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Nonstandard Abbreviations and Acronyms: 

 

ABCA1 

 

ATP-binding cassette transporter A1 

AMPK AMP-activated protein kinase 

ApoE apolipoprotein E 

α-SMA alpha smooth muscle actin 

CE cholesterol ester 

DHE dihydroethidium 

FC free cholesterol 

HDL high-density lipoprotein 

H2O2 hydrogen peroxide 

LC3 autophagy protein microtubule-associated protein 1 light chain 3-β 

LDL low-density lipoprotein 

MDA malondialdehyde 

P62/ SQSTM1 sequestosome 1 

ROS reactive oxygen species 

SCAP sterol regulatory element binding protein cleavage-activating protein 

SREBP sterol regulatory element binding protein 

TC total cholesterol 

VSMCs vascular smooth muscle cells 



 

Abstract 

Sterol regulatory element binding protein (SREBP) cleavage-activating protein (SCAP) is a 

cholesterol sensor that plays a critical role in regulating intracellular cholesterol levels, but the 

association between SCAP and foam cell formation in vascular smooth muscle cells (VSMCs) 

is poorly understood. Using tissue-specific SCAP knockdown in ApoE-/- mice, we sought to 

search the mechanism through which SCAP signalling affects VSMC foam cell development. 

VSMC-specific SCAP knockdown mice were generated by Cre/LoxP-mediated gene targeting 

in ApoE-/- mice. Breeding SCAPflox/flox mice with SM22α-Cre mice resulted in no viable 

offspring with the homozygote SM22-Cre: SCAPflox/flox genotype due to embryonic lethality. 

Interestingly, we found that the heterozygote SM22α-Cre:SCAP
flox/+

:ApoE
-/-

 mice fed a 

Western diet for 12 weeks had significantly fewer atherosclerotic plaques in their aortas than 

the control mice due to reduced cholesterol uptake and synthesis. Furthermore, we found that 

autophagy in VSMCs was increased in SM22α-Cre:SCAPflox/+:ApoE-/- mice. Similarly, in 

vitro, SCAP knockdown in human coronary artery VSMCs by RNA interference reduced lipid 

accumulation and increased autophagy under low-density lipoprotein (LDL) cholesterol 

loading. SCAP knockdown in VSMCs reduced oxidative stress and increased AMPK 

phosphorylation, which contributed to the upregulation of autophagy in vivo and in vitro. 

VSMC-specific SCAP knockdown decreased the lipid accumulation and intracellular 

oxidative stress and interestingly increased excessive lipid clearance by enhancing lipid 

autophagy mediated by ROS/AMPK pathway in VSMCs, consequently alleviated 

atherosclerosis plaque formation. 
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Atherosclerosis is a major cause of death worldwide and is the underlying cause of 

cardiovascular diseases, such as heart attack and stroke (1-3). Foam cell formation due to 

cholesterol overloading is the defining pathological characteristic of atherosclerotic plaques 

(4). Lipid-loaded foam cells have traditionally been regarded as derived from macrophages 

because they express macrophage markers. However, it is now known that vascular smooth 

muscle cells (VSMCs) can also be develop into foam cells due to its uptake of macrophage 

lipid inclusions in a time- and dose-dependent manner (5). In advanced atherosclerotic lesions 

from both WHHL and FF rabbits, simultaneous thymidine autoradiography and 

immunostaining for cell type-specific markers revealed that approximately 30% of the 

labelled cells were macrophages, and 45% were acta2+ (a classical VSMCs marker) cells(4). 

A recent study has also demonstrated that a large proportion, at least 50%, of total foam cells 

in human coronary intimas is derived from VSMCs rather than from monocytes (6). Thus, it 

is important to define the mechanism of VSMC foam cell formation. 

Sterol regulatory element binding protein (SREBP) cleavage-activating protein (SCAP) 

is a cholesterol sensor and chaperone of SREBPs that maintains a constant level of 

intracellular cholesterol by controlling both the rate of cholesterol uptake via the low-density 

lipoprotein receptor (LDLr) and de novo cholesterol synthesis via HMG-CoA reductase 

(HMG-CoA-R). Our previous studies have shown that SCAP/SREBP signalling is a critical 

pathway involved in atherosclerosis development, particularly in VSMC foam cell formation. 

We have demonstrated in vitro that the intracellular accumulation of unmodified LDL in 

VSMCs can be increased by disrupting SCAP/SREBP-mediated feedback regulation of the 

LDLr receptor (7) and HMG-CoA-R(8). However, the role of SCAP and its underlying 

mechanism in VSMC foam cell formation are largely unclear.  

An increasing amount of data has indicated that autophagy plays a potential role in 

atherosclerosis. A novel step in cholesterol ester hydrolysis involving the lysosomal 

autophagy pathway has been described and called lipophagy (9); this process regulates 



cholesterol efflux. Lipophagy was originally described in hepatocytes and has repeatedly been 

correlated with the accumulation of lipids and lipid droplets in vitro and in vivo (10). 

Additional reports have demonstrated that lipophagy is dysfunctional in atherogenesis and 

that its dysfunction promotes atherosclerosis in part through inflammasome hyperactivation 

caused by cholesterol crystal accumulation in macrophages (11). Autophagy is regulated by 

numerous stresses, such as nutrient starvation, hypoxia, ATP/AMP ratio, intracellular reactive 

oxygen species (ROS) levels, bacterial and viral infections or chemical agents. Indirectly, 

ROS can regulate autophagy through AMP-activated protein kinase (AMPK). Physiological 

or low levels of ROS production activate AMPK activity, but high levels of ROS inhibit 

AMPK activity (12). In hepatocytes, excess lipid accumulation can disrupt mitochondrial 

integrity and function in unregulated ROS generation (13). Therefore, we hypothesize that 

downregulating SCAP could reduce intracellular cholesterol accumulation, as well as ROS 

production, consequently increasing autophagy via activating AMPK.  

ApoE-/- mice is a widely accepted mouse model of atherosclerosis(14) . In this study, we 

created a new mouse model – VSMC-specific SCAP knockdown in ApoE-/- background to 

investigate the role of SCAP in the formation of foam cells originating from VSMCs. We 

found that SCAP knockdown in VSMCs activated autophagy by the ROS/AMPK pathway 

and ultimately inhibited VSMC foam cell formation and alleviated atherosclerotic plaque 

development.  

Materials and methods 

Animal manipulations and cell treatment   

Animal  

All animal experiments were done in accordance with the Guide for the Care and Use of 

Laboratory Animals published by the US National Institutes of Health (NIH Publication 8th 

Edition, 2011) and according to the regulations issued by the Committee for Animal Rights 

Protection of the Chongqing Medical University. SM22-Cre transgenic mice express Cre 

recombinase under the control of the mouse smooth muscle protein 22 promoter. This strain 

represents an effective tool for generating tissue-specific mutants that are useful for studies of 



vascular diseases, such as atherosclerosis. Mice with conditional loxP-flanked SCAP 

(SCAPflox/flox) alleles (The Jackson Laboratory, Bar Harbor, ME) were crossed with SM22-Cre 

mice (The Jackson Laboratory, Bar Harbor, ME) to generate VSMC-specific SCAP 

knockdown mice. These mice were then crossed with ApoE-/- mice (The Jackson Laboratory, 

Bar Harbor, ME). All mice used in this study were maintained in microisolator cages and fed 

a rodent chow diet. Mouse tail clippings were collected into 40 µl of 50 mM NaOH and 

heated at 95°C for 50 min, followed by the addition of 40 µl of 1 M Tris-HCl and 

centrifugation for 5 min. A total of 2 µl of the supernatant was used for PCR. The PCR 

products were separated by agarose gel electrophoresis. The gene product for wild-type SCAP 

is 400 bp, whereas it is 450 bp in the conditional knockout genotype. For atherosclerosis 

development, 6-7-week-old male mice（n=8）were fed a Western diet (Research Diets, 

D12079B) for 12 weeks. Mice were euthanized by cervical dislocation, perfused with PBS 

through the left ventricle. All procedures were carried out in accordance with the Guidelines 

for Medical Laboratory Animals (1996, China) and were performed at the Experimental 

Animal Center, Chongqing Medical University, under clean conditions.  

Cell  

Primary human coronary artery VSMC cultures obtained from TCS Cellworks (UK) 

were used in the experiments. VSMCs were cultured in basal DMEM/F12 medium 

supplemented with 5% foetal bovine serum (FBS), insulin, human epidermal growth factor, 

and human fibroblast growth factor. VSMCs were transiently transfected with SCAP siRNA 

(SCAPi) or negative control (-ve CTRi). Cells (10 μg/1×106) were transfected using 

electroporation as described in our previous publication (15). The cells were incubating with 

serum-free medium for 12h hours before transfection. Twelve hours after transfection, the 

transfected cells were treated by different condition. The treated cells were harvested for 

experiments. LDL was isolated from the plasma of healthy human volunteers by sequential 

ultracentrifugation. Informed consent (ethical approval: Sheffield REC 10/H1308/25 

according to the principles outlined in the Declaration of Helsinki) was obtained from 

volunteers regarding the use of their plasma samples for research. The treated cells were 

harvested for experiments. Three preparations of human VSMCs (passage 4-6) were used for 



these studies; different batches of cells were used in independent experiments. 

Isolation of peripheral blood mononuclear cells and alveolar macrophages 

Peripheral blood mononuclear cells (PBMCs) were isolated from mice peripheral 

venous blood by density gradient centrifugation using Ficoll-Paque PLUS (GE, USA), as 

described previously(16,17), Monocyte isolation by plastic adherence: PBMCs were 

suspended in RPMI-1640 media, placed in 6-well flat-bottom culture dishes for 2 hours at 

37℃, and nonadherent cells were removed by washing with fully supplemented RPMI-1640. 

Alveolar macrophages were isolated by bronchoalveolar lavage (BAL) as described 

previously (18). In brief, the trachea of killed animals was cannulated and the lungs were 

lavaged four times with 10 ml of sterile cold PBS (pH 7.4). The recovered lavage solution 

was centrifuged at 1500 rpm for 7 min, and the cell pellet resuspended in sterile medium for 

functional studies.  

Flow Cytometry Analysis 

The blood monocytes and alveolar macrophages were stained with anti-CD14 or 

anti-CD68, respectively. Subsequent gates were designed to sort CD14+ monocytes and 

CD68+ macrophages, and these cells also served as the source of RNA for analyzing mRNA 

expression in monocytes or macrophages. This procedure yielded >95% monocytes or 

alveolar macrophages. 

Measurement of Atherosclerotic Lesions 

Atherosclerotic lesions of the aorta were evaluated. Removal of the entire length of the 

aorta from the heart to iliac bifurcation was dissected, and adventitial tissue was removed. 

The intimal surface was exposed by a longitudinal cut through the inner curvature and down 

the anterior aspect of the aorta under a dissecting microscope. A cut was also made through 

the greater curvature of the aortic arch to the subclavian branch. The tissue was then pinned 

on a dark surface after neutral lipid staining. The tissue section of aortic root was stained with 

haematoxylin and eosin (H&E). Lipid accumulation in the aorta and aortic sinus was 

evaluated by Oil Red O staining. Blood samples were collected for serum lipid assays. 



Total RNA isolation and real-time quantitative PCR 

Total RNA was isolated from cells or mouse tissue homogenates using the 

guanidinium-phenol-chloroform method. A total of 1.0 μg of total RNA was reverse 

transcribed into first strand complementary DNA in a 20 μl reaction volumes using a cDNA 

synthesis kit (Applied Biosystems Inc, Foster City, US). Real-time reverse transcription 

polymerase chain reaction (PCR) was performed using a real-time PCR machine (Bio-Rad, 

Hercules, US) and SYBR Green dye. The thermal cycling program was 5 min at 95˚C for 

enzyme activation and 40 cycles of denaturation for 15 s at 95˚C, annealing for 15 s at 55˚C 

and extension for 15 s at 72˚C. To normalize the expression data, GAPDH was used as an 

internal control gene. All the primers were designed by Primer Express Software V2.0 

(Applied Biosystems, UK). 

Immunofluorescence staining and Terminal deoxynucleotidyl transferase dUTP 

nick end labeling (TUNEL) staining 

Frozen sections (5 µm) were fixed in 4% paraformaldehyde for 15 min, washed 3 times 

with cold PBS and then permeabilized with 0.1% saponin at room temperature for 10 min. 

Next, the frozen sections were incubated overnight with primary antibody, followed by 

secondary antibody. After incubation, the sections were washed three times with PBS for 

Immunofluorescence staining. The primary antibodies included anti-a-SMA (1:100) (smooth 

muscle cell marker) and anti-LC3 (1:100) or anti-SCAP(1:100). The secondary antibodies 

included FITC-labeled goat anti-rabbit IgG (H+L) (1:200) and Cy3-labeled goat anti-mouse 

IgG (H+L) (1:200). For TUNEL staining, the slides were incubated with TUNEL reaction 

mixture for 60 min at 37 °C in a humidified atmosphere in the dark. Finally, the frozen 

sections were mounted with DAPI stain, and then photomicrographed and digitized with an 

Olympus DP50-CU digital camera mounted on an Olympus BX51 microscope. 

Immunohistochemistry, Masson's Trichrome staining and Sirius red staining 

Plaque composition was assessed in cross sections of aortic root by 

immunohistochemical staining for CD68 (macrophage marker) and α-SMA, and Masson’s 

Trichrome staining or Sirius red staining for collagen. For immunohistochemical staining, 



frozen sections were thawed and fixed in acetone for 10 min at room temperature, followed 

by additional fixation in 4% paraformaldehyde for 10 min. Sections (5 μm) from embedded 

tissue were deparaffinized in dimethyl benzene for immunohistochemistry. Briefly, 

endogenous peroxidase activity was blocked with 0.5% hydrogen peroxide in methanol for 10 

min. Then, sections were blocked with 10% serum for 10 min, and primary antibodies for 

SCAP, SREBP2, HMG-CoA-R, LDL receptor, LC 3, P62 and p-AMPK were added to PBS at 

a 1/200 dilution and incubated at 37˚C for 1 h. Avidin anti-rabbit (Santa Cruz, China) was 

used as the secondary antibody and incubated for 30 min at room temperature. Sections were 

incubated for 30 min with horseradish peroxidase antiavidin antibody. Horseradish peroxidase 

activity was measured using a DAB solution (Zhongshanjingqiao, China). Sections were 

counterstained with haematoxylin. The percentage of the positively stained aortic area was 

determined from five randomly selected 400× magnified images of slides from individual 

animals analysed using Image-Pro Plus software (Mediatech). The investigator was blinded to 

the experimental groups at the time of analysis.  

Quantitative measurement of intracellular cholesterol in vitro  

The method used was based on the cholesterol enzymatic assay described by Gallo et al. 

(19) and Gamble et al. (20) Intracellular lipids were extracted in isopropanol and vacuum 

dried, and the total cholesterol (TC), free cholesterol (FC) and cholesterol ester (CE) levels 

were measured by enzymatic assay (cholesterol ester = total cholesterol-free cholesterol). The 

results were normalized to the total cellular protein concentration measured by modified 

Lowry assays(21) .  

Observation of lipid accumulation 

After the mice were euthanized, their aortas were excised, and adventitial fat was 

removed. The aortas were fixed in phosphate-buffered saline (PBS) containing 10% (w/v) 

formalin (Wako Chemicals). Lipid accumulation in cells or aortas from the mice was 

evaluated by using Oil Red O staining. Briefly, samples were fixed in 5% formalin solution 

and then stained with Oil Red O for 30 min. Finally, the samples were counterstained with 

haematoxylin for 5 min. The results were examined by light microscopy.  



Western blotting analysis 

Cytoplasmic and nuclear proteins were extracted from cells or mouse tissue 

homogenates using a commercial kit (Pierce, Rockford, US). Proteins were separated by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis in a Bio-Rad mini protein 

apparatus. The membranes were blocked for 1 hour after gel transfer. The membranes were 

then incubated with antiserum directed against nSREBP2 (1:1000), SCAP (1:1000), 

HMG-CoA-R (1:1000), LDL receptor (1:1000), LC3 (1:10000), AMPK/p-AMPK (1:2000), 

P62 (1:5000) and β-actin (1:3000) (Santa Cruz Biotechnology, CA) for 2 hour, followed by 

incubation with horseradish peroxidase-labeled secondary antibody for another hour. Finally, 

detection was performed using an ECL Advance Western Blotting Detection kit (Amersham 

Bioscience, Piscataway, US). Band intensity volumes (intensity×area) were measured by 

Quantity One software (Bio-Rad, Hercules, US). 

Autophagy assay 

Monoansylcadaverine (MDC) dyeing method was applied to seek unspecific 

autophagosomes. Cells (5 x 105 cells per well) were seeded in 6-well plates in 1 ml of the 

appropriate culture medium containing serum and antibiotics. Then, the cells were incubated 

under normal growth conditions (37°C and 5% CO2). After RNAi transfection and LDL 

loading, the medium was removed from the cells, and 500 µl of the autophagosome detection 

reagent working solution was added to each well (samples and controls). The cells were 

incubated under normal growth conditions for 40 min. Next, the cells were washed 3 times by 

gently adding 100 µl of wash buffer to each well. Immediately after washing, the cells were 

imaged using a fluorescence microscope with a DAPI channel.  

Determination of hydrogen Peroxide (H2O2) and malondialdehyde (MDA) levels 

in VSMCs and superoxide anion (O2-) levels in the plaques  

Measurements of VSMC H2O2 and MDA concentrations were performed using 

commercial kits (Beyotime, China) according to the manufacturer’s instructions. H2O2 and 

MDA concentrations were normalized to the total VSMC protein concentration. 

O2- levels were measured with the oxidative fluorescent dye dihydroethidium (DHE). 



Briefly, frozen sections (5 µm) were incubated with 10 µM DHE in the dark for 30 min at 

37°C, washed three times and examined immediately using a fluorescence microscope. 

Statistical analysis 

All data are expressed as the mean ± standard deviation. Parametric statistical analysis 

between distinct experimental groups was done with two-tailed t-tests. Comparisons between 

groups were performed with two-way ANOVA followed by Q-tests using SPSS17.0 software. 

P-values less than 0.05 or 0.01 was considered significant.   

Results 

Establishment and evaluation of the VSMC-specific SCAP knockdown ApoE
-/-

 

mouse model 

Initially, we tried to generate VSMC-specific SCAP knockout mice by crossing 

SCAPflox/flox mice with SM22-Cre transgenic mice. Exon 1 of SCAP was floxed in the gene 

targeting vector. The cross-breeding deleted exon 1 of the SCAP gene, causing a frameshift 

and disrupting SCAP expression (Figure 1A). Theoretically, VSMC-specific SCAP knockout 

homozygotes could be obtained by crossing SCAPloxp/loxp mice with SM22-Cre mice. The 

offspring were genotyped by PCR (Figure 1B). However, of 404 live pups genotyped, no 

homozygote SCAP mice were found, suggesting that SM22-Cre;SCAPloxp/loxp mice died 

during embryonic development (data not shown). To study the effect of SCAP on 

atherosclerosis, SM22-Cre:SCAPflox/+ heterozygote mice were then crossed with ApoE-/- mice. 

SM22α-Cre:SCAPflox/+:ApoE-/- (SCAP+/-ApoE-/-) mice were obtained. 

SM22α-Cre:SCAP+/+:ApoE-/- (SCAP+/+ApoE-/-) mice were used as controls for all experiments. 

Subsequently, SCAP expression was measured in the aorta, liver, kidney, blood monocytes, 

and alveolar macrophages using RT-PCR, immunohistochemistry and Western blotting 

analyses. In the heterozygous SCAP+/-ApoE-/- mice, SCAP expression levels were 

significantly reduced in the aorta, but there were no significant differences in the liver, kidney, 

blood monocytes, and alveolar macrophages (Figure 1C, D&E and Supplementary Figure 1), 

suggesting that SCAP downregulation occurred in VSMCs from SCAP+/-ApoE-/- in only the 

aorta.  



SCAP knockdown reduced plaques in the aortas of ApoE
-/-

 mice 

To determine the role of SCAP in atherosclerosis, SCAP
+/-

ApoE
-/-

 male mice fed a 

Western diet for 12 weeks were evaluated for atherosclerotic plaque burden and compared 

with SCAP+/+ApoE-/- male mice (control). The data showed that atherosclerotic plaque areas 

in the whole aortas of SCAP+/-ApoE-/- mice were significantly reduced compared with those 

in the control mice （32.5±3.11mm2 vs 14.19±4.68 mm2 P < 0.01）(Figure 2A). Cross-sections 

of aortic sinuses stained with Oil Red O also showed significant decreases in the plaques of 

SCAP+/-ApoE-/- mice (Figure 2B&D). Further analysis of plaque revealed significant 

decreases in necrotic core area within SCAP+/-ApoE-/- mice plaques (Figure 2C&D) (27.4 ± 

2.1% vs. 4.9 ± 1.2% P < 0.01). To observe the expression of SCAP in VSMCs(normal and 

foam cell), We utilized α-SMA (green) to label the VSMCs of aortic plaques and co-stained 

for SCAP (red). As was shown in figure 2E, the expression of SCAP was markedly 

downregulated and unable to co-express α-SMA (yellow) in the arteries of experimental mice 

compared with the control mice.  

To further investigate the plaques, the aortic roots of the mice in each group were 

immunohistochemically stained to assess the composition, such as macrophages, smooth 

muscle cells marker. The results showed that SCAP knockdown has increased the expression 

of a-SMA, and decreased the macrophage infiltration (Figure 3A). To test whether SCAP 

knockdown influences the features of plaque stability, collagen content of the plaque was 

analyzed by Masson’s Trichrome and Sirius Red staining, Collagen content was quantified by 

the red-positive plaque area stained by Sirius, and these sections were also analyzed by 

circularly polarized light to distinguish  type I and type III collagen. Under polarized light 

microscope, thick fibres (collagen I) were shown in red and orange, while thinner fibres 

(collagen III) were shown in yellow and green, As shown in Figure 3B&C, in SCAP+/-ApoE-/- 

mice the type I collagen content was significantly increased, about 2.4-fold compared with that 

in the control group. Also, the type III collagen was increased about 1.8-fold, but the ratio of 

type III to type I collagen was not statistically different between the two groups (P>0.05), 

suggesting that SCAP knockdown in VSMCs can increase the stability of atherosclerotic 

plaques. We also used a TUNEL assay to detect apoptotic cells in consecutive sections of 



mouse aortic roots. As was shown in Figure 3D, there were fewer apoptotic cells in the 

SCAP+/-ApoE-/- group than in the control group (10.73 ± 1.84 cells/mm2 versus 2.67 ± 1.01 

cells/mm2, P < 0.01). Taken together, these in vivo data suggested that VSMC-specific SCAP 

knockdown promoted features of a stable plaque phenotype in alleviated atherosclerosis. 

SCAP knockdown increased autophagy in the aortas of ApoE
-/-

 mice 

There were no significant differences in serum cholesterol, triglyceride, LDL cholesterol 

or high-density lipoprotein (HDL) cholesterol levels between the experimental and control 

mice (Figure 4A). However, we found that the mRNA levels of SREBP2, HMG-CoA-R and 

LDL receptor in SCAP+/-ApoE-/- mice were reduced by 49%, 51% and 52%, respectively, in 

the aorta (Figure 4B). Similarly, the protein expression levels of SREBP2, HMG-CoA-R and 

LDLr were reduced in the aortas of SCAP+/-ApoE-/- mice as demonstrated by IHC (Figure 4C). 

Meanwhile, we detected the protein expression of autophagy-related proteins, such as LC3 

and P62. Our results showed that the expression of LC3 was increased and P62 was reduced 

in SCAP+/-ApoE-/- mice plaque, suggested that the autophagy was activated (Figure 4C).  

Next, we measured autophagy in the VSMCs of mouse aortic plaques. We utilized 

α-SMA to label the VSMCs of aortic plaques and co-stained for the autophagy protein 

microtubule-associated protein 1 light chain 3-β (LC3). The data showed that LC3 was 

markedly upregulated in the VSMCs of experimental mice compared with the control mice 

(indicated by the arrow in Figure 4D), suggesting that SCAP knockdown in VSMCs can 

increase autophagy in the aortas of ApoE-/- mice.   

SCAP knockdown by RNA interference ameliorated lipid accumulation and 

increased autophagy in vitro 

Human coronary artery VSMCs were transiently transfected with SCAP siRNA (SCAPi) 

to establish a cell model of SCAP knockdown in vitro. Lipid accumulation was identified by 

Oil Red O staining and enzymatic assays. Lipid droplets, free cholesterol (FC) and cholesterol 

ester (CE) concentrations were reduced in SCAPi cells (Figure 5A&B). In addition, mRNA 

and protein expression levels of SCAP, SREBP2, LDL receptor and HMG-CoA-R were 

reduced in the SCAPi cells (Figure 5C&D).  



Furthermore, the autophagy marker proteins LC3 and P62 and autophagosomes in 

SCAPi VSMCs were detected by Western blot (Figure 5E) and MDC staining ( a simple and 

direct procedure for measuring autophagy in a variety of cell types using a proprietary 

fluorescent autophagosomemarker ( λex = 518 nm).) (Figure 5F). Data showed that the ratio of 

LC3 I/II and the number of autophagosomes in the SCAPi VSMCs were increased compared 

with those in the control -ve CTRi cells. Moreover, the expression levels of P62 were reduced, 

suggesting that SCAP knockdown in VSMCs increased autophagy in vitro. All the in vitro 

data support the in vivo results. 

SCAP knockdown improved oxidative stress and AMPK activity in vivo and in 

vitro  

 To determine whether the increased autophagy induced by downregulating SCAP was 

associated with decreased oxidative stress and increased AMPK activity, we assessed the O2- 

accumulation in plaques and the VSMC H2O2 and MDA levels in vitro. According to DHE 

staining, O2- accumulation in plaques was significantly decreased in the aortas of 

heterozygote mice (Figure 6A and 6B), and the changes in H2O2 and MDA levels in VSMCs 

were consistent with the changes in plaque O2- accumulation in vivo (Fig 6C and 6D). 

In addition, we examined the expression levels of AMPK and phosphorylated AMPK 

(p-AMPK) in vitro and the expression levels of p-AMPK in the aortic plaques. SCAPi 

increased AMPK activity in VSMCs, which also had increased levels of p-AMPK (Figure 6E). 

Immunohistochemical examinations revealed that positive staining for p-AMPK was 

increased in both the nucleus and the cytoplasm of VSMCs in the aortas of heterozygote mice 

(Figure 6F).  

A high dosage of H2O2 or inhibition of AMPK activity reduces autophagy and 

increases lipid deposition, even when SCAP was knocked down 

Interestingly, we found that AMPK activity was inhibited by a high dosage (300 μM) of 

H2O2 even if SCAP was knocked down by RNA interference (Figure 7A). Furthermore, 

SCAPi VSMCs cells were incubated with an AMPK inhibitor (compound C, 10 mM). The 

expression levels of AMPK and autophagy-related proteins were determined. As shown in 



Figure 7B, p-AMPK levels in SCAPi cells were significantly decreased; autophagy and lipid 

accumulation were increased in the presence of compound C(Figure 7C&D), suggesting that 

the effect of SCAP knockdown on autophagy and lipid deposition is linked to ROS/AMPK 

pathway activation. 

Discussion  

The main findings of this study are that VSMC-specific SCAP knockdown could 

improve autophagy in VSMCs via the ROS/AMPK pathway and alleviate atherosclerosis 

development. SM22-Cre mice are the most widely used tool for generating tissue-specific 

mutants; the target gene can be efficiently deleted in VSMCs and myocardial tissue. The 

sterol sensor SCAP is a key regulator of SREBP, and SREBP is the major transcription factor 

controlling cholesterol uptake and synthesis. Combined with our earlier research, we 

established a model of heterozygous VSMC-specific SCAP knockdown in ApoE-/- mice to 

determine whether lipid accumulation in VSMCs could be prevented or reduced and to 

determine the underlying mechanism.   

VSMCs are one of the sources of foam cells, which are the defining pathological 

characteristic of atherosclerotic plaques (22). Intracellular lipid homeostasis reflects a balance 

of cholesterol uptake, endogenous synthesis and cholesterol export. Any disruption to this 

balance will lead to cholesterol overloading and foam cell formation (23). Initially, the uptake 

of modified LDL, such as oxidized or glycosylated LDL, via the scavenger receptor was 

thought to be the main pathway for cholesterol accumulation and foam cell formation (24). 

However, SCAP, LDL receptor and HMG-CoA-R are expressed mainly on VSMCs, rather 

than on macrophages, which express mainly scavenger receptors(25). In an in vitro study, our 

group demonstrated that SCAP overexpression contributes to the cell’s tolerance of high 

intracellular cholesterol concentrations; this action eventually leads to the uptake of a large 

number of unmodified LDL particles into the VSMCs and subsequent foam cell formation (7), 

implying that SCAP is closely correlated with VSMC foam cell formation. The present study 

provided the first in vivo evidence that SCAP knockdown in VSMCs alleviates atherosclerotic 

plaque formation. In this study, decreased expression levels of LDLr and HMG-CoA-R, as 



well as a significant attenuation of the plaque area, were observed in the aortas of SCAP 

knockdown mice, suggesting that VSMC-specific SCAP knockdown causes a defect in 

SREBP2 processing and reduces the levels of HMG-CoA-R and LDLr, which control de novo 

cholesterol synthesis and cholesterol uptake. Simultaneously, we observed that the serum lipid 

profiles of VSMC-specific SCAP knockdown mice did not change. The most likely reason for 

this result is that VSMCs are not the major player that controls serum lipid homeostasis, 

suggesting that the reduction in atherosclerotic plaques could be independent of the serum 

lipid-lowering effects.  

The stability of the atherosclerotic plaque depends upon the thickness of the fibrous cap 

and the degree of cap inflammation. Plaque rupture is increased by cap thinning promoted by 

the death of VSMCs and breakdown of collagen and extracellular matrix (ECM), which may 

subsequently lead to myocardial infarction or stroke. The balance of cell proliferation and 

migration vs cell death and cell senescence determines the population of VSMCs within the 

atherosclerotic plaque. The presence of apoptosis in atherosclerotic plaques has been 

confirmed by some studies. Apoptotic indices are low in early lesions (Stary grades I-III) but 

seen with increasing frequency as lesions develop, in both the necrotic core and fibrous cap. 

Our data showed that VSMC-specific SCAP knockdown led to altered plaque morphology. In 

general, we observed a more compact diffuse, less diffuse compact plaque morphology in 

SCAP+/-ApoE-/- mice compared to controls, which is most likely due to the increased 

presence of VSMC and promoted matrix deposition, and its mechanism may partly be related 

to its inhibiting the VSMCs apoptosis. Through the results, we can speculate that the decrease 

in plaque area in SCAP knockdown mice model not only decreased lipid accumulation, but 

also decreased apoptosis, decreased necrotic core formation, and increase in collagen; all of 

these factors likely contributed to alleviating atherosclerosis development. 

We also found that autophagy in VSMC-derived foam cells was higher in 

SCAP+/-ApoE-/- mice. A previous study demonstrated that lipophagy was dysfunctional in 

atherogenesis and upregulated autophagy could prevent the development of atherosclerosis, 

especially in the formation of foam cells (26). Defective autophagy (atg7−/−) in VSMCs have 

major effects on the mechanistic, functional and morphological properties of VSMCs and 



significant implications for the development of cardiovascular diseases, such as diet-induced 

atherosclerosis (27, 28). Pharmacological agents that stimulate caloric restriction or activate 

sirtuins, both of which promote modest increases in autophagy have been shown to have 

beneficial effects on atherosclerosis by increasing ATP-binding cassette transporter A1 

(ABCA1)-dependent cholesterol efflux (29-31).In this study, these indexes, such as 

autophagosome amount, LC3 conversion and P62 degradation, were utilized to evaluate 

autophagic levels in VSMCs. Our findings indicated that autophagy was activated in SCAP 

knockdown VSMCs, which was demonstrated by the increased ratio of LC3I/II and supported 

by results of former studies (32). Several documents indicated a significant inverse correlation 

between P62 expression and autophagic flux (33), which means that P62 is one of the indexes 

required for complete autophagy. In this study, SCAP knockdown further up-regulated LC3II 

conversion and reduced P62 expression compared to the control group. Our data also showed 

that excessive lipid accumulation was decreased when dysfunctional autophagy was rescued 

by downregulating SCAP. 

ROS are closely associated with atherosclerosis and autophagy activity and may be the 

link between SCAP and autophagy in this study. Low/physiological levels of ROS are 

requisite for various signalling pathways and optimal cell function (34, 35),but excessive 

levels of ROS have deleterious effects on cell function and viability. Accordingly, ROS 

induces autophagy (36), but under conditions of high ROS levels and chronic ROS exposure, 

autophagy is impaired (37). Lipid accumulation impairs the oxidative capacity of 

mitochondria and increases ROS generation in hepatocytes (38) and podocytes (39). In the 

early stage of atherosclerosis, the dysfunctional intracellular lipid environment also increases 

ROS production (40). ROS regulates autophagy through AMPK (41), and AMPK 

phosphorylation further inhibits mTOR activity, which is an important regulator that induces 

autophagy; when mTOR is positively regulated, autophagy is suppressed, and when mTOR is 

inhibited, autophagy is promoted (42). Previous studies have shown that high-fat-diet-fed 

mice have decreased AMPK phosphorylation and protein expression levels in multiple tissues 

and organs, including skeletal muscle, heart, liver and the hypothalamus (43, 44), the 

mechanism for which may be a feed-forward effect of lipid overload.  



The relationship between ROS and AMPK is very complex because AMPK is activated 

by moderate increases in ROS levels, but several lines of evidence suggest that ROS inhibit 

AMPK activity (45). The dual biological effects might be related to the changes in ROS 

concentrations (45). We found that the aortas of the control group mice had high ROS levels 

and reduced AMPK activity; however, these effects were improved in the aortas of SCAP 

knockdown mice. We surmised that cholesterol accumulation in VSMCs in mice fed a 

Western diet for 12 weeks caused high ROS concentrations and reduced AMPK activity and 

autophagy. The lipid accumulation and intracellular oxidative stress were alleviated by 

downregulating SCAP, and the excessive ROS concentrations were reduced, consequently 

improving AMPK activity and autophagy. Moreover, we also measured autophagy and lipid 

accumulation when AMPK activity was blocked in VSMCs with SCAP knockdown. Our data 

showed that the positive effects of increased autophagy in SCAPi VSMCs were inhibited in 

the presence of the pharmacological AMPK inhibitor compound C, suggesting that 

VSMC-specific SCAP knockdown promoted autophagy via activating the AMPK pathway 

and alleviated atherosclerotic plaque formation in ApoE-/- mice. 

For the first time, we report the role of SCAP in foam cell formation in VSMCs in vivo. 

On the one hand, VSMC-specific SCAP knockdown inhibited cholesterol uptake and de novo 

synthesis and reduced lipid accumulation. On the other hand, VSMC-specific SCAP 

knockdown decreased lipid accumulation, reduced oxidative stress, and prevented AMPK 

activity damage. All of these factors likely contributed to alleviating atherosclerosis 

development via increasing autophagy and excessive lipid accumulation in VSMCs.  
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Figure Legends  

Figure 1. A model of VSMC-specific SCAP knockdown in ApoE
-/-

 mice was established 

and identified. (A) The SCAPloxp/loxp allele contains loxP sites flanking exon 1. In the 

SM22-Cre VSMC-specific Cre transgenic mouse line, Cre recombinase expression is driven 

by the SM22 promoter. (B) Genotyping SCAP knockout mice by PCR showed two different 

genotypes: SCAP+/+;ApoE-/- and SCAP+/-;ApoE-/-. SCAP-/-;ApoE-/- mice were not obtained. (C) 

mRNA expression levels of SCAP in the aorta, liver and kidney were determined by real-time 

PCR（n = 6, *indicates P<0.05）. Protein expression levels of SCAP in aorta, liver and kidney 

were detected by IHC analysis(D) (n = 6, *indicates P<0.05) and Western blot (E) (n = 6, 

*indicates P<0.05）.  

Figure 2. SCAP knockdown reduced aortic plaque progression in ApoE
-/-

 mice. Male 

6-7-week-old SCAP+/+;ApoE-/- and SCAP+/-;ApoE-/- mice were fed a Western diet for 12 

weeks. Representative images of the Oil Red stained aorta and aortic root of the gross specimen 

from SCAP+/+;ApoE-/- and SCAP+/-;ApoE-/- mice are shown in (A and B). Quantification of 

necrotic core area by H.E.staining (C) in SCAP+/+;ApoE-/- and SCAP+/-;ApoE-/- mice. (D) 

Quantification of plaque and necrotic core area (n = 8, ** indicates P<0.01). (E) Double 

immunofluorescence staining for α-SMA and SCAP in aortic plaque. Green 

immunofluorescence indicates α-SMA, and red immunofluorescence indicates SCAP; in the 

merged image, white and red arrows indicate overlap of α-SMA and SCAP staining or not. 

The total Oil Red O-positive staining and necrotic core areas were quantified using ImageJ 

analysis software and are presented graphically. The data are presented as the mean±SD of the 

ratio of the plaque areas normalized to the total aortic areas (n=8). (**P<0.01 vs 

SCAP+/+;ApoE-/- mice). 

Figure 3. SCAP knockdown administration modulates the composition of atherosclerotic 

plaques in ApoE
-/-

 mice. Representative images of immunohistochemical staining are shown 

in (A) for CD68 and α-SMA in aorta root (n = 5, * indicates P<0.05). Quantification of 

collagenous fibres by Masson staining and Sirius Red staining (B and C) in SCAP+/+;ApoE-/- 

and SCAP+/-;ApoE-/- mice (n = 5, **indicates P<0.01). (D) Cell apoptosis (green) in aortic 



plaque measured by TUNEL (n = 5, **indicates P<0.01).  

Figure 4. SCAP knockdown increased autophagy in the aortas of ApoE
-/-

 mice. Mice 

were fed a Western diet for 12 weeks. (A) Serum concentrations of TC, TG, LDL-C and 

HDL-C in SCAP+/+;ApoE-/- and SCAP+/-;ApoE-/- mice were measured as described in the 

methods section(n = 5). (B) mRNA expression levels of SREBP2, HMG-CoA-R and LDLr in 

the mice were determined by real-time PCR(n = 5, **indicates P<0.01). (C) Protein levels of 

SREBP2, HMG-CoA-R, LDLr, LC3 and P62 were examined by immunohistochemistry. 

Summary of the quantification by computer-assisted image analysis were expressed as the 

percentage of area positively stained for SREBP2, HMG-CoA-R, LDLr, LC3 and P62 (n=5, 

**indicates P<0.01). (D) Double immunofluorescence staining for α-SMA and LC3 in 

VSMCs. Green immunofluorescence indicates α-SMA, and red immunofluorescence 

indicates LC3; in the merged image, white arrows indicate α-SMA and LC3 staining overlap.  

Figure 5. SCAP knockdown by RNA interference ameliorated lipid accumulation and 

increased autophagy in vitro. VSMCs were transiently transfected with SCAPi or negative 

control siRNA (–ve CTRi) for 24 hours. Transfected VSMCs were then cultured in 

experimental medium with 200 µg/mL LDL for 24 hours at 37°C. (A)Lipid accumulation in 

the treated cells was evaluated by Oil Red O staining, (B) intracellular cholesterol levels (FC 

and CE) were measured as described in the methods section (Data are expressed as mean±SD 

from 6 independent experiments, **indicates P<0.01). (C) mRNA expression levels of SCAP, 

SREBP2, HMG-CoA-R and LDLr were determined by real-time PCR (Data are expressed as 

mean±SD from 6 independent experiments, *indicates P<0.05 and **indicates P<0.01 ). (D) 

Protein levels of nSREBP2, HMG-CoA-R and LDLr were examined by Western blot (Three 

of 6 representative experiments is shown, Data are the mean±SD of band intensity volumes 

normalized by actin from 6 different experiments. *indicates P<0.05 and **indicates P<0.01 ). 

(E) Autophagy-related protein (LC3-I/II, P62) levels were examined by Western blot and 

densitometry (Three of 6 representative experiments is shown, Data are the mean±SD of band 

intensity volumes normalized by actin from 6 different experiments., *indicates P<0.05 and 

**indicates P<0.01). (F) Autophagy is indicated by the bright dot staining of autophagic 

vacuoles after using MDC solution and image analysis was used to detect the number of the 



positive MDC-stained vacuoles (n = 6, *indicates P<0.05).   

Figure 6. SCAP knockdown improved oxidative stress and AMPK activity in vivo and in 

vitro. VSMCs were transiently transfected with SCAPi or negative control siRNA (-ve CTRi) 

for 24 hours. Transfected VSMCs were cultured in experimental medium with 200 µg/mL 

LDL for 24 hours at 37°C. Superoxide anion (O2-) accumulation in plaque cryosections (A) 

and VSMCs (B) was analysed by DHE staining (original magnification ×40) (One of 3 

representative experiments is shown, *indicates P<0.05 and **indicates P<0.01). H2O2 levels 

(C) and MDA levels (D) in VSMCs were measured (n = 3, * indicates P<0.05). Protein 

expression levels of AMPK and p-AMPK in VSMCs (E) and plaques (F) were examined by 

Western blot or immunohistochemistry (n = 6, **indicates P<0.01).  

Figure 7. Inhibiting AMPK activity reversed the beneficial effects of SCAP knockdown 

on autophagy and lipid deposition. VSMCs were transiently transfected with SCAPi or 

negative control siRNA (-ve CTRi) for 24 hours. Transfected VSMCs were then cultured in 

experimental medium with 200 µg/mL LDL for 24 hours at 37°C. Protein expression levels of 

AMPK and p-AMPK in -ve CTR and SCAPi VSMCs treated with H2O2 (300 nM) (A) or 

compound C (10 μM) (B) were examined by Western blot and densitometry(One of 3 

representative experiments is shown, Data are the mean±SD of band intensity volumes 

normalized by actin from 3 different experiments, *indicates P<0.05 and **indicates P<0.01 

using a two-way ANOVA vs –ve CTRi group; & P<0.05 vs SCAPi group). (C) 

Autophagy-related protein (LC3I/II, P62) levels in -ve CTR and SCAPi VSMCs treated with 

compound C (10 μM) were examined by Western blot and densitometry (One of 3 

representative experiments is shown, Data are the mean±SD of band intensity volumes 

normalized by actin from 3 different experiments, *indicates P<0.05 and **indicates P<0.01). 

(D) Lipid accumulation and autophagy were evaluated by Oil Red O and MDC in SCAPi 

VSMCs treated with compound C (10 μM). Image analysis was used to detect the number of 

the positive MDC-stained vacuoles (n=5, *indicates P<0.05). 



Supplementary Figure 1. The expression of SCAP in blood monocytes and alveolar 

macrophages. (A) Fluorescence-activated cell sorting analysis of CD14+ ( blood monocytes) 

or CD68+ (alveolar macrophages) subpopulation.(B) mRNA expression levels of SCAP, 

SREBP2, HMG-CoA-R and LDLr in the blood monocytes and alveolar macrophages were 

determined by real-time PCR（n = 6, *indicates P<0.05）. 
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