procedures and Western blot analysis
of tissue homogenates. Transmission electron microscopy was employed to localize
target-like extracellular structures of atherosclerotic aortas. The human cell line T/G
HA-VSMC was employed in the establishment of a ROS generation model employing
the internalization of OxLDL particles.

Results. Using immunohistochemical and Western blot analysis, OPN overexpression
was detected in the aortas of rabbits fed a high-cholesterol diet. Results from the ultra-
structural analysis of the rabbit neointima through transmission electron microscopy
and from the detection of calcium phosphate precipitates by specific histochemical tech-
niques, suggested that OPN may be functionally important as a regulator of vascular
calcification. OPN was dramatically overexpressed by vascular smooth muscle cells in
the presence of oxidized and acetylated LDL particles bound to scavenger receptors,
thereby promoting cytosolic oxidative stress.

Conclusions. This study establishes the in vivo role of OPN in the intima of the aorta regu-
lating calcium phosphate precipitate deposition in response to oxidative stress. � 2012
IMSS. Published by Elsevier Inc.
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Introduction

Vascular calcification (VC), defined as the inappropriate
deposition of calcium phosphate in cardiovascular struc-
tures such as blood vessels and valves, is commonly
observed in atherosclerosis and diabetes and is a major
tributed equally to the development of this study.

quests to: Jaime Mas-Oliva, MD, PhD, Instituto de

niversidad Nacional Aut�onoma de M�exico, Apdo.

ito Exterior C.U., 04510 M�exico, D.F., Mexico;

622-5584; FAX: (þ52) (55) 5622-5611; E-mail:

nt matter. Copyright � 2012 IMSS. Published by Elsevier
ed.2012.03.001
concern in patients with chronic kidney disease (1,2). The
extracellular matrix (ECM) regulates many physiological
and pathological processes (3). In the physiological process
of bone development, specific ECM components are
produced to create a unique microenvironment that allows
the precipitation of calcium and phosphate ions as hydroxy-
apatite mineral (4). Similarly, in the pathological condition
of atherosclerosis, characteristic ECM changes accompany
the development of atheroma plaques (5,6).

Vascular calcification is widespread in advanced athero-
sclerosis and shares many histological features with bone
development (7). This and other observations (8) led us to
Inc.
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hypothesize that the development of arterial calcification
may be regulated in a similar manner to that found during
bone formation. This hypothesis is supported by findings in
the aged rat heart where endochondral calcification by
chondrocytes is associated with types II, X, and pro-I
collagen, common proteins in bone formation (9).

Several in vitro studies have shown that OPN-deficient
smooth muscle cells (SMCs) display an enhanced suscepti-
bility to calcification (10,11). Calcified rheumatic valve
neoangiogenesis is associated with vascular endothelial
growth factor and OPN upregulation (12). In contrast with
fibronectin and type I collagen, which promote the growth
of hydroxyapatite (HAP) (7), we previously showed that
OPN inhibits hydroxyapatite crystal growth in agarose
and silica hydrogels (13).

The binding of OPN to integrin receptors through the
highly conserved RGD motif promotes cell adhesion,
chemotaxis, and signal transduction in various cell types
(14). This combination of ECM effects and intercellular
signaling suggests that OPN may also play an important
role in tissue repair. Histological studies have demonstrated
that lipids are closely associated with the phenomenon of
calcification in atherosclerotic lesions. Low-density lipo-
protein receptor (RLDL) knockout mice fed a high-fat diet
reportedly display hyperlipidemia, VC (15), and a high
circulating concentration of modified LDL. As a result,
scavenger receptors (SRs) are upregulated, presumably to
bind and internalize excess lipid. This process is also asso-
ciated with increased oxidative stress (16,17).

Scavenger receptors can bind chemically oxidized LDL
(oxLDL), methylated bovine serum albumin (M-BSA),
Taenia solium paramyosin (18), lyinosinic acid, polyguano-
sinic acid, polysaccharides such as dextran sulfate, fucoidin,
lipoteichoic acid, lipopolysaccharide, advanced glycosyla-
tion end-products, and amyloid-b peptide (A b), as well as
diverse lipid and lipoprotein-based ligands (17,19,20).
Chemically oxidized LDLs reportedly increase scavenger
receptor class A (SR-A) mRNA and activity levels in smooth
muscle cells (SMCs), thereby dramatically increasing the
cellular uptake of modified lipoproteins. SR-A gene expres-
sion also augments the activity levels of redox-sensitive tran-
scription factors such as AP-1/c-Jun, C/EBPb, and JNK (21),
which are important for SMC SR-A upregulation by phorbol
esters and reactive oxygen species (ROS) (22).

Scavenger receptor class B (SR-B) recognizes diverse
ligands including collagen, fatty acids, anionic phospho-
lipids, thrombospondin, apoptotic cells, native LDL
(nLDL), oxLDL, high-density lipoprotein (HDL), and very
low-density lipoproteins (VLDLs) (23,24). Scavenger
receptor class E (SR-E) is associated with lectin-like
oxidized LDL receptor (LOX-1). Originally identified as
an endothelial-specific SR, LOX-1 has since been detected
in macrophages, SMCs, and platelets (25). A positive feed-
back loop has been demonstrated between oxLDL uptake
and LOX-1 expression in endothelial cells (26).
Together with the modulation of several proteins directly
related to oxidative stress, we propose that OPN upregula-
tion in vascular SMCs (VSMCs) and endothelial cells is
associated with and mediated by oxidative stress. Through
this process, OPN overexpression in the atherosclerotic
lesion is markedly associated with the inhibition of calcium
deposition in the tissue. These data implicate OPN as
a potentially important mediator whose upregulation
protects cells from the dystrophic deposition of calcium
precipitates of the arterial neointima. This is in contrast
with collagen and elastin, which can be considered as
inductors of mineral nucleation.
Materials and Methods

Experimental Animal Studies

Control and cholesterol-fed rabbits. Male New Zealand
white rabbits (�1.5 kg) were placed in individual stainless
steel cages in a room with controlled environmental condi-
tions (temperature 18e22�C, humidity 40e50%, and
a 12e12 h artificial light/dark cycle). All animals were
acclimatized in the laboratory for 10 days before study
initiation. All animal experimentation was performed ac-
cording to the Declaration of Helsinki and guiding princi-
ples in the care and use of experimental animals.

Animals were fed using a well-balanced commercial feed
(Harlan 2031) composed of 14.4% total protein, 2.7% lipid,
21.10% cellulose, 43.20% carbohydrates, 8.40% ash, 1.14%
calcium, and 0.58% phosphorus. Feed containing cholesterol
was prepared by mixing 2% cholesterol (Sigma C-8503) and
10% corn oil with regular feed (27). The diets were used for
a period of at least 3months, with water and food provided ad
libitum. Animals were euthanized through an i.v. injection of
sodium pentobarbital (70 mg/kg of weight).

Through a median longitudinal incision, the thoracic and
peritoneal cavities of the experimental animalswere exposed.
The complete aorta was dissected from the aortic valve down
to the aortic bifurcation. Adipose and connective tissues were
removed from the external aortic surface. The aorta was
immediately cut longitudinally, and the endothelium was
scraped. This tissue was weighed and homogenized in ice-
cold lysis buffer (1:20w/v) (50mmol Tris-HCl, 0.15MNaCl,
1% Triton X-100, 0.25% sodium deoxycholate, 1 mg/mL
leupeptin, 10 mg/mL aprotinin, 1 mmol PMSF, 0.5 mmol
sodium orthovanadate, 1 mmol benzamidine, and 1 mmol
EDTA, pH 8.0). An aliquot of each homogenate was used to
determine the protein concentration using the bicinchoninic
acid method (Pierce, Rockford, IL).

Western Blot Analysis

Proteins contained in the homogenates of control and treated
rabbit tissues were characterized using 12% SDS polyacryl-
amide gels under reducing conditions. Electrophoresed gels
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were transferred to PVDF membranes (Bio-Rad Laborato-
ries, Hercules, CA) at 20 V for 90 min. The PVDF
membranes were blocked for 1 h at room temperature with
4% BSA in a TBST buffer (0.1 M Tris-HCl, 0.15 M NaCl,
and 0.1% Tween-20, pH 7.5). The membranes were washed
twice with TBST and incubated overnight at 4�C with the
primary mouse antibody anti-OPN developed in goat
(1:500; Sigma-07635, Sigma Chemical Co., St. Louis,
MO). Membranes were washed four times � 15 min with
TBST, incubated with a horseradish peroxidase (HRP)-
conjugated anti-goat IgG secondary antibody (1:10000; San-
ta Cruz Biotechnology, Santa Cruz, CA) at room temperature
for 1 h, washed eight times� 15 min with TBST, and devel-
oped by enhanced chemiluminescence (ECL) using a Super
Signal kit according to the manufacturer’s instructions
(Pierce). Recombinant mouse OPN (Sigma-02260) was used
in all experiments as a positive control.
Immunohistochemical Procedures

Aortas were collected from control and experimental
rabbits at necropsy by employing 1-cm-long fragments.
Aortas were fixed with 10% buffered neutral formalin
for 24 h before being processed for paraffin embedding
and sectioning. Aorta sections of 6e8 mm in thickness
were mounted on poly-L-lysine-coated slides and stained
with hematoxylin and eosin (H&E). The Von Kossa
method (for bone and mineral salts of calcium as phos-
phates, carbonates, and oxalates) and the Alizarin red S
procedure (for calcium salts) were also employed accord-
ing to protocols from the Armed Forces Institute of
Pathology (28,29).

Aorta sections were prepared for immunohistochemistry
as described (30). Briefly, the sections were mounted on
positive-charged slides (Shandon Inc., Pittsburgh, PA), de-
waxed with xylene, rehydrated with PBS, and then trans-
ferred to plastic Coplin jars containing 0.1 M citrate buffer
(pH 6.0) for antigen retrieval. Slides in the Coplin jar were
heated in a pressure cooker for 20 min at |200�C followed
by 10 min at |100�C. The slides were cooled in the jar at
room temperature for 15 min and then transferred to 0.15
mol PBS (pH 7.2) until needed.

After antigen retrieval, endogenous peroxidase was in-
hibited by incubation for 30 min at room temperature with
3% peroxide hydrogen diluted in methanol. Slides were
then incubated for 1 h at room temperature in a solution
containing PBS, 2% BSA, and 0.01% Triton X-100 to
reduce nonspecific background staining. Slides were incu-
bated overnight at 4�C with specific anti-OPN (mouse
monoclonal antibody IgG) diluted 1:100 in PBS with
0.1% BSA. After three washes in PBS, slides were incu-
bated in biotinylated anti-mouse secondary antibody for 1
h at room temperature. The avidin-biotin-HRP complex
was used and the reaction was developed with 3030 diamino-
benzidine according to the supplier’s instructions (all
reagents were from Santa Cruz Biotechnology). Negative
controls consisted of tissue sections processed as above,
but incubated with normal mouse serum.

Transmission Electron Microscopy

Tissue fragments of 2-mm-thick aorta specimens including
the three tunicas were obtained during necropsy and imme-
diately fixed by immersion in 2.5% glutaraldehyde diluted
in a 0.2 mol cacodylate buffer (pH 7.4) for 3 h at 4�C.
After three washes � 10 min, aorta fragments contained
in 0.15 mol cacodylate buffer (pH 7.4) at 4�C were post-
fixed with 1% osmium tetroxide in 0.2 mol cacodylate
buffer (pH 7.4) for 2 h at 4�C, dehydrated in gradually
increasing concentrations of ethanol, and transferred to
absolute toluene (two changes � 10 min). Samples were
infiltrated at room temperature for 24 h with Araldite
6005-toluene solution (1:1) followed by pure Araldite
6005 (two changes at 60�C) for 2 h. Specimens were
embedded in pure Araldite 6005 at 60�C for 36 h. Ultrathin
sections obtained with a diamond knife and contrasted with
uranyl acetate and lead citrate were examined with a Zeiss
EM-109 electron microscope (EM).

Human Cell Line Experiments

Cell culture. The T/G HA-VSMC human cell line devel-
oped from the aorta of a healthy female was used (ATCC;
CRL-1999). Vascular SMCs were maintained in F12K
media containing 0.05 mg/mL ascorbic acid, 0.01 mg/mL
insulin, 0.01 mg/mL transferrin, 10 ng/mL sodium selenite,
0.03 mg/mL endothelial cell growth supplement, 10% (final
concentration) fetal bovine serum, 10 mmol (final concen-
tration) HEPES, 10 mmol (final concentration) TES, 100
U/mL penicillin, 100 U/mL streptomycin, and 0.01% am-
photericin B. Cells were incubated in a humidified environ-
ment at 37�C in an atmosphere of 95% air and 5% CO2.

Preparation of Lipoproteins

The LDL fraction (density: 1.019e1.063 g/mL) was iso-
lated by sequential ultracentrifugation of human plasma
(31,32). LDL labeling with 1,10-dioctadecyl-3,3,3030-tetra-
methylindocarbocyanine perchlorate (DiI) (Molecular
Probes, Eugene, OR) and further acetylation (ac) or oxidi-
zation were performed as previously described (33,34). The
oxidation was terminated by adding EDTA, and the oxLDL
were dialyzed against 150 mmol NaCl containing 100 mM
EDTA and stored at 4�C (32).

Internalization Assays and Oxidative Stress
Measurements

T/G HA-VSMCs were grown for 2e3 weeks prior to the
experiment, maintaining cells at #10,000 cells/cm2. Lipo-
protein internalization and oxidative stress assays were
performed by adding 2.5 mg/mL ox/acLDL and 10 mM
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6-carboxy-H2DCFA for 5 h at 37�C and 5% CO2 in supple-
ment- and serum-free media (16). Cells were studied em-
ploying confocal microscopy (Olympus FluoView 1000)
using excitation/emission wavelengths of 488 nm/519 nm
for 6-carboxy-H2DCFA and 543 nm/569 nm for DiI.

Western Blot Analysis

Cells were treated for 5 h with 2.5 mg/mL oxLDL and 2.5
mg/mL acLDL in serum-free media. After performing the
internalization assays, the cells were washed twice with
PBS and lysed for 45 min at 4�C in lysis buffer (150 mmol
NaCl, 10 mmol Tris, pH 7.4, 1% Triton X-100, 0.5% NP40,
1 mmol EDTA, 1 mmol EGTA, 0.2 mmol sodium orthova-
nadate, 10 mmol benzamidine, 10 mg/mL leupeptin, 10 mg/
mL aprotinin, and 250 mmol PMSF). Lysed cells were
centrifuged at 1500 g for 10 min at 4�C and the supernatant
was recovered. The protein concentration was determined
using the Micro-BCA protein assay (Pierce).

Samples (30 mg/lane) were analyzed by SDSePAGE on
10% gels. The gels were further transferred to a PVDF
membrane for antibody treatment (Bio-Rad Laboratories).
Membranes were blocked 1 h at 37�C with a blocking
TBST buffer (0.1 M Tris-HCl, 0.15 M NaCl, and 0.5%
Tween-20, pH 7.6) containing 5% BSA. The membranes
were incubated overnight at 4�C with anti-OPN (1:2500),
washed four times � 15 min using blocking buffer, incu-
bated with the HRP-conjugated anti-goat IgG secondary
antibody (1:10,000) at room temperature for 1h, washed
eight times � 15 min with TBST, and treated with an
ECL Plus kit according to the supplier’s instructions. Re-
combinant mouse OPN (Sigma-O2260) was used in all
experiments as a positive control.

The same membranes were naked and blocked overnight
at room temperature with a solution containing 5% fat-free
milk and 1% Tween 20 in Tris-buffered saline (TBS), pH
7.6. The membranes were exposed to a monoclonal anti-
b actin antibody (1:500) followed by a HRP-conjugated
goat anti-mouse IgG secondary antibody (1:5000) for 1 h
at 37�C. Membranes were washed with 1% TBS-Tween.
HRP activity was detected using the ECL Plus kit according
to the supplier’s instructions.
Figure 1. Osteopontin (OPN) identification by Western blot analysis. (A)

Protein preparation from a control aorta. (B) Control recombinant OPN.

(C) Aorta obtained from an animal fed a high-cholesterol diet. Represen-

tative experiment in a series of four independent assays.
Results

Experimental Animal Studies

Detection of OPN in the atherosclerotic plaque. OPN is
a major phosphoprotein secreted by osteoblasts (10) and ex-
pressed at high levels in a number of transformed cells (35).
Due to its posttranslational modifications and its generally
acidic nature, OPN presents anomalous migration patterns
on SDS-PAGE gels.

The apparent molecular weight of OPN ranges from
31e65 kDa depending on the tissue from which it was ex-
tracted and on the detection conditions (36). In human
glioma cell lines by Western blot, bands were detected cor-
responding to a molecular weight of 53, 47, 38 and 31 kDa.
Various hormones, cytokines and tumor promoters differen-
tially regulate the two prominent forms of OPN that
migrate at 55 and 44 kDa. Several previous studies have
shown that multiple forms of OPN are generated by differ-
ences in posttranslational modification such as phosphory-
lation, glycosylation and sulfation. Other studies have
shown that the 44 kDa species OPN is a glycosylated and
phosphorylated form of the nonphosphorylated 32 kDa
protein, with phosphate groups associated with 12 serines
and one threonine residue (37,38).

Therefore, the 31-kDa band detected in the present study
may be protein unmodified or degraded or posttranslation-
ally modified products of larger species or alternatively
spliced species (Figure 1).

In the case of recombinant OPN (Sigma-O2260), the
protein migrates as a single band at 65 kDa on reducing
SDS-PAGE (39). Under the experimental conditions used
in this study, endothelial tissue recovered from normal
aortas obtained from control animals did not show the pres-
ence of OPN, whereas tissues obtained from animals sub-
jected to a cholesterol-supplemented diet showed an
important reaction for this protein (65 kDa) (Figure 1).

Histopathology. After 3 months of treatment, all animals
on the cholesterol-supplemented diet developed athero-
sclerosis with its characteristic pattern and histopatholog-
ical features (Figure 2). In the thoracic and abdominal
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aorta specimens, the intima was thickened by up to 50%
of the normal lumen perimeter. The subendothelial neoin-
tima layer was composed of spindle-shaped cells, prob-
ably corresponding to SMCs and/or fibroblasts and
aggregated foam cells, all embedded in connective tissue
(Figure 2A). These features were also observed in slender
atheromatous lesions within the subendothelial layer of
the aortas with an apparently normal structure for the
tunica intima. The innermost elastic lamina appeared
disrupted at sites where atherosclerotic lesions had
Figure 2. Atherosclerotic lesions of aortas from rabbits fed a high-cholesterol di

atheroma plaque, with the presence of basophilic granules. (B,E) Aortas were also

and the tunica media (B, arrowheads). Alternative calcium staining with Alizarin

cells (F, FC) were associated with calcium mineralization. Immunohistochemical

and cellular (G, foam cells marked with arrowheads) OPN and the presence of c

iment in a series of two independent assays performed with two control and two
a well-developed neointima and appeared conserved at
sites of moderate atheromatous lesions.

Clusters of basophilic granules were identified in prox-
imity to the tunica media, near the disrupted innermost
elastic lamina. Similar single granules were also observed
dispersed in the neointima (Figure 2A) surrounded by
foam cells and stellated cells showing a vacuolated cyto-
plasm. Many basophilic granules showed a target-like
structure with a rather light and eosinophilic center
(Figure 2D).
et. (A,D; arrows) The neointima displayed the characteristic features of an

stained with the Von Kossa method at the boundary between the neointima

red S confirmed that these target-like structures (C,F) surrounded by foam

staining demonstrated a close association between extracellular (G, arrows)

alcium deposits. Bars: AeC, 250 mm; DeG, 50 mm. Representative exper-

animals fed a high-cholesterol diet.



Figure 3. Immunohistochemistry for OPN in thoracic (A,C) and abdominal (B,D) aortas from experimental atherosclerotic rabbits. (C,D) Aortas show

atheroma plaques in both the thoracic and abdominal regions, and the overexpression of OPN at the neointima. (D) The tunica media of SMCs also weakly

expresses OPN. Bars: AeC, 250 mm; D, 100 mm. Representative experiment in a series of two independent assays performed with two control and two

animals fed a high cholesterol diet.
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Calcium staining. Tissue sections from atherosclerotic
thoracic and abdominal aortas stained by the Von Kossa
method showed black granules that appeared as isolated
dots or as clusters along and near the internal elastic lamina
as well as at the neointima (Figures 2B,E). The diameter of
the smaller granules of metallic silver, which corresponded
to deposits of calcium salts, ranged from 1e2 mm. The
diameter of the larger granules measured |10 mm. Few
granules had a diameter close to 30 mm. Most of the Von
Kossa-positive granules displayed a target-like structure
appearance close to the basophilic granules stained with
H&E (Figure 2E). Both granule types were located in
similar places at the neointima. Specimens stained with
Alizarin red S were similar to those stained by the Von Kos-
sa method, except that the Alizarin Red S-calcium complex
was formed via a chelation process that yielded orange-
colored granules (Figures 2C,F).

OPN immunohistochemistry. According to immunohisto-
chemical analysis, rabbits fed a cholesterol-supplemented
diet displayed a high expression of OPN in the neointima
of aortic atherosclerotic plaques. Immunoreaction was less
apparent at the tunica media and in scattered cells of the
tunica adventitia (Figure 3). The neointimal OPN staining
was localized mainly at the cytoplasm of three cell types:
endothelial cells, macrophage-derived or rounded foam
cells, and fusiform cells similar to SMCs and fibroblasts.
Other than staining for OPN, the most extensive extracel-
lular staining was observed surrounding spherical structures
morphologically compatible to basophilic granules. These
structures were positive for both the Von Kossa and Aliz-
arin red stains (Figure 2G). Aortas from control animals
showed a faint level of OPN expression, mostly located
in the endothelial cells and SMCs of the tunica media (data
not shown).

Ultrastructural analysis of atherosclerotic aortas.
Compared to normal aortas, the analysis of atherosclerotic
aortas by electron microscopy revealed target-like extra-
cellular structures with concentric electron-dense and
-lucent rings located at the boundary between the neointi-
ma and the tunica media (Figure 4). This finding was
consistent with other studies in which these structures
were associated with VC (35). Most of these structures
were observed in proximity to the collagen fibrils. They
were also found near a relatively amorphous material sur-
rounded by microfibrils, which corresponded to the inner-
most of the many elastic layers present in the tunica
media of the aortic wall.

Human Cell Line Experiments

Oxidative stress induction and detection of OPN in T/G HA
VSMCs. The lesion type described above is associated



Figure 4. Transmission electron micrographs of atherosclerotic rabbit aortas

at the boundary between the neointima and the tunicamedia.Note the presence
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with modified lipoproteins and their internalization in
endothelial cells, SMCs, and macrophages which, in turn,
causes a state of oxidative stress (21,22,25). Therefore,
we explored the potential relationship between this
inductive metabolic state and overexpression of OPN
observed in the aortas of cholesterol-fed experimental
animals.

To verify that the exposure of VSMCs to oxLDL caused
oxidative stress, we conducted 5 h internalization tests of
oxLDL labeled with DiI (DiI-oxLDL) and DiI-acLDL.
DiI-oxLDL and DiI-acLDL were simultaneously incubated
with 6-carboxy-H2DCFA, a label that shows fluorescence
by reacting with free radicals including ROS. The internal-
ization of oxLDL occurred concomitant with ROS forma-
tion, as evidenced by ROS colocalization with DiI-labeled
internalized oxLDLs (Figure 5).

To demonstrate whether the observed state of oxidative
stress produced by ox/acLDL endocytosis altered OPN
synthesis in the VSMCs, internalization experiments were
performed that utilized the ubiquitous expression of SR-A
and SR-B in VSMCs. Western blot analysis revealed that
VSMCs treated with oxLDL and acLDL, but not those
unexposed to chemically treated lipoproteins, expressed
OPN (Figure 6). The differences in antibody reactivity
observed between commercial OPN (used as a control)
and OPN expressed by our cultured cells were most likely
related to posttranslational processing and/or the degree
of protein degradation associated with the process of
apoptosis. We previously showed that apoptosis can be
triggered through the internalization of modified lipopro-
teins in the presence of oxidative stress (17).

Our results strongly support the hypothesis that oxida-
tive stress triggers the overexpression of OPN, a molecule
that helps to modulate calcium precipitation in the athero-
sclerotic plaque.
Discussion

Osteopontin (OPN) is expressed in proliferating and migra-
tory vascular cells and is associated with neointima forma-
tion. OPN is also directly associated with atherosclerotic
lesions, a finding that correlates well with the observed
increased SMC proliferation and production of matrix met-
alloproteases (40,41). Calcified nodules first form in
regions of lipid deposition, particularly those involved with
oxidized lipids (42). In response to oxidized cholesterol,
transforming growth factor-b1, bone morphogenetic protein
of target-like extracellular structures (arrows) in proximity with collagen

fibrils (arrowheads) near an amorphous material surrounded by microfibrils

associated with the elastic lamellas. (A,B) Samples taken from the thoracic

aorta. (C) Sample taken from the abdominal aorta. Bars correspond to 0.5

mm. Representative experiment in a series of two independent assays per-

formed with two control and two animals fed a high-cholesterol diet.

:



Figure 5. Internalization of oxidized low-density lipoprotein (oxLDL) and generation of reactive oxygen species (ROS) in vascular smooth muscle cells

(VSMCs). T/G HA-VSMCs incubated during culture with DiI-oxLDL (to follow lipoprotein internalization) and 6-carboxy-H2DCFA (oxidative stress

marker). (A) Phase contrast image showing T/G HA-VSMCs. (B) OxLDL internalization. (C) Oxidative stress marker associated with ROS generation.

The excitation/emission wavelengths were 448 nm/519 nm for 6-carboxy-H2DCFA and 543 nm/569 nm for DiI. Bar 530 mm. Representative experiment

in a series of four independent assays.
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(BMP)-2 (43), and RANKL (44), an increase in the rate of
calcified nodule formation and the development of osteo-
blast markers has been observed. Bone tissue calcification
is initiated in small vesicular structures containing HAP
crystals, designated as matrix vesicles. Interestingly, matrix
vesicles have also been found in atherosclerotic lesions
(45). These observations are supported by our present find-
ings showing that OPN is immunodetected in SMCs and
foam cells in atherosclerotic lesions associated with
calcium deposits.
Figure 6. OPN identification by Western blot analysis. (Lane A) Control

recombinant OPN; (Lane B) VSMCs incubated for 5 h in the absence of

chemically modified lipoproteins and serum-free media; (Lanes C and

D) VSMCs after internalization of ox-LDL (C) and acLDL (D). (A) Immu-

noblots developed for OPN and (B) b-actin as loading control. Represen-

tative experiment in a series of four independent assays.
Human VSMCs in vitro and in vivo display a phenotypic
change that is often associated with their ability to acquire
characteristics of a diverse range of mesenchymal lineages,
including osteoblastic, chondrocytic, and adipocytic (46).
In vitro, modified lipoproteins stimulate VSMC calcification
and promote protein gene expression related to osteogenic
differentiation (47,48). Vascular calcification may reportedly
occur through the induction of osteogenesis and the establish-
ment of an osteochondrogenic phenotype regulated by BMP.
BMP-2 can promote phosphate uptake and the calcification of
human VSMCs (49). Once the osteogenic phenotype is
induced, cells gain a distinctivemolecular fingerprint marked
by specific transcription factors including Msx2. Msx2
promotes osteogenesis and suppresses the adipogenic differ-
entiation ofmultipotent mesenchymal progenitors in a hyper-
lipidemic diabetic mouse model for VC. Myofibroblasts can
be diverted to an osteogenic lineage through BMP2-Msx2
signaling, which can contribute to VC (50).

OPN is overexpressed after cardiac damage by mechan-
ical trauma or oxidation agents and, therefore, is proposed
as important in the reduction of inflammation and tissue re-
modeling (51,52). OPN is thought to regulate the processes
of tissue inflammation and tissue repair, particularly in
responses associated with T cells, macrophages, and fibro-
blasts. This is supported by the finding that OPN expression
during the process of dystrophic calcification correlates well
with the tissue infiltration of T cells and macrophages (53).
Thus, depending on the particular cellular conditions, OPN
may influence pro- or anti-inflammatory effects in vitro
(e.g., by increasing or decreasing the IL-12 or IL-10 level,
respectively (54). In this respect, rheumatic valve calcifica-
tion is not a random passive process, but a regulated inflam-
matory cellular process associated with the expression of
osteoblast markers and neoangiogenesis (12).

Because inflammation is directly correlated with a state of
oxidative stress, our experiments suggest that an increased
ROS level within the cell may modulate OPN gene expres-
sion. ROS can be considered as secondary messengers in
the transduction of signals dependent on tyrosine phosphor-
ylation, calcium signaling, or the specific expression of
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specific genes (21,55e57). In the case of oxLDL, a calcium
signaling cascade is stimulated that increases the cyto-
plasmic concentration of free calcium (21).

Expression of SR-A may depend on the cytoplasmic
calcium concentration. This is indicated by the finding that
SR-A is inhibited or potentiated by the specific blockage of
plasma membrane calcium channels or the use of calcium
ionophores such as A23187, respectively (21). Under
conditions that predispose VSMCs to a state of oxidative
stress, increased SR-A expression is associated with the
activation of AP1/c-Jun (21,22). Phosphorylated AP-1
binds to specific sites in the promoter of TGF-ß, laminin,
collagen 1, angiotensin II and OPN, all of which are asso-
ciated with cellular proliferation, differentiation, and
response to ROS (58).

Oxidized LDL not only acts in the transformation of
macrophages into foam cells, but also induces the aberrant
production of cytokines important in atherosclerotic devel-
opment. Among the pro-inflammatory cytokines expressed,
interleukin 1b (IL-1) and tumor necrosis factor (TNF-a) are
both induced by several SR-A ligands (59). Moreover, the
activity of SR-A in VSMCs can be modulated by phorbol
esters and by the combination of H2O2 and vanadate (60).
In this respect, we have found that an induced state of
oxidative stress directly affects the posttranslational events
of SR-A in cultured cells, without altering the transcrip-
tional processing of the receptor (16,17) . Employing an
extensive computational approach, Partridge et al. recently
identified sets of genes whose transcriptional states were
predictive of OPN gene expression (61). These sets
included several genes that were associated with redox-
regulated transcription (21,61).

Our findings show that OPN overexpression is associated
with the presence of extracellular oxLDL and acLDL which,
in turn, trigger a state of oxidative stress and possibly initiate
apoptosiswhen bound and internalized by SR-A.We propose
OPN as a key molecule associated with and regulated by
oxidative stress. We also suggest that ROS promote the over-
expression of OPN, which is strikingly associated with the
activation of scavenger receptors in cells associated with
atherosclerotic plaques. Because redox-regulated transcrip-
tion is frequently studied in association with changes in gene
expression, our laboratory is actively seeking the potential
source of ROS after the activation of scavenger receptors
and the relationship of this ROS source with OPN transcrip-
tion factor response elements.

In summary, this study establishes a direct connection
between OPN overexpression, which is mediated by the
internalization of modified lipoproteins through their
binding to scavenger receptors and the concomitant estab-
lishment of an oxidative stress state. Together with our
previous reports, this study supports the hypothesis that
cellular OPN is associated with atherosclerotic plaques
and may serve as a buffering molecule in the process of
tissue calcification.
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