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Introduction
Osteopontin (OPN) is a secreted ECM protein with
pleiotropic functions that have been implicated in tis-
sue repair, remodeling, and inflammation (1, 2).
Although OPN was first isolated from bone where it
mediates the adhesion of osteoclasts to the mineral-
ized matrix (3–5), subsequent studies have demon-
strated that OPN is expressed in a variety of other tis-
sues. OPN has been identified as a prominent
component of human atherosclerotic lesions where it
is synthesized by cells of the monocyte/macrophage
lineage and to a lesser extent by endothelial cells (ECs)
and VSMCs (6). In particular, OPN expression is

increased by high glucose levels in arteries of diabetic
patients and thus has been implicated in the patho-
genesis of diabetic nephropathy, atherosclerosis, and
other diabetic vascular complications (7, 8).

OPN has dual functions, acting as an ECM protein
and a proinflammatory cytokine (1, 2). Containing an
arginine-glycine-aspartate–binding (RGD-binding)
motif (4), OPN binds to several cell-surface integrins
(9, 10), whereas engagement of the homing receptor
CD44 occurs through the non-RGD cell–binding
domain of OPN (11). OPN receptor interactions medi-
ate important cellular-signaling pathways, allowing
OPN to promote cell adhesion and motility and thus
contribute to diverse processes such as cell growth
(12), migration (13, 14), inflammation, and tissue
remodeling (15). In addition, OPN can function as a
chemotactic cytokine, regulating immune cell func-
tion and promoting the adhesion, migration, and acti-
vation of macrophages (14, 16, 17).

Inflammatory processes and macrophage activation
are integral to atherosclerosis development (18).
Transendothelial migration of monocytes into the
subendothelial interstitium, their differentiation into
macrophages, and accumulation of these macrophages
in the arterial wall are crucial early events (19). Evolu-
tion of the disease involves LDL-cholesterol uptake and
oxidation in the vascular wall leading to development
of cholesterol-loaded macrophages that form fatty
streaks in the neointima (20).
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Ang II profoundly induces OPN expression in the
arterial wall (21). Activation of the renin-angiotensin
system (RAS) is a common feature in patients with the
metabolic syndrome and type 2 diabetes, who have a
fourfold higher risk for the development of atheroscle-
rosis (22–24). Moreover, infusion of Ang II into ather-
osclerosis-prone mice substantially accelerates the ath-
erosclerotic process leading to the development of
extensive atherosclerotic plaque formation and abdom-
inal aortic aneurysms (AAA) (25–27). To elucidate the
role of OPN in the pathogenesis of accelerated athero-
sclerosis, we crossed OPN-null mutant mice (OPN–/–)
into the atherosclerosis-prone ApoE receptor–deficient
(ApoE–/–) background and infused these mice with
Ang II. Using two different models, Ang II acceleration
of atherosclerosis in either ApoE–/–OPN–/– mice or irra-
diated ApoE–/– mice receiving bone marrow transplants
from ApoE–/–OPN–/– mice, we demonstrate that OPN-
deficient leukocytes provide substantial protection
against Ang II–accelerated atherosclerosis and AAA for-
mation. The mechanisms by which OPN contributes to
vascular pathology in this model involves the recruit-
ment of leukocytes, increase of their viability, and an
induction of cytokine and MMP expression.

Methods
Generation of mice. OPN–/– mice with a targeted mutage-
nesis of the secreted phosphoprotein 1 (spp-1) gene on a
Black Swiss background were a generous gift from C.M.
Giachelli (University of Washington, Seattle, Washing-
ton, USA) and Lucy Liaw (Maine Medical Center
Research Institute, South Portland, Maine, USA) (15).
The ApoE–/– mice on a C57BL/6J background were
obtained from The Jackson Laboratory (Bar Harbor,
Maine, USA). Double knockout ApoE–/–OPN–/– mice
were generated by crossing OPN–/– mice with ApoE–/–

mice. The F1 generation was backcrossed with ApoE–/–

mice to fix the ApoE–/– genotype, and littermates were
crossed. Genotypes were confirmed by PCR, and all
experiments were performed with generations F4–F6

using littermate ApoE–/–OPN+/+ as wild-type controls.
Animals were group housed in open-topped cages
under a 12-hour light and 12-hour dark regimen and
placed on a normal chow diet (diet 8604; Harlan Teklad
Laboratory, Madison, Wisconsin, USA).

Atherosclerotic lesion analysis and quantification of AAAs.
Two different atherosclerosis models were employed
to assess the effect of OPN deficiency on atheroscle-
rosis development in ApoE–/– mice: Ang II infusion,
which substantially accelerates atherosclerotic lesion
and AAA formation (25–27), and atherosclerosis
development on a normal chow diet in 8-month-old
mice. Three-month-old male ApoE–/–OPN+/+ littermate
control mice (n = 9), ApoE–/–OPN+/– (n = 9) mice, and
ApoE–/–OPN–/– mice (n = 6) on a normal chow diet
were infused with 2.5 µg/kg/min Ang II (Calbiochem,
San Diego, California, USA) for 4 weeks for athero-
sclerosis analysis and for 2 weeks for mRNA analysis.
Ang II was dissolved in sterile saline and infused using

Alzet osmotic minipumps (DURECT Corp., Cuper-
tino, California, USA). Osmotic minipumps were
placed subcutaneously in the dorsal midline. The
dosage for each animal was determined individually
at the time of implantation. Since previous studies
have shown that Ang II infusion promotes the devel-
opment of AAA (25–27), only the thoracic aorta was
analyzed for Sudan IV staining of lipid content. In
addition to the Ang II–accelerated atherosclerosis
model, development of atherosclerotic lesions in the
total aorta was analyzed in 8-month-old male
ApoE–/–OPN+/+ (n = 8) and ApoE–/–OPN–/– (n = 8) mice
fed a normal chow diet. En face lesion analysis was
performed in both models by Sudan IV staining as
described previously (28). The extent of atherosclero-
sis was represented as the mean percentage of the tho-
racic aortic surface area covered by lesions.

To determine the effect of OPN deficiency on Ang II–
induced aneurysm formation, we quantified their per-
centage of incidence and measured their sizes (26, 29).
Mice in which the increase in aortic diameter was less
than 10% were not considered to have an aneurysm. All
animal protocols were approved by the UCLA Animal
Research Committee and complied with all federal,
state, and institutional regulations.

Blood pressure and metabolic measurements. Blood pres-
sures were obtained from the mice using a noninvasive
tail-cuff system (BP-2000 Blood Pressure Analysis Sys-
tem; Visitech Systems, Apex, North Carolina, USA) as
described previously (28). Blood samples were obtained
from the mice before beginning Ang II infusion and at
sacrifice. The blood was collected after an overnight fast
from the retro-orbital plexus under isoflurane anesthe-
sia or from the abdominal vena cava at sacrifice. Plasma
glucose was measured by glucose oxidase reaction
(Beckman Glucose Analyzer 2; Beckman Instruments
Inc., Fullerton, California, USA). A single technician
blinded to the study groups performed the measure-
ments. Plasma lipids were measured by the UCLA Lipid
Analysis Laboratory as described previously (30).

Histology and immunohistochemistry. For histological
analysis mice were perfused with 4% phosphate-
buffered formaldehyde. Aortic tissue was harvested,
and the ascending aorta, the thoracic aorta, and the
abdominal aorta were embedded in OCT (Tissue-Tek;
Miles Inc., Elkhart, Illinois, USA) and snap-frozen.
Transverse cryosections (10 µm thick) were collected
from the ascending and abdominal aorta, fixed in
cold acetone, and stained with hematoxylin and
eosin, Mallory’s elastin trichrome staining, or elastin
van Gieson (EVG) staining. Immunohistochemical
analysis of atherosclerotic lesions of the ascending
and thoracic aorta were performed as described pre-
viously (28). Macrophages were detected using
adsorbed rabbit anti-mouse macrophage antisera
(1:10,000 dilution; Accurate Chemical & Scientific
Corp., Westbury, New York, USA), and T lymphocytes
were detected using a rabbit anti-mouse anti–CD-3
mAb (1:50 dilution; Calbiochem).
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Bone marrow transplantation. To induce bone marrow
aplasia, 8-week-old male ApoE–/– receptor-deficient
mice were exposed to total-body irradiation (9 mGy).
Bone marrow cell suspensions were isolated by flush-
ing the femurs and tibias from either ApoE–/–OPN–/– or
ApoE–/–OPN +/+ mice. Bone marrow cell suspensions
(1.5 × 107) were injected intravenously within 1 hour
after irradiation. After transplantation, the mice were
placed on a regular chow diet for 4 weeks followed by
infusion of 2.5 µg/kg/min Ang II for 4 weeks.

Reverse transcription and quantitative real-time RT-PCR.
OPN, CD68, monocyte chemoattractant protein-1
(MCP-1), C-C-chemokine receptor-2 (CCR-2), IFN-γ,
IL-10, and IL-12 mRNA expression in the thoracic
aorta was measured by real-time RT-PCR (n = 6 for each
analyzed group). Total RNA of the thoracic aorta was
isolated 2 weeks after Ang II infusion using RNAzol
(Tel-Test Inc., Friendswood, Texas, USA). After DNase
digestion using DNA-free (Ambion Inc., Austin, Texas,
USA), 500 ng of total RNA was reverse transcribed into
cDNA using TaqMan Reverse Transcription (RT)
Reagent Kit (Applied Biosystems, Foster City, Califor-
nia, USA). Using DNA digestion and –RT reactions
without reverse transcriptase, the amount of contami-
nating DNA was negligible. PCR reactions were per-
formed with an ABI-PRISM 7700 system (Applied
Biosystems) in a total volume of 25 µl, using a TaqMan
PCR Core Reagent Kit (Applied Biosystems) under the
following conditions: 2 minutes at 50°C and 10 min-
utes at 94°C, followed by a total of 40 cycles of two
temperature cycles (15 seconds at 95°C and 1 minute
at 60°C). Each sample was analyzed in triplicate and
normalized to values for GAPDH mRNA expression
using Taqman Rodent GAPDH Control Reagent
(Applied Biosystems). Primers and probes labeled with
carboxyfluorescein dye used in the experiments were as
follows: OPN: 5′-TCCCTCGATGTCATCCCTGT-3′ (for-
ward), 5′-CCCTTTCCGTTGTTGTCCTG-3′ (reverse), 5′-
CCCAGCTTCTGAGCATGCCCTCTG-3′ (probe); CD68: 5′-
CAAGGTCCAGGGAGGTTGTG-3′ (forward), 5′-CCAAA-
GGTAAGCTGTCCATAAGGA-3′ (reverse), 5′-CGGTACC-
CATCCCCACCTGTCTCTCTC-3′ (probe); MCP-1: 5′-
CAGCCAGATGCAGTTAACGC-3′ (forward), 5′-GCCTACT-
CATTGGGATCATCTTG-3′ (reverse), 5′-CCACTCACC-
TGCTGCTACTCATTCACCA-3′ (probe); CCR-2: 5′-GCT-
CAACTTGGCCATCTCTGA-3′ (forward), 5′-AGACCCACT-
CATTTGCAGCATA-3′ (reverse), 5′-TTCCTGCTCACAT-
TACCATTCTGGGCTC-3′ (probe); INF-γ: 5′-AGCAACAG-
CAAGGCGAAAA-3′ (forward), 5′-CTGGACCTGTGGGTT-
GTTGA-3′ (reverse), 5′-CCTCAAACTTGGCAATACTCAT-
GAATGCATCC-3′ (probe); IL-10: 5′-TTTGAATTCCCTGG-
GTGAGAA-3′ (forward), 5′-ACAGGGGAGAAATCGATG-
ACA-3′ (reverse), 5′-TGAAGACCCTCAGGATGCGGCTG-3′
(probe); IL-12 p40: 5′-ACCAGCTTCTTCATCAGGGACA-3′
(forward), 5′-TCTTCAAAGGCTTCATCTGCAA-3′ (reverse),
5′-CATCAAACCAGACCCGCCCAAGAA-3′ (probe).

Analysis of aortic and leukocyte OPN expression. OPN
mRNA expression in the thoracic aorta was analyzed by
real-time RT-PCR 2 weeks after Ang II or vehicle infu-

sion. Peritoneal leukocytes from male OPN+/+ and
OPN–/– mice (aged 3 month, n = 3 for each group) were
elicited 2 weeks after Ang II or vehicle infusion by an
intraperitoneal injection of 3 ml of 3% Brewer’s thiogly-
collate medium (Difco Laboratories, Detroit, Michigan,
USA). Exudates were obtained 72 hours after injection
by peritoneal lavage with PBS. Total RNA from these
leukocytes was isolated and analyzed for OPN expres-
sion as described previously (31). Blots were cohy-
bridized with cDNA encoding the constitutively
expressed housekeeping gene CHO gene B (CHOB) to
assess equal loading of samples. To selectively obtain
macrophages, cells from the exudate were washed twice
in sterile PBS and resuspended in RPMI-1640 medium
supplemented with 5% heat-inactivated FBS (Irvine Sci-
entific, Santa Ana, California, USA) containing 100
U/ml penicillin, 100 mg/ml streptomycin, and 2 mM 
L-glutamine (Sigma-Aldrich, St. Louis, Missouri, USA).
Cells were incubated at 37°C in an atmosphere of air
containing 5% CO2. Four hours after plating, nonad-
herent cells were removed by repeated washing with
PBS. At least 96% of the adherent cells were Mac-1+

macrophages. Viability of the cells was determined
using trypan blue exclusion. To determine the dose-
dependent effect of Ang II on macrophage OPN expres-
sion, isolated peritoneal macrophages were serum-
deprived for 24 hours in RPMI-1640 medium
containing 0.4% FBS and stimulated with Ang II. Twen-
ty-four hours after stimulation, RNA was isolated and
analyzed for OPN expression by Northern blot analysis.

Chemotaxis assays. Chemotaxis assays were performed
with peritoneal leukocytes in a modified Boyden cham-
ber transwell migration assay as described previously
(32). Briefly, 5 × 104 peritoneal leukocytes were plated
in RPMI-1640 medium containing 0.4% FBS and incu-
bated at 37°C for 1 hour, allowing the cells to attach.
Basal migration and MCP-1–directed migration (50
ng/ml; R&D Systems Inc., Minneapolis, Minnesota,
USA) was determined after an 8-hour migration peri-
od. Nonmigrating cells were removed with a cotton tip,
and cells were fixed and stained with a Quick-Diff stain
set (Dade Diagnostics, Miami, Florida, USA). Cells that
had undergone migration toward the lower compart-
ment were counted per ×320 high-power field (HPF)
with the use of an Axiovert 135 microscope. Four ran-
domly chosen HPFs were counted per membrane.
Experiments were performed in triplicate and were
repeated at least five times.

TUNEL assay and immunofluorescent staining. Apoptot-
ic macrophages in atherosclerotic lesions were detect-
ed using an in situ Fluorescein-FragEL DNA fragmen-
tation detection kit (Oncogene Research Products,
Boston, Massachusetts, USA) according to the manu-
facturer’s instructions. Briefly, serial 10-µM-thick
cryosections of the ascending and thoracic aorta were
permeabilized by proteinase K and incubated with
deoxynucleotidyl transferase, which binds to exposed
3′-OH ends of DNA fragments and catalyzes the addition
of fluorescein-labeled and unlabeled deoxynucleotides.
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After performing TUNEL assays, cryosections were
blocked (1% BSA, 1% cold-water fish gelatin, 1 M
glycine, 3% normal goat serum; Sigma-Aldrich) and
stained with a rat anti-mouse Mac-3 mAb (1:50 dilu-
tion; BD Biosciences, San Diego, California, USA) for 1
hour, followed by an incubation of a secondary goat
anti-rat IgG (1:200; Alexa Fluor 594 [Texas Red]; Mol-
ecular Probes Inc., Eugene, Oregon, USA). Apoptotic
macrophages were analyzed by confocal microscopy
and colocalization of fluorscein and Texas red staining
after performing overlay projections. The percentage of
positively stained macrophages was determined by
counting the number of double-stained macrophages
and total macrophages of five HPFs per cross-section
(n = 4) from each mouse.

Peripheral blood counts, leukocyte recruitment, and leuko-
cyte cell viability assays. Blood counts, quantitative and
qualitative analysis of peritoneal exudates, and viabili-
ty experiments were performed before and 4 weeks after
infusion of OPN+/+ and OPN–/– mice (aged 3 months; 
n = 4 for each group) with Ang II or vehicle. Total
peripheral white blood cell (WBC) counts were per-
formed using a Coulter counter. Differential WBC
counts were performed manually by a blinded and
trained hematologist. Peritoneal leukocytes were elicit-
ed 4 weeks after infusion of Ang II or vehicle by
intraperitoneal injection of 3 ml 3% thioglycollate
medium (Difco Laboratories) or after coinjection of 10
µg recombinant mouse OPN (R&D Systems Inc., Min-
neapolis, Minnesota, USA) with thioglycollate medi-
um. Exudates were obtained 72 hours after injection by
peritoneal lavage with PBS. The total cell number per
microliter of peritoneal exudate was counted using a
hematocytometer. Qualitative composition of the peri-
toneal exudates was analyzed by labeling with primary
mAb’s against Mac-1+ (macrophages) and CD4+ (T 
lymphocytes) (BD Biosciences) and performing flow
cytometry using a FACScan (Becton Dickinson
Immunocytometry Systems, San Jose, California, USA).
Cell viability and apoptosis was analyzed by flow
cytometry (Becton Dickinson Immunocytometry Sys-
tems) using a commercially available annexin V-FITC
assay (Oncogene Research Products), according to the
manufacturer’s instructions. Western blot analysis for
caspase-3 was performed using a specific Ab for cas-
pase-3 as described previously (31). The polyclonal cas-
pase-3 Ab detects endogenous levels of full-length cas-
pase-3 and the large fragment of caspase-3 resulting
from cleavage (9662, 1:1,000 dilution; Cell Signalling
Technology, Beverley, Massachusetts, USA).

Zymography and MMP-2 Western immunoblotting. The
aorta from ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice
infused with Ang II or PBS (n = 4 for each group) was
removed, pulverized by submersion in LN2, and incu-
bated for 1 hour at 4°C in lysis buffer (10 mmol/l
sodium phosphate, pH 7.2, containing 150 mmol/l
NaCl, 1% Triton X-100, 0.1% SDS, 0.5% sodium deoxy-
cholate, and 0.2% sodium azide). After centrifugation,
the protein concentration of the supernatant was

determined, and equal amounts of total protein (10
µg) were electrophoresed in 10% SDS-polyacrylamide
gels containing 1 mg/ml gelatin (Sigma-Aldrich).
Subsequently, SDS was removed from the gels by two
washes (15 minutes) with 2.5% Triton X-100 (Sigma-
Aldrich). Gels were incubated for 12 hours (37°C) in
zymography buffer (50 mmol/l Tris (pH 8.0), 10
mmol/l CaCl2, 0.05% Brij 35), and stained with
Coomassie brilliant blue. Recombinant mouse
pro–MMP-2 and pro–MMP-9 (R&D Systems Inc.)
were activated in vitro by incubation with p-amino-
phenylmercuric acetate in a final concentration of 1
mM. Recombinant MMP-2 and MMP-9 (1 ng) were
used as positive controls and for calibration. MMP-2
protein expression was analyzed by Western immuno-
blotting. Aortic tissue was homogenized in cell lysis
buffer (Cell Signalling Technology) and cleared by
centrifugation. Ten micrograms of protein was sepa-
rated by SDS-PAGE under reducing conditions, blot-
ted on nitrocellulose membranes, and incubated with
a mAb to detect MMP-2 (RDI-MMP2abm-5D;
Research Diagnostics Inc., Flanders, New Jersey, USA).
One hundred nanograms of recombinant MMP-2 was
used as positive control, and 100 ng MMP-9 was
employed to determine specificity.

Statistics. Data were expressed as mean plus or minus
SEM. Statistical significance was determined using
two-way ANOVA analysis and an unpaired Student t
test. P values of less than 0.05 were considered statisti-
cally significant.

Results
Genetic knockout of OPN attenuates Ang II–accelerated ath-
erosclerosis. To evaluate atherosclerotic lesion develop-
ment in the Ang II–accelerated atherosclerosis model,
3-month-old male ApoE–/–OPN+/+ wild-type (n = 9),
ApoE–/–OPN+/– (n = 9), and ApoE–/–OPN–/– (n = 6) lit-
termate mice were placed on a regular chow diet and
infused with 2.5 µg/kg/min Ang II for 4 weeks. The
abdominal segment was excluded from the athero-
sclerosis analysis because of the development of AAA
after Ang II infusion and analyzed separately (25–27).
Wild-type control mice infused with PBS exhibited
either no or very few lesions in the aortic arch, as
expected for the age of the mice. Ang II infusion pro-
moted a significant increase in the extent of atheroscle-
rosis in the arch and the thoracic aorta (15.3% ± 1.3%; 
n = 9) compared with PBS-infused littermate controls
(0.3% ± 0.01%; n = 9, P < 0.01). In marked contrast,
OPN-deficient mice demonstrated a substantial
reduction of atherosclerotic lesions compared with
littermate control mice (Figure 1, a and b), which was
similar in heterozygote ApoE–/–OPN+/– (5.5% ± 0.8%; 
n = 9, P < 0.01) and homozygote ApoE–/–OPN–/–

(5.1% ± 0.7%; n = 6, P < 0.01) mice.
To evaluate whether there were any qualitative dif-

ferences in lesions in addition to vessel lipid content,
a histological and immunohistochemical analysis was
performed (Figure 2). Analysis of the arterial tissue
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As shown in Table 1, there were no significant dif-
ferences in plasma lipids, glucose, or insulin levels, or
systolic blood pressures among littermate wild-type,
ApoE–/–OPN+/–, and ApoE–/–OPN–/– mice after Ang II
infusion. As a result of ApoE deficiency the total plas-
ma cholesterol levels were elevated in all groups with-
out significant differences in the three genotypes.
OPN deficiency did not affect systolic blood pressures,
which were 101 ± 4 mmHg in ApoE–/–OPN+/+ mice, 98 ± 6
mmHg in ApoE–/–OPN+/– mice, and 103 ± 5 mmHg in
ApoE–/–OPN–/– mice before Ang II infusion. All mice
developed elevated systolic blood pressures in response
to Ang II infusion: ApoE–/–OPN+/+, 163 ± 8 mmHg;
ApoE–/–OPN+/–, 159 ± 3 mmHg; ApoE–/–OPN–/–, 161 ± 2
mmHg, compared with sham-infused animals at
approximately 100 mmHg.

The influence of OPN on the development of ather-
osclerosis was next evaluated in 8-month-old male
ApoE–/–OPN+/+ littermates and ApoE–/–OPN–/– mice on
regular chow diet (Figure 3a). Older ApoE–/– mice on

from Ang II–treated wild-type mice revealed predom-
inantly fatty streak lesions (Figure 2a). Cores of these
lesions consisted of lipid-laden macrophages at the
boundary of the atherosclerotic intima and media
that immunostained positively with the antimacro-
phage Ab (Figure 2b). In addition to fatty streak
lesions, inflammation of the media was observed in
ApoE–/–OPN+/+ mice that correlated with immunore-
activity for macrophages within the media. In these
fatty streak lesions and in the media of ApoE–/–OPN+/+

mice little immunoreactivity was observed for T lym-
phocytes (Figure 2c). In contrast, the ApoE–/–OPN–/–

lesions were smaller, were strikingly less cellular (Fig-
ure 2d), and contained fewer foam cells. The arterial
wall of ApoE–/–OPN–/– mice revealed less medial
inflammation compared with the littermates and
decreased immunoreactivity for macrophages (Figure
2e). Breaks in the elastic lamina, which are a common
feature of Ang II–enhanced lesion formation (26) were
observed with equal frequency in ApoE–/–OPN–/– mice
and ApoE–/–OPN+/+ mice, however.

Figure 1
Ang II–accelerated atherosclerosis in male ApoE–/–OPN+/+,
ApoE–/–OPN+/–, and ApoE–/–OPN–/– OPN mice. Three-month-old
mice on a regular chow diet were infused with vehicle or Ang II for 4
weeks. (a) En face analysis of aortae stained with Sudan IV to visu-
alize accumulation of subintimal lipids present in atherosclerotic
lesions. (b) Mean atherosclerotic lesion areas of the thoracic aorta
from ApoE–/–OPN+/+ wild-type mice (black bars), ApoE–/–OPN+/–

(gray bars), and ApoE–/–OPN–/– (white bars) mice determined by
computer-assisted image analysis. Data are represented as average
percentage of the total surface of the thoracic aorta and expressed
as mean ± SEM. *P < 0.05 vs. ApoE–/–OPN+/+ infused with Ang II.

Figure 2
Immunohistochemical characterization of atherosclerotic lesions
from ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice 4 weeks after Ang II
infusion. Tissues of the thoracic aorta were analyzed by hematoxylin
and eosin staining (a and d) or immunohistochemical staining for
the presence of macrophages (b and e) and T lymphocytes (c and f)
and counterstained with hematoxylin (×400 magnification).



The Journal of Clinical Investigation | November 2003 | Volume 112 | Number 9 1323

regular chow have been shown to develop substantial
subintimal lipid accumulation (33). There was no sig-
nificant difference in atherosclerotic lesion develop-
ment between male ApoE–/–OPN+/+ and ApoE–/–OPN–/–

mice (Figure 3b). These studies indicate that hyperc-
holesterolemia alone is not sufficient to trigger the
proatherosclerotic effects of OPN. Thus, OPN is a crit-
ical factor differentiating and perhaps accounting for
acceleration of atherosclerosis by Ang II.

Leukocyte-derived OPN is critical for atherosclerosis devel-
opment. In human atherosclerotic lesions, OPN is
expressed by leukocytes as well as VCMCs and ECs (6).
To further determine the cell-specific contribution of
leukocyte-derived OPN to the decrease of Ang II–accel-
erated atherosclerosis in ApoE–/–OPN–/– mice, 8-week-
old male ApoE–/– mice were irradiated and trans-
planted with bone marrow derived either from
ApoE–/–OPN+/+ (n = 7) or ApoE–/–OPN–/– (n = 9) donors.
Transplanted mice were fed a standard chow diet. Four
weeks after transplantation, mice were infused with
Ang II for 4 weeks, and their thoracic aortae were ana-
lyzed for atherosclerotic lesion area (Figure 4a). ApoE–/–

mice transplanted with ApoE–/–OPN+/+ bone marrow
and infused with Ang II exhibited a similar extent of
atherosclerosis as the unirradiated ApoE–/–OPN+/+ mice
(16.6% ± 3.1% lesion area; Figure 4b). When ApoE–/–

mice received OPN-deficient bone marrow from
ApoE–/–OPN–/– mice, however, Ang II–accelerated ath-
erosclerosis was reduced by 75.9% (4.0% ± 1.0% lesion
area versus ApoE–/–OPN+/+, P < 0.05). These data indi-
cate an important role for macrophage- and/or lym-
phocyte-derived OPN in the development of Ang II–
accelerated atherosclerosis.

Ang II induces OPN expression in the arterial wall and in
murine macrophages. OPN expression is low in the nor-
mal arterial wall, and chronic Ang II infusion has been
shown to induce arterial OPN expression in rat carotid
arteries (21). Real-time RT-PCR from RNA samples
obtained from the thoracic aorta 2 weeks after Ang II
infusion confirmed that littermate wild-type control
mice had low basal OPN levels. Ang II infusion resulted
in a significant increase of aortic OPN mRNA expres-
sion (2.8-fold ± 0.2-fold versus PBS infusion, P < 0.05;
Figure 5a). Heterozygote ApoE–/–OPN+/– mice had 46%
of the basal expression of ApoE–/–OPN+/+ mice, and the
induction of vascular OPN by Ang II was reduced and
did not reach significance (1.7-fold ± 0.2-fold versus PBS

infusion, P = 0.058). OPN mRNA was not detectable in
ApoE–/–OPN–/– mice, confirming the phenotypic estab-
lishment of OPN deficiency in the ApoE–/– background.

Because leukocyte-derived OPN appeared to be
responsible for the exacerbated lesion development in
Ang II–infused ApoE–/–OPN–/– mice, we next investi-
gated whether Ang II induces OPN mRNA expression
in peritoneal leukocytes. Two weeks after vehicle or
Ang II infusion, peritoneal leukocytes were isolated
from OPN+/+ mice (n = 3 for each group) and analyzed
by Northern blotting for OPN mRNA expression. Ang
II infusion into mice stimulated leukocyte OPN
expression (3.1-fold ± 0.3-fold increase versus vehicle
infusion, P < 0.005, n = 3; Figure 5b). In addition, peri-
toneal macrophages from OPN+/+ mice were isolated
and stimulated with Ang II ex vivo. Ang II dose
dependently (1 nM–1 µM) induced macrophage OPN
mRNA expression (Figure 5c).

Table 1
Metabolic parameters and blood pressures of ApoE–/–OPN+/+, ApoE–/–OPN+/–, and ApoE–/–OPN–/– mice 4 weeks after Ang II infusion 

Group Triglycerides Cholesterol Glucose Insulin Systolic BP 
(mg/dl) Total (mg/dl) HDL (mg/dl) (ng/ml) (mg/dl) (mmHg)

ApoE–/–OPN+/+ (n = 9) 67 ± 6 420 ± 10 31 ± 9 146 ± 11 654 ± 46 163 ± 8
ApoE–/–OPN+/– (n = 9) 67 ± 14 446 ± 32 38 ± 7 131 ± 14 661 ± 36 159 ± 3
ApoE–/–OPN–/– (n = 6) 63 ± 5 447 ± 22 30 ± 6 156 ± 30 614 ± 49 161 ± 2

Fasting plasma was obtained and evaluated for triglycerides, total plasma cholesterol, HDL cholesterol, and glucose and insulin levels. Systolic blood pressures
were obtained from mice using a noninvasive tail-cuff system. Values are expressed as mean ± SEM.

Figure 3
Atherosclerosis in non-Ang II–infused 8-month-old male
ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice. (a) En face analysis of aor-
tic atherosclerosis in 8-month-old ApoE–/–OPN+/+ and ApoE–/–OPN–/–

mice on a regular chow diet. (b) Mean atherosclerosis development
in the total aorta from ApoE–/–OPN+/+ (black bar) and ApoE–/–OPN–/–

(white bar) mice analyzed as described in Figure 1.
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mRNA in their vessels. Similar to CD68, Ang II–stim-
ulated vascular CCR-2 expression was reduced in
ApoE–/–OPN+/– and ApoE–/–OPN–/– mice (Figure 6a).

Next, we analyzed MCP-1 mRNA expression, which
is the primary chemoattractant for monocyte trans-
endothelial migration during the early development of
atherosclerosis (35, 36). Ang II infusion in littermate
wild-type control mice promoted a 4.5-fold ± 0.3-fold
increase of MCP-1 mRNA expression (Figure 6a; 
P < 0.05 versus PBS-infused littermate control mice, 
n = 6). Surprisingly, Ang II–stimulated MCP-1 mRNA
expression was higher in ApoE–/–OPN+/– and
ApoE–/–OPN–/– mice (P < 0.05 versus PBS-infused lit-
termate control mice, n = 6). Thus, despite the presence
of a potent proinflammatory stimulus for monocytes
to transmigrate, their recruitment into the arterial
wall was dramatically decreased when OPN levels
were reduced 50% or more in the homozygote and
heterozygote mice. In addition, VCAM-1, an impor-
tant adhesion molecule for monocytes, was analyzed.
Ang II infusion induced VCAM-1 mRNA expression
in the wild-type mice (4.0-fold ± 0.7-fold versus PBS,
P < 0.05), which was abrogated in ApoE–/–OPN+/– and
ApoE–/–OPN–/– mice. It is possible that the decrease in
VCAM-1 expression could contribute to decreased
macrophage recruitment into the arterial wall.
Decreased immigration of monocytes into the arterial

OPN mediates recruitment of macrophages and cytokine
expression in Ang II–accelerated atherosclerosis. Infiltration
of macrophages into the arterial intima constitutes
one of the earliest events in the development of ather-
osclerosis (19, 34). Macrophage accumulation into the
vessel wall was determined by quantitative real-time
RT-PCR of CD68 mRNA expression. Acceleration of
atherosclerosis with Ang II significantly induced
CD68 mRNA expression in ApoE–/–OPN+/+ mice (5.9-
fold ± 0.3-fold induction versus PBS-infused littermate
control mice, P < 0.05; Figure 6a). In marked contrast,
ApoE–/–OPN+/– and ApoE–/–OPN–/– mice infused with
Ang II exhibited no significant increase in CD68

Figure 4
Atherosclerosis in ApoE–/– mice transplanted with ApoE–/–OPN+/+ or
ApoE–/–OPN–/– bone marrow. ApoE–/– mice were transplanted with
either ApoE–/–OPN+/+ or ApoE–/–OPN–/– bone marrow and infused
with Ang II for 4 weeks. (a) Representative Sudan IV–stained tho-
racic aorta of each analyzed group. (b) Mean atherosclerotic lesion
area of ApoE–/– mice transplanted with ApoE–/–OPN+/+ (black bar)
or ApoE–/–OPN–/– (white bar) bone marrow. Data are represented
as the average mean lesion area for each group and expressed as
mean ± SEM. *P < 0.05 versus ApoE–/– bone marrow-transplanted
mice ApoE–/–OPN+/+. BMT, bone marrow transplanted.

Figure 5
OPN mRNA expression in Ang II–infused mice and murine
macrophages. (a) Two weeks after infusion with vehicle or Ang II,
OPN mRNA of the thoracic aorta from ApoE–/–OPN+/+ (black bars),
ApoE–/–OPN+/– (gray bars) and ApoE–/–/OPN–/– (white bars) mice was
analyzed by quantitative real-time RT-PCR. Values are normalized for
GAPDH expression and expressed as mean ± SEM. *P < 0.05 versus
ApoE–/–OPN+/+ mice infused with vehicle. (b) Two weeks after infu-
sion with vehicle (PBS) or Ang II, peritoneal leukocytes from wild-type
control mice (n = 3 in each group) were isolated after intraperitoneal
injection of thioglycollate. Total RNA was analyzed for OPN expres-
sion by Northern blotting. Blots were cohybridized with cDNA
encoding the constitutively expressed housekeeping gene CHO gene
B (CHOB) to assess equal loading of samples. (c) Peritoneal
macrophages were serum deprived for 24 hours and stimulated with
increasing doses of Ang II. Twenty-four hours after stimulation, RNA
was isolated and analyzed for OPN expression by Northern blotting.
The autoradiograms shown are representative of three independent-
ly performed experiments.
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wall of ApoE–/–OPN–/– mice, however, could also result
from modulation of other cytokines.

Cell-mediated immune responses in OPN–/– mice
include diminished IL-12 and INF-γ expression and
increased IL-10 expression (37). Since these cytokines
are involved in the pathogenesis of atherosclerosis
(38–40), we investigated their mRNA expression in Ang
II–infused wild-type and ApoE–/–OPN–/– vessels. Ang II
infusion in littermates stimulated aortic INF-γmRNA
expression, whereas ApoE–/–OPN+/– and ApoE–/–OPN–/–

mice exhibited reduced INF-γresponses: 2.4-fold ± 0.4-
fold induction in ApoE–/–OPN+/+ mice in comparison
with 1.7-fold ± 0.3-fold and 1.4-fold ± 0.3-fold induc-
tion in ApoE–/–OPN+/– and ApoE–/–OPN–/– mice (P < 0.05),
respectively (Figure 6b). Similar results were obtained
for mRNA levels of the IL-12 p40 subunit. Aortic IL-10
mRNA levels were induced by Ang II in littermates 
(4.4-fold ± 0.5-fold induction versus vehicle, P < 0.05);
however, IL-10 mRNA expression was substantially
induced in ApoE–/–OPN+/– and ApoE–/–OPN–/– mice 
(5.7-fold ± 0.6-fold and 11.4-fold ± 2.8-fold induction

versus vehicle, respectively; P < 0.005). These findings
indicate that the regulation of leukocyte IL-12 and 
IL-10 expression during cell-mediated immunomech-
anisms reported previously in OPN–/– mice (37) is com-
parable in response to atherogenic stimuli.

Migration of OPN–/– peritoneal leukocytes is impaired. We
next examined peritoneal leukocytes from OPN+/+ and
OPN–/– mice for their ability to migrate in response to
a chemotactic gradient of MCP-1. Other murine stud-
ies have validated assessment of peritoneal leukocyte
migration as an effective method for the quantifica-
tion of MCP-1–directed leukocyte migration (41).
Basal migration of peritoneal leukocytes from OPN+/+

mice significantly increased in response to MCP-1
(Figure 7a). In contrast, heterozygote OPN+/– peri-
toneal leukocytes exhibited both impaired basal and
chemoattractant-dependent migration. Even less basal
migration was evident in homozygote OPN–/– leuko-
cytes, which exhibited no chemotactic response to
MCP-1. We next examined whether CCR-2 expression
in OPN–/– leukocytes is altered. As depicted in Figure
7b, OPN+/+ and OPN–/– leukocytes expressed compara-
ble levels of CCR-2. Taken together, these results sug-
gest that the reduction in MCP-1–directed migration
of OPN-deficient leukocytes may be largely accounted
for by a general inability to migrate rather than by
alterations in the chemotactic axis.

OPN promotes recruitment of leukocytes and increases cell
viability. Although leukocyte migration is impaired in
cells lacking OPN, OPN is expressed at low levels in
monocytes, suggesting that vessel monocyte/macro-
phage accumulation may not only be due to a defect in
adhesion or migration (42). To test whether there was
a myelopoetic defect in OPN–/– mice, we examined peri-
toneal exudates and peripheral blood. We first deter-

Figure 6
Expression of CD68, MCP-1, CCR-2, VCAM-1, and the cytokines
INF-γ, IL-10, and IL-12 in Ang II–infused mice. ApoE–/–OPN+/+,
ApoE–/–OPN+/–, and ApoE–/–OPN–/– mice were infused with vehicle
or Ang II for 2 weeks. Tissue mRNA of the thoracic aorta was ana-
lyzed for CD68, MCP-1, CCR-2, and VCAM-1 (a) or INF-γ, IL-12,
and IL-10 (b) mRNA expression. Data are normalized for GAPDH
mRNA expression and are represented as the average mean ± SEM.

Figure 7
Transwell migration and CCR-2 expression of OPN+/+ and OPN–/–

leukocytes. (a) Peritoneal leukocytes from OPN+/+ and OPN–/– mice
were harvested 3 days after thioglycollate injection and subjected to
chemotaxis assays in modified Boyden chambers. Basal migration
and MCP-1–directed migration (50 ng/ml) was determined and
expressed as cell number counted per HPF (×320). Experiments were
repeated three times in duplicate. Data are expressed as mean ± SEM,
*P < 0.05 versus OPN+/+ leukocytes. (b) CCR-2 mRNA expression was
analyzed by quantitative real-time RT-PCR and normalized to GAPDH
mRNA expression (n = 4 in each group). Data are represented as the
average mean ± SEM.
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mined total cell numbers in peritoneal exudates from
OPN+/+ and OPN–/– mice in response to thioglycollate
with and without infusion of vehicle or Ang II for 4
weeks. The exudates from uninfused OPN+/+ mice con-
tained 2,613 ± 211 cells/µl, while the exudates of
OPN–/– mice contained only 1,398 ± 130 cells/µl (n = 5,
P < 0.001). Exudates from Ang II–infused OPN+/+ and
OPN–/– tended to be slightly lower compared with
uninfused controls, although this difference was not
significant (2,474 ± 364, P = 0.063, and 1,189 ± 167, 
P = 0.072, respectively). To determine whether the cel-
lular composition of the exudates was different
between OPN+/+ and OPN–/– mice, exudates were ana-
lyzed by flow cytometry for macrophages (Mac-1) and
T cells (CD4+). No significant differences in Mac-1–pos-
itive (62.21% ± 4.25% versus 61.95% ± 2.35%; n = 5, NS)
or CD4-positive (10.05% ± 0.86% versus 8.20% ± 0.66%;
n = 5, NS) cells were observed between wild-type and
OPN–/– mice. These findings suggest that OPN defi-
ciency is associated with a decreased number of inflam-
matory cells in the peritoneal exudates rather than a

difference in composition compared with wild-type
mice. These observations raised the question of whether
lack of OPN affects the production of mononuclear
cells in the bone marrow or the recruitment at sites of
inflammation. To address this question we performed
WBC counts in wild-type and OPN–/– mice before and
after Ang II infusion. There was no significant differ-
ence in total or differential WBC counts between OPN+/+

and OPN–/– mice (data not shown) before Ang II infu-
sion. Since Ang II treatment might affect myelopoesis,
we next analyzed total and differential WBC counts
after infusion of Ang II for 4 weeks. Ang II infusion had
no effect on total WBC counts or number of circulating
monocytes, however, and there was no difference
between wild-type (total WBCs: 5,500 ± 984 leuko-
cytes/µl, 762 ± 97 monocytes/µl) and OPN–/– mice (total
WBCs: 5,300 ± 300 leukocytes/µl, 709 ± 65 mono-
cytes/µl). These data indicate that altered leukocyte
production does not account for the profound reduc-
tion of macrophage recruitment in response to an
inflammatory stimulus in OPN-deficient mice.

Figure 8
Decreased viability of OPN–/– macrophages in atherosclerotic lesions. TUNEL staining of comparable-sized atherosclerotic lesions from Ang II–
infused ApoE–/–OPN+/+ (a) and ApoE–/–OPN–/– (b) mice. Cryostat sections were prepared and stained with TUNEL (green) as described in Meth-
ods. The elastic lamina of the vessel gives a prominent background staining allowing the detection of breaks as a common feature of Ang II
infusion in ApoE–/– mice. Sections were double stained with a rat anti-mouse Mac-3 mAb for the detection of macrophages (red) and DAPI
(blue) to stain DNA. The overlay projection on the lower right of each picture allows the detection of colocalizing TUNEL+ macrophages 
(yellow). The arrow indicates typical examples of TUNEL+ macrophages. (c) The percentage of positively stained macrophages was determined
by counting the number of double-stained macrophages and total macrophages of five HPFs per cross section (n = 4) from each mouse 
(*P < 0.05). (d) Representative Western immunoblot for aortic caspase-3 expression from ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice using an
Ab detecting endogenous levels of full-length caspase-3 (35 kDa) and the large fragment of caspase-3 resulting from cleavage (17 kDa).
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OPN also functions as a cell survival factor and has
been shown to prevent apoptosis in VSMCs, ECs, and
pro-B cells (43–46). To determine macrophage viabili-
ty in atherosclerotic lesions, we next performed TUNEL
assays from comparable-sized lesions of Ang II–infused
littermates and ApoE–/–OPN–/– mice. Double immuno-
fluorescence staining demonstrated the presence of
DNA fragmentation in lesions from Ang II–infused
ApoE–/–OPN–/– mice, which colocalized with immuno-
reactivity for Mac-3, indicating decreased macrophage
viability. Figure 8b shows typical examples of colocal-
izing TUNEL-positive (green) macrophages (red) in
lesions from ApoE–/–OPN–/– mice. Quantitative analysis
revealed that macrophage viability in lesions from
ApoE–/–OPN–/– mice was markedly decreased compared
with lesions from wild-type mice (8.2% ± 2.5% versus
2.1% ± 0.8%, P < 0.05; Figure 8c). In addition, Western
immunoblot analysis confirmed increased levels of the
enzymatically active 17-kDa proteolytic cleavage prod-
uct of the inactive 32-kDa caspase-3 precursor in aor-
tae from Ang II–infused ApoE–/–OPN–/– mice (Figure
8d). These results indicate that decreased macrophage
viability may be, in part, responsible for the decreased
macrophage accumulation and atherosclerosis in Ang II–
infused ApoE–/–OPN–/– mice.

To determine whether leukocytes in peritoneal exu-
dates from OPN–/– mice are less viable, leukocytes from
vehicle and Ang II–infused wild-type and OPN–/– mice
were analyzed by annexin V flow cytometry (Figure 9a).
In addition, OPN–/– mice were coinjected after Ang II
infusion with recombinant mouse OPN and thiogly-
collate to evaluate whether exogenous OPN preserves
leukocyte viability in OPN-deficient mice. In wild-type
mice, infusion with Ang II resulted in a slight but sig-
nificant decrease in leukocyte viability compared with
vehicle, which was prevented by coinjecting recombi-
nant OPN. Compared with wild-type mice, leukocytes
from OPN–/– mice infused with vehicle or Ang II showed
significantly decreased viability, which was rescued by
recombinant OPN. OPN-deficient leukocytes from
vehicle-treated mice revealed proteolytic activation of
caspase-3 evidenced by the appearance of a 17-kDa
cleavage fragment (Figure 9b). OPN–/– leukocytes from
Ang II–infused mice showed an increase in caspase-3
activation. Coinjection of recombinant OPN prevented
proteolytic activation of caspase-3 in both vehicle and
Ang II–infused OPN–/– mice. Thus, OPN–/– leukocytes
reveal decreased viability associated with increased cas-
pase-3 activation, suggesting that OPN triggers anti-
apoptotic signaling in leukocytes.

Ang II–induced abdominal aortic aneurysm formation is
decreased in ApoE–/–OPN–/– mice. Ang II infusion into
hypercholesterolemic atherosclerosis-prone mice has
been demonstrated to induce the formation of AAA
(25–27). To determine the effect of OPN deficiency on
Ang II–induced aneurysm formation, we quantified
their incidence and measured their sizes. Mice in
which the increase in aortic diameter was less than 10%
were not considered to have an aneurysm. Compared

with littermate controls, ApoE–/–OPN–/– mice exhibit-
ed a dramatic reduction in the incidence of aneurysm
formation (eight of nine ApoE–/–OPN+/+ mice devel-
oped aneurysms versus one of six for ApoE–/–OPN–/–; 
P < 0.005). In ApoE–/–OPN+/+ mice that scored positive
for aneurysm formation, the average diameter of the
aorta increased 80%. In the single ApoE–/–OPN–/– that
developed an aneurysm, the diameter increased 11%.
Figure 10, a and b, show representative aortae from
ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice and EVG as
well as elastin-trichrome staining from transversal sec-
tions. Aneurysm formation in wild-type mice was typ-
ically associated with a disruption of the media and
breaks of the elastic lamina (Figure 10b).

Since aortic MMP activity has been implicated as an
important mechanism associated with the develop-
ment of aneurysms (47), we analyzed aortic MMP activ-
ity from vehicle- and Ang II–infused mice. In littermate
wild-type mice aortic pro–MMP-2 activity was
increased, as was MMP-2 and MMP-9 activity, at 4
weeks after Ang II infusion (Figure 10c). In contrast, in
ApoE–/–OPN–/– mice this increase was not observed.
Western immunoblotting confirmed significant pro–
MMP-2 and activated MMP-2 protein upregulation in

Figure 9
Decreased viability of peritoneal leukocytes from OPN–/– mice. Peri-
toneal OPN+/+ and OPN–/– leukocytes were isolated 4 weeks after
infusion with vehicle or Ang II by injection of thioglycollate alone or
by coinjection with 10 µg recombinant mouse OPN. (a) Leukocytes
from OPN+/+ (black bars) and OPN–/– (white bars) were stained with
annexin V-FITC and analyzed by flow cytometry. Values are expressed
as mean percentage of 10,000 counted cells ± SEM. *P < 0.05 ver-
sus OPN+/+ leukocytes from vehicle-infused mice, #P < 0.05 versus
leukocytes from mice elicited by thioglycollate injection alone. (b)
Protein extracts were analyzed by Western blot analysis for caspase-
3 cleavage using an Ab detecting endogenous levels of full-length cas-
pase-3 (35 kDa) and the large fragment of caspase-3 resulting from
cleavage (17 kDa). The autoradiogram shown is representative of
three independently performed experiments.



1328 The Journal of Clinical Investigation | November 2003 | Volume 112 | Number 9

aortae of Ang II–infused littermate mice, which was
blunted in ApoE–/–OPN–/– mice (Figure 10d). Therefore,
deficiency of OPN was associated with reduced inci-
dence and severity of Ang II–induced aneurysm forma-
tion and decreased MMP-2 and MMP-9 activity.

Discussion
Although OPN participates in cellular immunity and
inflammation and is expressed in atherosclerotic
lesions, the specific contribution of OPN to the devel-
opment of atherosclerosis and the related mecha-
nisms are poorly understood (6, 48). Recent studies by
Matsui et al. demonstrated that OPN deficiency
decreases atherosclerosis development in female but
not in male ApoE–/– mice fed a normal chow diet (48).
In an effort to further elucidate the role of OPN in
accelerated atherosclerosis, we examined atheroscle-
rosis development in OPN–/– mice crossed with ather-
osclerosis-prone ApoE–/– mice and infused with Ang II,
which profoundly accelerates atherosclerotic lesion
development (25–27). The extent of Ang II–accelerat-

ed atherosclerosis in male heterozygote ApoE–/–OPN+/–

and homozygote ApoE–/–OPN–/– mice was substan-
tially reduced compared with ApoE–/–OPN+/+ mice.
Consistent with the findings by Matsui et al., there
was no difference in atherosclerotic lesion develop-
ment in 8-month-old male mice fed a normal chow
diet (48). These studies demonstrate that partial or
complete lack of OPN is sufficient to abrogate the
extensive inflammatory response associated with Ang II–
accelerated atherosclerosis. OPN deficiency, however,
appears not to affect slower-progressing atheroscle-
rosis in non-Ang II–infused male ApoE–/– mice where
hypercholesterolemia is a main trigger of the athero-
sclerotic process.

Activation of the RAS accelerates development of
atherosclerosis and cardiovascular disease (22). Ang
II functions as a potent proinflammatory stimulus
and upregulates the expression of many redox-sensi-
tive cytokines, chemokines, and growth factors
involved in the pathogenesis of atherosclerosis,
including OPN (21). The expression of OPN is also
induced by high glucose, and OPN is highly ex-
pressed in atherosclerotic lesions of diabetic patients,
suggesting that OPN may be involved in the patho-
genesis of diabetic vascular complications and the
accelerated atherosclerosis seen in diabetes (7, 8). Our
observation that genetic OPN deficiency prevents the
development of atherosclerosis in mice infused with
Ang II but not in ApoE–/– mice that are only hyperc-
holesterolemic suggests that additional triggers are
necessary for OPN to be atherogenic. Ang II, poten-
tially combined with hyperglycemia in diabetes, may
induce aortic OPN expression sufficient to promote
vascular inflammation. Indeed, overexpression of
OPN has been demonstrated to induce fatty streak
lesions in mice (49) and enhanced vascular OPN
expression may, therefore, emerge as a differentiating

Figure 10
Decreased Ang II–induced abdominal aortic aneurysm formation
and MMP-2 and MMP-9 activity in ApoE–/–OPN–/– mice. (a) Repre-
sentative aorta from ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice infused
with Ang II for 4 weeks. The arrow indicates a typical abdominal aor-
tic aneurysm in ApoE–/–OPN+/+ mice. (b) Characteristics of aneurys-
mal tissue from the abdominal aorta of ApoE–/–OPN+/+ and
ApoE–/–OPN–/– mice infused with Ang II. EVG staining of the elastic
lamina (black) of ApoE–/–OPN+/+ (upper left) and ApoE–/–OPN–/–

(upper right) mice (both ×20 magnification). The arrows indicate the
disruption of the media and breaks of the elastic lamina. EVG (lower
left) and trichrome (lower right) staining at higher power demon-
strate the abdominal aortic wall of ApoE–/–OPN+/+ mice containing
smooth muscle cells (red) between elastic fibers (black) at the edge
of the disrupted media. (c) Representative zymography analysis of
MMP activities in the aorta from Ang II–infused ApoE–/–OPN+/+ and
ApoE–/–OPN–/– mice. Recombinant mouse MMP-2 and MMP-9 was
activated by incubation with p-aminophenylmercuric acetate and
used for calibration. (d) Representative Western blot analysis of aor-
tic MMP-2 expression in ApoE–/–OPN+/+ and ApoE–/–OPN–/– mice.
Recombinant MMP-2 and MMP-9 was used as positive control and
for determination of specificity.
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factor in accelerated atherosclerosis such as occurs in
diabetes and the metabolic syndrome.

OPN is expressed by all cell types participating in vas-
cular pathology (6). To determine the cell-specific con-
tribution of OPN to the atherosclerotic process, we per-
formed bone marrow transplantation studies. ApoE–/–

mice were irradiated, reconstituted with either ApoE–/–OPN+/+

or ApoE–/–OPN–/– stem cells, and infused with Ang II. In
this model, VSMC and EC OPN production was
allowed to remain intact. Animals receiving stem cells
with the full complement of OPN exhibited an extent of
lesions similar to the unirradiated ApoE–/–OPN+/+ mice,
while those ApoE–/– animals receiving the ApoE–/–OPN–/–

stem cells had a 76% reduction in lesion formation sim-
ilar to the systemic OPN knockout animals. Therefore,
leukocyte-derived OPN, rather than VSMCs or ECs, is
necessary for Ang II to accelerate atherosclerosis.

Monocyte recruitment is clearly essential for both
the formation of atherosclerosis and the generation of
appropriate immune responses since knockout of
MCP-1, or CCR-2, its cognate receptor on monocytes,
prevents atherosclerosis development in genetically
prone animals (35, 50) and results in decreased recruit-
ment of peritoneal leukocytes in response to thiogly-
collate (41, 51). Decreased accumulation of macro-
phages in the arterial wall of ApoE–/–OPN–/– mice, as
suggested by histologic analysis and evidenced by
decreased aortic CD68 mRNA expression, indicated an
important role for OPN in mediating the recruitment
of macrophages into the arterial wall. Similar to the
situation in MCP-1 and CCR-2 knockout mice (41,
51), injection of thioglycollate into the peritoneum of
OPN–/– mice was associated with decreased accumula-
tion of peritoneal leukocytes. The latter observation is
consistent with other in vivo studies in OPN-null mice,
demonstrating impaired macrophage recruitment and
function in cell-mediated immunity (15, 37, 52, 53).
Given the possibility that decreased myelopoesis could
account for a diminished immunity and leukocyte
recruitment in OPN–/– mice, we analyzed WBC counts
from OPN–/– mice. The number of circulating mono-
cytes, however, was not compromised in the presence
of OPN deficiency and not affected by Ang II infusion.
Thus, lack of OPN in bone marrow stem cells does not
alter leukocyte production or their ability to enter the
peripheral circulation.

OPN itself is a chemoattractant and previous reports
have identified an important role for OPN in promoting
adhesion and migration in a variety of cell lines in vitro,
including macrophages (11, 14, 54, 55). Consistent with
these reports, we observed decreased basal and MCP-1–
directed migration of OPN–/– leukocytes, despite the fact
that leukocyte CCR-2 mRNA levels in OPN–/– and
OPN+/+ were comparable. This implies that the reduced
aortic CCR-2 expression in ApoE–/–OPN–/– mice likely
results from decreased accumulation of macrophages.
MCP-1 is the major chemoattractant stimulus for
monocytes to transmigrate into the subintimal intersti-
tium (35). Ang II stimulates MCP-1 production in

VSMC and EC and thus promotes excess accumulation
of macrophages leading to vascular inflammation (56).
In ApoE–/–OPN+/+ mice Ang II increased vascular expres-
sion of both MCP-1 and CD68. In contrast, in
ApoE–/–OPN–/– mice there was a profound reduction in
CD68 expression, although MCP-1 expression, likely by
VSMCs and ECs, was paradoxically increased. The
cause of the paradoxical increase is unknown, however,
but indicates an appropriate chemotactic stimulus.
These data suggest that OPN is required for leukocyte
migration and recruitment, and macrophages found in
ApoE–/–OPN–/– atherosclerotic lesions, therefore, poten-
tially may be resident macrophages.

In addition to the decreased ability of OPN–/– leuko-
cytes to transmigrate, modulation of other cytokines,
such as IL-10, IL-12, and INF-γ, could contribute to a
decrease in monocyte adhesion and macrophage accu-
mulation in ApoE–/–OPN–/– mice. The anti-inflamma-
tory cytokine IL-10 prevents atherosclerosis by decreas-
ing monocyte adhesion, and a previous report has
shown that the decreased inflammatory response in
OPN–/– is in part mediated by decreased IL-12 and
increased IL-10 levels (37, 40). In response to Ang II
infusion ApoE-OPN–/– mice expressed substantially
lower IL-12 and higher levels of IL-10 mRNA levels. In
addition, vascular VCAM-1 expression in Ang II–
infused ApoE–/–OPN–/– mice was lower compared with
ApoE–/–OPN+/+ mice. Thus, decreased adhesion could
contribute to the decreased vascular accumulation of
macrophages in ApoE–/–OPN–/– mice. Whether these
changes in cytokine mRNA levels provide mechanis-
tic insight or are a consequence of change in cell com-
position of the aortic wall, however, remains a subject
for further studies.

OPN not only influences cell attachment, spreading,
migration, and proinflammatory pathways, but also
enhances cell survival and modulates phosphorylation
of intracellular signal transduction intermediates such
as focal adhesion kinase, paxillin, and Src (57). Several in
vitro studies have shown that OPN protects cells from
apoptosis induced by various stimuli (44, 46, 52). Sub-
stantially fewer viable macrophages were found in ath-
erosclerotic lesions from ApoE–/–OPN–/– mice. Our data
demonstrating that lack of OPN is associated with
decreased viability of peritoneal leukocytes evidenced by
increased annexin V binding and caspase-3 cleavage, and
that these changes are prevented by recombinant OPN,
provides additional evidence for an important role of
OPN in mediating antiapoptotic signaling and promot-
ing cell survival in macrophages. Cell adhesion to ECM
proteins is required for progression through the cell
cycle and disruption of adhesion induces G1 arrest and
apoptosis (58, 59). One signaling pathway that has been
identified to regulate integrin-mediated cell survival is
the nuclear NF-κB pathway, and binding of the ECs to
OPN has been demonstrated to protect ECs from apop-
tosis via interaction with the integrin αvβ3 receptor
resulting in activation of NF-κB (44). The precise signal-
ing pathways by which OPN promotes cell survival
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require further investigation. Nevertheless, decreased
macrophage viability resulting from lack of OPN
appears to contribute to the decreased accumulation of
macrophages at sites of inflammation in OPN–/– mice.

Inflammation of the arterial wall associated with
the disruption of the orderly lamellar structure of the
media appears to play a fundamental role in the
development of Ang II–induced AAA formation. In
ApoE–/–OPN–/– mice the incidence and severity of 
Ang II–accelerated AAA formation was substantially
reduced, suggesting that proinflammatory effects of
OPN are not only involved in the development of ath-
erosclerosis but also in AAA formation. Breaks in the
medial elastic laminae of the artery as a potential basis
for aneurysm formation are a common feature of Ang
II infusion in ApoE–/– mice (26). These breaks, however,
were equally observed in Ang II–infused ApoE–/–OPN–/–

mice, indicating other mechanisms responsible for the
decreased occurrence of aneurysms in ApoE–/–OPN–/–

mice. MMPs have been mechanistically implicated in
the pathogenesis of AAA, in particular, MMP-2 and
MMP-9 (47). Indeed, ApoE–/–OPN–/– mice exhibited
decreased Ang II–induced vascular MMP-2 and 
MMP-9 activity, which may contribute to decreased
formation of abdominal aneurysms.

In summary, the present investigation underscores a
key role for leukocyte OPN in vascular pathology by
mediating Ang II–accelerated atherosclerosis and
aneurysm formation. Genetic OPN deficiency does not
appear to alter monocyte production but is associated
with decreased vascular macrophage accumulation due
to decreased migration, macrophage viability, and
proinflammatory cytokine expression. We conclude
that OPN may be an important novel therapeutic tar-
get for the prevention and treatment of atherosclerosis
and abdominal aneurysms.
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