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ABSTRACT
Vascular smooth muscle cells (VSMCs) are an important source of foam cells in atherosclerosis. The
mechanism for VSMC-derived foam cell formation is, however, poorly understood. Here, we
demonstrate that the P2RY12/P2Y12 receptor is important in regulating macroautophagy/autopha-
gy and VSMC-derived foam cell formation in advanced atherosclerosis. Inhibition of the P2RY12
receptor ameliorated lipid accumulation and VSMC-derived foam cell formation in high-fat diet-fed
apoe-/- mice (atherosclerosis model) independent of LDL-c levels. Activation of the P2RY12 recep-
tor blocked cholesterol efflux via PI3K-AKT, while genetic knockdown or pharmacological inhibi-
tion of the P2RY12 receptor inhibited this effect in VSMCs. Phosphoproteomic analysis showed
that the P2RY12 receptor regulated the autophagy pathway in VSMCs. Additionally, activation of
the P2RY12 receptor inhibited MAP1LC3/LC3 maturation, SQSTM1 degradation, and autophago-
some formation in VSMCs. Genetic knockdown of the essential autophagy gene Atg5 significantly
attenuated P2RY12 receptor inhibitor-induced cholesterol efflux in VSMCs. Furthermore, activation
of the P2RY12 receptor led to the activation of MTOR through PI3K-AKT in VSMCs, whereas
blocking MTOR activity (rapamycin) or reducing MTOR expression reversed the inhibition of
cholesterol efflux mediated by the P2RY12 receptor in VSMCs. In vivo, inhibition of the P2RY12
receptor promoted autophagy of VSMCs through PI3K-AKT-MTOR in advanced atherosclerosis in
apoe-/- mice, which could be impeded by an autophagy inhibitor (chloroquine). Therefore, we
conclude that activation of the P2RY12 receptor decreases cholesterol efflux and promotes VSMC-
derived foam cell formation by blocking autophagy in advanced atherosclerosis. Our study thus
suggests that the P2RY12 receptor is a therapeutic target for treating atherosclerosis.

Abbreviations: 2-MeSAMP: 2-methylthioadenosine 5′-monophosphate; 8-CPT-cAMP: 8-(4-chlorophe-
nylthio)-adenosine-3ʹ,5ʹ-cyclic-monophosphate; ABCA1: ATP binding cassette subfamily A member 1;
ABCG1: ATP binding cassette subfamily G member 1; ACTB: actin beta; ADPβs: adenosine 5′-(alpha, beta-
methylene) diphosphate; ALs: autolysosomes; AMPK: AMP-activated protein kinase; APOA1: apolipopro-
tein A1; APs: autophagosomes; ATG5: autophagy related 5; ATV: atorvastatin; AVs: autophagic vacuoles;
CD: chow diet; CDL: clopidogrel; CQ: chloroquine; DAPI: 4ʹ,6-diamidino-2-phenylindole; dbcAMP: dibu-
tyryl-cAMP; DIL-oxLDL: dioctadecyl-3,3,3,3-tetramethylin docarbocyanine-oxLDL; EIF4EBP1/4E-BP1:
eukaryotic translation initiation factor 4E binding protein 1; EVG: elastic van gieson; HE: hematoxylin-
eosin; HDL: high-density lipoprotein; HFD: high-fat diet; KEGG: Kyoto Encyclopedia of Genes and
Genomes; LDL-c: low-density lipoprotein cholesterol; LDs: lipid droplets; MAP1LC3/LC3: microtubule
associated protein 1 light chain 3; Masson: masson trichrome; MCPT: maximal carotid plaque thickness;
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-5-cholen-3β-ol; OLR1/LOX-1: oxidized low density lipoprotein receptor 1; ORO: oil Red O; ox-LDL:
oxidized low-density lipoprotein; SQSTM1/p62: sequestosome 1; TEM: transmission electron microscopy;
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Introduction

Atherosclerosis is a progressive disease of large arteries and
a leading cause of stroke and cardiovascular diseases. Elevated
levels of circulating low-density lipoprotein cholesterol (LDL-c),
which is a major source of cholesterol and lipids, are associated
with the development of atherosclerosis [1]. A standard therapy
widely used to treat atherosclerosis is reducing plasma LDL-c
levels with lipid-lowering agents, such as statins. However, even
among patients undergoing intensive statin therapy, over 50% of
treated patients did not achieve the beneficial effects of this
therapy, and side effects, such as diabetes, myopathy, hepato-
toxicity, and renal toxicity, also occurred [2]. A PCSK9 inhibitor,
a new lipid-lowering agent, markedly reduced LDL-c levels and
reversed plaques. However, a lack of long-term safety and effi-
cacy data and the high cost of PCSK9 inhibitors limit their
clinical use [3]. Therefore, it is imperative to identify new targets
for the treatment of atherosclerosis.

The P2RY12/P2Y12 receptor, originally identified in platelets,
is a member of the P2 receptor family, which consists of the ion-
channel P2RX/P2X and the G-protein-coupled P2RY/P2Y
receptors. It is activated by adenosine diphosphate to induce
platelet aggregation and thromboembosis [4]. Thereby, the
P2RY12 receptor of platelets has been used as a target for the
treatment of thromboembolism, and clinically several P2RY12
receptor inhibitors as antiplatelet drugs are recommended for
secondary prevention of stroke and cardiovascular disease.
However, recent clinical studies have suggested that P2RY12
receptor inhibitors, such as clopidogrel (CDL) and ticagrelor
(TIC), may be more effective than other antiplatelet drugs in
patients with stroke of atherosclerotic origin [5–8]. Moreover,
animal studies have also shown that the P2RY12 receptor may
potentiate atherogenesis by the vessel wall P2RY12 receptor but
not the platelet P2RY12 receptor [9]. Furthermore, the P2RY12
receptor is more frequently found in VSMCs, fewer in endothe-
lial cells, and not in macrophages in culprit plaques of patients
with acute myocardial infarction [10]. The P2RY12 receptor is
also expressed on VSMCs of the human internal mammary
artery and human carotid plaques [11]. The expression of
P2RY12 receptor in VSMCs can be enhanced by nicotine via
nicotinic acetylcholine receptors and by thrombin or oxidized
low-density lipoprotein (ox-LDL) via the NFKB/NF-κB pathway
[11–13]. The proliferation and migration of VSMCs are an
important step in the development of atherosclerosis. We have
demonstrated that the P2RY12 receptor promotes the progres-
sion of atherosclerosis by enhancing VSMC migration [12].
Other studies also reported that the P2RY12 receptor promotes
the proliferation of VSMCs [11]. In the present study, we found
that most of P2RY12-positive VSMCs were distributed in the
vicinity of the necrotic core and foam cells. Foam cell formation
due to cholesterol overloading is the defining pathological char-
acteristic of atherosclerotic plaques and was originally thought to
be derived from macrophages [14]. However, a recent study
proposed that VSMCs may substantially contribute to
a population of foam cells (up to 50% in humans) [15].
Currently, little is known about the mechanisms underlying
VSMC-derived foam cell formation, and the role of the
P2RY12 receptor on VSMC-derived foam cell formation is
unknown.

Macroautophagy/autophagy is a highly conserved and
tightly regulated subcellular process involved in the degrada-
tion of long-lived proteins and damaged organelles through
lysosomes [16]. Lipophagy is a type of selective autophagy that
has been suggested to contribute to lipid metabolism through
the breakdown of intracellular lipids. Defects in lipophagy
have been linked to important metabolic disorders, such as
atherosclerosis, fatty liver, and obesity, in animals [17]. In
macrophage-derived foam cells, lipophagy regulates choles-
terol efflux via LIPA/LAL/lysosomal acid lipase. Lipid droplets
(LDs) are delivered to lysosomes and then hydrolyzed to
generate free cholesterol, mainly for ABCA1 (ATP binding
cassette subfamily A member 1)-dependent efflux [17].
Previous ultrastructural analysis demonstrated that defective
autophagy occurs in VSMCs in the atherosclerotic lesions of
humans and rabbits [18]. Inhibitors of the P2RY12 receptor
promotes autophagy-associated cell death in glioma cells [19].
In the present study, we also found that CDL, an inhibitor of
the P2RY12 receptor, reduced the number of VSMC-derived
foam cells in vitro and in vivo. These results raise the possi-
bility that the P2RY12 receptor promotes VSMC-derived
foam cell formation by inhibiting autophagy in advanced
atherosclerosis.

In the present study, we found that the P2RY12 receptor
facilitates VSMC-derived foam cell formation in advanced
atherosclerosis. Our data reveal that there is a relationship
between lipophagic flux and atherosclerosis, which is regu-
lated by the P2RY12 receptor, while also supporting the idea
that the P2RY12 receptor is a new therapeutic target for the
treatment of atherosclerosis.

Results

Atorvastatin and the P2RY12 receptor inhibitor CDL may
exert a synergistic anti-atherosclerotic effect

To test whether the P2RY12 receptor inhibitor CDL and
atorvastatin (ATV) together exert synergistic effects in pre-
venting the aggravation of atherosclerotic plaques, we con-
ducted a monocentric, randomized, double-blinded trial in
patients with carotid plaques. Patients were randomly allo-
cated to receive either 20 mg of ATV or 75 mg of CDL +
20 mg of ATV daily. The maximal carotid plaque thickness
(MCPT), an early and noninvasive predictor of clinical cere-
brovascular and coronary events [20,21], was analyzed by
ultrasound upon enrollment (Baseline) and 6 months after
treatment (6 M). As of 30 November 2019, a total of 103
patients were randomized in the CESAR trail, and 74 patients
have finished a 6-month follow-up, including 37 patients for
ATV and 37 patients for ATV + CDL (Table 1). The decreases
in MCPT were more apparent in the ATV + CDL group than
in the ATV group (ATV + CDL 7.85 ± 16.11% versus ATV
0.70 ± 14.52%; P < 0.05; Figure 1A). No increase was recorded
in bleeding complications. The occurrence of non-
hemorrhagic adverse events was not significantly different
between treatments.

We further validated the synergistic effect of CDL and
ATV in apoe-/- mice by feeding the mice a high-fat diet
(HFD) for 8 weeks to induce atherosclerotic lesions and

AUTOPHAGY 981



then maintaining the HFD for another 4 weeks, during which
ATV, ATV + CDL or vehicle control (ctrl) was administered
daily (Figure 1B). The Oil Red O (ORO)-stained atherosclero-
tic lesion area in the aortic arch revealed that compared to the
control group (17.6 ± 3.6%), the ATV and ATV + CDL
treatments significantly reduced the lesion area to
9.2 ± 0.9% and 5.8 ± 1.1%, respectively. As expected, ATV-
treated mice had lower LDL-c levels. Despite similar lipid
profiles (including LDL-c levels) and comparable body
weights, the ORO-positive areas in the ATV + CDL treatment
group were 36.96% smaller than those observed with ATV
treatment alone (ATV + CDL 5.8 ± 1.1% versus ATV
9.2 ± 0.9%; P < 0.001; Figure 1C,D, S1A and S1B). These
findings suggest that CDL works collaboratively with ATV to
mitigate atherosclerosis independent of LDL-c levels.

To explore the role of CDL in advanced atherosclerosis, we
administered either a normal chow diet (CD) or HFD to
apoe-/- mice for an additional 4 weeks after the atherosclerotic
lesions were established (via HFD for 8 weeks). ORO staining
in the aortic arch revealed that the lipid deposition area was
smaller in the CDL group than in the ctrl group in both the
CD and HFD conditions (Figure 1E). Importantly, the body
weights and lipid profiles (including LDL-c levels) were not
different between the CDL and ctrl groups regardless of the
diet (Figure 1F, S1 C and S1D). Together, these findings reveal
that inhibition of the P2RY12 receptor mitigates atherosclero-
sis and works collaboratively with ATV but independently of
LDL-c levels.

The P2RY12 receptor inhibitor ameliorates lipid
accumulation and VSMC-derived foam cell formation in
advanced atherosclerosis

To analyze the composition of plaques, we assessed arterio-
sclerotic lesions in the aortic root. The plaque area and
necrosis core were analyzed by hematoxylin-eosin (HE) stain-
ing (Figure 2A). Compared with the ctrl group, the CDL
group had smaller plaque sizes and a smaller percentage of
plaque in necrosis core areas under both CD and HFD con-
ditions (Figure 2B,C). There was no difference in the percen-
tage of plaque in collagen content or the continuity of elastin
between the control and CDL groups (Fig. S2A-C). In line
with the reduced plaque areas at the aortic arch that were
indicated by ORO, lipid staining by ORO in the aortic root

also revealed that the CDL group had smaller lipid deposition
relative to plaque area than were observed in the ctrl group,
regardless of whether CD or HFD was applied (Figure 2D).
Previous studies have suggested that the P2RY12 receptor is
expressed abundantly in VSMCs and upregulated during the
development of atherosclerosis [10,12]. More recent studies
suggest that in advanced atherosclerosis, at least 50% of foam
cells are derived from VSMCs [15,22]. To test whether the
P2RY12 receptor is directly involved in VSMC-derived foam
cell formation, we stained plaques with VSMC-specific mar-
ker antibodies and performed lipid staining with fluorescent
BODIPY (Figure 2E). BODIPY staining is another indicator
for neutral fat deposition, and we found similar results as
ORO that, compared with control mice, mice of CDL group
had less lipid deposition relative to plaque area on CD or
HFD condition (Figure 2F). ACTA2/α-SMA and PDGFRB/
PDGFRβ were used to label VSMCs in plaques [23]. We
found that CDL significantly reduced lipid deposition in
lesional VSMCs indicated by a reduced number of
ACTA2+ BODIPY+ or PDGFRB+ BODIPY+ cells per mm2

plaque area on CD or HFD condition (Figure 2G,H). This
was also confirmed by co-staining another two VSMC-specific
markers, MYH11 or TAGLN and BODIPY (Fig. S3).
Importantly, we co-stained the carotid plaques of patients
treated with aspirin (ctrl) or aspirin + CDL (CDL) by
BODIPY with the VSMC marker ACTA2 (Fig. S4A). We
found that the BODIPY-positive area had a smaller occupa-
tion of plaque area in the CDL group than the ctrl group,
indicating reduced lipid deposition by CDL. Additionally, the
number of ACTA2+ BODIPY+ cells per mm2 plaque area was
also smaller patients of CDL group than the ctrl group (Fig.
S4B and S4 C). Moreover, we found a significant number of
foam cells were originated from VSMCs in these human
plaques, consistent with a previous report [15]. Thus, we
conclude that the inhibition of the P2RY12 receptor effec-
tively reduces the size of the lipid core and the number of
VSMC-derived foam cells in advanced atherosclerosis.

The P2RY12 receptor promotes VSMC-derived foam cell
formation by inhibiting cholesterol efflux

Because the P2RY12 receptor inhibitor CDL widely used
clinically is a prodrug and requires biotransformation into
its active form by cytochrome P450 system before binding to
the P2RY12 receptor in vivo. To investigate whether the
P2RY12 receptor is involved in regulating VSMC-derived
foam cell formation in vitro, we treated oxLDL-stimulated
VSMCs with the P2RY12 receptor agonist adenosine 5′-
(alpha, beta-methylene) diphosphate (ADPβs) or the
P2RY12 receptor antagonist 2-methylthioadenosine 5′-
monophosphate (2-MeSAMP) instead of CDL. We visualized
lipids in VSMCs by BODIPY or ORO staining, and the
positive area was quantified. We found that compared with
control cells, ADPβs significantly increased the LDs area in
VSMCs. Conversely, compared with controls, 2-MeSAMP
alone decreased the LDs area in VSMCs. Additionally,
2-MeSAMP abolished the ADPβs-increased LDs area
(Figure 3A). The total cholesterol content in VSMCs was
also measured. Consistent with the changes in BODIPY or

Table 1. Characteristics of participants.

Characteristic
ATV

(N = 37)
ATV + CDL
(N = 37)

Age, y 61.54 (10.00) 60.62 (8.33)
Male, % 64.86 73
Systolic pressure, mm Hg

Diastolic pressure, mm Hg
125.59 (12.03)
76.92 (9.38)

127.92 (15.47)
77.97 (8.94)

Diabetes, % 13.51 16.22
Smoking, % 27.03 35.14
HDL cholesterol, mM 1.30 (0.33) 1.15 (0.32)
LDL cholesterol, mM 1.97 (0.60) 1.87 (0.68)

Data of age, systolic pressure, diastolic pressure, HDL cholesterol and LDL
cholesterol displayed as mean (SEM) in ATV and ATV + CDL group. Data of
male, diabetes and smoking represented as the occupation % in ATV and ATV
+ CDL group. LDL represents low-density lipoprotein; HDL represents high-
density lipoprotein.
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ORO staining, ADPβs increased total cholesterol levels in
VSMCs, and pretreating VSMCs could reverse this effect
with 2-MeSAMP (Figure 3B). Because ADPβs may also
interact with the P2RY1/P2Y1 receptor, to verify our

findings, we used a lentivirus-mediated P2RY12 receptor-
specific shRNA (shP2ry12) to knockdown P2RY12 receptor
expression in VSMCs. The P2RY12 protein and mRNA
levels were much lower in shP2ry12-transduced cells than

Figure 1. Atorvastatin and the P2RY12 receptor inhibitor CDL may exert a synergistic anti-atherosclerotic effect. (A) Representative carotid ultrasound images of
patients treated with ATV or ATV + CDL; images were obtained upon enrollment (baseline) and 6 months after treatment initiation (6 M). The red line indicates the
MCPT. Graphs show MCPT (mm and %) was lower in patients after 6 months of treatment than at enrollment (n = 37 for ATV treatment and n = 37 for ATV + CDL
treatment). (B) Schematic representation illustrating that apoe-/- mice were given an HFD for 8 weeks to induce atherosclerotic lesions and maintained on an HFD for
another 4 weeks during which the vehicle control (ctrl), ATV or ATV + CDL was administered daily. (C) Images of ORO staining showing en face total aortas obtained
from mice in the indicated groups. Scale bar: 2 mm. White arrows indicate plaques in the aorta. The percent of the en face aortic arch area that was occupied by the
ORO-positive area was assessed (n = 10, 14, and 14, respectively). (D) Serum LDL-c levels in mice in the ctrl, ATV, and ATV + CDL groups (n = 10, 14, and 14,
respectively). (E) apoe-/- mice were given an HFD for 8 weeks to induce baseline atherosclerotic lesions. Then, the mice were changed to a normal chow diet (CD) or
maintained on an HFD for another 4 weeks, and during this time, CDL or ctrl was administered daily. Images of ORO staining showing en face total aortas obtained
from mice in the indicated groups. Scale bar: 2 mm. White arrows indicate plaques in the aorta. The percent en face aortic arch area that was occupied by the ORO-
positive area was assessed (n = 19, 16, 18, and 18, respectively). (F) Serum LDL-c levels of mice from the CD + ctrl, CD + CDL, HFD + ctrl and HFD + CDL groups
(n = 17, 16, 18 and 18, respectively). All data are shown as the mean ± SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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in control empty vector-transduced cells (shctrl) (Figure 3C).
In shctrl cells, compared with the control group, ADPβs
induced larger LDs areas and higher levels of total choles-
terol. Moreover, knockdown of the P2RY12 receptor abol-
ished the effect of ADPβs in VSMCs (Figure 3D,E). In
addition, we used the siP2ry1 to knockdown the P2RY1
receptor and found that the increased lipid deposition
induced by ADPβs in VSMCs could not be reversed by
siP2ry1, suggesting that the P2RY1 receptor is not involved
in the process of ADPβs-induced lipid deposition in VSMCs

(Fig. S5A-C). Therefore, we conclude that activation of the
P2RY12 receptor induces VSMC-derived foam cell
formation.

Lipid accumulation in VSMCs could be caused by changes
in lipid uptake or cholesterol efflux. Hence, we investigated
whether the P2RY12 receptor enhances the phagocytosis of
ox-LDL. VSMCs were treated with ADPβs in the presence or
absence of 2-MeSAMP prior to incubation with DIL-oxLDL.
We found that the binding of DIL-oxLDL in VSMCs was not
influenced by ADPβs or 2-MeSAMP as indicated by

Figure 2. The P2RY12 receptor inhibitor ameliorates lipid accumulation and VSMC-derived foam cell formation in advanced atherosclerosis. (A) Representative
images of aortic root sections obtained from mice in the CD + ctrl, CD + CDL, HFD + ctrl and HFD + CDL groups. For HE, (ii) Enlargement of the insert shown in (I)
with the necrotic core marked by a yellow line. Scale bars: 40 μm (upper), 15 μm (bottom). For ORO, Scale bar: 40 μm. The plaque area (B) and percentage of the
plaque area that was occupied by the necrotic core (C) and ORO (D) are presented (n = 19, 16, 18, and 18, respectively). (E) Fluorescence images of ACTA2-BODIPY or
PDGFRB-BODIPY in aortic root sections obtained from mice in the CD + ctrl, CD + CDL, HFD + ctrl and HFD + CDL groups. Nuclei were stained with DAPI (blue). Scale
bar: 20 μm. White dashed lines indicate VSMC-derived foam cells. The percentage of the plaque area that was occupied by BODIPY (F) are presented (n = 19, 16, 18,
and 18, respectively) among indicated groups. The number of ACTA2+ BODIPY+ cells (G) or PDGFRB+ BODIPY+ cells (H) per mm2 of plaques in the indicated groups is
presented (n = 10 per group). All data are shown as the mean ± SEM from 3 to 5 independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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immunofluorescent analysis and flow cytometry (Figure 3F,
G), and the protein and mRNA levels of phagocytosis recep-
tors, including MSR1, OLR1/LOX-1 (oxidized low density
lipoprotein receptor 1), and CD36, were also not affected
(Fig. S6). Next, we evaluated whether the P2RY12 receptor
inhibits cholesterol efflux. To this end, we stimulated the 22-
(N-[7-nitrobenz-2-oxa-1,3-diazol-4-yl] amino)-23,24-bisnor
-5-cholen-3β-ol (NBD-cholesterol)-loaded VSMCs with

ADPβs or 2-MeSAMP, and the efflux of the labeled choles-
terol to lipid-poor APOA1 (apolipoprotein A1) or high-
density lipoprotein (HDL) was analyzed. We found that com-
pared with the control group, treatment with ADPβs inhibited
cholesterol efflux to both APOA1 and HDL. In contrast,
2-MeSAMP alone promoted cholesterol efflux to both
APOA1 and HDL. In addition, 2-MeSAMP reversed
ADPβs-inhibited cholesterol efflux (Figure 3H). We further
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Figure 3. The P2RY12 receptor promotes VSMC-derived foam cells by inhibiting cholesterol efflux. (A) Confocal images (upper) or optical images (bellow) of VSMCs
labeled by BODIPY or ORO. Ox-LDL-stimulated VSMCs were treated with vehicle control, a P2RY12 receptor activator (ADPβs), a P2RY12 receptor inhibitor
(2-MeSAMP), or a combination of the two and then imaged 24 h post-stimulation. The average body (left) or ORO (right) area per cell was assessed. Scale bar:
10 μm. (B) Total cholesterol levels in VSMCs were determined as described in A. (C) WB and PCR analysis of VSMCs transfected with a lentivirus containing the control
vector (shctrl) or the P2RY12 receptor shRNA (shP2ry12). (D) ORO images of ox-LDL-loaded VSMCs in the indicated group. The graph shows the area positive for ORO
per cell. The scale: 10 μm. (E) Total cholesterol levels in VSMCs were quantified as described in D. (F) Representative fluorescence images of VSMCs obtained in the
indicated group and labeled with DIL-oxLDL at 37°C for 4 h. Cells were rinsed and incubated in complete medium without Dil-oxLDL. Scale bar: 10 μm. (G)
Representative flow cytometry histogram of DIL-oxLDL-processed VSMCs obtained in the indicated group. Experiments were analyzed by flow cytometry to
determine the mean DIL-oxLDL burden (mFI). (H) Representative fluorescent images of the NBD-cholesterol burden in VSMCs obtained in the indicated group after
incubation with HDL or APOA1 for 4 h. The HDL and APOA1-mediated cholesterol efflux (%) were analyzed in these groups. Scale bar: 10 μm. (I) HDL- and APOA1-
mediated cholesterol efflux (%) was measured in shctrl-infected or shP2ry12-infected VSMCs stimulated with ADPβs or vehicle control. All data are presented as the
mean ± SEM from 3 to 5 independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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verified this finding in shP2ry12-infected cells and found that
the ratio of cholesterol efflux observed in shP2ry12-infected
cells did not change after ADPβ stimulation (Figure 3I). These
results indicate that the P2RY12 receptor promotes VSMC-
derived foam cell formation by inhibiting cholesterol efflux.

The P2RY12 receptor inhibits cholesterol efflux through
the PI3K-AKT signaling pathway

Next, we investigated the potential signaling pathway that could
underlie P2RY12 receptor-induced foam cell formation from
VSMCs. Activation of the P2RY12 receptor inhibits cAMP-
PKA and activates the PI3K-AKT pathway in platelets [24,25].
We examined whether similar mechanisms are involved in
increasing lipid deposition in VSMCs. We found that when the
levels of cAMP were ectopically increased using two cAMP
analogs, dibutyryl-cAMP (dbcAMP) or 8-(4-chlorophenylthio)-
adenosine-3ʹ,5ʹ-cyclic-monophosphate (8-CPT-cAMP), the lat-
ter is a nonhydrolyzable cAMP analog [19], both had no impact
on ADPβs-promoted lipid deposition. In contrast, regulating
PI3K-AKT signaling had a discernible effect. Both LY294002 (a
PI3K inhibitor) and MK-2206 2 HCL (MK2206, an AKT inhi-
bitor) significantly inhibited ADPβ-induced lipid deposition
indicated by BODIPY staining and the total cholesterol levels
detected in VSMCs (Figure 4A,B). We then examined whether
PI3K-AKT mediates the suppressed cholesterol efflux observed
after P2RY12 receptor activation. Examination of the ratio of
cholesterol efflux showed that LY294002 or MK2206 abolished
the decreases in cholesterol efflux that were mediated by ADPβs
(Figure 4C). Furthermore, we observed increased levels of the
phosphorylation of PIK3R1 and AKT1 in response to ADPβs, an
effect that could be reversed by adding 2-MeSAMP and that was
inhibited in shP2ry12-infected cells (Figure 4D,E). These results
indicate that the P2RY12 receptor hinders cholesterol efflux and
ultimately induces foam cell formation in VSMCs by activating
the PI3K-AKT signaling pathway.

The P2RY12 receptor inhibits the autophagy-lysosome
pathway in VSMCs

Differences in cholesterol efflux are generally considered to
result from changes in the expression of ATP-binding cas-
sette transporters. However, our analysis of the expression of
ABCA1 and ABCG1 (ATP binding cassette subfamily
G member 1) proteins revealed no significant differences
among the groups (Fig. S6). Previous research has shown
that cholesterol efflux relies on LIPA to generate free cho-
lesterol for efflux [17]. To explore whether LIPA is involved
in P2RY12 receptor-induced changes in cholesterol efflux,
we stained the cells with the lysosome marker LysoTracker
Red together with BODIPY after we stimulated the VSMCs
with ADPβs, 2-MeSAMP or ADPβs plus 2-MeSAMP for 0 h,
6 h, 12 h, or 24 h. We found that LysoTracker Red-BODIPY
colocalization was significantly lower in the ADPβs group
than in the control group after as few as 6 h; this effect was
reversed by 2-MeSAMP treatment for 24 h (Figure 5A,B).
This evidence suggests that the P2RY12 receptor regulates
the lysosome-related pathway. Previous studies performed in
macrophages have suggested that autophagy plays a role in

generating free cholesterol for efflux, especially when lipids
are overloaded [17]. CDL-induced autophagy has previously
been reported in gliomas [19]. Moreover, PI3K-AKT is
a critical regulator of autophagy, which has been implicated
in controlling fat metabolism. Thus, we hypothesized that
P2RY12 receptor activation regulates the autophagy-
lysosome pathway in VSMCs. To explore whether the
P2RY12 receptor regulates autophagy, we first stained
MAP1LC3/LC3 (microtubule associated protein 1 light
chain 3) in VSMCs treated with ADPβs or 2-MeSAMP in
the presence or absence of chloroquine (CQ) (Figure 5C). As
expected, CQ challenge resulted in overall increased numbers
of autophagic structures than were observed in cells not
treated with CQ. Compared with control cells, ADPβs sig-
nificantly decreased the number of autophagic structures
(LC3 dots), and 2-MeSAMP reversed the effect.
Additionally, in the CQ condition, we found that the num-
ber of autophagic structures was lower in the ADPβs group
than in the control group. Moreover, the number of LC3
dots was increased when 2-MeSAMP added alone, and it was
further increased when cells were treated with 2-MeSAMP
by combination with CQ, which is a sign of autophagic flux.
Furthermore, ADPβs + 2-MeSAMP treatment resulted in
higher numbers of autophagic structures than were observed
in the ADPβs group when CQ was added to both groups
(Figure 5C,D). Additionally, we analyzed protein extracts for
the presence of LC3B-II, which is the lipidated form of LC3B
that is generally used for the detection of autophagic activity
in cells incubated on the presence or absence of CQ.
Accordingly, CQ administration results in an overall increase
in the level of LC3B-II, and we detected a decrease in the
level of LC3B-II in protein extracts obtained from the
ADPβs group, and this decrease was reversed by
2-MeSAMP treatment. In addition, under CQ conditions,
we still observed that the level of LC3B-II was lower in the
ADPβs group than in the group treated with CQ alone, and
this decrease was also reversed by 2-MeSAMP treatment. As
anticipated, ADPβs displayed a decrease in net LC3B-II flux,
which was reversed when cells were pre-treated with
2-MeSAMP, demonstrating that ADPβs inhibited autophagy,
and the P2RY12 receptor inhibitor 2-MeSAMP could reverse
the impaired autophagy by ADPβs (Figure 5E). Moreover,
these results were validated in shP2ry12-transfected VSMCs
(Figure 5F). We then examined SQSTM1/p62 (sequesto-
some 1), an autophagy substrate, in both detergent-soluble
and insoluble fractions. Defective autophagic flux is accom-
panied by the accumulation of SQSTM1 protein in insoluble
fractions. We found that the insoluble SQSTM1 fraction
showed significantly more accumulation in the ADPβs
group, and 2-MeSAMP reversed the ADPβs-induced accu-
mulation of insoluble SQSTM1. This change was abolished
when cells were treated with CQ, suggesting that ADPβs
impairs autophagy while 2-MeSAMP could reverse the injury
induced by 2-MeSAMP (Figure 5G). Additionally, the
mRNA levels of Lc3b and Sqstm1 remained unchanged
(Figure 5H). LC3B has two transcript variants, we further
detected the transcript variant 1 and 2 of LC3B with specific
primers and found no difference among groups (Fig. S7A).
This evidence suggested that these proteins are not regulated
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at the transcriptional level; rather, this effect is due to
changes occurring at the protein level. Furthermore, we
verified these effects using the autophagy flux reporter
mRFP-GFP tandem fluorescent-tagged Lc3 adenovirus (ad-
mRFP-GFP-Lc3). mRFP+ GFP+ LC3 dots (yellow dots) repre-
sent autophagosomes or their precursors, whereas mRFP+

GFP− dots (red dots) indicate autolysosomes because GFP

fluorescence is lost in the lysosomal acidic pH. We found
that compared with control cells, the number of autophago-
somes (yellow dots) and autolysosomes (red dots) were both
significantly decreased in VSMCs with ADPβs, and the
P2RY12 receptor antagonist 2-MeSAMP alone increased
autophagic activity (more yellow and red dots). Moreover,
2-MeSAMP could significantly abolish autophagy

Figure 4. The P2RY12 receptor inhibits cholesterol efflux through the PI3K-AKT signaling pathway. (A) Representative images of BODIPY-positive area in VSMCs
obtained from the indicated group. Nuclei were stained with DAPI (blue). Scale bar: 20 μm. Ox-LDL-stimulated VSMCs were cultured with LY294002 (50 µM), MK-2206
2HCl (MK2206, 5 µM), dbcAMP (0.02 mM) or 8-CPT-cAMP (0.02 mM) for 30 min, and then ADPβs or vehicle control was added for 24 h before the cells were analyzed
to determine the size of the BODIPY-positive area. (B) Total cholesterol levels were measured in VSMCs as described in A. (C) HDL- and APOA1-mediated cholesterol
efflux (%) was measured in VSMCs in the indicated groups. (D) Western blot for PIK3R1 and AKT1 phosphorylation in VSMCs treated with or without ADPβs or
2-MeSAMP. Representative western blots (left) and normalized ratios of p-PIK3R1:PIK3R1 or p-AKT1:AKT1 (right). (E) Western blot for PIK3R1 and AKT1 phosphoryla-
tion in shctrl-treated VSMCs and shP2ry12-treated VSMCs. Cells were treated with ADPβs or vehicle control for 24 h. Representative western blots (left) and
normalized ratios of p-PIK3R1:PIK3R1 or p-AKT1:AKT1 (right). All data are presented as the mean ± SEM from 3 to 5 independent experiments. *, P < 0.05; **, P
< 0.01; ***, P < 0.001.
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Figure 5. The P2RY12 receptor inhibits the autophagy-lysosome pathway in VSMCs. (A) Immunofluorescence for LysoTracker Red (red)-BODIPY (green) in VSMCs treated with or
without ADPβs or 2-MeSAMP at the indicated time points. Hoechst 33342 was used to visualize nuclei (blue). Scale bar: 5 μm. (B) Percent colocalization between LysoTracker Red
and BODIPY (white arrows in A) and the mean ± SEM of 20 different cells in each experiment. (C) Representative images of LC3 staining in VSMCs of indicated groups. DAPI was
used to visualize nuclei (blue). Scale bars: 5 μm (top). Cells were pretreated with or without 50 μmol/L CQ for 2 h and then culturedwith ADPβs or 2-MeSAMP. The number of LC3
(green) dots (D) is presented. The data are shown as the mean ± SEM for 20 different cells in each experiment. (E) Immunoblots for LC3 from VSMCs are shown for the indicated
group. Graphs for LC3B-II relative to the control are presented above the band, relative net LC3B-II flux in groups as described in the right. (F) Immunoblots are shown for LC3B in
shctrl-VSMCs or shP2ry12-VSMCs cultured with or without ADPβs. The graph above the band represents the densitometric value obtained for LC3B-II. Relative net LC3B-II flux in
groups as described in the right. (G) Immunoblots for SQSTM1 in VSMCs in the indicated group. VSMCs were stimulated with vehicle control, ADPβs, 2-MeSAMP or
a combination of the two. Cell lysates were separated into detergent (0.5% TX-100)-soluble and insoluble fractions. (H) Quantitative real-time PCR analysis of the mRNA levels of
Lc3b and Sqstm1 in VSMCs treated with vehicle control, ADPβs, 2-MeSAMP, or their combination. Data are normalized to Actb expression. (I) Immunofluorescence images (left)
for VSMCs transfected with ad-mRFP-GFP-Lc3 and then treated with vehicle control, ADPβs, 2-MeSAMP, or their combination. DAPI was used to visualize nuclei (blue). Scale bar:
10 μm. Quantitative data in the right represent the number of autophagosomes (yellow) dots and autolysosome (red) dots (n > 20 cells of each slide). All data are presented as
the mean ± SEM from 3 to 5 independent experiments. For A-H, *, P < 0.05; **, P < 0.01; ***, P < 0.001. For I, ***, P < 0.001 compared with control group; ##, P < 0.01 compared
with ADPβs group; ###, P < 0.001 compared with ADPβs group.
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impairment of ADPβs inducing (Figure 5I). Collectively,
these data suggest that the P2RY12 receptor inhibits the
autophagy-lysosome pathway in VSMCs.

The P2RY12 receptor decreases cholesterol lipolysis and
promotes VSMC foam cell formation by inhibiting
autophagy

To test the hypothesis that the P2RY12 receptor regulates
lipid metabolism via effects on autophagy, we first detected
a direct association between LDs and autophagosomes by
immunofluorescence analysis. We used BODIPY to stain
neutral lipids and LC3 antibody to label autophagy-related
structures in VSMCs. Li et al. reported that autophagy is
impaired in VSMCs when cells are treated with ox-LDL for
12 h [26]. The autophagy activator rapamycin reduced foam
cell formation in ox-LDL-treated VSMCs, while the inhibitor
3 MA increased foam cell formation. Consistent with these
findings, we found that the autophagy inhibitor CQ signifi-
cantly increased lipid deposition and that the autophagy acti-
vator rapamycin and torin-1 each significantly decreased lipid
accumulation in VSMCs. Moreover, the colocalization of
LC3-BODIPY was decreased in the ADPβs group and
increased when we treated VSMCs with 2-MeSAMP alone.
Additionally, 2-MeSAMP abolished the decreased colocaliza-
tion of LC3-BODIPY induced by ADPβs. When lysosomes
were inhibited with CQ, as expected, the colocalization of
LC3-BODIPY increased overall over that in cells not treated
with CQ. Among cells treated with CQ, the colocalization of
LC3-BODIPY was still apparently decreased in ADPβs; con-
versely, 2-MeSAMP alone promoted the colocalization of
LC3-BODIPY.

Moreover, 2-MeSAMP reversed the decrease in the colocali-
zation of LC3-BODIPY induced by ADPβs (Figure 6A,B). To
further characterize the status of autophagic flux during the
process of lipid degradation, we applied transmission electron
microscopy (TEM) to determine the mechanism underlying LDs
sequestration by autophagosomes (Figure 6C). LDs were readily
identifiable as round light-density structures that were not lim-
ited by a bilayer lipid membrane [17,27]. We found that the
average number and area of LDs per cell section were increased
in cells treated with ADPβs while decreased with 2-MeSAMP
treatment. 2-MeSAMP reversed ADPβs-induced increases in
lipid deposition (Figure 6D). We further analyzed the autopha-
gic structures in TEM images. The average number of total AVs
was lower in the ADPβs group, and this reduction was reversed
when we pretreated the cells with 2-MeSAMP (Figure 6E). AVs
are composed of autophagosomes (APs/APGs) and autolyso-
somes (ALs/AUTs). Both the average numbers of APs and ALs
were lower in the ADPβs group but reversed when we pretreated
the cells with 2-MeSAMP (Figure 6F). To further test whether
the decreased autophagy observed in the ADPβs group could
account for the decrease in cholesterol efflux rate and promotion
of lipid accumulation, we transfected VSMCs with siRNA to
knockdown ATG5 (autophagy related 5), a crucial protein in
the autophagic catabolic process (Fig. S5D). We found that the
downregulation of ATG5 efficiently diminished cholesterol
efflux and increased lipid deposition in VSMCs. We observed
an ATG5-dependent reduction in the accumulation of

cholesteryl content was observed in the ADPβs + 2-MeSAMP
group when it was compared to the ADPβs group (Figure 6G,H).
The cholesterol efflux rate was also determined (Figure 6I).
Collectively, these results indicate that autophagy is reduced
via the activation of the P2RY12 receptor, which promotes the
accumulation of cholesterol and foam cell formation in VSMCs.

The P2RY12 receptor inhibits autophagy via the
PI3K-AKT-MTOR pathway

To further explore the mechanism by which the P2RY12 recep-
tor regulates autophagy in VSMCs, we systematically evaluated
and compared the phosphoproteome profiles of gene sets in
KEGG signaling pathways. Six autophagy-related phosphopro-
teins are indicated in Figure 7A. These 6 proteins are all
scattered in the membrane nucleation process in the
“Autophagy-animal” category, suggesting that autophagy is
regulated in the initial phase. Thus, the positive effect of
ADPβs on autophagy could be implemented by two possible
mechanisms: 1) ADPβs might modulate upstream autophagy-
regulatory signaling pathways, such as AMP-activated protein
kinase (AMPK) or MTOR; and 2) ADPβs might directly affect
the initial steps of vesicle nucleation during which activated
PIK3C3/VPS34 generates PtdIns3P. Additionally, metabolic
autophagy is regulated by the Ser/Thr protein kinases MTOR
and AMPK, which are best known for orchestrating anabolic
and catabolic pathways in general, including autophagy [28].
Moreover, the inhibition of MTOR improves atherosclerosis,
and the activation of MTOR1 promotes the inflammatory
response to arterial injury, as has been reported [29,30]. In
our study, we found that the phosphorylation of MTOR and
EIF4EBP1/4E-BP1 (eukaryotic translation initiation factor 4E
binding protein 1; an MTOR substrate) were both increased
after treatment with ADPβs, suggesting an alteration in MTOR
activity (Figure 7B). We also tested whether the P2RY12 recep-
tor could regulate AMPK activity or BECN1/beclin-1 by detect-
ing the phosphorylation of the protein kinase AMP-activated
catalytic subunit alpha (PRKAA) at Thr172 and BECN1 at
Ser15. The level of phosphorylation of PRKAA and BECN1
was not altered by P2RY12 receptor activation (Figure 7B).
This data, therefore, suggests that the P2RY12 receptor regu-
lates autophagosome formation by altering the activities of
MTOR. We also examined the effects occurring downstream
ofMTOR. The phosphorylation of ULK1 (unc-51 like autopha-
gy activating kinase 1) at Ser757 was significantly increased
after treatment with ADPβs, and this effect was reversed by
2-MeSAMP treatment (Figure 7B). To verify that activation of
the P2RY12 receptor induces the increased phosphorylation of
MTOR, EIF4EBP1, and ULK1, we used shP2ry12-treated
VSMCs. We found that knockdown of the P2RY12 receptor
abolished the ADPβs-induced increased phosphorylation of
MTOR, EIF4EBP1, and ULK1 (Figure 7C). We further verified
whether the P2RY12 receptor induces the MTOR-ULK1 sig-
naling pathway through PI3K-AKT. We found that the AKT
inhibitor MK2206 abolished the increases in the phosphoryla-
tion of MTOR, EIF4EBP1, and ULK1 that were induced by
ADPβs (Figure 7D). To confirm the involvement of MTOR in
regulating cholesterol efflux and eventual lipid deposition, we
blocked MTOR activity using rapamycin and found that
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Figure 6. The P2RY12 receptor decreases cholesterol lipolysis and promotes VSMC foam cell formation by inhibiting autophagy. (A) Confocal images of LC3 (red)-
BODIPY (green) in VSMCs of indicated groups. Enlargement of the insert show colocalized pixels in white (below). VSMCs were treated with vehicle control, ADPβs,
2-MeSAMP, CQ (50 μmol/L), which VSMCs in each group were pretreated 50 μg/mL ox-LDL. CQ was pre-added for 2 h. Rapamycin and torin-1 were used as positive
controls. DAPI was used to visualize nuclei (blue). Scale bar: 10 μm. The percent colocalization between LC3 and BODIPY is presented (B). (C) Electron micrographs of
VSMCs submitted to the indicated treatments for 4 or 24 h. LDs (asterisks); APGs, autophagosomes, initial autophagic vacuoles (AVs) (yellow arrowheads); AUTs,
autolysosomes, late or degradative AVs (red arrowheads); and double-membrane structures (black arrowheads). scale bar: 1 μm. The average number and LDs area
per cell section were also determined in images of TEM (D). Morphometric analysis was used to calculate the average number of total AVs per cell section (E). The
number of APGs or AUTs per cell section was also assessed (F). The BODIPY-positive area (G), total cholesteryl content (H), and HDL- and APOA1-mediated cholesterol
efflux (I) measured in VSMCs transfected with a control siRNA (sictrl) or an Atg5 siRNA (siAtg5) are presented. Cells were treated with vehicle control, ADPβs,
2-MeSAMP, or a combination of these factors. All data are presented as the mean ± SEM of 3 to 5 independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001 vs
control or indicated group; #, P < 0.05 vs ADPβs group; ##, P < 0.01 vs ADPβs group.
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rapamycin alone promoted cholesterol efflux and diminished
lipid deposition in VSMCs. Moreover, rapamycin reversed the
effect of ADPβs on the inhibition of cholesterol efflux and
increased lipid deposition in cells (Figure 7E-G). We next
transfected cells with a siRNA against Mtor (Fig. S5E).
Furthermore, in siMtor cells, ADPβs failed to impede choles-
terol efflux or induce lipid deposition (Figure 7H-J). Thus, we
conclude that the activation of the P2RY12 receptor inhibits
autophagy-dependent lipid degradation and increases lipid
deposition by the PI3K-AKT-MTOR pathway.

The P2RY12 receptor inhibitor induces autophagy in
advanced atherosclerosis

We further explored whether CDL would induce autophagy in
HFD apoe-/- mice. To induce advanced atherosclerosis, apoe-/-

mice were given HFD for 8 weeks and maintained on HFD for
another 4 weeks, during which ctrl, CDL, or CQ was admi-
nistered. In western blots, we found that the level of LC3B-II
was increased in aorta homogenate of the CDL group than
that of the control group, and its level was further increased in
the CQ + CDL group. CDL displayed a 3.9-fold increase in
LC3B-II flux. Consistently, the protein level of SQSTM1 was
lower in the CDL group than in the ctrl group, and this
decrease was reversed by CQ (Figure 8A). However, the
mRNA levels of Lc3b and Sqstm1 in aorta remained
unchanged among groups (Figure 8B). Moreover, when
detecting the transcript variant 1 and 2 of LC3B with specific
primers, we also found no difference among groups (Fig.
S7B). These results suggest that CDL induces autophagy in
the atherosclerosis model of apoe-/- mice. To further verify
that the P2RY12 receptor inhibitor promotes autophagy in
advanced atherosclerosis, we analyzed the autophagy-related
markers LC3 and SQSTM1 in VSMCs of arteriosclerotic
lesions in the aortic root of the apoe-/- mouse atherosclerosis
model using immunofluorescence staining (Figure 8C). We
found that under HFD conditions, the number of ACTA2+

LC3+ cells per mm2 plaque area is increased in the CDL group
than in the control group. Moreover, it was further increased
in the CQ + CDL group (Figure 8D). We further analyzed the
ACTA2+ SQSTM1+ cells at the aorta root of these groups. We
found that compared with control mice, CDL significantly
decreased the number of ACTA2+ SQSTM1+ cells per mm2

area in plaques, and this effect was blocked in mice, which
were treated with CDL by combination with CQ (Figure 8E).
Additionally, we found similar results in another P2RY12
receptor inhibitor TIC as shown in Fig. S8A-D. This evidence
suggested that the P2RY12 receptor inhibitor induces auto-
phagy in advanced atherosclerosis of apoe-/- mice.

Additionally, we analyzed LC3 and SQSTM1 in VSMCs in
the carotid plaques of patients in the ctrl and CDL group by
immunofluorescence staining (Fig. S4D). Compared with the
ctrl group, we found that the number of ACTA2+ LC3+ cells
per mm2 plaque area was higher, and the number of ACTA2+

SQSTM1+ cells was lower in carotid plaques relative to plaque
area (Fig. S4E). Since the P2RY12 receptor activation regulates
foam cell formation by impairing autophagy through the
PI3K-AKT-MTOR signaling pathway in vitro, we further
evaluated these proteins and related phosphorylation sites in

the aortas of apoe-/- mice. In accordance with our observa-
tions in vitro, we found that compared with the vehicle group,
the P2RY12 receptor inhibitor significantly inhibited the
phosphorylation of PIK3R1, AKT1, MTOR, ULK1, and
EIF4EBP1 regardless of whether the CD or HFD group was
evaluated (Figure 8F). We also found that the percentage of
VSMCs positive for the phosphorylation form of PIK3R1,
AKT1, MTOR, and ULK1 were less in the carotid plaques of
patients in CDL group than in ctrl group, while the percen-
tage of VSMCs positive for PIK3R1, AKT1, MTOR, and
ULK1 remained unchanged between this two group (Fig.
S9). These results suggest that the inhibition of the P2RY12
receptor induces autophagy in advanced atherosclerosis.

The P2RY12 receptor inhibitor ameliorates VSMC-derived
foam cell formation by inducing autophagy in advanced
atherosclerosis

We then investigated whether CQ blocked the lipid core-
reducing effects of the P2RY12 receptor inhibitor and its
effect on VSMC-derived foam cells in advanced atherosclero-
sis. We first evaluated lipid deposition in the aortic arch by
ORO. We found that CQ impeded the reduction in the area
of plaque caused by CDL in the aortic arch (Figure 9A). We
further explored plaque character and lipid deposition in the
aortic root using ORO or BODIPY staining. We found that
CQ blocked the effect of CDL in reducing lipid accumulation
in the aortic root (Figure 9C-E). In addition, the body
weights and lipid profiles of these four groups were not
significantly different (Figure 9B, S1E, and S1 F). We further
stained the plaques in the aortic root with VSMC-specific
marker antibodies and BODIPY (Figure 9C). The effect of the
P2RY12 receptor inhibitor (CDL) on the reduction in VSMC-
derived foam cells was also blocked by CQ (Figure 9F,G).
Additionally, we found similar results with TIC (Fig. S8E-M).
These results suggest that inhibition of the P2RY12 receptor
mitigates lipid deposition and VSMC-derived foam cell for-
mation by inducing autophagy in advanced atherosclerosis.

Discussion

Our study demonstrates that activation of the P2RY12 receptor
promotes VSMC-derived foam cell formation and lipid accumu-
lation by inhibiting autophagy through the PI3K-AKT-MTOR
signaling pathway in advanced atherosclerosis. We propose
a model that explains the relationships among the P2RY12 recep-
tor, the lipophagic flux of VSMC-derived foam cells, and athero-
sclerosis (Graphical Abstract 1).

The mammalian P2RY12 receptor is first found to be
expressed on platelets and is responsible for amplifying and
sustaining platelet activation, which results in platelet aggre-
gation and coagulation [24]. Recent clinical and animal stu-
dies have suggested that P2RY12 receptor inhibitors may play
a role in anti-atherosclerosis effects by targeting the vessel wall
P2RY12 receptor but not the platelet P2RY12 receptor [5–9].
Our previous study demonstrated that the P2RY12 receptor
promotes the progression of atherosclerosis by enhancing
VSMC migration [12]. Phenotype transformation of VSMC
is an important characteristic during the process of
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atherosclerosis [31,32]. In our previous study, we found that
activating or inhibiting the P2RY12 receptor of VSMCs does
not affect the protein level of VSMC-specific ACTA2, CNN
(calponin), TAGLN, and MYH11 (data not shown). We also
detected the mRNA levels of VSMC phenotype transforma-
tion-related molecules such as Lgals3, Tcf21, and Lum

(lumican) in P2ry12 silencing and control VSMCs (data not
shown). Importantly, our current data demonstrated that
P2RY12 receptor inhibitors alleviated necrotic lesion size,
lipid accumulation, and VSMC-derived foam cells in
advanced atherosclerosis independent of serum LDL-c levels
and exerted a synergistic anti-atherosclerotic effect with

Figure 7. The P2RY12 receptor inhibits autophagy via the PI3K-AKT-MTOR pathway. (A) Activation of the AUTOPHAGY-ANIMAL signaling pathway in VSMCs treated
with ADPβs. Phosphorylation levels are shown for each protein in the pathway relative to that observed in the control cells and indicated by a color scale of red
(increased) to green (decreased). Proteins with no phosphorylation data are colored in white. (B) Representative western blots (left) and the normalized ratios of
p-BECN1/beclin-1:BECN1/beclin-1, p-PRKAA:PRKAA, p-MTOR:MTOR, p-EIF4EBP1:EIF4EBP1, p-ULK1:ULK1 (right and below) in VSMCs treated with vehicle control,
ADPβs, 2-MeSAMP, or a combination of these factors. (C) Representative western blots (left) and normalized ratios of p-MTOR:MTOR, p-EIF4EBP1:EIF4EBP1, p-ULK1:
ULK1 (right) in shctrl-treated VSMCs or shP2ry12-treated VSMCs that were also treated with ADPβs or vehicle control. (D) Representative western blots (left) and
normalized ratios of p-MTOR:MTOR, p-EIF4EBP1:EIF4EBP1, p-ULK1:ULK1 (right) in VSMCs treated with vehicle control, ADPβs, MK2206 (an AKT inhibitor), or
a combination of these factors. The BODIPY-positive area, total cholesteryl content, and HDL and APOA1-mediated cholesterol efflux (%) were measured in
VSMCs treated with rapamycin (E-G) or transfected with siRNA for MTOR (siMtor) (H-J) and are presented here. All data are presented as the mean ± SEM from 3 to 5
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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statins. Statins are a class of drugs frequently prescribed to
lower plasma levels of cholesterol and used for the primary
and secondary prevention of atherosclerotic vascular diseases,
such as stroke, cardiovascular disease, and peripheral vascular
diseases. However, even in patients undergoing intensive sta-
tin therapy, residual risk remains in the form of additional
vascular events, and in some patients, atherosclerotic plaques

still show no significant changes [2]. More recent data have
shown that PCSK9, a serine protease, actively targets LDL-R
and causes its excessive accumulation, while PCKS9 inhibitors
markedly reduce LDL-c levels and reverse plaques. However,
the high cost of these compounds and a lack of long-term
safety and efficacy data limit their use in high-risk patients
unable to meet lipid targets on maximal medication regimes

Figure 8. The P2RY12 receptor inhibitor induces autophagy in advanced atherosclerosis. (A) Immunoblot analysis of the expression of LC3B and SQSTM1 in extracts
from the aortas of mice in the indicated group. apoe-/- mice were given HFD for 8 weeks to induce atherosclerotic lesions and maintained on a HFD for another
4 weeks, during which ctrl, CDL or CQ (50 μmol/L) was administered. Quantitative data represent the fold-change observed after normalizing the indicated protein
band intensities relative to ACTB. LC3B-II flux is calculated in the middle. (B) Quantitative real-time PCR analysis of the mRNA levels of Lc3b and Sqstm1 in extracts
from the aortas of mice in ctrl, CDL, CQ, or CQ + CDL group. Data are normalized to Actb expression. (C) apoe-/- mice were given HFD for 8 weeks to induce
atherosclerotic lesions and maintained on a HFD for another 4 weeks, during which ctrl, CDL or CQ was administered. ACTA2 (green)-LC3 (red) and ACTA2 (green)-
SQSTM1 (red) in aortic root sections of these groups were then estimated. Nuclei are shown in blue. Scale bar: 50 μm. The number of ACTA2+ LC3+ cells (D) or
ACTA2+ SQSTM1+ cells (E) per mm2 of plaques in the indicated groups is presented (n = 9 per group). (F) Representative western blots (left) of extracts obtained from
the aortas of mice among the indicated groups and normalized ratios of p-MTOR:MTOR, p-ULK1:ULK1, p-PIK3R1:PIK3R1, p-AKT1:AKT1, and p-EIF4EBP1:EIF4EBP1 and
fold-change differences in P2RY12 after normalizing the indicated protein band intensities to that of ACTB. All data are presented as the mean ± SEM of 3 to 5
independent experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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[3]. P2RY12 receptor inhibitors, such as CDL, have been
applied in the secondary prevention of stroke and cardiovas-
cular disease (CVD), and their safety has been confirmed. We
found that lipid deposition was much lower in mice in the
CDL group than in those in the ctrl group. Even under HFD
conditions, CDL-treated mice had less lipid deposition than
was observed in ctrl-treated mice. In the present study, we
found that P2RY12 receptor inhibitors could affect lipid accu-
mulation and VSMC-derived foam cell formation in advanced
atherosclerosis independent of serum LDL-c levels, and they
may, therefore, represent a potential new treatment option for
atherosclerosis.

VSMCs are a source of foam cells, which are the defining
pathologic characteristic of atherosclerotic plaques [33].

Moreover, the presence of VSMC-derived foam cells in ather-
ogenesis has been hitherto underestimated. It has been
reported that a very large part of human coronary artery
intimal foam cells were derived from VSMCs (at least 50%)
[15]. In our study, we used ACTA2, MYH11, TAGLN, and
PDGFRB to label VSMCs in plaques [23] and found that
44.5% of foam cells originated from VSMCs (data not
shown). Among then, ACTA2, MYH11, TAGLN are specific
markers for the contractile phenotype of VSMCs. PDGFRB is
used for indicating the synthetic phenotypes of VSMCs, but it
cannot rule out other mesenchymal cells like fibroblasts and
pericytes. Intracellular lipid homeostasis reflects the balance
between cholesterol uptake and cholesterol efflux. Any dis-
ruption to this balance will lead to cholesterol overloading

Figure 9. The P2RY12 receptor inhibitor ameliorates VSMC-derived foam cell formation by inducing autophagy in advanced atherosclerosis. apoe-/- mice were given
HFD for 8 weeks to induce atherosclerotic lesions and maintained on HFD for another 4 weeks, during which ctrl, CDL or CQ was administered. (A) ORO image of
aortic arches obtained from mice in the indicated groups (left). Scale bar: 2 mm. White arrows indicate plaques in the aorta. Lesions were calculated as a percentage
of the surface area of the aortic arch (n = 11, 10, 16, and 17, respectively). (B) Serum LDL-c levels in mice in the ctrl, CDL, CQ, or CQ + CDL groups (n = 11, 10, 15, and
15, respectively). (C) Representative images of aortic root sections obtained from ctrl, CDL, CQ, and CQ + CDL groups stained with ORO, ACTA2-BODIPY, or PDGFRB-
BODIPY. Scale bar: 20 μm. For fluorescence images, Nuclei were stained with DAPI (blue). The percentage of the plaque area that was occupied by ORO (D) or BODIPY
(E) are presented (n = 11, 10, 18, and 17, respectively) among indicated groups. The number of ACTA2+ BODIPY+ cells (F, n = 9 per group) or PDGFRB+ BODIPY+ cells
(G, n = 8, 9, 7 and 8, respectively) per mm2 of plaques in the indicated groups is presented. All data are presented as the mean ± SEM from 3 to 5 independent
experiments. *, P < 0.05; **, P < 0.01.
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and foam cell formation. Initially, the uptake of modified
LDL, such as oxidized or glycosylated LDL, via a scavenger
receptor, was thought to be the main pathway for cholesterol
accumulation and foam cell formation [34]. However, in the
present study, we found that the P2RY12 receptor promotes
VSMC-derived foam cell formation by inhibiting cholesterol
efflux. Cholesterol efflux that occurs via macrophage foam
cells includes intracellular LDs cholesteryl ester hydrolysis,
cholesterol reverse transport from plaques, and circulation
to the liver for metabolism [35]. Foam cells originating from
VSMCs exhibit selective loss of the ABCA1 cholesterol reverse
transporter [17]. However, we did not find that the P2RY12
receptor affected the expression of the cholesterol reverse
transporters ABCA1 and ABCG1. Therefore, we speculated
that the P2RY12 receptor could affect cholesteryl ester hydro-
lysis to promote VSMC-derived foam cell formation. Two
main signaling pathways have been shown to act downstream
of the P2RY12 receptor in platelets; these include the cAMP-
PKA and PI3K-AKT pathways [25]. To determine the
P2RY12 receptor signaling pathway, including VSMC-
derived foam cell formation, we used two signaling pathway
inhibitors and found that the P2RY12 receptor induced lipid
accumulation and foam cell formation via the PI3K-AKT
pathway.

To identify the exact mechanism by which the P2RY12
receptor induced lipid accumulation and VSMC-derived
foam cell formation, phosphoproteomics analysis performed
in VSMCs showed that the activation of the P2RY12 receptor
significantly changed the phosphorylation levels of CAMKK2/
CaMkkβ, RAF1, PRKACB, PIK3C3/VPS34, RB1CC1/FIP200,
and ATG2B. These proteins were all located in the membrane
nucleation process, suggesting that autophagy was regulated
in the initial phase and involved in two possible mechanisms:
upstream autophagy-regulatory signaling pathways, such as
AMPK or MTOR, or the initial steps of vesicle nucleation
via activated PIK3C3. Accumulating evidence demonstrates
that autophagy plays an important role in cholesterol efflux
and that defects in autophagy can influence the progression of
several chronic diseases, such as atherosclerosis [36]. Ksenya
Shchors et al. demonstrated that ticlopidine, an inhibitor of
the P2RY12 receptor, promotes autophagy and reduces
glioma cell viability [19]. In this study, we showed that the
activation of the P2RY12 receptor resulted in autophagy flux
impairment and facilitated lipid accumulation and VSMC-
derived foam cell formation. The inhibition or knockdown
of the P2RY12 receptor could reverse autophagy flux. The
activation of the P2RY12 receptor decreased both the content
of LC3B-II and the number of autophagosomes regardless of
whether CQ was added, suggesting that P2RY12 receptor
activation impedes the formation of autophagosomes.
Furthermore, we investigated the potential mechanisms
underlying how the P2RY12 receptor inhibits autophagy.
Based on the phosphoproteomics results, we tested the auto-
phagy pathway and found that AKT suppressed autophagy by
directly repressing MTOR via the phosphorylation of Ser2448.
The phosphorylated levels of MTOR were reversed when
PIK3R1 or AKT1 was inhibited. In addition, many studies
have also reported on the involvement of the PI3K-AKT-
MTOR pathway. Moore et al. reported that the P2RY12

receptor activates MTOR by phosphorylating TSC2 at
Ser939. In this study, we found that the P2RY12 receptor
suppressed autophagy via the PI3K-AKT-MTOR pathway.
Previous studies have shown that MTOR plays a key role in
the regulation of autophagy [37], and Ksenya Shchors et al.
demonstrated that the P2RY12 receptor inhibitor ticlopidine
increases cAMP levels to increase autophagic flux [19]. Our
results show that P2RY12 receptor inhibitors enhanced cho-
lesterol lipolysis and decreased VSMC-derived foam cell for-
mation in vivo by modulating autophagy.

In conclusion, our study reveals that the P2RY12 receptor
is essential in maintaining VSMC lipophagic flux and choles-
terol homeostasis in advanced atherosclerosis. Our results
shed light on the links between the P2RY12 receptor and
lipophagic flux in VSMC-derived foam cell formation.
Additionally, these results also suggest that P2RY12 receptor
inhibitors, such as CDL or TIC, might be useful for treating
atherosclerosis and defective lipophagy-related diseases.

Materials and methods

Study sample

The present study sample comprises participants enrolled in
the Clopidogrel Enhance Statin on Atherosclerosis Regression
(CESAR) trial, a prospective population-based cohort study
developed to evaluate the effects of statin monotherapy or
statin plus CDL combination therapy on carotid atherosclero-
sis (China Clinical Trials number, ChiCTR1800016747). This
study was approved by the Medical Ethics Committee of
Huazhong University of Science and Technology, Wuhan,
China. All participants gave informed consent. Patients with
carotid atherosclerosis were randomized into two groups:
a statin (ATV) treatment group and a statin (ATV) plus CDL
group. Briefly, subjects were eligible for enrollment if they were
(1) patients with carotid atherosclerosis, (2) ≥18 years old, and
(3) without a history of stroke, myocardial infarction, or
chronic inflammatory conditions, such as systemic lupus
erythematosus, Lyme disease, gonococcal arthritis, or bacterial
endocarditis. Clinical information included age, sex and the
presence of cardiovascular risk factors (hypertension [history
of hypertension or systolic blood pressure >140 mmHg or
diastolic blood pressure > 90 mmHg], diabetes mellitus [fasting
blood glucose level ≥ 6.99 mmol/L or the subject’s self-report of
diabetes, insulin use, or oral hypoglycemic use], cholesterol
level, and current tobacco use [within a year]). Carotid artery
plaque was assessed by high-resolution ultrasound according to
a standard scanning and reading protocol. Six locations of the
carotid artery were examined for plaque presence: the far walls
and near walls of the common carotid artery, the bifurcation,
and the internal carotid artery [38,39]. The MCPT was mea-
sured at the highest plaque prominence in any of the six
assessed locations at baseline and after six months during
follow-up. The present study sample was enrolled between
June 2018 and November 2019.

Human carotid artery plaques were collected from patients
with symptomatic or asymptomatic carotid artery stenosis ≥
70% as detected by duplex sonography and confirmed using
computed tomography angiography undergoing carotid

AUTOPHAGY 995



endarterectomy. The control patients only received aspirin
treatment (100 mg/d), while the CDL group received both
CDL (75 mg/d) and aspirin (100 mg/d) treatments before
surgery. All procedures involving human samples were
approved by the Medical Ethics Committee of Huazhong
University of Science and Technology, Wuhan, China.
Informed consents were obtained from all participating
patients.

Reagents and antibodies

The following reagents were used: NBD-cholesterol (Life
Technologies, N1148; 1 μg/mL), ADPβs (Sigma-Aldrich,
M3763; 10 μmol/L), 2-MeSAMP (Sigma-Aldrich, M1434;
100 μmol/L), CQ (Sigma-Aldrich, C6628; 50 μmol/L),
LY294002 (Sigma-Aldrich, L9908; 50 µM), APOA1 (Sigma-
Aldrich, A0722; 10 μg/mL), rapamycin (Sigma-Aldrich,
V900930; 1 μmol/L), MK2206 (Selleck Chemicals, S1078;
5 µM), dbcAMP (Enzo Life Sciences, CN1254-0030;
0.02 mM), 8-CPT-cAMP (Enzo Life Sciences, CN130-0020;
0.02 mM), ox-LDL (Yiyuan Biotech, YB-002; 50 μg/mL) and
HDL (Yiyuan Biotech, YB-003; 50 μg/mL). The following pri-
mary antibodies were used: anti-LC3 (Medical & Biological
Laboratories Co, PM036), anti-SQSTM1 (Cell Signaling
Technology, 23214 and 88588), anti-ATG5 (Cell Signaling
Technology, 12995), anti-p-PIK3R1/PI3 K p85-T458 (Cell
Signaling Technology, 4228), anti-p-AKT1-T308 (Cell Sign-
aling Technology, 13038), anti-AKT1 (Cell Signaling Tech-
nology, 4691), anti-BECN1/Beclin-1 (Cell Signaling Tech-
nology, 3495), anti-p-BECN1-S15 (Cell Signaling Technology,
84966), anti-PRKAA1 and PRKAA2 (Cell Signaling
Technology, 5831), anti-p-PRKAA1-T172 and p-PRKAA2-
T172 (Cell Signaling Technology, 2535), anti-p-MTOR-S2448
(Cell Signaling Technology, 5536), anti-MTOR (Cell Signaling
Technology, 2983), anti-p-ULK1-S757 (Cell Signaling
Technology, 14202), anti-ULK1 (Cell Signaling Technology,
8054), anti-p-EIF4EBP1-S65 (Cell Signaling Technology,
9451), anti-EIF4EBP1 (Cell Signaling Technology, 9644), anti-
ACTA2 (Abcam, ab5694), anti-ABCA1 (Abcam, ab18180),
anti-ABCG1 (Abcam, ab36969), anti-LC3B (Abcam,
ab48394), anti-PDGFRB/PDGFRβ (Abcam, ab69506), anti-
MYH11 (Abcam, ab683), anti-MSR1 (Sangon Biotech,
D122703), anti-CD36 (Sangon Biotech, D161529), anti-OLR1
(Sangon Biotech, D260927), anti-ACTA1 (Sangon Biotech,
D121592), anti-PIK3R1 antibody (Proteintech, 60225), anti-
TAGLN (Proteintech, 10493), anti-ACTB (actin beta)
(Abconal, AC026), anti-ACTA2 (Servicebio, GB13044), anti-
P2RY12 receptor (OriGene, TA328648). The following second-
ary antibodies were used for western blot experiments: anti-
mouse (Abconal, AS003) and anti-rabbit (Abconal, AS014)
HRP-conjugated IgGs. The following secondary antibodies
were used for confocal microscopy experiments: anti-mouse
Alexa Fluor 488-conjugated (Thermo Fisher Scientific,
R37114), anti-mouse Alexa Fluor 594-conjugated (Thermo
Fisher Scientific, R37115), anti-rabbit Alexa Fluor 488-
conjugated (Thermo Fisher Scientific, R37118), anti-rabbit
IgG (H + L) cross-adsorbed Cyanine3 (Thermo Fisher
Scientific, A-11008), anti-rat Alexa Fluor 594-conjugated
(Thermo Fisher Scientific, A-21209).

Animals

Male apoe-/- mice were obtained at 8 weeks of age from Hua
Fukang Experimental Animal Center (Beijing, China). Mice
were fed a HFD consisting of 1.25% cholesterol and 20% fat
(Special Diet Services, D12079B) for 8 weeks to induce
advanced plaques. Then, these mice were randomly assigned
to a normal chow diet (CD) or a HFD for another 4 weeks in
addition to daily treatment with CDL (Plavix, 20 mg/kg),
ATV (Lipitor, 10 mg/kg), CDL + ATV, or vehicle control
(ctrl) by means of jelly administration, as described elsewhere
[9]. To check autophagy flux in vivo, the mice were intraper-
itoneally preinjected with CQ (50 mg/kg, dissolved in 0.9%
NaCl) every other day [40–42]. Sterile 0.9% NaCl (Baxter
International Inc., H19983148) was intraperitoneally adminis-
tered as a control treatment.

Atherosclerotic lesion analysis

Whole aortas were excised from the aortic root to the iliac
bifurcation, carefully peeled of perivascular fat and opened
longitudinally. Subsequently, the aortas were pinned enface,
stained with ORO, and photographed with a digital camera
(Nikon, Japan). The total surface area and ORO-positive
lesion area were measured using NIS-element software
(Nikon Instruments, Thames, UK). The percent surface area
occupied by the ORO-positive area was assessed.

Lipid measurement

Blood from fasting mice was collected into BD Vacutainer
Plus plasma tubes (BD Biosciences, 367960) by cardiac punc-
ture and centrifuged at 1,300 g for 10 min at 4°C, to collect
the serum. The total cholesterol, HDL, LDL and triglycerides
levels in the serum were measured by a microplate spectro-
photometer using Total cholesterol assay kit (Nanjing
Jiancheng Bioengineering Institute, A111-1-1), High-density
lipoprotein cholesterol assay kit (Nanjing Jiancheng
Bioengineering Institute, A112-1-1), Low-density lipoprotein
cholesterol assay kit (Nanjing Jiancheng Bioengineering
Institute, A113-1-1) and triglyceride assay kit (Nanjing
Jiancheng Bioengineering Institute, A110-1-1) according to
the manufacturer’s protocol.

Histology and immunofluorescence staining

ORO, HE, Masson and EVG staining were performed on
serial sections (5 μm thick) of aortic root samples. Then, the
sections were observed under an optical microscope
(Olympus, Japan). For immunofluorescence staining, serial
sections were incubated with antibodies against LC3
(Medical & Biological Laboratories Co, PM036), SQSTM1,
ACTA2 or PDGFRB. VSMCs were fixed, permeabilized, and
then incubated with antibodies against LC3 (PM036). The
immune complexes were detected by fluorescently labeled
secondary antibodies, and 4ʹ,6-diamidino-2-phenylindole
(DAPI) (Beyotime, C1005) was used to stain nuclei. The
sections or VSMCs were observed under a Nikon A1-Si con-
focal microscope (Nikon, Tokyo, Japan). For sections, the
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positive area and positive cell count relative to plaque were
measured by NIS-element software (Nikon Instruments,
Thames, UK) as reported [43,44]. For VSMCs, the number
of LC3-positive dots per cell was measured using ImageJ
software.

Cell culture and transfection

Mouse aortic VSMCs were obtained as previously described
[12,45]. Cells were cultured in Dulbecco’s Modified Eagle
Medium/Nutrient Mixture F-12 (HyClone, SH30023.01) supple-
mented with 10% fetal bovine serum (ScienCell, 0500) and 1%
penicillin/streptomycin (Biosharp, BL505A) and incubated at 37°
C in humidified 5% CO2. VSMCs were used from passages 5–20.
For the genetic knockdown of the P2RY12 receptor, VSMCs were
transfected with previously constructed shP2ry12 or shctrl vector
lentiviruses [12]. The expression level of the P2RY12 receptor was
detected 3 d later by western blotting and PCR. For the genetic
knockdown ofAtg5 andMtor, cells were transfected with a siRNA
(Ribobio) against Atg5 or Mtor or a ctrl siRNA using
Lipofectamine 2000 (Invitrogen, 11668) according to the manu-
facturer’s protocol. The 3 target sequences of the siRNAs against
Atg5 were as follows: ACCGGAAACTCATGGAATA,
ATCTGAGCTACCCAGATAA, and GCATCTGAGCTACCCA
GAT, and the 3 target sequences of the siRNAs againstMtor were
as follows: GCATATGGCCGAGATTTAA, GGTCATGCCCAC
ATTCCTT, and GGAAGATCCTGCACATTGA.

ORO staining

VSMCs were fixed in 4% PFA in phosphate-buffered saline
(PBS) (Servicebio, G0002) and then rinsed with PBS three
times. The cells were then stained with ORO for 30 min at
room temperature. Staining was assessed by optical micro-
scopy (Olympus, Japan) and quantified by ImageJ software
(NIH) after appropriate thresholding.

BODIPY staining

LDs were stained by incubating the cells or sections with
4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-inda-
cene (BODIPY) (Thermo Fisher Scientific, D3922) for 30 min,
followed by processing for immunofluorescence as described
previously [46]. Staining was assessed by Olympus IX73 fluor-
escence microscopy (Olympus, Japan) or Nikon A1-Si confocal
microscopy (Nikon, Tokyo, Japan). Quantification was per-
formed using ImageJ software after appropriate thresholding.

LysoTracker Red staining

After the designated treatments, the lysosomes in living cells were
highlighted with LysoTracker Red (Beyotime, C1046) at 75 nM
for 60 min at 37°C according to the manufacturer’s protocol. The
nuclei were visualized by Hoechst 33342 (Solarbio, C0031).
Quantification was performed using ImageJ software.

Analysis of total cholesteryl content

Intracellular total cholesterol levels were measured using
a cholesterol fluorometric assay kit (Cayman Chemical,
10007640) [47]. VSMCs cultured in 6-well plates were lysed
with 0.5% Triton X-100 (Sinoparm Chemical Reagent Co.,
30188928) and centrifuged at 18000 g at 4°C for 30 min.
The supernatants were then used for cholesterol measure-
ments. The level of intracellular cholesterol was normalized
to the protein concentration of the sample.

Analysis of DIL-oxLDL uptake

The method used to analyze the uptake of dioctadecyl-
3,3,3,3-tetramethylin docarbocyanine-oxLDL (DIL-oxLDL)
(Yiyuan Biotech, YB-0010) has been described elsewhere
[48]. VSMCs were supplemented with DIL-oxLDL at 10 μg/
ml for 4 h and then washed with PBS. The uptake of DIL-
oxLDL was analyzed in immunofluorescence images.
Moreover, flow cytometry was also performed, and the
mean fluorescence intensity (mFI) was calculated.

Cholesterol efflux assay

Cholesterol efflux was determined as described elsewhere
[49,50]. Briefly, VSMCs were incubated with NBD-cholesterol
for 4 h. After cholesterol loading, the cells were washed, equili-
brated for 2 h and incubated for 4 h with Dulbecco’s Modified
Eagle Medium containing no phenol red (Gibco, 21063) with
0.2% BSA (Biofroxx, 9048-46-8) and APOA1 or HDL. Control
wells were treated with only 0.2% BSA to measure the back-
ground. The medium was collected, and the cells were lysed at
37°C with 0.3 M NaOH solution (Sinopharm Chemical
Reagent Co., 10019718) for 15 min. The fluorescence intensity
of the cell lysate and cell culture supernatant was measured
with a microplate spectrophotometer. The efflux rate was cal-
culated as follows: Efflux (%) = medium counts:(medium
counts + cell lysate counts) x 100.

Autophagic flux

VSMCs were transfected with ad-mRFP-GFP-Lc3 (Hanbio)
according to the manufacturer’s protocol. The cells were
washed 24 h later with PBS (Hyclone, SH30256.01) and
replaced with serum-free medium supplemented with
ADPβs or 2-MeSAMP for the indicated time. Then, the cells
on coverslips were fixed with 4% PFA for 15 min and washed
with PBS. The cells were examined using confocal microscopy
for mRFP and GFP fluorescence by Nikon A1-Si confocal
microscopy (Nikon, Tokyo, Japan). The number of mRFP+

GFP+ and mRFP+ GFP− dots were analyzed using ImageJ
software as reported [51]. The data was measured for each
treatment condition, and > 20 cells were analyzed for each
population.

Western blot analysis

Cell lysate and aorta homogenate were obtained by RIPA lysis
buffer (Beyotime, PM0013B) containing complete protease
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inhibitors (Wuhan goodbio technology CO., G2006, G2008,
G2007-1 and G2007-1) To completely solubilize LC3B-II from
cells or tissue, we used SDS lysis buffer (1% SDS) containing
complete protease inhibitors [52–54]. Cell lysates and aorta
homogenates were then subjected to western blot analysis.
The membranes were incubated with the following rabbit
antibodies: MSR1, OLR1, CD36, ACAT1, ABCA1, ABCG1,
ATG5, SQSTM1, LC3B (Abcam, ab48394), total and
p-BECN1-S15, total and p-PRKAA-T172, total and p-MTOR-
S2448, total and p-ULK1-S757, total and p-AKT1-T308, total
and p-PIK3R1-T458, and total and p-EIF4EBP1-S65. ACTB
was used as a loading control. Detection was performed using
a BioSpectrum Imaging System (UVP, Upland, CA, USA). To
get the unsaturated bands with the intensities in the linear
range, a short pre-exposure was used to calculate the signal
intensity. The band intensity was analyzed by ImageJ soft-
ware. Net LC3B-II flux was determined by subtracting the
densitometric value of CQ-untreated LC3B-II from corre-
sponding CQ-treated LC3B-II value [52,55,56].

Real-time PCR

Total RNA was extracted from VSMCs and aortas using Trizol
reagent (Invitrogen, 15596026). cDNA was amplified using
a SYBR Premix Ex TaqTM Kit (Takara, RR420A) on
a thermocycler (Bio-Rad, Hercules, CA, USA). The primers for
the P2ry12 receptor were 5ʹ- TACCCTACAGAAACACTCA
AGG −3ʹ (forward) and 5ʹ- GTGGTATTGGCTGAGGTGGT
−3ʹ (reverse). The primers for Lc3b transcript variant 1
(NM_026160.5) were 5ʹ- AGGGGACCCTAACCCCATAG −3ʹ
(forward) and 5ʹ- CCCCTGACACTGCTCTTCTG −3ʹ (reverse).
The primers for Lc3b transcript variant 2 (NM_001364358.1) were
5ʹ- AGATCCCAGTGATTATAGAGCGA −3ʹ (forward) and 5ʹ-
AACCACATCCTAAGGCCAGC −3ʹ (reverse). The primers for
Lc3b, which could test both of Lc3b transcript variant 1 and 2 were
5ʹ- TTATAGAGCGATACAAGGGGGAG −3ʹ (forward) and 5ʹ-
CGCCGTCTGATTATCTTGATGAG −3ʹ (reverse). The primers
for Sqstm1 were 5ʹ- ATGTGGAACATGGAGGGAAGA −3ʹ (for-
ward) and 5ʹ-GGAGTTCACCTGTAGATGGGT −3ʹ (reverse).
The primers for Actb were 5ʹ- GTACCACCATGTACCCAGGC
−3ʹ (forward) and 5ʹ- AACGCAGCTCAGTAACAGTCC −3ʹ
(reverse). Actb served as the control for comparison. qRT-PCR
was performed in triplicate and repeated in at least three separate
experiments. Data analysis was performed using the comparative
CT method as previously described [57].

Electron microscopy

The cells were fixed with 2.5% glutaraldehyde. After the
tissues were submitted to ethanol dehydration and embedded
in LX112 resin (LADD Research Industries), ultrathin sec-
tions were sliced by an Ultrathin Slicer (EM UC7 (Leica,
German) and stained with uranyl acetate followed by lead
citrate. All grids were viewed on a transmission electron
microscope (Tecnal G2 20 TWIN, FEI, USA) at 200 kV.
Morphometric analysis was performed using ImageJ in
15–20 different micrographs for each condition after thresh-
olding. Autophagic vacuoles (AVs) were identified using pre-
viously established criteria [27].

Phosphoproteomic analysis

Phosphoproteomic analysis was conducted as described
elsewhere [58]. Briefly, VSMCs were treated in the presence
or absence of ADPβs (three samples per group) and used
for proteomic analysis in the study. SDT buffer was added
to the samples. The lysate was sonicated, boiled and cen-
trifuged to obtain the supernatant. Protein concentrations
were determined using BCA Protein Assay Kits (Bio-Rad,
USA). Twenty micrograms of proteins were separated on
a 12.5% SDS-PAGE gel and visualized by Coomassie Blue
R-250 staining. Then, 200 μg of proteins obtained from
each sample were washed, blocked, and digested to obtain
peptides. The peptides of each sample were desalted on C18
Cartridges (Empore™ SPE Cartridges C18 [standard den-
sity], bed I.D. 7 mm, volume 3 ml, Sigma), concentrated
by vacuum centrifugation and reconstituted in 40 µl of
0.1% (v:v) formic acid (Sigma-Aldrich, 33015). The peptide
content was estimated by UV light spectral density at
280 nm. The lyophilized peptides were resuspended, and
TiO2 beads (shimadzu, 5020–75000) were used to enrich
the phosphorylated peptides. Each fraction was injected for
nanoLC-MS/MS analysis. A Q Exactive mass spectrometer
(Thermo Scientific) was used for LC-MS/MS analysis. The
MS data were analyzed using MaxQuant software version
1.5.3.17 (Max Planck Institute of Biochemistry in
Martinsried, Germany). The FASTA protein sequences of
differentially changed proteins were blasted against the
online Kyoto Encyclopedia of Genes and Genomes
(KEGG) database (http://geneontology.org/) to retrieve
their KOs and subsequently mapped to pathways in
KEGG [59]. The corresponding KEGG pathways were
extracted. Benjamini-Hochberg correction for multiple test-
ing was further applied to adjust derived p-values. For
phosphoproteomic analysis, we thank Shanghai Applied
Protein Technology Co., Ltd. for technological assistance.

Statistical analysis

Quantitative data are presented as the mean ± SEM and
represent 3 to 5 independent experiments. The results were
analyzed using Student’s t-test or one-way ANOVA using
SPSS 13.0 statistical software (SPSS Inc.), and differences
with P < 0.05 were considered statistically significant.
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