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Abstract
We have previously identified unrokinase plasminogen activator receptor [uPAR] as one of several genes 

differentially induced in human aortic endothelial cells [HAEC] by Oxidized-L-alpha-1-Palmitoyl-2-Arachidonoyl-
sn-glycero-3-Phosphorylcholine [Ox-PAPC], which is a key biologically active component of oxidizedx low-density 
lipoprotein [Ox-LDL]. The role of uPAR in the development of atherosclerosis is not known. In this report, we show that 
uPAR message and protein are induced in HAEC within hours of Ox-PAPC treatment. We developed uPAR-/- mice on 
an LDLR-/- background [uPAR-/-/LDLR-/-] and show that uPAR plays a proatherogenic role in the aortic vascular milieu. 
When compared to LDLR-/- mice, uPAR-/-/LDLR-/- mice fed a Western diet for 12 weeks had i] an anti-atherogenic 
serum lipid profile, ii] less atherogenic lipoproteins, iii] reduced accumulation of macrophages in the aortic sinus 
lesions, and iv] significantly reduced atherosclerosis in the entire aortic tree and the aortic sinus. Our results suggest, 
for the first time, that uPAR inhibition is a potential therapeutic approach to prevent atherosclerosis development.
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Introduction
Cardiovascular disease [CVD] is the leading cause of death in both 

men and women in the United States. Nearly three-fourths of all deaths 
from cardiovascular disease are due to heart attack or stroke caused 
by atherosclerosis, a chronic inflammatory disease of the arterial wall, 
characterized by the formation of lipid-laden lesions [1]. It is now 
established that the oxidation of low density lipoproteins [Ox-LDL] in 
the circulation resulting in the inflammatory responses by the artery 
wall endothelial cells and accumulation of macrophages in the artery 
wall are initial and critical steps in the development of atherosclerosis 
[2,3]. Identifying key genes involved in such early steps of atherosclerosis 
development and understanding their mechanism[s] of action are critical 
for discovering novel therapeutic targets in the fight against CVD.

We have previously identified unrokinase plasminogen activator 
receptor [uPAR] differentially induced in human aortic endothelial cells 
[HAEC] by Oxidized-L-alpha-1-Palmitoyl-2-Arachidonoyl-sn-glycero-
3-Phosphorylcholine [Ox-PAPC], which is a key biologically active
component of oxidized low-density lipoprotein [Ox-LDL] [4]. uPAR
is a cell membrane-associated receptor of the serine protease family;
uPA/uPAR system is implicated in plasmin generation and pericellular
proteolysis. The exact role of uPA/uPAR system in the development
of atherosclerosis is not known [5], but it has been demonstrated that
uPA/uPAR system is expressed and active in all cells of the artery wall
[6,7,8,9]. uPAR is highly expressed in human atherosclerotic lesions
and it’s expression correlates with severity of atherosclerosis. uPAR has
also been shown to facilitate leukocyte-endothelial interactions. In this
paper, we report the development and characterization [with respect to 
atherosclerosis] of uPAR-/-/LDLR-/- mice.

Materials and Methods
Cell Culture

HAEC were isolated and cultured as described previously [10]. 
HAEC were plated at a density of 2×105 cells/cm2 and were allowed 
to grow, forming a confluent monolayer in 2 days. The day before 
experiments, HAEC were shifted to M199 medium containing 10% 
lipoprotein deficient serum [LPDS]. Ox-PAPC at a concentration of 50 
μg/ml was added to the cultures.

Real-Time PCR
Total RNA from cell cultures was extracted after 4 hours treatment 

with Ox-PAPC using the RNeasy kit [Qiagen, Valencia, CA, USA] 
according to manufacturer’s protocol. Reverse transcription [RT] was 
performed with an Omniscript® Reverse Transcription Kit [Qiagen, 
Valencia, CA, USA] and cDNA was analyzed by qPCR using the 
SYBR Green Supermix [Bio-Rad, Hercules, CA, USA] in CFX96 
Real-Time System [Bio-Rad, Hercules, CA, USA] following the 
manufacturer’s instructions. Triplicate qPCR reactions were carried 
out in each sample. The following primers were used to detect human 
uPAR gene. Forward: CTGGAGCTTGAAAATCTGCC and Reverse: 
CGGCAGTCAATGAGGAAAGT.

Western Blot Analysis

HAECs were treated with Ox-PAPC at 50 ug/ml for 10 hours. Total 
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cell proteins were collected after treatment in cell lysis buffer containing 
0.1 mol/L NaCl, 5 mmol/L EDTA, 50 mmol/L sodium orthovanadate, 1% 
Triton X-100, and protease inhibitor tablet in 50 mmol/L Tris buffer [pH 
7.5]. Twenty micrograms of total proteins were separated by SDS-PAGE 
and transferred onto nitrocellulose membrane and followed by incubation 
with primary antibody at 4°C in 5% skim milk and 0.1% Tween-20. Primary 
antibodies to human uPAR [R&D Systems, Minneapolis, MN, USA] 
and GAPDH were used at the manufacturer’s recommended dilutions. 
Secondary antibody, anti-goat IgG was used at a dilution of 1:5,000. 

Genotyping of uPAR-/-/LDLR-/- mice
Total genomic DNA was isolated from 0.2 cm of mouse-tail using 

DNeasy Tissue kit [Qiagen, Valencia, CA, USA]. All PCR reactions 
were performed using the following conditions: 95ºC for 15 seconds, 
55ºC for 1 min, 72ºC for 1 min, total 30 cycles. The following primer 
sets and PCR product sizes were utilized for the genotyping analy-
ses of LDLR-/-/uPAR-/- mice. uPAR wild type allele: Forward primer 
GCTGGACACATTGGTACACA and Reverse primer CGCACACG-
GTCTCTGTCAGG – 450 bp product. uPAR knockout allele: For-
ward primer GCTGGACACATTGGTACACA and the reverse primer 
TTCCGTCCTCCCTGCCGCCC – 180 bp product. LDLR wild type 
allele: Forward primer ACCCCAAGACGTGCTCCCAGGATGA and 
Reverse Primer CGCAGT GCTCCTCATCTGACTTGT-380 bp prod-
uct. LDLR knockout allele: Forward primer AGGATCTCGTCGT-
GACCCATGGCGA and Reverse primer GAGCGGCGATACCGTA-
AAGCACGAGG – 200 bp product.

Animals and treatment
uPAR-/-/LDLR-/- double knockout mice were generated at UCLA 

by crossing uPAR-/- mice with LDLR-/- mice [The Jackson laboratory, 
Bar Harbor, Maine, USA]. The background strain for both knockout 
mice strains was C57BL6/J. LDLR-/- and uPAR-/-/LDLR-/- mice [n=15 
per group, eight weeks of age] were fed a Western diet consisting of 
21.2% fat, 0.2% cholesterol by weight [Harlan Teklad, WI, USA]. After 
12 weeks on the Western diet, mice were sacrificed, and hearts, aortas 
and blood were collected. UCLA animal research committee approved 
all the experimental procedures.

Serum lipid analysis 

Serum lipid levels [total cholesterol, unesterified cholesterol, 
triglycerides, HDL, non-HDL and free fatty acids] were performed in 
96-well plates on a Biomek 2000 automated laboratory workstation
[Beckman Coulter, Indianapolis, IN, USA] as described previously
[11]. Measurements on serum samples were performed in triplicate
with known control samples on each plate to ensure accuracy.

Aortic lesion analysis 

The basal portion of the heart and the proximal aorta were 
harvested, washed in PBS to remove blood, embedded in Tissue-Tec 
OCT medium and stored at –80°C until sectioning. Serial 10-µm-thick 
cryosections from the middle portion of the ventricle to the aortic arch 
were collected and mounted on poly-D-lysine–coated slides. In the region 
from the appearance to the disappearance of the aortic valves, every 
other section was collected. Sections were stained with Oil Red O and 
hematoxylin and counterstained with fast green, and then examined by 
light microscopy for the identification of athermanous lesions. The mean 
area of lipid staining from 8-10 sections was determined for each mouse.

Quantification of atherosclerosis in descending aorta [en face 
analysis] 

The aorta from arch to bifurcation was dissected from surrounding 

tissues and fixed in 4% formaldehyde. Then it was opened longitudinally, 
pinned onto black wax plates and stained with Sudan IV [Sigma-Aldrich, 
St. Louis, MO, USA]. The aortic lesion area and total aortic area were 
measured manually in a blinded fashion using Image-Pro Plus software.

Immunohistochemical analyses of atherosclerotic lesions
Immunohistochemical analyses of atherosclerotic lesions in the 

aortic root were performed as described previously [12]. Briefly, 
10-µm-thick cryosections were fixed in acetone and incubated with a
primary antibody, followed by incubation with biotinylated secondary
antibody. Signals were detected with alkaline phosphatase substrate plus 
levamisole to inhibit endogenous alkaline phosphatase activity [Vector
Laboratories, Burlingame, CA, USA]. Goat anti-mouse uPAR antibody
[R&D Systems, Minneapolis, MN, USA] was used at 10 ug/ml working
dilution, rat anti-mouse CD68 primary antibody [AbD Serotec, Raleigh, 
NC, USA] was used at 1:100 dilution, with an overnight incubation at
4°C. Rabbit anti-goat or Goat anti-rat biotinylated secondary antibodies 
[Jackson ImmunoResearch, West Grove, PA, USA] were used at 1:200
with 1 hour incubation at room temperature. In each section, the total
area occupied by CD68-immunopositive macrophages was measured.

Plasma inflammatory index

HDL ability to interfere with LDL-induced monocyte migration 
was measured using the monocyte chemotactic activity [MCA] assay. 
LDL and HDL fractions were isolated from serum by fast-protein 
liquid chromatography. LDL-induced monocyte chemotactic activity 
and HDL anti-inflammatory properties were assessed as described 
previously [13]. Briefly, 100 µg of LDL, or 50 µg of HDL + 100 µg of 
control human LDL were added to a confluent monolayer of human 
aortic endothelial cells. Supernatants were collected and tested for 
monocyte chemotactic activity using a Neuroprobe chamber [Neuro 
Probe, Gaithersburg, MD, USA] with a polycarbonate filter of 5 µm 
pore size separating the upper and lower wells. Supernatants were 
added to the bottom chamber and freshly isolated monocytes to the top 
chamber. Membranes were fixed with 1% glutaraldehyde and stained 
with 0.1% Crystal Violet and the number of migrated monocytes was 
determined microscopically and expressed as mean ± SD. 

Statistical analysis

Statistical significance was determined by student t test. A value of 
p<0.05 was considered statistically significant.

Results
Ox-PAPC induces uPAR expression in HAEC and uPAR is 
associated with atherosclerotic lesions in mice

We previously performed a suppression subtractive hybridization 
procedure to compare mRNA isolated from PAPC-treated HAEC with 
mRNA isolated from Ox-PAPC-treated cells [4] to identify genes that 
participate in the development of atherosclerosis. We identified uPAR 
as one of the Ox-PAPC-inducible genes in HAEC. We now show that 
uPAR message is induced in HAEC at 4 hours following Ox-PAPC 
treatment (Figure 1A). Moreover, uPAR protein is also induced by 
Ox-PAPC in HAEC when compared control HAEC (Figure 1B). We 
next examined whether uPAR is expressed in atherosclerotic lesion. We 
demonstrate that uPAR protein is highly expressed in the aortic root 
lesions of apoE-/- mice (Figure 1C).

Serum lipoproteins are significantly altered in uPAR-/-/LDLR-/- mice

To determine the role of uPAR in the development of atherosclerosis, 
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Figure 3: UPAR deficiency protects against the development of diet-induced 
atherosclerosis in LDLR-/- mice. A. Atherosclerotic lesion development at the aortic 
root in Western diet fed mice. Two groups of uPAR+/+/LDLR-/- and uPAR-/-/LDLR-/- mice 
(n=15 per group, eight weeks of age) were fed with Western Diet for 12 weeks. 
Each symbol represents the mean atherosclerotic lesion area calculated from 
8-10 oil red O-stained sections spanning the aortic sinus of an individual mouse. 
Horizontal lines indicate mean percent lesion area for each group of animals. 
Significant differences were obeserved between the two groups (## p< 0.001). B. 
Representative oil red O-stained aortic sinus sections from uPAR+/+/LDLR-/- and 
uPAR-/-/LDLR-/- mice fed on Western diet for 12 weeks. C. Atherosclerosis in the 
descending aorta is suppressed in uPAR-/-/LDLR-/- Western diet-fed mice. Each 
symbol represents the percent of total area of the indicated section of aorta that 
stained positively for Sudan IV in individual mouse maintained on Western diet 
for 12 weeks. Horizontal lines indicate mean percent lesion area in the indicated 
aortic section, including the aortic arch, thoracic aorta, abdominal aorta and 
total aorta (aortic arch + thoracic aorta + abdominal aorta), for each group of 
animals. Asterisks denote statistically significant differences between groups (## 
p < 0.001). Percentage of atherosclerosis lesions calculated from uPAR-/-/LDLR-/- 
mice is “significant decrease from uPAR+/+/LDLR-/- mice (2.0 vs.7.9, p < 0.001). D. 
Representative Sudan IV-stained aortas from the two groups.

we first intended to develop uPAR-/- mice on an apoE null background. 
However, due to the close proximity of uPAR and apoE loci the 
development of uPAR-/-/apoE-/- mice was unsuccessful. We therefore 
chose to breed the uPAR-/- mice onto an LDLR null background. Viable 
uPAR-/-/LDLR-/- mice were generated (Figure 2A). When uPAR-/-/LDLR-/- mice 
were fed a Western diet the levels of TC, LDL, HDL, UC, and FFA were 
significantly [p< 0.01] altered when compared to the corresponding 
levels in LDLR-/- mice on a western diet (Figure 2B). Moreover, the 
lipoprotein cholesterol levels of HDL and LDL in uPAR-/-/LDLR-/- mice 
were significantly less atherogenic when compared to LDLR-/- mice 
suggesting that uPAR deficiency is anti-atherogenic in LDLR-/- mice in 
a Western diet (Figure 2C).

uPAR deficiency protects against the development of diet-
induced atherosclerosis in LDLR-/- mice

We next determined whether uPAR deficiency affected the 
development of atherosclerosis in LDLR-/- mice. Histological analysis of 

aortic root lesions showed that uPAR-/-/LDLR-/- mice had significantly 
smaller aortic root lesions compared to LDLR-/- mice after 12 weeks on 
Western diet [260 vs. 388, p<0.0001, Figure 3A, and 3B]. To further 
determine the extent of atherosclerosis we performed en face analysis of 
the aortic tree and observed that uPAR-/-/LDLR-/- mice had significantly 
reduced percent of lesion area when compared to LDLR-/- mice [2.0 vs. 
7.9 %, p<0.001, Figure 3C and 3D]. 

uPAR deficiency results in anti-inflammtory lipoproteins in 
the circulation 

Since uPAR-/-/LDLR-/- mice carry less LDL-C and more HDL-C 
in the circulation (Figure 2C), we next examined whether the 
functional properties of HDL and LDL in the two groups of mice. We 
have previously described protocols to determine the inflammatory 
properties of HDL and LDL using an artery wall cell coculture method 
[10]. As seen in Figure 4A, HDL from uPAR-/-/LDLR-/- mice was 
significantly [ p<0.001] less pro-inflammatory when compared to HDL 
from LDLR-/- mice as indicated by uPAR-/-/LDLR-/- HDL’s ability to 
mitigate LDL-induced monocyte chemotactic activity. Furthermore, LDL 
from uPAR-/-/LDLR-/- mice was significantly [p<0.001] less pro-inflammatory 
when directly assayed for chemotactic activity in cocultures of human 
artery wall cells in the absence of HDL (Figure 4B). 

Atherosclerotic lesions from uPAR-/-/LDLR-/- mice contain 
significantly less number of macrophages

To determine whether the anti-inflammatory nature of lipoproteins 
in the uPAR-/-/LDLR-/- mice result in reduced monocyte chemotactic 
activity, sections of mouse aorta from the experiments described under 
Figure 3A were analyzed by immunohistochemistry for the presence of 
macrophages using CD-68 antibody 

Figure 1: uPAR is an Ox-PAPC inducible gene and is highly expressed in 
atherosclerotic lesions. A. uPAR mRNA is induced by OX-PAPC in HAEC. 
Human aortic endothelial cells were exposed to OX-PAPC and harvested after 
4 hours. Total RNA was isolated and subjected to Real-Time PCR analysis. B. 
uPAR protein is induced by Ox-PAPC in HAEC. Total protein lysates isolated 
from Ox-PAPC-treated HAEC were subjected to Western Blot analysis for uPAR. 
C. uPAR protein is highly expressed in the aortic root lesions of apoE-/- mice. 
Immunohistochemistry was performed for uPAR protein on cryostat sections 
obtained from the aortic root of 24 week-old apoE-/- mice. 

Figure 2: Generation and characterization of uPAR-/-/LDLR-/- mice. A. Generation 
of uPAR-/-/LDLR-/- mice. Viable uPAR-/-/LDLR-/- mice were generated. Figure 
shows genotyping of uPAR-/-/LDLR-/- using the PCR protocol described under 
Materials and Methods. B. uPAR deficiency significantly alters serum levels 
of TC, LDL, HDL, UC, and FFA in LDLR-/- mice on a western diet. uPAR+/+/
LDLR-/- and uPAR-/-/LDLR-/- mice (n=15 per group, eight weeks of age) were fed 
with Western Diet for 12 weeks. After 12 weeks treatment, the mice were bled 
and serum levels of total cholesterol, triglycerides, and HDL-cholesterol were 
determined as described in Materials and Methods. C. Lipoprotein cholesterol 
levels are positively affected in uPAR-/-/LDLR-/- mice on a Western diet. Serum 
levels of HDL cholesterol and VLDL/LDL cholesterol were quantified as 
described under Materials and Methods. * P<0.01; # P<0.001; ## p<0.0001.
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The aortic root lesions accumulated significantly less numbers of 
macrophages in uPAR-/-/LDLR-/- mice compared to LDLR-/- mice [102 
vs. 131, p<0.01, Figure 4C and 4D).

Discussion 
Atherosclerosis is the underlying cause of vascular inflammatory 

diseases. The accumulation of oxidized lipids in the artery wall milieu 
initiates the recruitment of monocytes to the artery wall where they 
play a critical role in eliminating the toxic effects of oxidized lipids. 
However, based on a complex set of genetic and environmental 
mechanisms, the lipid loaded macrophages or foam cells can also 
initiate the earliest onset of atherosclerosis [1]. Understanding the 
molecular players that participate in such mechanisms will be important 
for developing therapeutic strategies for inhibiting the development of 
atherosclerosis. 

We previously reported that oxidized phospholipids [e.g. Ox-
PAC], the major pro-inflammatory constituents of Ox-LDL regulate 
the expression of a number of important genes in the artery wall 
cells including uPAR [4]. The uPA/uPAR system is comprised of the 
serine protease uPA and the cell membrane-associated receptor of 
uPA [uPAR] [14]. uPA binds with high affinity to its receptor uPAR 
and converts plasminogen to an active enzyme, plasmin, which in turn 
activates matrix metalloproteases responsible for extracellular matrix 
remodeling. uPA and uPAR are expressed by vascular endothelial cells, 
SMC, monocytes and macrophages [5]. 

The uPA/uPAR system plays an important role in the pathogenesis 
of vascular diseases [15]. In humans, uPAR and uPAR-bound uPA 
levels correlate with severity of atherosclerosis [16,17,18]. Among the 
two, uPA has been studied extensively with respect to atherosclerosis 
and vascular diseases [6,8,19,20]. Recent studies suggest that uPA 
over-expression contributes to the development, progression, and 
complications of atherosclerosis [6,8,20]. Plasma levels of uPA were 
found elevated in patients with unstable angina and correlated positively 
and associated with signs of plaque instability [21,22]. Interestingly, in 

uPA-/-/apoE-/- mice, lack of uPA promotes progression and instability of 
mouse atherosclerotic lesions [23]. 

uPAR expression is elevated on monocytes from patients with 
acute myocardial infarction [24]. The role of uPAR on macrophage 
infiltration was examined using Raw264.7 cell lines expressing high 
levels of human uPA and uPAR [25]. Raw264.7 cells expressing 
human uPAR or both human uPAR and uPA, but not uPA alone, were 
detected in the aortic wall of apoE-/- mice, and no cells were detected 
in that of age-matched C57BL/6J mice after intravenous infusion of 
the cells [25]. More recently, it has been reported that uPAR regulates 
monocyte migration and is associated with accelerated atherosclerosis 
in apoE-/- mice [26]. uPA has also been shown to regulate cell migration 
and invasion by coupling to uPAR [27]. The direct role of uPAR in the 
development of atherosclerosis has not been studied. We show that 
uPAR is an Ox-PAPC inducible gene in HAEC (Figure 1) and is also 
highly expressed in atherosclerotic lesions of apoE null mice (Figure 1). 
Our results showing that there is a reduced accumulation of monocyte/
macrophages in the artery walls of uPAR-/-/LDLR-/- mice (Figure 4) are 
in agreement with the previous reports suggesting a role for uPAR in 
monocyte chemotaxis/migration [25,26].

Absence of uPAR in Western diet fed LDLR-/- mice resulted in an 
average 33% reduction of atherosclerosis in the aortic sinus (Figure 
3A) and an average 75% reduction in atherosclerosis measured as a 
percent of total area in the entire aortic tree (Figure 3C). These results 
underscore the role of uPAR in the development of diet-induced 
atherosclerosis. Although we were initially planning to study the role 
of uPAR in a spontaneous [non-diet induced] hyperlipidemic mouse, 
we were unable to accomplish this due to feasibility issues. Since uPAR 
and apoE gene loci are close to one another [Ensembl cytogenetic band: 
19q13.31 and 19q13.32, respectively], it was not possible to obtain 
double knockout by breeding methodology.

One intriguing finding from the current study is the effect uPAR had on 
lipid and lipoprotein metabolism. The absence of uPAR in uPAR-/-/LDLR-/- 
mice resulted in a diet-induced lipid profile that was significantly less 
atherogenic when compared to LDLR-/- mice (Figure 2). We do not have 
a direct explanation for these observations cells. These results demonstrate 
that absence of uPAR prevented the accumulation [and/or generation] of 
pro-inflammatory lipoproteins in the circulation.

In conclusion, our results demonstrate, for the first time, that 
the absence of uPAR alters lipid and lipoprotein properties, prevents 
macrophage accumulation in the artery wall, and reduces diet-induced 
atherosclerosis in LDLR-/- mice. These results suggest that inhibition 
of uPAR expression and/or function has therapeutic potential for 
the treatment of CVD. But we speculate that this is most likely a 
homeostasis effect of reduced inflammation in the circulation. As noted 
in Figure 4, uPAR deficiency in LDLR-/- mice mitigated the diet-induced 
accumulation of pro-inflammatory lipoproteins (Figure 4A and 4B) 
measured in a bioassay that quantifies the monocyte chemotaxis caused 
by the effect of pro-inflammatory lipoproteins on artery wall 
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