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Although signaling of thrombin via its receptor protease-ac-
tivated receptor 1 (Par1) is known to occur in atherothrombosis,
its link to the actual pathogenesis of this condition is less clear.
To better understand the role of thrombin–Par1 signaling in
atherosclerosis, here we have studied their effects on cellular
cholesterol efflux in mice. We found that by activating Par1 and
cullin 3–mediated ubiquitination and degradation of ABC sub-
family A member 1 (ABCA1), thrombin inhibits cholesterol
efflux in both murine macrophages and smooth muscle cells.
Moreover, disruption of the Par1 gene rescued ABCA1 from
Western diet–induced ubiquitination and degradation and
restored cholesterol efflux in apolipoprotein E– deficient
(ApoE�/�) mice. Similarly, the Par1 deletion diminished diet-
induced atherosclerotic lesions in the ApoE�/� mice. These
observations for the first time indicate a role for thrombin–Par1
signaling in the pathogenesis of diet-induced atherosclerosis.
We identify cullin 3 as a cullin-RING ubiquitin E3 ligase that
mediates ABCA1 ubiquitination and degradation and thereby
inhibits cholesterol efflux. Furthermore, compared with periph-
eral blood mononuclear cells (PBMCs) from ApoE�/� mice, the
PBMCs from ApoE�/�:Par1�/� mice exhibited decreased traf-
ficking to inflamed arteries of Western diet–fed ApoE�/� mice.
This finding suggested that besides inhibiting cholesterol efflux,
thrombin–Par1 signaling also plays a role in the recruitment of
leukocytes during diet-induced atherogenesis. Based on these
findings, we conclude that thrombin–Par1 signaling appears to
contribute to the pathogenesis of atherosclerosis by impairing
cholesterol efflux from cells and by recruiting leukocytes to
arteries.

Atherosclerosis is the leading cause of death and disability in
the Western world (1). Inflammation via triggering the expres-
sion or activation of molecules that affect the behavior of the
vascular wall (namely endothelial cells (ECs)2 and smooth mus-

cle cells (SMCs)) provokes the atherosclerotic lesion formation
(2). The cardiovascular risk factors, such as hypercholesterol-
emia, that lead to accumulation of cholesteryl esters in macro-
phages and vascular cells may trigger inflammatory responses
in the arterial wall and contribute to plaque formation and its
calcification (3, 4). The earliest changes that precede the lesion
formation of atherosclerosis occur in ECs, affecting their func-
tion (5). The dysfunctional endothelium via production of
various cell adhesion molecules and chemoattractants may
enhance the recruitment of monocytes to the intima, where
they differentiate into macrophages (6). Macrophages with
increased expression of scavenger receptors take up oxLDL and
become foam cells, an early precipitous event in atherogenesis
(7). Besides postintimal injury, several growth factors and cyto-
kines released by different cell types, such as inflammatory cells,
platelets, and ECs, could also lead to the phenotypic conversion
of SMCs from the “contractile” state to the “synthetic” state,
which then can migrate from media to intima, proliferate in the
intima, and contribute to the pathogenesis of atherosclerosis
(8). Similar to macrophages, SMCs express scavenger receptors
and transform into foam cells (9, 10). Thus, both macrophages
and SMCs appear to be critical players in the pathogenesis of
atherosclerosis.

Besides its role in blood clotting, thrombin acts as a mitogen
and chemotactic factor for many cell types, including fibro-
blasts and SMCs, and plays an important role in vascular wall
remodeling (11, 12). Thrombin transmits its cellular effects via
protease-activated receptors (Pars), namely Par1, Par3, and
Par4, depending on the cell type (13). The presence of thrombin
receptors in ECs, SMCs, and leukocytes suggests the potential
involvement of thrombin in the pathophysiology of atheroscle-
rosis (13). In fact, thrombin is produced at the sites of vascular
injury by the interaction of tissue factor with circulating factor
VII (14). It was also reported that the expression of factor VII
and factor X is increased in macrophages within the atheroscle-
rotic lesions in close proximity to tissue factor (15). Despite the
presence of these coagulation factors within the atherosclerotic
lesions, very little is known about the production of thrombin in
the lesions and its role in the lesion progression (16). In this
regard, the emerging evidence points out that thrombin,
besides its hemostatic function, also plays a role in the modu-
lation of inflammation and that it promotes the development of
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atherosclerosis (17, 18), although proof of its involvement in
atherogenesis is lacking. Interestingly, a recent study showed
that inhibition of thrombin attenuates high-fat diet–induced
weight gain and nonalcoholic fatty liver disease (19). Besides its
role in the regulation of vascular tone and permeability, throm-
bin and its receptors have also been reported to mediate endo-
thelial dysfunction and intimal hyperplasia (20, 21), potential
hallmarks in the development of atherosclerosis. The reported
role of Pars in endothelial dysfunction and their increased
expression in SMCs of synthetic phenotype (20 –22) in combi-
nation with the role of thrombin in inflammation (23, 24) lead
us to speculate a role for thrombin and its receptors in the
pathogenesis of atherosclerosis, which is the focus of the pres-
ent study.

Foam cell formation depends on the uptake and retention of
lipoproteins, uptake of modified LDL, or decreased removal of
cholesterol by macrophages and smooth muscle cells in the
vessel wall (25, 26). Whereas scavenger receptors, such as
SR-A1, SR-B1, and SR-B2 (CD36), mediate the uptake of mod-
ified LDL, the ABC transporters, namely ABCA1 and ABCG1,
facilitate the removal of excess cholesterol from macrophages
and smooth muscle cells (10, 27–30). Therefore, increased
expression of scavenger receptors or decreased expression of
ABCA1 or ABCG1 could influence pro-atherogenic effects. In
fact, knockdown of ABCA1 and ABCG1 exacerbated the
atherosclerotic lesion formation (31, 32). Despite the role of
thrombin and its receptors in atherothrombosis (33) and the
emerging evidence linking them to inflammation and athero-
genesis (17, 18, 23, 24), there has been very little mechanistic
insight into the role of the thrombin–Par1 axis in atherogene-
sis. Therefore, we asked the question of whether thrombin and
its receptors have any influence on the modulation of cellular
cholesterol levels and atherogenesis. Here, we report for the
first time that thrombin via activation of its receptor Par1 pro-
motes cullin 3–mediated ubiquitination and degradation of
ABCA1 and thereby inhibits cholesterol efflux and enhances
atherogenesis. We also found that when compared with
PBMCs from ApoE�/� mice, the PBMCs from ApoE�/�:
Par1�/� mice showed decreased trafficking to inflamed
arteries of WD-fed ApoE�/� mice, which indicates that
besides its role in the inhibition of cholesterol efflux,
thrombin–Par1 signaling also mediates leukocyte recruit-
ment during diet-induced atherogenesis.

Results

Thrombin inhibits cholesterol efflux both in macrophages and
smooth muscle cells

To understand the role of thrombin in the pathogenesis of
atherosclerosis, we studied its effects on cholesterol efflux.
Thrombin inhibited cholesterol efflux in both mouse primary
peritoneal macrophages and smooth muscle cells (Figs. 1A and
2A). The ABC transporters ABCA1 and ABCG1 play an impor-
tant role in cholesterol efflux, and their disruption exacerbates
atherogenesis (25–27). To find the possible mechanism of inhi-
bition of cholesterol efflux by thrombin, we tested its effects on
ABCA1 and ABCG1 levels. Thrombin, without having any
effect on ABCG1 levels, substantially reduced ABCA1 levels

both in macrophages and smooth muscle cells (Figs. 1B and 2B).
To understand the mechanisms underlying thrombin-induced
down-regulation of ABCA1 levels, we studied its effects on
ABCA1 and ABCG1 mRNA levels. Thrombin had no effects on
either ABCA1 or ABCG1 mRNA levels (Figs. 1C and 2C). To
find whether thrombin-induced depletion of ABCA1 levels was
due to its proteosomal degradation or autophagy, we next
tested the effects of MG132 and chloroquine, potent proteo-
somal and autophagy inhibitors, respectively (34, 35). MG132,
but not chloroquine, completely prevented ABCA1 from
thrombin-induced degradation both in macrophages and
smooth muscle cells (Figs. 1D and 2D). Consistent with these
observations, MG132 also restored cholesterol efflux from inhi-
bition by thrombin in these cells (Figs. 1E and 2E). In addition,
we found that thrombin induces the ubiquitination of ABCA1
in a time-dependent manner (Figs. 1F and 2F), and its overex-
pression with a mild influence on basal cholesterol efflux
rescued it from inhibition by thrombin (Figs. 1G and 2G).
Furthermore, pulse– chase studies showed that following
1-h treatment with thrombin, its removal from the medium
restored ABCA1 to its pre-thrombin treatment levels by 2 h
(Figs. 1H and 2H).

Par1 mediates thrombin-induced ABCA1 ubiquitination and
degradation

Pars, G protein– coupled receptors, mediate the cellular
effects of thrombin (13, 20, 36). To identify the Par mediating
thrombin-induced ABCA1 degradation, we used an siRNA
approach. Depleting Par1 but not Par3 or Par4 levels by their
siRNAs prevented thrombin-induced degradation of ABCA1 in
macrophages as well as smooth muscle cells (Fig. 3, A and D).
Depletion of Par1 also reversed the cholesterol efflux from inhi-
bition by thrombin in these cells (Fig. 3, B and E). Based on these
observations, we next tested the role of Par1 in thrombin-in-
duced ABCA1 ubiquitination and degradation. As expected,
depletion of Par1 levels significantly prevented ABCA1 ubiq-
uitination and degradation in macrophages and smooth muscle
cells (Fig. 3, C and F). To confirm the role of Par1 in thrombin-
induced ABCA1 degradation, we isolated peritoneal macro-
phages and smooth muscle cells from WT and Par1�/� mice
and tested the effect of thrombin on ABCA1 levels. Thrombin,
while reducing the ABCA1 levels both in macrophages and
smooth muscle cells of WT mice, had no effect on ABCA1
levels either in the macrophages or smooth muscle cells of
Par1�/� mice (Fig. 4, A and C). In line with these observations,
thrombin inhibited cholesterol efflux only in the macrophages
and smooth muscle cells of WT mice and not Par1�/� mice
(Fig. 4, B and D). These results show that the ABCA1 degrada-
tion and cholesterol efflux inhibition are mediated via Par1
both in macrophages and smooth muscle cells.

Disruption of the Par1 gene reduces diet-induced
atherosclerosis in ApoE�/� mice

To obtain an additional line of evidence on the role of Par1 in
thrombin-induced inhibition of cholesterol efflux and ABCA1
degradation, we generated ApoE�/�:Par1�/� mice and used
them compared with ApoE�/� mice in these studies. Peritoneal
macrophages and smooth muscle cells from ApoE�/� and
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ApoE�/�:Par1�/� mice fed with WD for 16 weeks were isolated
and analyzed for cholesterol efflux and ABCA1 ubiquitination.
We found decreased cholesterol efflux in macrophages and
smooth muscle cells of ApoE�/� mice as compared with those
from ApoE�/�:Par1�/� mice in response to thrombin (Fig. 5, A
and C). Similarly, ABCA1 ubiquitination was found to be pro-
foundly higher in macrophages and aorta of WD-fed ApoE�/�

mice as compared with ApoE�/�:Par1�/� mice (Fig. 5, B and
D). ABCA1 ubiquitination levels were found to be very low in
macrophages as well as aorta of both ApoE�/� and ApoE�/�:
Par1�/� mice maintained on CD as compared with WD-fed
ApoE�/� mice (Fig. 5, B and D). To study the clinical relevance
of these observations, both ApoE�/� and ApoE�/�:Par1�/�

mice were fed with WD for 16 weeks starting from 8 weeks of
age and analyzed for lipid profiles and atherosclerotic lesion
formation. No major differences were observed in the body
weight and plasma levels of total cholesterol, HDL, LDL, and
triglycerides between ApoE�/� and ApoE�/�:Par1�/� mice in
response to WD feeding (Table 1). Measurement of total ath-
erosclerotic lesions by enface lipid staining revealed a signifi-
cant increase in the atherosclerotic lesions in ApoE�/� mice
that were fed with WD compared with ApoE�/� mice main-
tained on CD (Fig. 6A). On the other hand, the atherosclerotic
lesions in WD-fed ApoE�/�:Par1�/� mice were found to be
substantially reduced as compared with those of WD-fed
ApoE�/� mice (Fig. 6A). The percentage of plaque area in the
aortic roots of WD-fed ApoE�/� mice was found to be
increased as compared with that of ApoE�/� mice that were
kept on CD (Fig. 6B). Similar to atherosclerotic lesions,
the percentage of plaque area in the aortic roots of WD-fed
ApoE�/�:Par1�/� mice was found to be decreased as compared
with that of WD-fed ApoE�/�mice (Fig. 6B). Consistent with
these observations, immunofluorescence staining of the aortic
root sections of WD-fed ApoE�/� mice showed increased co-
localization of filipin with both Mac3 and SMC�-actin as com-
pared with those of ApoE�/� mice kept on CD (Fig. 6C). The
co-localization of filipin with both Mac3 and SMC�-actin was
found to be significantly decreased in WD-fed ApoE�/�:
Par1�/� mice as compared with WD-fed ApoE�/� mice (Fig.
6C). Consistent with these observations, immunofluorescence
staining of the aortic root sections showed increased co-local-
ization of Par1 with both Mac3 and SMC�-actin in WD-fed
ApoE�/� mice as compared with ApoE�/� mice kept on CD
(Fig. 6D). As expected, no immunostaining of Par1 was detected
either in macrophages or smooth muscle cells of ApoE�/�:

Par1�/� mice (Fig. 6D). In contrast, increased ABCA1 expres-
sion was observed both in macrophages and smooth muscle
cells in the aortic root sections of WD-fed ApoE�/�:Par1�/�

mice as compared with those of ApoE�/� mice (Fig. 6D). The
ABCA1 expression levels in the aortic root sections of CD-fed
ApoE�/� mice were found to be comparable with those in WD-
fed ApoE�/�:Par1�/� mice (Fig. 6D).

Cullin 3 mediates thrombin-induced ABCA1 ubiquitination
and degradation

Previous studies have shown that cullin 3 plays a role in the
regulation of lymphoid effector function, and mutations in cul-
lin 3 were found to affect vascular smooth muscle cell function
and cause hypertension (37–39). In addition, cullin 3 has been
shown to regulate several cellular signaling events, including
WNT signaling (40). However, nothing is known about their
role in cholesterol transport. Therefore, to explore the potential
mechanisms of ABCA1 ubiquitination and degradation, we
have studied the role of cullin family of E3 ligases. Time course
studies revealed that whereas cullin 1 and cullin 2 were found to
be associated with ABCA1 constitutively, cullin 3 was observed
to form a complex with ABCA1 in a time-dependent manner in
response to thrombin in both macrophages and smooth muscle
cells (Fig. 7, A and D). Based on these observations, we next
tested the role of cullin 3 in thrombin-induced ABCA1 ubiq-
uitination and degradation. Depletion of cullin 3 levels by its
siRNA prevented thrombin-induced ABCA1 ubiquitination
and degradation in macrophages and smooth muscle cells (Fig.
7, B and E). In accordance with these findings, siRNA-mediated
knockdown of cullin 3 levels also rescued cholesterol efflux
from inhibition by thrombin in both of these cells (Fig. 7, C and
F). In line with these observations, increased immunostaining
for cullin 3 was observed both in macrophages and smooth
muscle cells of the aortic root sections of WD-fed ApoE�/�

mice as compared with CD-fed ApoE�/� mice or WD-fed
ApoE�/�:Par1�/� mice (Fig. 7G).

PKC�-mediated ABCA1 phosphorylation is required for its
interaction with cullin 3 and degradation

In a parallel study, we found that G�12, Pyk2, Gab1, and
PKC�-mediated CD36 expression downstream to Par1 is
required for thrombin-induced foam cell formation.3 Based on

3 S. Raghavan, N. K. Singh, S. Gali, A. M. Mani, and G. N. Rao, unpublished
observations.

Figure 1. Thrombin inhibits cholesterol efflux via ABCA1 degradation in mouse primary peritoneal macrophages. A, peritoneal macrophages were
labeled with [3H]cholesterol (1 �Ci/ml) for 24 h, treated with and without thrombin (0.5 units/ml) for the indicated time periods, and subjected to a cholesterol
efflux assay. B, equal amounts of protein from control and the indicated time periods of thrombin-treated macrophages were analyzed by Western blotting for
ABCA1 and ABCG1 levels using their specific antibodies, and the ABCA1 blot was normalized to �-tubulin levels. C, equal amounts of RNA from control and the
indicated time periods of thrombin-treated macrophages were analyzed by RT-PCR for ABCA1, ABCG1, and �-actin mRNA levels using their specific primers. D,
macrophages were treated with and without thrombin in the presence and absence of MG132 (10 �M) or chloroquine (50 �M) for 1 h, cell extracts were
prepared and analyzed by Western blotting for ABCA1 levels, and the blot was normalized to �-tubulin levels. E, all of the conditions were the same as in D
except that cells were subjected to a cholesterol efflux assay. F, all of the conditions were the same as in B except that the cell extracts were immunoprecipitated
with anti-ubiquitin antibodies, and the immunocomplexes were analyzed by Western blotting for ABCA1 levels. The same cell extracts were also analyzed by
Western blotting for ABCA1 levels, and the blot was normalized to �-tubulin levels. G, macrophages were transfected with empty vector or pCMV-ABCA1,
labeled with [3H]cholesterol (1 �Ci/ml) for 24 h, treated with and without thrombin for 2 h, and subjected to cholesterol efflux assay. Cell extracts from a parallel
set of experiment were analyzed by Western blotting for ABCA1 to show the overexpression of ABCA1, and the blot was normalized to �-tubulin. H, macro-
phages were treated with and without thrombin for the indicated time periods or for 1 h, followed by the indicated chase time period. Cell extracts were
prepared and analyzed by Western blotting for ABCA1 levels, and the blot was normalized for CDK4 and �-tubulin levels. The bar graphs represent mean � S.D.
(error bars) values of three experiments. *, p � 0.05 versus control or vector; **, p � 0.05 versus thrombin or vector � thrombin.
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Figure 2. Thrombin inhibits cholesterol efflux via ABCA1 degradation in mouse aortic smooth muscle cells. A–H, all of the experimental conditions were
the same as in Fig. 1, A–H, respectively, in their order except that instead of macrophages, aortic smooth muscle cells were used. *, p � 0.05 versus control or
vector; **, p � 0.05 versus thrombin or vector � thrombin. Error bars, S.D.
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these observations, we have examined the role of this signaling
in thrombin-induced ABCA1 degradation and inhibition of
cholesterol efflux. Depletion of Par1, G�12, Pyk2, Gab1, or
PKC� using their specific siRNAs rescued ABCA1 levels and
cholesterol efflux from thrombin-induced degradation and

inhibition, respectively (Fig. 8, A and B). In addition, thrombin
induced ABCA1 phosphorylation in a time-dependent manner,
and this posttranslational modification correlated by its associ-
ation with cullin 3 and its degradation (Fig. 8C). Excitingly,
depletion of PKC� levels by its siRNA inhibited thrombin-in-

Figure 3. Depletion of Par1 prevents thrombin-induced inhibition of cholesterol efflux and ABCA1 degradation in both macrophages and smooth
muscle cells. A, macrophages were transfected with siControl, siPar1, siPar3, or siPar4 (100 nM), and 36 h later, cells were treated with and without thrombin
for 1 h, cell extracts were prepared and analyzed by Western blotting for ABCA1 levels, and the blot was reprobed for Par1, Par3, Par4, or �-tubulin to show the
effects of the siRNA on its target and off-target molecule levels. B, macrophages were transfected with siControl siPar1, siPar3, or siPar4 (100 nM), labeled with
[3H]cholesterol (1 �Ci/ml) for 24 h, and treated with and without thrombin for 2 h, and the cholesterol efflux was measured. C, macrophages were transfected
with siControl or siPar1 (100 nM) and treated with and without thrombin for 1 h. Cell extracts were prepared and immunoprecipitated with anti-ubiquitin
antibodies, and the immunocomplexes were analyzed by Western blotting for ABCA1 levels. The same cell extracts were also analyzed by Western blotting for
Par1, ABCA1, and �-tubulin levels to show the effects of the siRNA on its target and off-target molecule levels. D–F, all of the experimental conditions were the
same as in A–C, respectively, except that instead of macrophages, smooth muscle cells were used. The bar graphs represent mean � S.D. (error bars) of three
experiments. *, p � 0.05 versus siControl; **, p � 0.05 versus siControl � thrombin.
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duced phosphorylation of ABCA1, its association with cullin 3,
and its ubiquitination and degradation, restoring its steady-
state levels (Fig. 8D). These results suggest that thrombin
induces ABCA1 association with cullin 3 in a PKC�-mediated
phosphorylation-dependent manner, and these events require
activation of Par1, G�12, Pyk2, and Gab1 signaling. To confirm
these observations in vivo, aortas were isolated from CD-fed
ApoE�/� and WD-fed ApoE�/� and ApoE�/�:Par1�/� mice
and analyzed for G�12, Pyk2, Gab1, or PKC� activation. Aortas
from WD-fed ApoE�/� mice showed G�12 activation, as mea-
sured by its dissociation from Par1, and increased phosphory-
lation of Pyk2, Gab1, and PKC� as compared with CD-fed
ApoE�/� or WD-fed ApoE�/�:Par1�/� mice (Fig. 8E). In addi-
tion, increased ABCA1 phosphorylation, its association with
cullin 3, and its degradation were seen in WD-fed ApoE�/�

mice as compared with CD-fed ApoE�/� or WD-fed ApoE�/�:
Par1�/� mice (Fig. 8F). These results clearly show that Par1-de-
pendent activation of G�12, Pyk2, Gab1, and PKC� via phos-
phorylation of ABCA1 and its association with cullin 3 leads to
ABCA1 ubiquitination and degradation, resulting in inhibition
of cholesterol efflux. In addition, prothrombin/thrombin levels
were found to be increased by 50% in WD-fed ApoE�/� and
ApoE�/�:Par1�/� mice as compared with CD-fed ApoE�/�

mice (Fig. 8G).

Par1 is required for leukocyte trafficking during diet-induced
atherogenesis

Previously, we have reported that thrombin–Par1 signaling
targeting G�12, Pyk2, Gab1, p115 RhoGEF, Rac1, RhoA, and
Pak1/2 plays a role in vascular smooth muscle cell and macro-
phage migration (41, 42). To find whether the thrombin–Par1
signaling was also involved in the trafficking of leukocytes dur-
ing diet-induced atherogenesis, PBMCs were isolated from
CD-fed ApoE�/� and ApoE�/�:Par1�/� mice and injected into
WD-fed ApoE�/� mice, and 24 h later, the aortas were isolated
and examined for the recruitment of leukocytes. As compared
with PBMCs of ApoE�/� mice, the PBMCs from ApoE�/�:
Par1�/� mice exhibited 3-fold less capacity of trafficking to the
inflamed arteries of WD-fed ApoE�/� mice (Fig. 9). These find-
ings indicate that Par1 plays a role in the recruitment of leuko-
cytes during diet-induced atherogenesis.

Discussion

Thrombin’s role in atherothrombosis has been well-studied
(33, 43). Thrombin elicits its cellular effects via G protein–
coupled receptors, namely Pars (13, 20, 36). The role of Pars in
inflammation has also been demonstrated (36, 44). Many stud-
ies have shown that clotting factors, such as factor VII and fac-

Figure 4. Deletion of the Par1 gene blocks thrombin-induced inhibition of cholesterol efflux and ABCA1 degradation in macrophages and smooth
muscle cells. A, peritoneal macrophages were isolated from WT and Par1�/� mice and treated with and without thrombin for 1 h. Cell extracts were prepared
and analyzed by Western blotting for ABCA1 levels, and the blot was normalized to �-tubulin levels. B, peritoneal macrophages from WT and Par1�/� mice
were labeled with [3H]cholesterol (1 �Ci/ml) for 24 h and treated with and without thrombin for 2 h, and the cholesterol efflux was measured. C and D, all of the
experimental conditions were the same as in A and B except that instead of macrophages, smooth muscle cells were used. The bar graphs represent mean �
S.D. (error bars) of three experiments. *, p � 0.05 versus control; **, p � 0.05 versus thrombin.
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tor X, were increased in the atherosclerotic lesions and that
factor VII was generated in proximity to tissue factor (15, 16).
These findings provide clues for the possible role of thrombin in
atherosclerosis, at least via its reported roles in SMC migration
and proliferation (11, 12, 21) and the fact that SMCs contribute
to foam cell formation (9, 10). However, there is very little
known about the role of thrombin and Pars in atherogenesis.
Toward this end, the present findings provide the first evidence
that thrombin inhibits cholesterol efflux. Decreased cholesterol
efflux from macrophages and smooth muscle cells in the artery
can lead to accumulation of cholesteryl esters, which can cause
inflammation, thereby paving the way for atherogenesis (45).
Indeed, a substantial body of evidence indicates that deletion of
ABCA1 or ABCG1 alone or in combination impairs cholesterol
efflux and exacerbates atherogenesis (30 –32). In this context,
our results show that thrombin-induced inhibition of choles-
terol efflux was due to depletion of ABCA1. Furthermore, the
observations that both cholesterol efflux inhibition and ABCA1
depletion were prevented by down-regulation of Par1 or dis-
ruption of its gene suggest that Par1 mediates the effects of
thrombin on cholesterol efflux and ABCA1 levels in both
macrophages and smooth muscle cells. Some reports showed

that the ABC transporters, particularly ABCA1 and ABCG1,
were vulnerable for ubiquitination and degradation affecting
cholesterol efflux (46, 47). Although a few studies have shown a
role for ubiquitination in the degradation of ABCA1 and
ABCG1, the underlying mechanisms, particularly the role of E3
ubiquitin ligases in these effects, have not been explored. In this
context, a recent study showed that HUWE1 and NEDD4-1,
two HECT domain– containing ubiquitin E3 ligases, mediate
ubiquitination and degradation of ABCG1 but not ABCA1 (48).
In the present study, we demonstrate for the first time that
Cullin-RING ubiquitin E3 ligases play a role in the ubiquitina-
tion and degradation of ABCA1. Specifically, our findings show
that cullin 3 ubiquitinates and degrades ABCA1 in response to
activation of thrombin–Par1 signaling both in macrophages
and smooth muscle cells. Thus, these observations offer a
mechanistic view that cullin 3 is activated by thrombin in a
Par1-dependent manner in the ubiquitination and degradation
of ABCA1 affecting cholesterol efflux.

The decreased cholesterol efflux by thrombin could also lead
to the manifestation of atherosclerotic lesions. Indeed, disrup-
tion of Par1 was found to be atheroprotective in ApoE�/� mice,
a murine model of experimental atherosclerosis (49). First, as
compared with CD, feeding with WD for 16 weeks increased
the expression of Par1 both in macrophages and smooth muscle
cells of ApoE�/� mice. Second, as compared with CD, macro-
phage and smooth muscle cell accumulation of free cholesterol
takes place in the atherosclerotic lesions of WD-fed ApoE�/�

mice, and deletion of Par1 abrogates this effect. Third, ABCA1
levels were decreased in WD-fed ApoE�/� mice over CD,
and deletion of Par1 rescued the ABCA1 from WD feeding–
induced depletion. Decreased ABCA1 levels were also observed
in cells in the plaque despite increased load of cholesterol (50,
51). In summary, the present findings for the first time demon-
strate that thrombin–Par1 signaling via down-regulation of
ABCA1 levels and inhibition of cholesterol efflux promotes
atherogenesis. It appears that cullin 3, a cullin-RING ubiquitin
E3 ligase, is a culprit in thrombin–Par1 signaling–mediated
ABCA1 ubiquitination and degradation causing impaired cho-
lesterol efflux. However, it is possible that in addition to inhibi-
tion of cholesterol efflux, thrombin–Par1 signaling could also
be involved in the modulation of scavenger receptors and
uptake of modified LDL particles in contributing to the patho-
genesis of atherosclerosis, which needs to be explored.

In a parallel study, we found that Par1-, G�12-, Pyk2-, and
Gab1-dependent activation of PKC� was involved in thrombin-
induced CD36 expression and foam cell formation.3 Therefore,
in exploring the mechanisms of cullin 3 association with
ABCA1, we examined the role of G�12-Pyk2-Gab1-PKC� sig-
naling and found that activation of this signaling is required for
thrombin-induced ABCA1 degradation. It is interesting to note
that thrombin induces the phosphorylation of ABCA1 in a
PKC�-dependent manner and that inhibition of its phosphor-
ylation blocks ABCA1 association with cullin 3 and thereby
prevents its ubiquitination and degradation. From these obser-
vations, it can be inferred that ABCA1 phosphorylation by
PKC� is essential for its association with cullin 3 in its ubiquiti-
nation and degradation. This conclusion can be further sup-
ported by the findings that prevention of ABCA1 degradation

Figure 5. Par1 mediates the inhibition of cholesterol efflux and ABCA1
degradation in macrophages and smooth muscle cells. A, peritoneal
macrophage were isolated from WD-fed ApoE�/� and ApoE�/�:Par1�/�

mice, labeled with [3H]cholesterol (1 �Ci/ml) for 24 h, and treated with and
without thrombin for 2 h, and cholesterol efflux was measured. B, peritoneal
macrophages from WD-fed ApoE�/� and ApoE�/�:Par1�/� mice were iso-
lated, cell extracts were prepared and immunoprecipitated (IP) with anti-
ubiquitin antibodies, and the immunocomplexes were analyzed by Western
blotting for ABCA1 levels. The same cell extracts were also analyzed by West-
ern blotting for ABCA1 levels, and the blot was normalized for �-tubulin. C
and D, all of the experimental conditions were the same as in A and B except
that instead of macrophages, smooth muscle cells or aorta were used. The bar
graphs represent mean � S.D. (error bars) of three experiments. *, p � 0.05
versus CD-fed ApoE�/� mice; **, p � 0.05 versus WD-fed ApoE�/� mice.
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by down-regulation of G�12, Pyk2, Gab1, or PKC� rescued cho-
lesterol efflux from inhibition by thrombin. These in vitro
observations were also confirmed by in vivo findings, as WD-
fed ApoE�/� mice showed increased Pyk2, Gab1, and PKC�
phosphorylation, which, in turn, correlated with increased
ABCA1 phosphorylation and its association with cullin 3, lead-

ing to its degradation as compared with CD-fed ApoE�/� mice
or WD-fed ApoE�/�:Par1�/� mice. Based on these findings, it
may be stated that thrombin–Par1 signaling exerts a prominent
role in the down-regulation of reverse cholesterol transporters,
such as ABCA1, and impairs cholesterol removal from cells
homing in the arterial wall, which over a period of time could

Table 1
Plasma lipid profiles of ApoE�/� and ApoE�/�:Par1�/� mice fed with WD

Genotype Diet Weight Cholesterol HDL LDL Triglycerides n

g mg/dl mg/dl mg/dl mg/dl
ApoE�/� WD 32.8 � 3 972 � 183 652 � 226 294 � 124 217 � 47 9
ApoE�/�:Par1�/� WD 30.2 � 2 875 � 102 595 � 143 229 � 155 215 � 143 7

Figure 6. Genetic deletion of Par1 reduces atherosclerotic plaque progression. A, representative en face staining of aortas from ApoE�/� and ApoE�/�:
Par1�/� mice fed with CD or WD for 16 weeks is shown, and the plaque area is presented as lesion percentage in the bar graph. B, representative Oil Red O
staining of the aortic root sections of the mice described in A are shown, and the bar graph represents the quantification of the area positive for lipid staining.
C and D, aortic root sections of the ApoE�/� and ApoE�/�:Par1�/� mice fed with CD or WD were stained for filipin, Par1, or ABCA1 in combination with Mac3
or SMC�-actin. Bar graphs represent mean � S.D. (error bars) of seven animals. *, p � 0.05 versus WD-fed ApoE�/� mice. Scale bars, 100 �m (B), 200 �m (C), and
50 �m (D).
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precipitate into a fatty lesion. In addition, the reduced capacity
of trafficking of PBMCs from ApoE�/�:Par1�/� mice as com-
pared with those of ApoE�/� mice to inflamed arteries of WD-
fed ApoE�/� mice indicates that besides affecting cholesterol
efflux, thrombin–Par1 signaling might also be contributing to
leukocyte recruitment during diet-induced atherogenesis. In
fact, a large body of recent data shows that thrombin generation
by dietary conditions is involved in the development of inflam-

mation and atherosclerosis (23, 24). Furthermore, many studies
have demonstrated the presence of various coagulation pro-
teins in atherosclerotic plaques and linked them to promoting
events such as inflammation and cell proliferation (16, 52). It
was also shown that FII (prothrombin)�/WT:ApoE�/� mice
with a diminished coagulation capacity exhibited reduced
atherosclerotic lesions, decreased leukocyte infiltration, and
altered collagen levels compared with control ApoE�/� mice

Figure 7. Cullin 3 mediates ABCA1 ubiquitination and its degradation. A, peritoneal macrophages from WT mice were isolated and treated with and
without thrombin for the indicated time periods; cell extracts were prepared and immunoprecipitated with anti-ABCA1 antibodies; and the immunocom-
plexes were analyzed by Western blotting for cullin 1, cullin 2, and cullin 3 using their specific antibodies. The blot was normalized for ABCA1 levels. B, peritoneal
macrophages were transfected with cullin 3 siRNA (100 nM) and treated with and without thrombin for 1 h; cell extracts were prepared and immunoprecipi-
tated with anti-ubiquitin antibodies; and the immunocomplexes were analyzed by Western blotting for ABCA1 levels. The same cell extracts were also analyzed
by Western blotting for cullin 3, ABCA1, or �-tubulin levels to show the effect of the siRNA on its target and off-target molecules levels. C, peritoneal
macrophages were transfected with cullin 3 siRNA (100 nM), labeled with [3H]cholesterol (1 �Ci/ml) for 24 h, and treated with and without thrombin for 2 h, and
the cholesterol efflux was measured. D–F, all of the experimental conditions were the same as in A–C, respectively, except that instead of macrophages, smooth
muscle cells were used. G, aortic root sections of the ApoE�/� and ApoE�/�:Par1�/� mice fed with CD or WD were stained for cullin 3 in combination with Mac3
or SMC�-actin. The bar graphs represent mean � S.D. (error bars) of three experiments. *, p � 0.05 versus control or siControl; **, p � 0.05 versus thrombin or
siControl � thrombin. Scale bar in G, 50 �m.
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(53). In addition, it was demonstrated that coagulation factors,
such as tissue factor, factor Xa, and thrombin, play an impor-
tant role in the progression of atherosclerotic plaques indepen-
dent of their role in thrombus formation (54, 55). All of these
observations provide clues for the role of endogenous thrombin
generation in the development of atherosclerosis. In the pres-

ent study, we found that WD induces prothrombin/thrombin
levels both in ApoE�/� and ApoE�/�:Par1�/� mice. In addi-
tion, WD induced Par1 expression by severalfold as compared
with CD in ApoE�/� mice. Thus, our findings provide the first
mechanistic evidence for the role of the thrombin–Par1 axis in
atherogenesis.
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In summary, as outlined in Fig. 10, thrombin–Par1 signaling
appears to contribute to the pathogenesis of atherosclerosis via
impairing cholesterol efflux as well as recruitment of leukocytes
to the artery.

Materials and methods

Reagents

Chloroquine (C6628), filipin (F9765), PKH67 Green Fluores-
cent Cell Linker kit (PKH67GL), anti-SMC�-actin antibody
(A2547), and thrombin (T8885) were purchased from Sigma-
Aldrich. Collagenase II (LS004176) and elastase (LS006365)
were obtained from Worthington. Anti-ABCA1 (ab18180),
anti-ABCG1 (ab52617), anti-cullin 2 (ab166917), anti-cullin 3
(ab75851), anti-Pyk2 (ab32571), and anti-pSer/Thr (ab17464)
antibodies and mouse prothrombin/thrombin Total ELISA Kit
(ab157527) were purchased from Abcam (Cambridge, MA).
Thrombin R (ATAP2/Par1) (SC-5605), anti-Par3 (SC-5598),
anti-Par4 (SC-25466), anti-Mac3 (SC-19991), anti-cullin 1 (SC-
17775), anti-cullin 3 (SC-166054), anti-CDK4 (SC-260), anti-
Gab1 (SC-6292), anti-G�12 (SC-409), and anti-�-tubulin
(SC-9104) antibodies were obtained from Santa Cruz Biotech-
nology, Inc. (Dallas, TX). Anti-pGab1 (catalog no. 3233), anti-

pPKC� (catalog no. 9377), and anti-pPyk2 (catalog no. 3291)
antibodies were bought from Cell Signaling Technology (Bev-
erly, MA). Anti-ubiquitin antibody (P4D1) was purchased from
Enzo Life Sciences (Farmingdale, NY). ApoA-I (BT-927) and
HDL (BT-914) were bought from Biomedical Technologies
(Stoughton, MA). MG132 (catalog no. 474790) was obtained
from Calbiochem. pCMV6-ABCA1 (Myc-DDK tagged) over-
expression plasmid was obtained from Origene (Rockville,
MD). The Vectashield mounting medium (H-1000) was
obtained from Vector Laboratories (Burlingame, CA). DH5�
competent cells (18258-012), Lipofectamine 3000 transfection
reagent (L3000-015), TRIzol (catalog no. 15596018), Hoechst
33342 (catalog no. 3570), and Prolong Gold antifade mounting
medium (P36930) were purchased from Invitrogen. [3H]Cho-
lesterol (specific activity 53 Ci/mmol) was obtained from
PerkinElmer Life Sciences. Thioglycolate medium brewer-
modified (catalog no. 21176) was purchased from BD Bio-
sciences. GeneSilencer (TS00750) and GenePorter3000
(T203015) were from Gentalis (San Diego, CA). Mouse G�12
siRNA (L-043467-00), mouse PKC� siRNA (L-048426-00-
0005), and control nontargeting siRNA (D-001810-10) were
purchased from Dharmacon RNAi Technologies (Chicago, IL).

Figure 8. PKC�-mediated phosphorylation of ABCA1 is required for its association with cullin 3 in its ubiquitination and degradation. A, Raw264.7 cells
were transfected with the indicated siRNA, quiesced, and treated with and without thrombin for 2 h. Cell extracts were prepared and analyzed by Western
blotting for ABCA1 levels using its specific antibodies, and the blots were reprobed for siRNA target and off-target molecules to show the efficacy and specificity
of the indicated siRNA. B, all of the conditions were the same as in A except that after transfection, cells were labeled with [3H]cholesterol (1 �Ci/ml) for 24 h,
treated with and without thrombin for 2 h, and subjected to a cholesterol efflux assay. C, Raw264.7 cells were treated with and without thrombin for the
indicated time periods, and cell extracts were prepared. Equal amounts of protein from each condition were immunoprecipitated (IP) with ABCA1 antibodies;
the immunocomplexes were analyzed by Western blotting for pSer/Thr or cullin 3 antibodies; and the blot was reprobed for ABCA1. D, top, cells were
transfected with siControl or siPKC�, quiesced, and treated with and without thrombin for 2 h; cell extracts were prepared; equal amounts of protein from each
condition were immunoprecipitated with ABCA1 antibodies; the immunocomplexes were analyzed by immunoblotting with pSer/Thr or cullin 3 antibodies;
and the blot was reprobed for ABCA1. The same cell extracts were also analyzed by Western blotting for PKC� and �-tubulin levels to show the efficacy of the
siRNA on its target and off-target molecules. Bottom, equal amounts of proteins from same the cell extracts were also immunoprecipitated with anti-ubiquitin
antibodies, and the immunocomplexes were analyzed by Western blotting for ABCA1 levels using its specific antibodies. E and F, aortas from CD-fed ApoE�/�

or 12 weeks of WD-fed ApoE�/� and ApoE�/�:Par1�/� mice were isolated, tissue extracts were prepared, and equal amounts of proteins from each regimen
were immunoprecipitated with Par1 or ABCA1 antibodies. The anti-Par1 and anti-ABCA1 immunocomplexes were analyzed by Western blotting for G�12 levels
and pSer/Thr or cullin 3 levels, respectively. The same tissue extracts were also analyzed by Western blotting for pPyk2, pGab1, and pPKC� levels using their
phospho-specific antibodies, and the blots were normalized for their total levels. G, whole blood was collected from CD-fed ApoE�/� or 12-week WD-fed
ApoE�/� and ApoE�/�:Par1�/� mice, and plasma prothrombin/thrombin levels were measured using a kit from Abcam following the manufacturer’s protocol.
Error bars, S.D.

Figure 9. PBMCs from ApoE�/�:Par1�/� mice exhibit decreased trafficking. PBMCs isolated from ApoE�/� or ApoE�/�:Par1�/� mice were labeled with
PKH67 cell tracker and injected into WD-fed ApoE�/� mice (1.0 � 105 cells/mice) via the tail vein. Twenty-four hours later, aortas were isolated, cleaned, fixed,
opened, stained with DAPI, mounted on a slide with luminal side upward, and examined under a Zeiss inverted fluorescent microscope. PKH67-positive cells
were counted and expressed as cells/field. Scale bar, 20 �m. Error bars, S.D.
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Mouse cullin 3 (Silencer Select ID-188654), mouse Gab1
Silencer Select (ID-S66350), mouse Par1 (Silencer Select
ID-S65790), mouse Par3 (Silencer Select S96752), mouse Par4
(Silencer Select ID-S65799), and mouse Pyk2 (Silencer Select
ID-S72406) siRNAs were purchased from Ambion (Waltham,
MA).

Cell culture

Mouse RAW264.7 cells, mouse primary peritoneal macro-
phages, and mouse aortic smooth muscle cells were cultured
and maintained in DMEM or DMEM/F-12 containing 10% fetal
bovine serum, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin. RAW264.7 cells were purchased from American Type
Culture Collection (Manassas, VA). The cells were quiesced
overnight in DMEM/F-12 medium without serum and used
between four and 10 passages for the experiments.

Animals

ApoE�/� mice (stock number 002052, Jackson Laboratory,
Bar Harbor, ME) were crossed with Par1�/� mice (stock num-
ber 00282, Jackson Laboratory) to obtain ApoE�/�:Par1�/�

mice, and both of the strains were on C57BL/6 background.
The F2 littermates were used in the study. Mice were bred and
maintained according to the guidelines of the Institutional Ani-

mal Care and Use Facility of the University of Tennessee Health
Science Center (Memphis, TN). Female and male C57BL/6,
ApoE�/�, or ApoE�/�:Par1�/� mice fed with CD or WD
(TD.88137, Envigo, Indianapolis, IN) for 16 weeks starting from
8 weeks of age were used. The institutional animal care and use
committee of the University of Tennessee Health Science Cen-
ter (Memphis, TN) approved all of the experiments involving
animals.

Isolation of peritoneal macrophages

Mice were injected with 1 ml of 4% autoclaved thioglycolate
intraperitoneally, and 4 days later, the animals were anesthe-
tized with ketamine and xylazine, and the peritoneal lavage was
collected in DMEM/F-12. Cells were plated at 3 � 105 cells/cm2

in DMEM containing 100 units/ml penicillin and 100 �g/ml
streptomycin. After 3 h, the floating cells (mostly red blood
cells) were removed by washing with cold PBS, and the adher-
ent cells (macrophages) were used for the experiments.

Isolation of peripheral blood mononuclear cells (PBMCs)

ApoE�/� and ApoE�/�:Par1�/� mice were anesthetized
with ketamine and xylazine. Blood was collected by cardiac
puncture into BD Vacutainer K2 EDTA tubes and diluted with
an equal volume of PBS. Blood was then overlaid on the Lym-
phoprep and centrifuged at 1500 rpm for 30 min at 4 °C. The
PBMC layer was collected, washed with PBS, resuspended in
PBS, and labeled with PKH67 green fluorescent cell tracker
according to the manufacturer’s instructions.

Isolation of aortic smooth muscle cells

Mouse aortic smooth muscle cells were isolated by collagen-
ase II/elastase digestion; grown in DMEM/F-12 medium con-
taining 10% fetal bovine serum, 100 units/ml penicillin, and 100
�g/ml streptomycin in a humidified CO2 incubator at 37 °C;
and used between three and seven passages. The authenticity of
SMCs was verified by SM�-actin staining.

Plasma lipid profiles

Blood was collected into BD Vacutainer Plus plasma tubes
(catalog no. 367960, BD Biosciences) by cardiac puncture and
centrifuged at 1,300 � g for 10 min at 4 °C to collect the plasma.
Total plasma cholesterol, HDL, LDL, and triglyceride levels
were measured by a Roche Diagnostics COBAS MIRA analyzer
using the manufacturer’s kits and protocol.

Cholesterol efflux assay

Peritoneal macrophages and smooth muscle cells were
plated in 12-well plates at a density of 6 � 105 cells/well. Cells
were incubated with [3H]cholesterol (1 �Ci/ml) for 24 h fol-
lowed by extensive washings with PBS. Cells were then equili-
brated in serum-free DMEM containing 0.2% fatty acid-free
BSA for 2 h. After equilibration, medium was replaced with
fresh DMEM containing 0.2% fatty acid-free BSA and 10 �g/ml
ApoA-I or HDL, and incubation was continued in the presence
and absence of thrombin for 4 h at 37 °C. An aliquot of the efflux
medium (100 �l) was removed for radioactivity determination.
Cells were then rinsed with PBS and dried, and isopropyl alco-
hol was added for overnight extraction of cholesterol at room

Figure 10. Schematic diagram outlining the possible mechanisms of a
Par1 role in the inhibition of cholesterol efflux and enhanced leukocyte
trafficking during diet-induced atherogenesis.
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temperature. An aliquot of the extract (100 �l) was collected for
radioactivity determination. Cholesterol efflux was expressed
as a percentage of total cellular radioactivity released into the
medium. Because both ApoA-I and HDL gave similar results in
the initial experiments, we used ApoA-I throughout the rest of
the study as cholesterol acceptor.

Transfections

Peritoneal macrophages were transfected with nontargeted
control or Silencer Select siRNA at a final concentration of 100
nM using GeneSilencer reagent from Gentalis according to the
manufacturer’s instructions. In regard to plasmids, cells were
transfected with plasmid DNAs at a final concentration of 2.5
�g/well in a 12-well culture plate or 5 �g/60-mm culture dish
using GenePorter transfection reagent according to the man-
ufacturer’s instructions. After transfections, cells were recov-
ered in complete medium overnight, growth-arrested for 12 h
in serum-free medium, and used as required. Aortic smooth
muscle cells were transfected with nontargeted control or
Silencer Select siRNA at a final concentration of 100 nM using
Lipofectamine 3000 transfection reagent according to the man-
ufacturer’s instructions. For plasmids, cells were transfected
with plasmid DNAs at a final concentration of 2.5 �g/well in a
12-well culture plate or 5 �g/60-mm culture dish using Lipo-
fectamine 3000 transfection reagent according to the manufa-
cturer’s instructions. After transfections, cells were recovered
in complete medium overnight, growth-arrested for 24 h in
serum-free medium, and used as required.

RT-PCR

Total cellular RNA was extracted from peritoneal macro-
phage cells and aortic smooth muscle cells using TRIzol reagent
according to the manufacturer’s protocol. Reverse transcrip-
tion was performed with a high-capacity cDNA reverse tran-
scription kit (Applied Biosystems). Complementary DNA was
then used as a template for amplification using the following
primers: mouse ABCA1 (NM_013454.3) forward (5�-CATTT-
CGAAGGAGACAAACATGTCA-3�) and reverse (5�-CAT-
GGCTTTATTCGGAAAGTGGCAC-3�); mouse ABCG1
(NM_009593.2) forward (5�-AGAAGAAAGGATACAAGAC-
CCTTTT-3�) and reverse (5�-CCCTTTCATGCCAGTCT-
CCCTGTAT-3�); mouse �-actin (NM_007393.5) forward
(5�-AGCCATGTACGTAGCCATCC-3�) and reverse (5�-CTC-
TCAGCTGTGGTGGTGAA-3�). The amplification was per-
formed using the Gene AMP PCR system 2400 (Applied Bio-
systems). The amplified PCR products were separated on 2%
agarose gels and stained with ethidium bromide, and the pic-
tures were captured using the Eastman Kodak Co. In-Vivo
Imaging System (Rochester, NY).

Western blot analysis

After appropriate treatments, cell or tissue extracts were pre-
pared and resolved by electrophoresis on 0.1% (w/v) SDS and 8
or 10% (w/v) polyacrylamide gels. The proteins were trans-
ferred electrophoretically onto a nitrocellulose membrane.
After blocking in 5% (w/v) nonfat dry milk, the membrane was
incubated with the appropriate primary antibody (1:1,000 dilu-
tion), followed by incubation with horseradish peroxidase–

conjugated secondary antibody. The antigen-antibody com-
plexes were detected with the enhanced chemiluminescence
detection reagent kit (GE Healthcare).

Immunoprecipitation

After rinsing with cold PBS, cells were lysed in 250 �l of lysis
buffer (PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1%
SDS, 100 �g/ml phenylmethylsulfonyl fluoride, 100 �g/ml
aprotinin, 1 �g/ml leupeptin, and 1 mM sodium orthovanadate)
for 20 min on ice. The cell extracts were cleared by centrifuga-
tion at 12,000 rpm for 20 min at 4 °C. The cleared cell extracts
containing an equal amount of protein from control and the
indicated treatments were incubated with appropriate antibod-
ies (1:100 dilution) overnight at 4 °C, followed by incubation
with protein A/G-Sepharose beads for 2 h with gentle rocking.
The beads were collected by centrifugation at 4,000 rpm for 1
min at 4 °C and washed four times with lysis buffer and once
with PBS. The immunocomplexes were released by heating the
beads in 40 �l of Laemmli sample buffer and analyzed by West-
ern blotting for the indicated molecules using their specific
antibodies.

Enface staining

Aortas were excised, cleared from fat, fixed in 4% paraformal-
dehyde, treated with 10% formalin, washed with 60% isopropyl
alcohol, and stained with 0.5% Oil Red O. After staining, the
aortas were rinsed with 60% isopropyl alcohol, and photo-
graphs were taken using a Nikon D7100 camera. The percent-
age of lesion surface area was measured using ImageJ (National
Institutes of Health).

Aortic root sections

For immunohistochemistry and immunofluorescence stain-
ing, mice were perfused with 4% paraformaldehyde, and the
hearts were collected. Sequential 10-�m aortic root sections
were cut from the point of the appearance of the aortic valve
leaflets with a Leica CM3050S cryostat machine (Leica Biosys-
tems, Wetzlar, Germany) and used.

Oil Red O staining

After fixing with formalin, the aortic root sections were
washed once with 60% isopropyl alcohol and stained with Oil
Red O (0.5% in 60% isopropyl alcohol) for 15 min, followed by
counterstaining with hematoxylin. The sections were observed
under a Nikon Eclipse 50i microscope with �4/NA 0.1, and the
images were captured with a Nikon Digital Sight DS-L1 camera.

Immunofluorescence staining

The aortic root cross-sections were fixed with acetone/
methanol (1:1) for 10 min; permeabilized in 0.2% Triton X-100
for 10 min; blocked with 5% goat serum in PBS containing 3%
BSA for 1 h; incubated with mouse anti-human Par1, mouse
anti-human ABCA1, or rabbit anti-human cullin 3 in combina-
tion with rat anti-human Mac3 or mouse anti-human SMC�-
actin at 1:100 dilution, followed by incubation with Alexa Fluor
488 – conjugated goat anti-rat, Alexa Fluor 488 – conjugated
goat anti-mouse, Alexa Fluor 568 – conjugated goat anti-rabbit,
or Alexa Fluor 568 – conjugated goat anti-mouse secondary
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antibodies at 1:250 dilution; and counterstained with DAPI. To
detect cholesterol content, the sections after incubation with
the secondary antibodies were stained with filipin (0.05 mg/ml
in PBS containing 3% BSA) for 2 h at room temperature. The
sections were observed under a Zeiss inverted microscope
(Zeiss Axiovision Observer.z1; magnification at �10/NA 0.25),
and the fluorescence images were captured with a Zeiss
AxioCam MRm camera using the microscope operating soft-
ware and image analysis software AxioVision version 4.7.2
(Carl Zeiss Imaging Solutions GmbH).

Leukocyte trafficking

ApoE�/� mice fed with WD for 3 months were anesthetized
with ketamine and xylazine, and peripheral blood mononuclear
cells isolated from ApoE�/� or ApoE�/�:Par1�/� mice were
injected via tail vein (1.0 � 105 cells/mice). Twenty-four hours
later, aortas were isolated, cleaned, fixed, opened, stained with
DAPI, mounted on a slide with luminal side upward, and exam-
ined under a Zeiss inverted microscope (magnification at
�40/NA 0.16). The fluorescence images were captured with a
Zeiss AxioCam MRm camera using the microscope operating
software and image analysis software AxioVision version 4.7.2
(Carl Zeiss Imaging Solutions GmbH), and PKH67-positive
cells were quantified.

Statistics

All of the experiments were repeated three times with similar
results. Data are presented as the mean � S.D. The treatment
effects were analyzed by one-way analysis of variance or
Student’s t test, and the p values �0.05 were considered to be
statistically significant. In the case of Western blotting and im-
munofluorescence analysis, one set of the representative data is
presented.

Author contributions—S. R. performed cholesterol efflux, RT-PCR,
Western blotting, isolation of mouse peritoneal macrophages and
aortic smooth muscle cells, and Oil Red O staining; N. K. S. per-
formed enface staining, Western blotting, and immunofluorescence;
A. M. M. performed Western blot analysis; G. N. R. conceived the
overall goal of the project, designed the experiments, interpreted the
data, and wrote the manuscript.
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