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Caveolin-1 (Cav-1) is the major structural protein es-
sential to the formation of the caveolae in endothelial
cells. Genetic ablation of Cav-1 on an apolipoprotein
E knockout background inhibits the progression of
atherosclerosis, whereas re-expression of Cav-1 in the
endothelium promotes lesion expansion. Although Cav-
1-null mice are useful to delineate the importance of
caveolae in atherosclerosis, there are additional prob-
lems that are difficult to dissect because loss of Cav-1
abolishes both the caveolae organelle as well as the
Cav-1-mediated signaling pathways. To study how
Cav-1 influences the progression of atherosclerosis in
mice with caveolae, we generated a transgenic mouse
that overexpresses Cav-1 in the endothelial cells in an
apolipoprotein E-deficient background. We found
that endothelial-specific overexpression of Cav-1 en-
hanced the progression of atherosclerosis in mice.
Mechanistically, overexpression of Cav-1 reduced en-
dothelial cell proliferation, migration, and nitric ox-
ide production in vitro and increased expression of
vascular cell adhesion molecule-1 in vivo. (Am J
Pathol 2010, 177:998—-1003; DOI: 10.2353/ajpath.2010.091287)

Atherosclerosis is a progressive disease characterized
by the accumulation of lipids, inflammatory cells, and
fibrous elements in the large arteries.”? In Western soci-
eties, it is the underlying cause of approximately 50% of
all deaths.? Traditional hypotheses of atherogenesis have
suggested that the dysfunction or injury of vascular en-
dothelial cells (ECs) is critical for the development of
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atherosclerosis.®* The endothelium functions as a selec-
tively permeable barrier between blood and tissues as it
can regulate transcytosis and generate effector mole-
cules such us nitric oxide (NO) that regulate thrombosis,
inflammation, vascular tone, and vascular remodeling.®
The anatomic sites where the atheromas develop are
associated with perturbed flow and increased EC turn-
over rate and these athero-prone areas show increased
permeability to macromolecules such as low-density li-
poproteins (LDLs) at preferential sites for lesion formation.®

Caveolae are 50- to 100-nm cell surface flask-shaped
invaginated structures observed in many cell types includ-
ing endothelium.” Among the three isoforms of caveolin
(Cav) that have been described (Cav-1, Cav-2, and Cav-
3), Cav-1is the major coat protein of endothelial caveolae
and is necessary for caveolae assembly.®® Indeed, sev-
eral studies have shown a complete loss of caveolae
organelles in blood vessels, adipocytes, and fibroblasts
obtained from Cav-1-deficient mice.®° The putative func-
tions of caveolae include cholesterol transport, endocy-
tosis, transcytosis, and signal transduction. Physiologi-
cally, an absence of caveolae results in impairment of
cholesterol homeostasis, insulin resistance, nitric oxide
production, and calcium signaling.’©~'2 In the cardiovas-
cular system, caveolae and Cav-1 show an important role
in the proliferation and migration of smooth muscle
cells,® regulation of NO production and vascular perme-
ability,®'* angiogenesis,'®™"” and atherosclerosis.®'®
Cav-1-deficient mice develop cardiac hypertrophy, hy-
percholesterolemia, and hypertriglyceridemia and have
increased tumor microvascular permeability, angiogene-
sis, and growth.'” Interestingly, the absence of Cav-1
reduces the progression of atherosclerosis.'® Very re-
cently, we showed, using a genetic model, that endo-
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thelial caveolae are essential for the progression of
atherosclerosis.’® Mechanistically, endothelial Cav-1
and caveolae are critical for LDL infiltration in the artery
wall, NO production, and macrophage accumulation, all
events necessary for atherogenesis.'® Although Cav-1-
null mice are useful to delineate the importance of caveo-
lae in atherosclerosis, there are additional problems that
are difficult to dissect, because loss of Cav-1 abolishes
both caveolae organelles as well as Cav-1-mediated sig-
naling pathways. To study how Cav-1 influences the pro-
gression of atherosclerosis in mice with caveolae, we
generated a transgenic mice that overexpress Cav-1 in
the endothelial cells in an apolipoprotein E-deficient
(ApoE~"") background. We found that endothelial-spe-
cific overexpression of Cav-1 enhanced the progression
of atherosclerosis in mice. Mechanistically, overexpres-
sion of Cav-1 reduces EC proliferation, migration, and NO
production and increases vascular cell adhesion mole-
cule 1 (VCAM-1) expression in vivo.

Materials and Methods

Animal Procedures

Endothelial-specific Cav-17¢ heterozygous mice carrying
a canine Cav-1 transgene under the preproendothelin-1
promoter were crossed six generations with F6 genera-
tion ApoE ", as reported previously.2° Accelerated ath-
erosclerosis was induced by feeding the mice for 14
weeks with a high-fat Western-type diet containing 1.25%
cholesterol (D12108, Research Diets, New Brunswick,
NJ). The Institutional Animal Care Use Committee of Yale
University approved all of the experiments.

Atherosclerotic Lesion Analysis

After 12 weeks of a Western-type diet, mice were anes-
thetized and euthanized. Hearts were perfused using 10
ml of PBS (Invitrogen, Carlsbad, CA) followed by 10 ml of
4% paraformaldehyde. After incubation in 4% parafor-
maldehyde overnight, the adventitia was thoroughly
cleaned under a dissecting microscope, and the aorta
was cut open longitudinally and pinned onto a silicone
plate. To calculate the lesion area, aortas were stained
with Oil Red O (Sigma-Aldrich, St. Louis, MO) before the
analysis. Oil Red O stock solution (35 ml; 0.2% w/v in
methanol) was mixed with 10 ml of 1 mol/L NaOH and
filtered. Aortas were briefly rinsed with 78% methanol,
incubated in Oil Red O solution for 50 minutes, and then
destained in 78% methanol for 5 minutes and mounted on
microscopic slides using agueous mounting medium
(Stephens Scientific, Wayne, NJ). Plaques were analyzed
with a Nikon SMZ 1000 microscope connected to a
Kodak DC290 digital camera. The images were analyzed
using Adobe Photoshop 6.0 (Adobe Systems, Mountain
View, CA), and the lesions were quantified using ImageJ
(NIH, Bethesda, MD). For other images, 10-um-thick
cryosections of the proximal aorta were serially sectioned
and stained with H&E for quantification of the lesion areas
using Imaged. The aortic lesion size of each animal was
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obtained by averaging lesion areas in six sections from
the same mouse.

Western Blot Analysis

Tissues were snap-frozen in liquid nitrogen, pulverized,
and resuspended in lysis buffer: 50 mmol/L Tris-HCI, pH
7.4, 0.1 mmol/L EDTA, 0.1 mmol/L EGTA, 1% Nonidet
P-40, 0.1% sodium deoxycholate, 0.1% SDS, 100 mmol/L
NaCl, 10 mmol/L NaF, 1 mmol/L sodium pyrophosphate,
1 mmol/L sodium orthovanadate, 1 mmol/L Pefabloc SC,
and 2 mg/ml protease inhibitor cocktail (Roche Diagnos-
tics, Indianapolis, IN). Cells were lysed on ice with lysis
buffer as noted above. Protein concentrations were de-
termined using the DC Protein Assay Kit (Bio-Rad Labo-
ratories, Hercules, CA). Lysates containing 80 ug (tissue)
or 30 ug (cells) of protein were analyzed by SDS-poly-
acrylamide gel electrophoresis and immunoblotting. Pri-
mary antibodies used include the following: Akt (Cell
Signaling Technology, Danvers, MA), endothelial NO syn-
thase (eNOS), Cav-1, Cav-2, heat shock protein (HSP90)
(BD Transduction Laboratories, BD Biosciences Pharmin-
gen, San Diego, CA), VCAM-1 and intercellular adhesion
molecule 1 (ICAM-1) (R&D Systems, Minneapolis, MN),
and B-actin (Sigma-Aldrich). Secondary antibodies were
fluorescence-labeled antibodies (LI-COR Biotechnology,
Lincoln, NB). Bands were visualized using the Odyssey
Infrared Imaging System (LI-COR Biotechnology).

Lipid Analysis and Lipoprotein Profile
Measurement

Mice were fasted for 12 to 14 hours before blood samples
were collected by retro-orbital venous plexus puncture.
Plasma was separated by centrifugation and stored at
—80°C. Total plasma cholesterol and triglycerides were
enzymatically measured using the Amplex red choles-
terol assay kit (Molecular Probes, Eugene, OR) and a
serum triglyceride determination kit (Sigma-Aldrich), re-
spectively, according to the manufacturer’s instructions.
The lipid distribution in plasma lipoprotein fractions was
assessed by fast-performance liquid chromatography
gel filtration with two Superose 6 HR 10/30 columns
(Pharmacia, Peapack, NJ).

Mouse Lung Endothelial Cell Isolation

Mouse lung endothelial cells (MLECs) were isolated from
3-week-old wild-type and Cav-1"¢ mice. In brief, mice
were euthanized with an overdose of ketamine/xylazine,
and the lungs were excised, minced, and digested with
0.1% collagenase in RPMI 1640 medium. The digest was
homogenized by passing multiple times through a 14-
gauge needle. It was then filtered through a 150-um
tissue sieve, and the cell suspension was plated on 0.1%
gelatin-coated dishes. After 2 to 3 days, cells were im-
mortalized by two rounds of infection with retrovirus en-
coding the middle T antigen. Cells were allowed to re-
cover for 24 hours, and then ECs were isolated by
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immunoselection with platelet/endothelial cell adhesion
molecule 1- and ICAM-2-conjugated magnetic beads.
When cells reached confluence, a second round of im-
munoselection was performed. Cells were propagated in
EGM-2 medium supplemented with 15% fetal bovine se-
rum (FBS) and EGM-2 microvascular SingleQuots (Cam-
brex, East Rutherford, NJ).

MLEC Proliferation Assay

MLECs were grown in EGM-2 medium supplemented
with 15% FBS and EGM-2 microvascular SingleQuots. At
the indicated times, the viable cells were determined by
Trypan blue dye exclusion using a hemocytometer.

MLEC Migration Assay

Cell migration assays were performed with a modified
Boyden chamber with Costar Transwell inserts (Corning,
Corning, NY). The Transwell inserts were coated with
0.1% gelatin (Sigma-Aldrich). MLECs (5 X 10* cells per
well) were starved overnight, resuspended in 100 ml of
EBM-2 medium containing 0.1% FBS, and added to the
upper chamber. EBM-2 medium containing 0.1% FBS or
complete media was added in the bottom chamber. After
5 hours of incubation, cells on both sides of the mem-
brane were fixed and stained with a Diff-Quick staining kit
(Baxter Healthcare Corp, Deerfield, IL). Cells on the up-
per side of the membrane were removed with a cotton
swab. The average number of cells from five randomly
chosen high-power (x200) fields on the lower side of the
membrane was counted.

NO Release Analysis

MLECs were incubated in the absence of serum for 8
hours, and then the medium was removed and the cells
were supplemented with serum-free EGM-2 medium for
12 hours. The medium was then processed for the mea-
surement of nitrite (NO3) by an NO-specific chemilumi-
nescence analyzer (Sievers, Boulder, CO) as described
previously.?

Statistical Analysis

Data are presented as means =+ SE (n is noted in the figure
legends). Comparison of mean values between groups was
evaluated by a two-tailed Student’s t-test and Mann-Whitney
U-test. P < 0.05 was considered significant.

Results

Endothelial-Specific Overexpression Enhances
Atherosclerosis in ApoE ™~ Mice

Cav-1"¢ mice were generated by transgenic overexpres-
sion of Cav-1 under control of the preproendothelin-1
promoter (Figure 1A).22 To assess the effect of endothe-
lial-specific Cav-1 overexpression on the progression of
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Figure 1. Characterization of Cav-1 endothelial-specific transgenic mice. A:
Construct used for generating the Cav-1 transgenic mice. B: Expression of the
transgene, endogenous Cav-1, and ApoE alleles. C: Cav-1 protein levels from
mouse aorta. D: Western blot analyses (left panel) and densitometry (right
paneD) of Cav-1, Cav-2, actin, HSP90, and eNOS in lung endothelial cell
extract prepared from wild-type (WT), ApoE~"~, and ApoE~"~ Cav-1" mice.
Results for two representative mice are shown for each genotype.
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atherosclerosis, we bred these mice with the athero-
prone mouse model (ApoE knockout mouse). The ex-
pression of canine Cav-1 was determined by RT-PCR
(Figure 1B) and Western blot (Figure 1C). Western blot
analysis revealed that Cav-1 is twofold overexpressed in
aorta of the Cav-1"% mice compared with wild-type mice
(Figure 1C). To determine the expression level of Cav-1in
the endothelial-specific transgenic mice, we isolated lung
ECs. As shown in Figure 1D, quantified in the right panel,
ECs from endothelial-specific transgenic Cav-1 mice ex-
pressed 3 times more than those from Cav-1 wild-type
mice. In both groups of mice, expressions of HSPOO,
actin, eNOS, and Cav-2 were equal (Figure 1D).

To study the functional role of endothelial-specific
Cav-1 overexpression during the progression of athero-
sclerosis, ApoE~"~Cav-17° and corresponding ApoE ™"~
mice were fed a high-cholesterol diet for 14 weeks, and
aortas were opened longitudinally and stained with Oil
Red O to visualize lipid-rich, atherosclerotic plaques. As
shown in Figure 2, quantified in the right panels, Cav-1
overexpression increased the number and size of aortic
plaques. Similar results were found in males (Figure 2,
upper panel) and females (Figure 2, bottom panel).

Similar Body Weight, Cholesterol, Triglyceride,
and Lipoprotein Profiles

Next, we examined multiple metabolic parameters of the
mice. Body weights, plasma triglycerides, cholesterol
levels, and lipoprotein profiles were similar in both groups
before and after feeding of a Western diet (Figure 3,
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Figure 2. Endothelial-specific overexpression of Cav-1 enhances the pro-
gression of atherosclerosis. Oil Red O staining of aortas from mice with the
indicated phenotypes. Atheroma formation was significantly increased in
ApoE™"~ Cav-1"% mice (n = 12) compared with ApoE™"~ mice (n = 12).
Similar results were observed in females [ApoE’/ ~ Cav-1" mice (n = 9);
ApoE~"" mice (n = 6)).

A-D), indicating that the increase in lesion formation oc-
curred independently of the plasma lipid profiles in the
ApPoE~"~Cav-1"¢ mice.

Endothelial-Specific Cav-1 Overexpression
Increases the Expression of VCAM-1 in the
Vessel Wall

Previous reports have showed that the reduced athero-
sclerosis observed in mice lacking Cav-1 was correlated
with reduced levels of VCAM-1 in the artery wall.'®1°
VCAM-1 is expressed after activation of endothelial cells
and mediates the adhesion of leukocytes. As seen in
Figure 4, quantified in the right panel, the expression
levels of VCAM-1 were significantly up-regulated in the
Cav-17¢ mice compared with those in the ApoE™~ alone
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Figure 4. Endothelial-specific overexpression of Cav-1 increases VCAM-1
expression in the artery wall. Western blot analyses (left panel) and densi-
tometry (right paneD) of eNOS, ICAM-1, VCAM-1, Akt, and HSP90 in aortic
extracts prepared from ApoE~"" and ApoE~'~ Cav-1" mice fed with a
high-cholesterol diet for 12 weeks. Results from three representative mice are
shown for each genotype. The data represent the mean * SEM of triplicate
samples. *P < 0.05 compared with ApoE™"".

mice. The levels of eNOS, ICAM-1, and Akt were similar in
both groups of mice (Figure 4). In contrast to normal
arteries (Figure 1C), Cav-1 expression levels were similar
in AboE '~ Cav-1"¢ and ApoE~"~ mice after feeding with
a high-cholesterol diet for 14 weeks (Figure 4). Because
ApoE~~Cav-1"® mice develop more atherosclerotic
plaques, it is possible that the differences in cellular
composition in the whole aortas may explain the similar
Cav-1 expression levels observed in both groups of mice
after a high-cholesterol diet.

Endothelial Cav-1 Overexpression Decreased
Endothelial Cell Proliferation and NO Production

To determine the potential mechanisms of enhanced ath-
erosclerosis in the Cav-1 transgenic mice, we analyzed
proliferation, migration, and NO production. Endothelial
dysfunction is widely recognized as one of the early
alterations in the vessel wall preceding the development
of the plaque. In the presence of cardiovascular risk
factors endothelial cells are continuously activated and
contribute to disease pathogenesis.* To investigate
whether Cav-1 overexpression is important for regulating
EC functions, we analyzed EC proliferation at different
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Figure 5. Impaired cell proliferation, migration, and NO release in Cav-1"
ECs. A: EC proliferation measured as viable cell number at different time
points. Proliferation of Cav-1"“ ECs was reduced. The data represent the
mean * SEM of three independent experiments. *P < 0.05 compared with
wild-type (WT) ECs. B: Migration of MLECs was examined in Transwells
using FBS as a chemoattractant. Migration of Cav-17“ ECs was reduced
compared with that of wild-type ECs. The data represent the mean £ SEM of
three separate experiments. *P < 0.05 compared with ECs. C: Basal produc-
tion of NO in ECs measured as NO; in the medium over a 24-hour period
was determined by chemiluminescence. Cav-1 overexpression reduces NO5
accumulation in the medium. The data represent the mean *= SEM of three
separate experiments. *P < 0.05 compared with ECs. Representative Western
blot analyses (right panel) of Cav-1, actin, eNOS, and phospho (p)-eNOS
from cell lysates of compared with and Cav-17“ MLECs used in the NO
release experiments.

time points and migration using a transwell assay. As
shown in Figure 5A, ECs isolated from Cav-17¢ mice did
not grow as well as cells isolated from wild-type mice. A
similar result was found when we analyzed cell migration
(Figure 5B).

The production of NO by vascular endothelium is im-
portant for cardiovascular homeostasis, as endogenous
NO regulates many fundamental processes® and im-
paired NO bioavailability is a commonly used index of
endothelial dysfunction in atherosclerosis.® Genetic de-
letion of eNOS causes many cardiovascular phenotypes,
including accelerated atherosclerosis.®® Because en-
dogenous eNOS activation is under the tonic inhibitory
influence of Cav-1 as a negative regulator of eNOS ac-
tivity,2* we directly examined the effect of Cav-1 on NO
production, using ECs from wild-type and Cav-17¢ mice.
As seen in Figure 5C, Cav-1 overexpression reduces NO
production, whereas the protein expression levels of
eNOS and p-eNOS (right panel) were the same as those
in wild-type cells. Thus, reduced NO production by the
ECs may also contribute to the increased atherosclerosis
observed in the ApoE~~Cav-17¢ mice. In agreement with
that result, we previously reported that endothelial-spe-
cific overexpression of Cav-1 impairs eNOS-dependent
vasodilatation.??

Discussion

The major finding of this study is that endothelial-specific
overexpression of Cav-1 in mice enhances the progres-
sion of atherosclerosis. Mechanistically, this phenotype is
due to reduced EC proliferation and migration and NO
production, leading to enhanced inflammation. Previous
studies using the global Cav-1 knockout mouse showed
the importance of Cav-1 and caveolae during atherogen-
esis, '®'9 and reconstitution of Cav-1 into the endothelium
of the global Cav-1-deficient mice rescued this pheno-
type.'® However, the present data combined with the two
previous studies suggest that Cav-1, per se, has the
capacity to promote atherogenesis in vessels replete with
caveolae, perhaps via its scaffolding function.

The role of Cav-1 during the progression of atheroscle-
rosis is complex and depends on the cell type exam-
ined.?® In vascular smooth muscle cells, the ability of
Cav-1 to negatively regulate cell proliferation and migra-
tion (neointimal hyperplasia) may have an antiathero-
genic effect.’® The role of Cav-1in macrophages remains
poorly understood, but several reports have showed that
Cav-1 may regulate cholesterol metabolism, phagocyto-
sis, and interaction with high-density lipoproteins.™’
Cav-1 is highly expressed in endothelial cells and plays
an important role in the regulation of the exchange be-
tween the blood and the peripheral tissue.® The infiltration
and accumulation of LDL in the artery wall is the primary
event that leads to atheroma formation.” Very recently,
we showed, using a genetic model, that endothelial
caveolae are essential for LDL infiltration in the artery wall
and the progression of atherosclerosis.'® Even though
we demonstrated that endothelial caveolae are neces-
sary for LDL transport across the arterial wall in vivo, the
mechanisms still remain unclear. Several models have
been proposed, including receptor-mediated transcyto-
sis, fluid-phase transcytosis, and paracellular trans-
port.?> Another important function of Cav-1 in endothelial
cells is its ability to regulate NO release by inhibition of
eNOS activity.®* In agreement with that result, we showed
that endothelial Cav-1 overexpression has an inhibitory
effect on NO release in endothelial cells. These data
support a previous report showing that increasing lev-
els of Cav-1 in the endothelium impair eNOS activation,
endothelial barrier function, and angiogenic responses
to VEGF without changing endothelial caveolae num-
bers in vivo.??

One of the earliest inflammatory events in atherogen-
esis involves adhesion of leukocytes to the surface of the
endothelium.®?® In particular, VCAM-1 expression is
thought to play an important role in the recruitment of
monocytes into the artery wall.?® Previous studies have
shown that increased eNOS activity can down-regulate
VCAM-1 expression and, therefore, may reduce mono-
cyte adhesion to the endothelium.?” Consistent with this
finding, mice lacking Cav-1 expression have increased
NO production and reduced VCAM-1 expression levels in
the aorta.® '8 Interestingly re-expression of Cav-1in the
aortic endothelium rescues the expression of VCAM-1."8
Here, we show that endothelial overexpression of Cav-1
also enhanced the expression of VCAM-1 in aortas de-



rived from Cav-1 transgenic mice, which correlates with
the reduced NO production observed in the Cav-1 trans-
genic mice.??

Cav-1 expression has been shown to regulate cell

proliferation.?® Indeed, mice lacking Cav-1 show a hyper-
proliferative phenotype in several tissues.® Here, we
showed that overexpression of Cav-1 in endothelial cells
reduces cell proliferation and migration, which may influ-
ence the phenotype observed in vivo. In summary, the
findings presented here provide evidence that increasing
Cav-1 expression levels, per se, enhance the progres-
sion of atherosclerosis.
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