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Background: Hyperlipidemia-induced vascular smooth muscle cell (VSMC)-derived foam cell formation is 
considered a crucial event in the development of atherosclerosis. Since c-Fos emerges as a key modulator of lipid 
metabolism, we investigated whether c-Fos plays a role in hyperlipidemia-induced VSMC-derived foam cell 
formation and atherosclerosis. 
Approach and results: c-Fos expression was observed in VSMCs in atherosclerotic plaques from patients and 
western diet-fed atherosclerosis-prone LDLR− /− and ApoE− /− mice by immunofluorescence staining. To ascertain 
c-Fos's function in atherosclerosis development, VSMC-specific c-Fos deficient mice in ApoE− /− background were 
established. Western diet-fed c-FosVSMCKOApoE− /− mice exhibited a significant reduction of atherosclerotic lesion 
formation as measured by hematoxylin and eosin staining, accompanied by decreased lipid deposition within 
aortic roots as determined by Oil red O staining. Primary rat VSMCs were isolated to examine the role of c-Fos in 
lipid uptake and foam cell formation. oxLDL stimulation resulted in VSMC-derived foam cell formation and 
elevated intracellular mitochondrial reactive oxygen species (mtROS), c-Fos and LOX-1 levels, whereas specific 
inhibition of mtROS, c-Fos or LOX-1 lessened lipid accumulation in oxLDL-stimulated VSMCs. Mechanistically, 
oxLDL acts through mtROS to enhance transcription activity of c-Fos to facilitate the expression of LOX-1, 
exerting a feedforward mechanism with oxLDL to increase lipid uptake and propel VSMC-derived foam cell 
formation and atherogenesis. 
Conclusion: Our study demonstrates a fundamental role of mtROS/c-Fos/LOX-1 signaling pathway in promoting 
oxLDL uptake and VSMC-derived foam cell formation during atherosclerosis. c-Fos may represent a promising 
therapeutic target amenable to clinical translation in the future.   

1. Introduction 

Atherosclerosis, one of the leading causes of death worldwide, is a 
chronic progressive disease characterized by the deposition of excessive 
cholesterol in the arterial intima [1]. Foam cell formation is a typical 
pathologic characteristic of atherosclerotic lesions. Lipid-loaded foam 

cells have traditionally been regarded as being derived from macro-
phages [2]. Unexpectedly, a recent study reported that more than 60% 
of total foam cells in human atherosclerotic lesions are derived from 
vascular smooth muscle cells (VSMCs) but not macrophages [3]. In 
addition, VSMCs were also found to contribute to the majority of foam 
cells in ApoE− /− mice fed a western diet and a long-term chow diet [4]. 
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However, the mechanisms underlying VSMC-derived foam cell forma-
tion remain incompletely understood. 

FBJ osteosarcoma oncogene (c-Fos), a member of activator protein-1 
(AP-1) transcription factors, has been shown to play a crucial role in 
regulating cell apoptosis, proliferation, survival, and transformation [5]. 
In addition, c-Fos also regulates the synthesis of phospholipids and lipid 
metabolism. In liver, overexpression of c-Fos activates peroxisome 
proliferator-activated receptor γ (PPARγ) signaling and then increases 
lipid accumulation [6]. On the contrary, the genetic inactivation of c-Fos 
gene in hepatocytes increases the expression and activity of nuclear 
receptor liver X receptor α (LXRα), which is a major regulator of 
cholesterol homeostasis responsible for the elimination of cholesterol 
from cells, leading to a decrease in hepatic cholesterol accumulation [7]. 
PPARγ and LXRα pathways are both involved in macrophage-derived 
foam cell formation during the development of atherosclerosis [8,9]. 
An additional study has demonstrated that c-Fos was associated with 
H2O2-induced macrophage-derived foam cell formation [10]. However, 
whether c-Fos participates in VSMC-derived foam cell formation and its 
underlying mechanisms are largely unclear. 

Increasing amount of data have indicated that oxidized-low density 
lipoprotein (oxLDL) plays a key role in the formation of foam cells [11]. 
Lectin-like oxidized-low density lipoprotein recepotor-1 (LOX-1), one of 
the scavenger receptors of oxLDL, is responsible for the binding, inter-
nalization, and degradation of oxLDL in endothelial cells (ECs) [12]. 
This receptor can sense moderately modified and not fully oxidized LDL, 
indicative of a potential contribution of LOX-1 to early atherogenesis 
[13]. Accumulating evidence supports the vital role of LOX-1 in the 
development of atherosclerosis. In addition to ECs, LOX-1 also facilitates 
uptake of oxLDL in macrophages, resulting in the formation of foam cells 
[14]. It has also been suggested that LOX-1 plays a crucial role in oxLDL- 
induced VSMC proliferation and apoptosis [15,16]. However, few 
studies have focused on the role of LOX-1 in VSMC-derived foam cell 
formation induced by oxLDL. Previous study showed that AP-1 mediated 
oxLDL-induced expression of LOX-1 and EC activation [17]. Whether c- 
Fos is involved in the transcriptional regulation of LOX-1 during VSMC- 
derived foam cell formation remains unknown. 

Exposure of cells to oxLDL induces mitochondria-associated reactive 
oxygen species (ROS) formation [18,19]. ROS have been described to 
play a role as a second messenger to influence signal transduction and 
reprogram general cellular functions [20]. Mitochondrial ROS (mtROS) 
may be a modulating signal for growth factors, by regulating tran-
scription factors that control the expression of genes associated with 
proliferation in VSMCs [21]. In ECs, mtROS enhance the transcriptional 
activity of AP-1 to contribute to the expression of 
lysophosphatidylcholine-induced EC activation-related genes [22]. In 
addition, mtROS play an initiating role in lipopolysaccharide-induced 
LOX-1 activation in VSMCs [23]. Therefore, we hypothesized that 
exposure of VSMCs to oxLDL induced mtROS generation, which 
increased the expression of LOX-1 by switching on the transcriptional 
activity of c-Fos. 

In this study, we found that the size of atherosclerotic lesions was 
reduced in c-FosVSMCKOApoE− /− mice compared with c-Fosflox/ 

floxApoE− /− mice. Moreover, we demonstrated that c-Fos plays an 
important role in oxLDL-induced VSMC-derived foam cell formation, 
which is associated with LOX-1. We also verified that the transcriptional 
regulation of c-Fos on LOX-1 is regulated by oxLDL-induced mtROS 
generation. Our findings suggest that c-Fos, activated by mtROS, con-
trols VSMC-derived foam cell formation and atherosclerosis by regu-
lating the transcription of LOX-1. 

2. Material and methods 

Detailed methods are provided below and within the Supplementary 
methods in the Data Supplement for all procedures carried out in this 
study. The authors declare that all supporting data are available within 
the article and the Data Supplement. 

2.1. Clinical sample collection 

Patients with atherosclerosis from Tianjin Medical University Gen-
eral Hospital were selected based on clinical diagnosis. Written informed 
consent was obtained from each patient. Ethics approval was obtained 
from the Ethics Committee in Tianjin Medical University prior to sample 
collection. Human carotid artery segments from atherosclerotic lesions, 
determined by carotid ultrasound, were obtained from carotid endar-
terectomies, fixed in 10% neutral buffered formalin (DF0111, Leagene 
Biotechnology, Beijing, China), and then embedded in optimal cutting 
temperature (O.C.T) compound (4583, Sakura Finetek, Torrance, CA, 
USA) and sectioned (7-μm thickness) for immunofluorescence. 

2.2. Animals 

LDLR− /− (T001464, C57BL6/J-LDLRem1Cd82/Gpt) and ApoE− /−

(T001458, C57BL6/J-ApoEem1Cd82/Gpt) mice were purchased from 
GemPharmatech (Jiangsu, China). c-Fos floxed (c-Fosflox/flox) mice 
(024767, C57BL6/J-Fostm1Mxu/Mmjax) were obtained from the Jackson 
Laboratory (Bar Harbor, ME, USA). SM22αCre mice were kindly provided 
by Prof. Ying Yu (Department of Pharmacology, School of Basic Medical 
Sciences, Tianjin Medical University). VSMC-specific c-Fos deficient 
mice in an ApoE− /− background were generated by crossing c-Fosflox/flox 

mice with SM22αCre transgenic mice, and then crossing with ApoE− /−

mice to form c-FosVSMCKOApoE− /− mice and c-Fosflox/floxApoE− /−

littermate controls. All genotypes were confirmed by PCR with Quick 
Genotyping Assay Kit for Mouse Tail (PD101–01, Vazyme, Guangzhou, 
China). The gene product for wild-type c-Fos was 164 bp and knockout 
was 235 bp. All mice were housed in a pathogen-free facility (22 ◦C, 45% 
humidity, 12-h/12-h light/dark cycle), where they accessed freely to 
water and food. Male 6–8-week-old ApoE− /− (n = 8/group), c- 
FosVSMCKOApoE− /− (n = 9/group) and c-Fosflox/floxApoE− /− (n = 9/ 
group) mice were randomly assigned to a regular diet (D12102C, 
Research Diets, Brunswick, NJ, USA) group or a western diet (D12109C, 
Research Diets, Brunswick, NJ, USA) group for 8 weeks, whereas male 
6–8-week-old LDLR− /− (n = 8/group) mice were randomly assigned to a 
regular diet group or a western diet group for 6 weeks. Mice were then 
anesthetized under isoflurane inhalation (3%) followed by cervical 
dislocation. Aortas and blood samples were collected in liquid nitrogen 
or 4% paraformaldehyde (DF0128, Leagene Biotechnology, Beijing, 
China). Unless otherwise stated, all mice were fasted for 5–6 h prior to 
euthanization. All animal experiments were reviewed and approved by 
the Animal Ethics and Welfare Committee in Tianjin Medical University 
(approval #TMUaMEC2018007; Tianjin, China). 

2.3. Atherosclerotic lesion characterization 

The entire aortas (from the ascending aorta to the iliac artery 
bifurcation) were collected, thoroughly cleaned under a dissecting mi-
croscope and fixed with 4% paraformaldehyde. Then, the aortas were 
stained with Oil Red O (O1319, Sigma-Aldrich, St. Louis, MO, USA) for 
en face analysis. Hearts were embedded in O.C.T and sectioned (7-μm 
thickness) from the region of the proximal aorta through the aortic roots. 
Lesion area in the aortic root was quantified by hematoxylin and eosin 
(H&E) staining. Neutral lipids deposition was determined by Oil Red O 
staining. Aortic lesion size and lipid content of each animal were ob-
tained by an average of three sections from the same mouse. 

2.4. Isolation and culture of rat VSMC 

Primary rat VSMCs were isolated and identified according to the 
protocols described previously [24]. Briefly, 8-week-old male Sprague- 
Dawley (SD) rats (NIFDC; SD, Beijing, China) were euthanized by cer-
vical dislocation and the media of the aortic wall was cut into ~0.5 ×
0.5 mm pieces after removing the adventitia and the endothelial layer. 
Samples were placed onto plastic flasks and cultured in Dulbecco's 
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modified Eagle's medium (DMEM; Life Technologies, Grand Island, NY, 
USA) supplemented with 33.3% fetal bovine serum (FBS, 10099–141, 
Gibco, CA, USA) in a humidified incubator with a 5% CO2–95% air at 
37 ◦C. When the cells formed a confluent monolayer (10 to 14 days), 
they were passaged by trypsinization. Cultured VSMCs were verified by 
using anti-α-smooth muscle actin (SMA) antibody through immunocy-
tochemical staining. VSMCs were used at passages 3–9 to minimize 
phenotypic switching, which can occur with prolonged cultures. 

2.5. Chromatin immunoprecipitation (ChIP) 

ChIP assays were performed to examine the specific protein-DNA 
interactions by SimpleChIP® Plus Sonication Chromatin IP Kit 
(#56383, Cell Signaling Technology, Danvers, MA, USA) according to 
manufacturer's instructions. In brief, VSMCs (5 × 106) were treated with 
oxLDL (100 μg/mL) at different time points. Firstly, medium was 
replaced with 10 mL DMEM/10% FBS and 278 μL of 37% formaldehyde 
to fix protein-DNA crosslink for 10 min at room temperature. Then, 541 
μL 2.5 M glycine was added and mixed immediately to quench the 
formaldehyde. VSMCs were rinsed with ice-cold PBS, centrifuged at 
3000 rpm for 3 min at 4 ◦C, lysed in 400 μL lysis buffer and incubated in 
ice for 10 min. Subsequently, chromatin was centrifuged at 14,000 rpm 
for 10 min at 4 ◦C and sonicated 12 times for 15 s at 80% setting 
(VCX130, VibraCell™ Sonicator, Newtown, CT, USA). Samples were 
kept in ice-ethanol (− 16 ◦C) and allowed to cool in ice-ethanol for 1 min 
between each sonication (fragment size was 100–500 bp). Pre-cleared 
fragments were incubated with 5 μg anti-c-Fos antibody (#2250, Cell 
Signaling Technology, Danvers, MA, USA) or IgG (#3900, Cell Signaling 
Technology, Danvers, MA, USA) as a negative control at 4 ◦C overnight. 
Samples were then incubated with 40 μL protein A/G magnetic beads at 
4 ◦C for 2 h. The crosslink was reversed by heating at 65 ◦C overnight, 
followed by proteinase K digestion at 56 ◦C for 2 h. DNA was then 
recovered with QIAquick PCR purification kit (28106, Qiagen, DUS, 
Germany) according to manufacturer's instructions for PCR to confirm 
affinity against LOX-1 promoter region. Primers for putative c-Fos 
binding sites were: LOX-1: 1969–1979 (200 bp) forward 5′-CCCCAG-
CAAAGAAACACTG-3′ and reverse 5′-CTCCATGCCAAGCCTTGTGT-3′; 
LOX-1: 500–510 (80 bp) forward 5′-TCAGGACCTCACTTTCTGGCA-3′

and reverse 5′-ACCCAATGCCCCTTCTTACCT-3′. c-Fos (261 bp) forward 
5′-ATCACACTCAGCCTGCCAAC-3′ and reverse 5′-GTTCAACC-
TACCGCTTGGAG-3′ was used as control. PCR products were separated 
by 1.5% agarose gels. 

2.6. Dual luciferase reporter gene assays 

pGL3 firefly luciferase plasmid containing a 2 kb wild-type or mutant 
LOX-1 promoter region was constructed by Genechem Co., Ltd. 
(Shanghai, China). VSMCs (3 × 104 cells/well in 24-well plates) were 
transfected with wild-type or mutant LOX-1 promoter, together with 
phRL-TK vector containing the Renilla luciferase reporter gene and the 
control empty plasmid or pcDNA-c-Fos plasmid. After 24 h-transfection, 
cells were treated with oxLDL (100 μg/mL) for the indicated time points. 
Firefly and Renilla luciferase activities were then measured with the 
Dual-Luciferase® Reporter Assay System (E1910, Promega, Madison, 
WI, USA). 

2.7. Statistical analysis 

All data were calculated by a researcher blinded to the group 
assignment of the experimental. Data were presented as means ± SEM. 
Differences between two groups were analyzed by Student's t-test, 
whereas the difference between multiple groups were determined by 
one-way analysis of variance (ANOVA) followed by Dunnett's test or 
Tukey's test using Graphpad Prism (Prism 9.0, GraphPad Software, Inc., 
San Diego, CA, USA). In all analyses, P < 0.05 was considered statisti-
cally significant. 

3. Results 

3.1. c-Fos expression is increased in VSMCs in atherosclerotic lesions 

To determine the role of c-Fos in the formation of atherosclerotic 
lesion, we first measured its expression in the aortas from patients with 
atherosclerosis and then atherosclerosis-prone ApoE− /− and LDLR− /−

mice that had been fed with western diet. In patients, we found that c- 
Fos was expressed in atherosclerotic plaque (Fig. 1A). Similarly, mRNA 
level of c-Fos was 6.0 times higher in ApoE− /− mice with 8-week western 
diet than those with normal diet (Fig. 1B). Moreover, the protein 
expression of c-Fos was significantly upregulated in ApoE− /− mice with 
8-week western diet (Fig. 1C and D). In LDLR− /− mice, c-Fos mRNA and 
protein levels were also significantly increased after 6-week western diet 
(Fig. 1B-D). Elevated c-Fos expressions in aortic roots of both ApoE− /−

and LDLR− /− mice with western diet were further identified by immu-
nohistochemistry (Fig. 1E and F). 

VSMCs are known to play a vital role in atherosclerosis in regard to 
atherosclerotic lesions formation and the structure of advanced lesions 
[25]. To investigate whether c-Fos participates in VSMC functional 
changes and thus contributes to the formation of atherosclerotic lesions, 
we examined VSMC c-Fos expressions in atherosclerotic plaques of ca-
rotid artery from human and aortic roots from western diet-fed ApoE− /−

and LDLR− /− mice. Expression of c-Fos was observed in VSMCs labeled 
by α-SMA in atherosclerotic plaques from patients (Fig. 1A). Consistent 
with this result, the ApoE− /− and LDLR− /− mice fed with western diet 
displayed a similar staining pattern of c-Fos and α-SMA in their aortic 
plaques. In contrast, almost no colocalization of c-Fos and α-SMA was 
observed in normal diet-fed ApoE− /− and LDLR− /− mice (Fig. 1G and H). 
These data indicated that increased c-Fos expression in VSMCs is a 
common feature in human and mouse atherosclerosis, suggesting a po-
tential role of c-Fos in VSMCs in the formation of atherosclerotic lesion. 

3.2. argeted deletion of c-Fos in VSMC alleviates atherosclerosis 

ased on the above results, we hypothesized that specific deletion of c- 
Fos in VSMCs might attenuate the development of atherosclerosis. To 
test this hypothesis, SM22αCre:c-Fosflox/flox transgenic mice were crossed 
with ApoE− /− mice to obtain c-FosVSMCKOApoE− /− mice, and c-Fosflox/ 

floxApoE− /− littermate mice were used as controls for all experiments 
(Fig. 2A). The offspring were genotyped by PCR (supplementary 
Fig. 1A). c-Fos expression was measured in the aorta by using quanti-
tative RT-PCR and Western blotting analyses (supplementary Fig. 1B 
and 1C). In the c-FosVSMCKOApoE− /− mice, c-Fos expression levels were 
significantly reduced in the aorta, but not completely disappeared, 
suggesting that c-Fos might express in other cells, such as endothelial 
cells, in the aorta. To determine the role of c-Fos in VSMCs in athero-
sclerosis, c-FosVSMCKOApoE− /− mice fed a western diet for 8 weeks were 
evaluated for aorta en face and aortic root lesion burden and compared 
with c-Fosflox/floxApoE− /− mice. The results showed that atherosclerotic 
plaque areas in the whole aortas and cross-sectional of aortic roots in c- 
FosVSMCKOApoE− /− mice were smaller than those of c-Fosflox/floxApoE− / 

− mice (6.01 ± 0.97% vs 21.94 ± 1.58%; 24.49 ± 2.51% vs 47.89 ±
2.33%) (Fig. 2B and C). Lipid burden in the aortic roots was also 
significantly reduced in c-FosVSMCKOApoE− /− mice compared with those 
in c-Fosflox/floxApoE− /− mice (20.74 ± 1.23% vs 39.3 ± 1.59%) 
(Fig. 2D). Notably, we found a significant reduction in total cholesterol 
(TC) in the systemic circulation (supplementary Fig. 1D), and improved 
plasma lipid profiles (supplementary Fig. 1E) in c-FosVSMCKOApoE− /−

mice. These results suggested that c-Fos deletion in VSMCs alleviates 
atherosclerosis, implying that c-Fos might have an impact on subintimal 
lipid accumulation. Moreover, we also determined proinflammatory 
cytokines, including IL-1β and IL-6 at transcriptional level in total aortas 
and plasma from c-Fosflox/floxApoE− /− and c-FosVSMCKOApoE− /− mice by 
quantitative RT-PCR and ELISA, respectively. We found that specific 
deletion of c-Fos in VSMCs decreased mRNA levels of IL-1β and IL-6 in 
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Fig. 1. c-Fos expression is increased in VSMCs in atherosclerotic lesions. 
A, Representative double immunofluorescence images of α-SMA (red) and c-Fos (green) in human atherosclerotic plaque. B–D, Quantitative RT-PCR and Western 
blot analysis of c-Fos mRNA and protein in the total aortas of ApoE− /− and LDLR− /− mice. E and F, Representative immunohistochemical images and analysis of c-Fos 
protein in aortic roots of ApoE− /− and LDLR− /− mice. Positive immunoreactivity was observed as a brown precipitate. Black arrows indicate c-Fos-positive 
immunoreactivity. G and H, Representative double immunofluorescence images and analysis of α-SMA (red) and c-Fos (green) in aortic roots of ApoE− /− and LDLR− / 

− mice. n = 8/group. Data are presented as mean ± SEM. Differences between two groups were analyzed by Student's t-test. **, P < 0.01, ***, P < 0.001, ****, P <
0.0001 vs ND. ND, Normal diet; WD, Western diet. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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aorta (supplementary Fig. 1F) and plasma (supplementary Fig. 1G). 

3.3. c-Fos is required for oxLDL-induced VSMC-derived foam cell 
formation 

Foam cell formation is a crucial early step in the development of 
atherosclerosis [2]. c-Fos has emerged as a novel regulator involving in 
lipid uptake and lipid droplet formation in hepatocytes [6]. To explore 
the role of c-Fos in VSMC-derived foam cell formation during the 

development of atherosclerosis, we first modeled VSMC-derived foam 
cell in vitro. We found that oxLDL, but not unmodified LDL or acetylated 
LDL (acLDL), was taken up by VSMC to form foam cells (Fig. 3A and B) 
and promoted the accumulation of cholesteryl ester (CE) and free 
cholesterol (FC) in VSMCs (supplementary Fig. 2A). Subsequently, we 
found that c-Fos protein expression and phosphorylation levels at Ser32 
and Thr232 significantly increased in oxLDL-stimulated VSMCs (Fig. 3C, 
supplementary Fig. 2B) and presented a dose-dependent (Fig. 3D, sup-
plementary Fig. 2C) and time-dependent (Fig. 3E, supplementary 

Fig. 2. Targeted deletion of c-Fos in VSMC alleviates atherosclerosis. 
A, A model of VSMC-specific c-Fos knockdown in ApoE− /− mice was established. The c-Fos loxp/loxp mutant mice possess loxP sites flanking exons 3–4 of the Fos 3. In 
the SM22αCre VSMC-specific Cre transgenic mouse line, Cre recombinase expression is driven by the SM22α promoter. B, Representative images of Oil red O staining 
of en face aortas. Lesion size was quantified as percentage of total surface area of aorta. C, Representative images of H&E staining in aortic roots. Aortic root lesion 
size was calculated as percentage of lumen area. D, Representative images of Oil red O staining in aortic roots. Aortic root lipid deposition content was computed as 
percentage of lumen area. n = 9/group. Data are presented as mean ± SEM. Differences between two groups were analyzed by Student's t-test. *, P < 0.05, **, P <
0.01, ***, P < 0.001 vs c-Fosflox/floxApoE− /− . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Fig. 3. c-Fos is required for oxLDL-induced VSMC-derived foam cell formation. 
VSMCs were incubated with LDL, oxLDL or acLDL(100 μg/mL) for 48 h and then subjected to Oil red O staining and Filipin fluorescence staining. A, Upper panel, 
representative images of Oil red O staining in VSMCs; Lower panel, representative images of Filipin fluorescence staining in VSMCs. B, Quantification of Oil red O 
staining and Filipin fluorescence staining in VSMCs. Differences between multiple groups were determined by ANOVA followed by Dunnett's test. C, Representative 
Western blot images of c-Fos and p-c-Fos protein expression in VSMCs stimulated with LDL, oxLDL or acLDL (100 μg/mL) for 48 h. D, Representative Western blot 
images of c-Fos and p-c-Fos protein expression in VSMCs exposed to different doses (0, 50, 80, 100 μg/mL) of oxLDL for 48 h. E, Representative Western blot images 
of c-Fos and p-c-Fos protein expression in VSMCs incubated with oxLDL (100 μg/mL) for the indicated time (0, 12, 24, 48 h). VSMCs were pretreated with scramble 
RNA (scrRNA) or c-Fos siRNA for 24 h, incubated with/without oxLDL (100 μg/mL) for 48 h, and then subjected to Oil red O staining and Filipin fluorescence 
staining. F, Upper panel, representative images of Oil red O staining in VSMCs; Lower panel, representative images of Filipin fluorescence staining in VSMCs. G, 
Quantification of Oil red O staining and Filipin fluorescence staining in VSMCs. Differences between multiple groups were determined by ANOVA followed by Tukey's 
test. H, VSMCs were transfected with Vector, c-Fos (S32-A) or c-Fos (T232-A) plasmid for 24 h, incubated with/without oxLDL (100 μg/mL) for 48 h and then 
subjected to Oil red O staining and Filipin fluorescence staining. Upper panel, representative images of Oil red O staining in VSMCs; Lower panel, representative 
images of Filipin fluorescence staining in VSMCs. Data are presented as mean ± SEM of 3 biologically independent experiments. ***, P < 0.001 vs Control; ##, P <
0.01, ###, P < 0.001 vs scrRNA+oxLDL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2D) increase of c-Fos protein expression and phosphorylation levels. 
Then, we used specific small interfering RNA (siRNA) to knockdown the 
expression of c-Fos and detected the effectiveness of the siRNA-mediated 
knockdown by quantitative RT-PCR and Western blotting. c-Fos is a 
known oncogene essential for cell proliferation. In order to figure out 
whether the depletion of c-Fos decreases VSMCs numbers, we also 
examined the viability of VSMCs after silencing c-Fos expression. We 
found that silencing c-Fos with specific small RNA could effectively 
inhibit c-Fos expression (supplementary Fig. 2E and F), but did not affect 
cell viability and rates of apoptosis (supplementary Fig. 2G and 2H). 
Finally, we examined the effect of c-Fos on foam cell formation in 
oxLDL-stimulated VSMCs. Our results showed that c-Fos silencing 
inhibited the accumulation of lipid droplets and cholesterol (Fig. 3F and 
G) and decreased the content of CE and FC (supplementary Fig. 2I) in 
oxLDL-stimulated VSMCs. To further address the role of c-Fos phos-
phorylation in the formation of VSMC-derived foam cells, we used site- 
directed mutagenesis of c-Fos phosphorylation (Ser32 and Thr232). We 
found that the accumulation of lipid droplets and the content of 
cholesterol (Fig. 3H, supplementary Fig. 2J-L) in oxLDL-stimulated 
VSMCs were substantially reduced. These results implied that c-Fos is 
critical in VSMC-derived foam cell formation. 

3.4. c-Fos participates in VSMC-derived foam cell formation and 
atherogenesis by upregulating LOX-1 

Intracellular lipid homeostasis depends on a balance of cholesterol 
uptake, endogenous synthesis, and export. Uncontrolled uptake of 
modified lipoproteins is the starting point of intracellular lipid meta-
bolism disorder, leading to cholesterol overloading and then foam cell 
formation. There are several major scavenger receptors critical in uptake 
of modified lipoproteins, such as CD36, SR-A and LOX-1. We found that 
the basal expression levels of LOX-1 mRNA and protein were signifi-
cantly increased in VSMC-derived foam cells induced by oxLDL, while 
no statistical difference was detected in the expression levels of CD36 
and SR-A (Fig. 4A and B). To examine whether LOX-1 affected oxLDL- 
stimulated VSMC-derived foam cell formation, we silenced LOX-1 by 
specific siRNA, and then detected the lipid content in VSMCs. 
Decreasing LOX-1 expression significantly restrained the accumulation 
of lipid droplets and cholesterol in oxLDL-stimulated VSMCs (Fig. 4C 
and D) and also reduced the content of CE and FC (supplementary 
Fig. 3A). To determine the expression of LOX-1 in VSMCs in athero-
sclerotic plaques from ApoE− /− mice fed western diet, α-SMA and LOX-1 
were co-stained. As expected, the expression of LOX-1 in VSMCs was 
increased (Fig. 4E, supplementary Fig. 3B). These data indicated that 
LOX-1 mediates the uptake of oxLDL in VSMCs. 

c-Fos, an important transcription factor, has been reported to play a 
critical role in lipid metabolism [6]. Therefore, we wondered whether c- 
Fos was involved in the increase of LOX-1 expression in VSMC-derived 
foam cells and atherosclerotic lesions. Our data showed that c-Fos 
siRNA normalized the upregulation of LOX-1 mRNA (Fig. 4F) and pro-
tein (Fig. 4G and H) in oxLDL-stimulated VSMC-derived foam cells. 
Moreover, VSMC-specific knockout of c-Fos decreased the expression of 
LOX-1 to the level that almost no LOX-1 was co-expressed with α-SMA in 
the aortic roots in ApoE− /− mice (Fig. 4I, supplementary Fig. 3C). 
Collectively, these results showed that c-Fos is involved in LOX-1- 
dependent VSMC-derived foam cell formation and atherosclerosis. 

3.5. c-Fos mediates the transcriptional regulation of LOX-1 

Previous study has reported that phosphorylation of c-Fos at Ser32 
disrupted c-Fos ubiquitination and degradation [26]. Therefore, this 
phosphorylation increased protein stability in the cytoplasm. On the 
other hand, phosphorylation of c-Fos at Thr232 inhibited the nuclear 
export of c-Fos, which contributed to the transcription activation of 
downstream genes [26]. Therefore, to elucidate whether the transcrip-
tion of LOX-1 is driven by c-Fos in VSMC-derived foam cells, we firstly 

observed the distribution of c-Fos in oxLDL-stimulated VSMCs. We 
found that c-Fos expression was increased in nuclei, suggesting that c- 
Fos may be translocated into nucleus from cytoplasm (Fig. 5A). Further 
study revealed that c-Fos protein level was elevated in nuclei of VSMCs 
stimulated with oxLDL (Fig. 5B). Next, we analyzed c-Fos binding motif 
on LOX-1 promoter with two different transcription factor binding 
profile databases. We found that c-Fos has seven potential binding sites 
located at LOX-1 promoter regions in mammals and vertebrates 
(Table 1). To confirm whether c-Fos can directly bind to LOX-1 promoter 
through putative c-Fos binding sites, we performed a ChIP assay in 
oxLDL-stimulated VSMCs. We found that c-Fos-specific antibody 
enriched the LOX-1 promoter region within 500–510 sites in the pres-
ence of oxLDL (Fig. 5C). We further analyzed the effects of c-Fos on LOX- 
1 promoter activity using dual luciferase reporter gene assay. We found 
that LOX-1 luciferase reporter was activated by c-Fos in VSMCs after 
stimulation with oxLDL. However, mutation of LOX-1 promoter 
500–510 sites abolished the luciferase activity (Fig. 5D). Collectively, 
these results indicated that c-Fos interacts with LOX-1 promotor and 
promotes LOX-1 expression in oxLDL-stimulated VSMCs. 

3.6. c-Fos activated by mtROS promotes the formation of VSMC-derived 
foam cells 

Previous study has shown that mtROS mediated oxLDL-induced 
alteration of VSMC phenotype [27]. mtROS can serve as signaling 
mediator to regulate lipid metabolism and activate transcriptional fac-
tors [22]. To investigate whether mtROS mediate oxLDL-stimulated 
VSMC-derived foam cell formation, we first used Mito-SOX red fluo-
rescence probe to measure mtROS content in VSMCs in response to 
oxLDL stimulation. After stimulation with oxLDL, elevated level of 
mtROS was observed in VSMCs (Fig. 6A). Next, VSMCs were pretreated 
with Mito-TEMPO, a specific scavenger of mitochondrial superoxide, 
followed with exposure to oxLDL. We found that Mito-TEMPO reduced 
the accumulation of lipid droplets and cholesterol (Fig. 6B and supple-
mentary Fig. 4A) and diminished the content of CE and FC in VSMCs 
stimulated with oxLDL (supplementary Fig. 4B), suggesting that oxLDL 
induces VSMC-derived foam cell formation through mtROS. 

We further determined the effect of Mito-TEMPO on the distribution, 
expression, and phosphorylation of c-Fos after oxLDL exposure. Our 
results showed that eliminating mtROS inhibited c-Fos enrichment in 
nuclei and decreased the expression and phosphorylation of c-Fos in 
VSMCs stimulated with oxLDL (Fig. 6C and D). We further demonstrated 
that clearing mtROS abolished LOX-1 upregulation in oxLDL-stimulated 
VSMCs (Fig. 6E). Dual luciferase reporter gene assay showed that the 
transcriptional regulation of c-Fos on LOX-1 was significantly impaired 
in VSMC-derived foam cells with Mito-TEMPO treatment (Fig. 6F). Be-
sides, we also used ROS inhibitor Tempol, a general superoxide dis-
mutase (SOD)-mimetic drug that efficiently neutralizes ROS. Tempol 
was used in this study to treat VSMCs followed with exposure to oxLDL. 
We found that Tempol was protective against VSMC derived-foam cell 
formation (supplementary Fig. 4C) and decreased c-Fos protein 
expression and phosphorylation in VSMC (supplementary Fig. 4D). 
These data strongly suggested that the transactivation of c-Fos on LOX-1 
in response to oxLDL depends on mtROS (Fig. 7). 

4. Discussion 

Lipid metabolism disorder and the subsequent formation and 
retention of cholesterol-engorged foam cells in arterial intima exacer-
bate atherosclerosis development. Hence, strategies aimed to maintain 
lipid metabolism homeostasis and diminish foam cell formation can 
retard lesion progression in atherosclerosis that may have a potential 
therapeutic role [28,29]. VSMC was responsible for over 50% of foam 
cells, termed VSMC-derived macrophage-like foam cells, in atheroscle-
rotic plaques in both humans and mice [3,4]. As an important origin of 
foam cells, VSMCs have gained attention in recent years. VSMC-lineage 
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Fig. 4. c-Fos participates in VSMC-derived foam cell formation and atherosclerosis by upregulating LOX-1. 
A, Quantitative RT-PCR analysis of CD36, LOX-1 and SR-A mRNA levels in VSMCs stimulated with/without oxLDL for 24 h. B, Representative Western blot images 
and measurement of CD36, LOX-1 and SR-A protein expression in VSMCs stimulated with/without oxLDL for 48 h. VSMCs were pretreated with scrRNA or LOX-1 
siRNA for 24 h, incubated with/without oxLDL (100 μg/mL) for 48 h, and then subjected to Oil red O staining and Filipin fluorescence staining. C, Upper panel, 
representative images of Oil red O staining in VSMCs; Lower panel, representative images of Filipin fluorescence staining in VSMCs. D, Quantification of Oil red O 
staining and Filipin fluorescence staining in VSMCs. E, Representative double immunofluorescence images of α-SMA (green) and LOX-1 (red) in aortic roots of 
ApoE− /− mice fed with normal or western diet. n = 8/group. VSMCs were pretreated with srcRNA or c-Fos siRNA and then incubated with/without oxLDL (100 μg/ 
mL) for 24 or 48 h. F, Quantitative RT-PCR analysis of LOX-1 mRNA in VSMCs. G and H, Representative Western blot images and quantification of LOX-1 protein 
expression in VSMCs. I, Representative double immunofluorescence images of α-SMA (green) and LOX-1 (red) in aortic roots of c-Fosflox/floxApoE− /− and c- 
FosVSMCKOApoE− /− mice. n = 8/group. Data are presented as mean ± SEM of 3 biologically independent experiments. Differences between two groups were analyzed 
by Student's t-test, and the differences between multiple groups were determined by ANOVA followed by Tukey's test. **, P < 0.01, ***, P < 0.001 vs Control; ##, P <
0.01, ###, P < 0.001, ####, P < 0.0001 vs scrRNA+oxLDL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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tracing and single-cell genomics revealed the heterogeneity of VSMC in 
atherosclerosis in human and mouse [30]. c-Fos has originally been 
identified as a ubiquitously expressed member of AP-1 family, which has 
been implicated in various key cellular processes in diverse cells 
[31,32]. A previous study has reported that elevated c-Fos expression 
was correlated with a phenotypic switching in human VSMCs in vitro 

[33]. In our in vivo study, we observed an elevated expression of c-Fos in 
VSMCs of human carotid artery with atherosclerotic plaques. Addi-
tionally, over 50% of α-SMA positive cells expressed c-Fos in the aortic 
roots from western diet-fed ApoE− /− and LDLR− /− mice, indicating that 
a high expression of c-Fos might participate in VSMC phenotypic 
switching in vivo. 

Importantly, c-Fos is a critical regulator of lipid metabolism. In the 
hepatocyte, c-Fos can regulate lipid uptake and outflow to aggravate 
non-alcoholic steatohepatitis [6] and liver carcinogenesis [7] by con-
trolling the expression of different downstream target genes. In the 
neurons, c-Fos activates cytoplasmic phospholipid synthesis in the 
central nervous system and thereby supports neuronal differentiation 
[34]. In addition, c-Fos is one essential transcription factor to initiate 
adipocyte differentiation, driving adipose tissue expansion and obesity 
[35]. Atherosclerosis is the pathological process of vascular disease with 
excessive cholesterol accumulation in artery wall, which is related to 
lipid metabolism disorders. Here, we reported that c-Fos was expressed 
in VSMCs from human and mouse atherosclerotic plaques. Genetic 
deletion of c-Fos in VSMCs attenuated the formation of atherosclerotic 

Fig. 5. c-Fos mediates the transcriptional regulation of LOX-1. 
VSMCs were incubated with oxLDL (100 μg/mL) for different time points (0, 12, 24, 48 h). A, Representative immunofluorescence images of c-Fos localization in 
VSMCs. B, Representative Western blot images and summary data of c-Fos protein level in cytoplasm and nucleus of VSMCs. C, ChIP assay in VSMCs stimulated with 
oxLDL for the indicated time points; primers amplifying a region homologous to LOX-1 promotor. Difference between multiple groups were determined by ANOVA 
followed by Dunnett's test in B and C. D, Dual-luciferase reporter assay in VSMCs co-transfected LOX-1-WT/pGL3 or LOX-1-Mut/pGL3 luciferase plasmid with Vector 
or c-Fos plasmid as indicated. Difference between multiple groups were determined by ANOVA followed by Tukey's test. Data are presented as mean ± SEM of 3 
biologically independent experiments. **, P < 0.01, ***, P < 0.001, ****, P < 0.0001 vs 0 h; %, P < 0.05 vs Vector+LOX-1-WT; ####, P < 0.0001 vs c-Fos + LOX-1- 
WT; ^^^^, P < 0.0001 vs c-Fos + LOX-1-WT + oxLDL. 

Table 1 
The putative binding sites of c-Fos on LOX-1 promotor.  

Score Start End Strand Predicted sequence 

11.607 1969 1979 + GTTGAGTCATC 
8.744 1969 1979 − GATGACTCAAC 
5.933 500 510 + ACTCACTCATT 
4.445 1097 1107 + GCTTAATCAGT 
1.591 1664 1674 − ACTGGTTCACC 
1.274 1582 1592 − AATTAGACATG 
1.258 500 510 − AATGAGTGAGT 

c-Fos binding motif on LOX-1 promoter with two different transcription factor 
binding profile databases. 
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Fig. 6. c-Fos activated by mtROS promotes the formation of VSMC-derived foam cells. 
VSMCs were stained with MitoSOX red fluorescence probe after treated with oxLDL for 0, 12, 24, 48 h. A, Quantification of mitoSOX red fluorescence intensity in 
VSMCs. VSMCs were pretreated with mtROS specific scavenger Mito-TEMPO followed with exposure to oxLDL (100 μg/mL) for 48 h. Difference between multiple 
groups were determined by ANOVA followed by Dunnett's test. B, Upper panel, representative images of Oil red O staining in VSMCs; Lower panel, representative 
images of Filipin fluorescence staining in VSMCs. C, Representative immunofluorescence images of c-Fos localization in VSMCs. D and E, Representative Western blot 
images and calculation of c-Fos, p-c-Fos and LOX-1 protein expression in VSMCs. F, Luciferase activity assessed in VSMCs transfected with Vector, LOX-1-WT/pGL3 
luciferase plasmid, or c-Fos plasmids as indicated and treated with/without mtROS specific scavenger Mito-TEMPO followed with exposure to oxLDL. Difference 
between multiple groups were determined by ANOVA followed by Tukey's test in D–F. Data are presented as mean ± SEM of 3 biologically independent experi-
ments. **, P < 0.01, ***, P < 0.001 vs 0 h; §§§, P < 0.001 vs oxLDL; %, P < 0.05 vs Vector+LOX-1-WT; ####, P < 0.0001 vs c-Fos + LOX-1-WT; ^^^^, P < 0.0001 vs c-Fos 
+ LOX-1-WT + oxLDL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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lesion and decreased lipid accumulation in the intima, which may thus 
support slowing atherosclerosis progression. Our data indicate that high 
expression of c-Fos in VSMCs plays a pivotal role in the development of 
atherosclerosis caused by hyperlipidemia. 

Foam cell formation in VSMCs is a key event in the developmental 
process of atherosclerosis. The accumulation of lipids is essential for the 
differentiation of VSMCs and the formation of VSMC-derived foam cells 
that deposit in the artery wall [36]. oxLDL is known to stimulate VSMCs 
to induce foam cell formation [37]. Our study reveals that c-Fos protein 
expression and phosphorylation levels markedly increase in VSMCs 
stimulated with oxLDL. VSMCs engulf oxLDL but can't utilize lipids and, 
eventually, transform into foam cells. The silence of c-Fos or the sup-
pression of c-Fos phosphorylation at Ser32 or Thr232 led to the decrease 
in intracellular accumulation of lipid droplets and the inhibition of 
VSMC-derived foam cell formation induced by oxLDL. The present study 
provides genetic evidence that c-Fos is not only an inducible protein 
stimulated by oxLDL, but also accelerates VSMC-derived foam cell for-
mation and atherogenesis. This newly identified role of c-Fos in facili-
tating VSMC-derived foam cell formation may lead to VSMC-specific c- 
Fos inhibition as an effective treatment for hyperlipidemia and athero-
sclerotic lesion progression. 

Uncontrolled uptake of modified lipoproteins triggers cholesterol 
accumulation and foam cell formation. It is well known that scavenger 
receptors mediate the uptake of oxLDL, leading to ligand internalization, 
lipid accumulation and foam cell formation [14]. Mounting evidence 
has shown that the interaction between oxLDL and scavenger receptor 
LOX-1 in macrophages triggers signaling responses that are both pro- 
inflammatory and pro-atherogenic [14,38]. Similarly, in VSMCs, we 
demonstrated that the overexpression of LOX-1, but not CD36 or SR-A, 
enhanced cell tolerance of high intracellular cholesterol concentra-
tions, which led to the uptake of a large amount of oxLDL into VSMCs 
and hence the formation of VSMC-derived foam cells. Silence of LOX-1 is 
sufficient to decrease the accumulation of lipid and foam cell formation 
in VSMCs exposure to oxLDL. In addition, we also found that the 
expression of LOX-1 in VSMCs was increased in the atherosclerotic 

lesions in ApoE− /− mice fed with western diet. Similar to our findings, 
the key contribution of LOX-1 to the atherogenic process has been 
confirmed in other murine models. Deletion of LOX-1 preserved endo-
thelial function and integrity, reduced intima thickness and inflamma-
tion and increased expression of protective factors in LDLR− /− mice fed 
high cholesterol diet [39]. Conversely, overexpressing LOX-1 on ApoE− / 

− background mice displayed endothelial dysfunction, increased release 
of inflammatory cytokines, accumulation of macrophages and acceler-
ated the plaques development under high cholesterol diet [40]. Our 
results highlighted novel roles of LOX-1 on oxLDL-induced formation of 
VSMC-derived foam cell and that overexpression of LOX-1 in VSMCs 
from the atherosclerotic lesions may be associated with the initiation of 
atherosclerosis. Together, these studies signify the importance of LOX-1 
in oxLDL-induced VSMC-derived foam cell formation and western diet- 
induced atherogenesis. However, the molecular mechanisms governing 
regulation of LOX-1 expression during atherosclerosis development 
remain incomplete and underexplored. 

c-Fos is involved in the signal transduction cascade coupling extra-
cellular stimuli to intracellular events by augmenting downstream target 
gene transcription and protein expression [41]. Our data showed that c- 
Fos was a direct regulator of LOX-1 transcription and expression in the 
process of oxLDL-induced VSMC-derived foam cell formation. Moreover, 
we observed that the expression of LOX-1 in VSMCs in the atheroscle-
rotic lesions of c-FosVSMCKOApoE− /− mice was reduced. In this manner, 
c-Fos deletion attenuated cellular oxLDL uptake in VSMCs, reduced 
VSMC-derived foam cell formation, and mitigated atherosclerosis. In 
contrast, c-Fos overexpression promoted the upregulation of LOX-1, 
facilitated uptake of oxLDL and accumulation of cholesterol within 
VSMCs, and further resulted in the progression of atherosclerosis. Thus, 
these findings add c-Fos to the LOX-1 axis in the regulation of athero-
sclerosis development. 

Oxidative stress and dyslipidemia interact in the development of 
atherosclerosis [42]. ROS promote LDL oxidation and oxLDL expedites 
the generation of ROS, which forms a vicious circle leading to accelerate 
atherosclerosis development [43]. In eukaryotes, the vast majority of 

Fig. 7. The proposed molecular mechanisms of c- 
Fos-mediated VSMC-derived foam cell formation and 
atherosclerosis induced by ox-LDL. When VSMCs are 
exposed to oxLDL, the scavenger receptor LOX-1 on 
cell membrane binds and internalizes oxLDL. Inter-
nalized oxLDL activates mtROS, then enhances c-Fos 
phosphorylation. Activated c-Fos is translocated into 
nucleus from cytoplasm, interacts with LOX-1 pro-
motor and promotes LOX-1 expression, which leads 
to the uptake of more oxLDL into VSMCs and facili-
tates the formation of VSMC-derived foam cells, thus 
accelerating the progression of atherosclerosis in 
ApoE− /− mice. Conversely, c-Fos deletion will partly 
abolish the promoting effect of oxLDL on VSMC- 
derived foam cell formation, leading to attenuated 
development of atherosclerosis.   
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cellular ROS (approximately 90%) can be traced back to the mito-
chondria [44]. Recent studies reported that mtROS mediated oxLDL- 
induced macrophagic foam cell formation [45] and exacerbated 
atherosclerosis in ApoE− /− mice [44]. We further found that mtROS also 
contributed to oxLDL-induced VSMC-derived foam cell formation. In 
ECs, mtROS enhanced the transcription activity of c-Fos to facilitate the 
expression of EC activation-related genes and exacerbate atherosclerosis 
[22]. In the present study, we validated that mtROS activated the 
transcription regulation of c-Fos on LOX-1 to promote VSMC-derived 
foam cell formation. 

In summary, the present results demonstrated that oxLDL signifi-
cantly induced the generation of mtROS and activated c-Fos signaling 
pathway. More importantly, the activation of c-Fos acted as a direct 
regulator of LOX-1 transcription, and increased ox-LDL-induced 
cholesterol accumulation and foam cell formation via upregulation of 
cholesterol uptake in VSMCs. These data extend our understanding of c- 
Fos as a regulator of lipid uptake as well as the development of 
atherosclerosis, suggesting a potential strategy for atherosclerosis 
treatment. 

Source of funding 

This work was supported by the National Natural Science Foundation 
of China (No. 81700403 to Beibei Wang※ and No. 82070452 to Lijun 
Zhang§). 

CRediT authorship contribution statement 

Guolin Miao: Investigation, Methodology, Formal analysis, Data 
curation, Writing – original draft, Writing – review & editing. Xi Zhao: 
Investigation, Methodology, Formal analysis. Siu-Lung Chan: Investi-
gation, Writing – original draft, Writing – review & editing, Validation. 
Lijun Zhang: Investigation, Writing – original draft, Validation, Visu-
alization. Yaohua Li: Resources. Yuke Zhang: Investigation. Lijun 
Zhang: Conceptualization, Data curation, Writing – original draft, 
Writing – review & editing, Funding acquisition, Validation, Visualiza-
tion, Project administration. Beibei Wang: Conceptualization, Formal 
analysis, Data curation, Funding acquisition, Supervision, Writing – 
original draft, Writing – review & editing, Validation, Visualization, 
Project administration. 

Declaration of competing interest 

The authors declare that they have no conflict of interest. 

Acknowledgments 

We thank Professor Ying Yu from Tianjin Medical University for 
providing SM22αCre mice. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.metabol.2022.155213. 

References 

[1] Valanti EK, Dalakoura-Karagkouni K, Siasos G, Kardassis D, Eliopoulos AG, 
Sanoudou D. Advances in biological therapies for dyslipidemias and 
atherosclerosis. Metabolism 2021;116:154461. https://doi.org/10.1016/j. 
metabol.2020.154461. 

[2] Lusis AJ. Atherosclerosis. Nature 2000;407(6801):233–41. https://doi.org/ 
10.1038/35025203. 

[3] Allahverdian S, Chehroudi AC, Mcmanus BM, Abraham T, Francis GA. Contribution 
of intimal smooth muscle cells to cholesterol accumulation and macrophage-like 
cells in human atherosclerosis. Circulation 2014;129(15):1551–9. https://doi.org/ 
10.1161/CIRCULATIONAHA.113.005015. 

[4] Wang Y, Dubland JA, Allahverdian S, Asonye E, Sahin B, Jaw JE, Sin DD, 
Seidman MA, Leeper NJ, Francis GA. Smooth muscle cells contribute the majority 
of foam cells in ApoE (Apolipoprotein E)-deficient mouse atherosclerosis. 
Arterioscler Thromb Vasc Biol 2019;39(5):876–87. https://doi.org/10.1161/ 
ATVBAHA.119.312434. 

[5] Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer 
2003;3(11):859–68. https://doi.org/10.1038/nrc1209. 

[6] Hasenfuss SC, Bakiri L, Thomsen MK, Williams EG, Auwerx J, Wagner EF. 
Regulation of steatohepatitis and PPARgamma signaling by distinct AP-1 dimers. 
Cell Metab 2014;19(1):84–95. https://doi.org/10.1016/j.cmet.2013.11.018. 

[7] Bakiri L, Hamacher R, Grana O, Guio-Carrion A, Campos-Olivas R, Martinez L, 
Dienes HP, Thomsen MK, Hasenfuss SC, Wagner EF. Liver carcinogenesis by FOS- 
dependent inflammation and cholesterol dysregulation. J Exp Med 2017;214(5): 
1387–409. https://doi.org/10.1084/jem.20160935. 

[8] Li AC, Binder CJ, Gutierrez A, Brown KK, Plotkin CR, Pattison JW, et al. Differential 
inhibition of macrophage foam-cell formation and atherosclerosis in mice by 
PPARalpha, beta/delta, and gamma. J Clin Invest 2004;114(11):1564–76. https:// 
doi.org/10.1172/JCI18730. 

[9] Feldmann R, Fischer C, Kodelja V, Behrens S, Haas S, Vingron M, Timmermann B, 
Geikowski A, Sauer S. Genome-wide analysis of LXRalpha activation reveals new 
transcriptional networks in human atherosclerotic foam cells. Nucleic Acids Res 
2013;41(6):3518–31. https://doi.org/10.1093/nar/gkt034. 

[10] Peng J, Lv YC, He PP, Tang YY, Xie W, Liu XY, et al. Betulinic acid downregulates 
expression of oxidative stress-induced lipoprotein lipase via the PKC/ERK/c-fos 
pathway in RAW264.7 macrophages. Biochimie 2015;119:192–203. https://doi. 
org/10.1016/j.biochi.2015.10.020. 

[11] Frostegard J. Immunity, atherosclerosis and cardiovascular disease. BMC Med 
2013;11:117. https://doi.org/10.1186/1741-7015-11-117. 

[12] Sawamura T, Kume N, Aoyama T, Moriwaki H, Hoshikawa H, Aiba Y, et al. An 
endothelial receptor for oxidized low-density lipoprotein. Nature 1997;386(6620): 
73–7. https://doi.org/10.1038/386073a0. 

[13] Kataoka H, Kume N, Miyamoto S, Minami M, Moriwaki H, Murase T, Sawamura T, 
Masaki T, Hashimoto N, Kita T. Expression of lectinlike oxidized low-density 
lipoprotein receptor-1 in human atherosclerotic lesions. Circulation 1999;99(24): 
3110–7. https://doi.org/10.1161/01.cir.99.24.3110. 

[14] Fan J, Liu L, Liu Q, Cui Y, Yao B, Zhang M, et al. CKIP-1 limits foam cell formation 
and inhibits atherosclerosis by promoting degradation of Oct-1 by REGgamma. Nat 
Commun 2019;10(1):425. https://doi.org/10.1038/s41467-018-07895-3. 

[15] Ding Z, Wang X, Khaidakov M, Liu S, Mehta JL. MicroRNA hsa-let-7g targets lectin- 
like oxidized low-density lipoprotein receptor-1 expression and inhibits apoptosis 
in human smooth muscle cells. Exp Biol Med (Maywood) 2012;237(9):1093–100. 
https://doi.org/10.1258/ebm.2012.012082. 

[16] Hinagata J, Kakutani M, Fujii T, Naruko T, Inoue N, Fujita Y, Mehta JL, Ueda M, 
Sawamura T. Oxidized LDL receptor LOX-1 is involved in neointimal hyperplasia 
after balloon arterial injury in a rat model. Cardiovasc Res 2006;69(1):263–71. 
https://doi.org/10.1016/j.cardiores.2005.08.013. 

[17] Ma S, Bai Z, Wu H, Wang W. The DPP-4 inhibitor saxagliptin ameliorates ox-LDL- 
induced endothelial dysfunction by regulating AP-1 and NF-kappaB. Eur J 
Pharmacol 2019;851:186–93. https://doi.org/10.1016/j.ejphar.2019.01.008. 

[18] Jin H, Ko YS, Park SW, Kim HJ. P2Y2R activation by ATP induces oxLDL-mediated 
inflammasome activation through modulation of mitochondrial damage in human 
endothelial cells. Free Radic Biol Med 2019;136:109–17. https://doi.org/10.1016/ 
j.freeradbiomed.2019.04.004. 

[19] Chen CH, Leu SJ, Hsu CP, Pan CC, Shyue SK, Lee TS. Atypical antipsychotic drugs 
deregulate the cholesterol metabolism of macrophage-foam cells by activating 
NOX-ROS-PPARgamma-CD36 signaling pathway. Metabolism 2021;123:154847. 
https://doi.org/10.1016/j.metabol.2021.154847. 

[20] Lushchak VI. Free radicals, reactive oxygen species, oxidative stress and its 
classification. Chem Biol Interact 2014;224:164–75. https://doi.org/10.1016/j. 
cbi.2014.10.016. 

[21] Behnammanesh G, Durante GL, Khanna YP, Peyton KJ, Durante W. Canagliflozin 
inhibits vascular smooth muscle cell proliferation and migration: role of heme 
oxygenase-1. Redox Biol 2020;32:101527. https://doi.org/10.1016/j. 
redox.2020.101527. 

[22] Li X, Fang P, Li Y, Kuo YM, Andrews AJ, Nanayakkara G, et al. Mitochondrial 
reactive oxygen species mediate lysophosphatidylcholine-induced endothelial cell 
activation. Arterioscler Thromb Vasc Biol 2016;36(6):1090–100. https://doi.org/ 
10.1161/ATVBAHA.115.306964. 

[23] Ding Z, Liu S, Wang X, Deng X, Fan Y, Shahanawaz J, Shmookler RR, Varughese KI, 
Sawamura T, Mehta JL. Cross-talk between LOX-1 and PCSK9 in vascular tissues. 
Cardiovasc Res 2015;107(4):556–67. https://doi.org/10.1093/cvr/cvv178. 

[24] Miao G, Zhao X, Wang B, Zhang L, Wang G, Zheng N, Liu J, Xu Z, Zhang L. TLR2/ 
CXCR4 coassociation facilitates chlamydia pneumoniae infection-induced 
atherosclerosis. Am J Physiol Heart Circ Physiol 2020;318(6):H1420–35. https:// 
doi.org/10.1152/ajpheart.00011.2020. 

[25] Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis. 
Circ Res 2016;118(4):692–702. https://doi.org/10.1161/ 
CIRCRESAHA.115.306361. 

[26] Sasaki T, Kojima H, Kishimoto R, Ikeda A, Kunimoto H, Nakajima K. 
Spatiotemporal regulation of c-fos by ERK5 and the E3 ubiquitin ligase UBR1, and 
its biological role. Mol Cell 2006;24(1):63–75. https://doi.org/10.1016/j. 
molcel.2006.08.005. 

[27] Zhu H, Wang Z, Dong Z, Wang C, Cao Q, Fan F, et al. Aldehyde dehydrogenase 2 
deficiency promotes atherosclerotic plaque instability through accelerating 
mitochondrial ROS-mediated vascular smooth muscle cell senescence. Biochim 

G. Miao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.metabol.2022.155213
https://doi.org/10.1016/j.metabol.2022.155213
https://doi.org/10.1016/j.metabol.2020.154461
https://doi.org/10.1016/j.metabol.2020.154461
https://doi.org/10.1038/35025203
https://doi.org/10.1038/35025203
https://doi.org/10.1161/CIRCULATIONAHA.113.005015
https://doi.org/10.1161/CIRCULATIONAHA.113.005015
https://doi.org/10.1161/ATVBAHA.119.312434
https://doi.org/10.1161/ATVBAHA.119.312434
https://doi.org/10.1038/nrc1209
https://doi.org/10.1016/j.cmet.2013.11.018
https://doi.org/10.1084/jem.20160935
https://doi.org/10.1172/JCI18730
https://doi.org/10.1172/JCI18730
https://doi.org/10.1093/nar/gkt034
https://doi.org/10.1016/j.biochi.2015.10.020
https://doi.org/10.1016/j.biochi.2015.10.020
https://doi.org/10.1186/1741-7015-11-117
https://doi.org/10.1038/386073a0
https://doi.org/10.1161/01.cir.99.24.3110
https://doi.org/10.1038/s41467-018-07895-3
https://doi.org/10.1258/ebm.2012.012082
https://doi.org/10.1016/j.cardiores.2005.08.013
https://doi.org/10.1016/j.ejphar.2019.01.008
https://doi.org/10.1016/j.freeradbiomed.2019.04.004
https://doi.org/10.1016/j.freeradbiomed.2019.04.004
https://doi.org/10.1016/j.metabol.2021.154847
https://doi.org/10.1016/j.cbi.2014.10.016
https://doi.org/10.1016/j.cbi.2014.10.016
https://doi.org/10.1016/j.redox.2020.101527
https://doi.org/10.1016/j.redox.2020.101527
https://doi.org/10.1161/ATVBAHA.115.306964
https://doi.org/10.1161/ATVBAHA.115.306964
https://doi.org/10.1093/cvr/cvv178
https://doi.org/10.1152/ajpheart.00011.2020
https://doi.org/10.1152/ajpheart.00011.2020
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1016/j.molcel.2006.08.005
https://doi.org/10.1016/j.molcel.2006.08.005


Metabolism 132 (2022) 155213

13

Biophys Acta Mol Basis Dis 2019;1865(7):1782–92. https://doi.org/10.1016/j. 
bbadis.2018.09.033. 

[28] Hafiane A, Daskalopoulou SS. Adiponectin's mechanisms in high-density 
lipoprotein biogenesis and cholesterol efflux. Metabolism 2020;113:154393. 
https://doi.org/10.1016/j.metabol.2020.154393. 

[29] Michos ED, Mcevoy JW, Blumenthal RS. Lipid management for the prevention of 
atherosclerotic cardiovascular disease. N Engl J Med 2019;381(16):1557–67. 
https://doi.org/10.1056/NEJMra1806939. 

[30] Pan H, Xue C, Auerbach BJ, Fan J, Bashore AC, Cui J, et al. Single-cell genomics 
reveals a novel cell state during smooth muscle cell phenotypic switching and 
potential therapeutic targets for atherosclerosis in mouse and human. Circulation 
2020;142(21):2060–75. https://doi.org/10.1161/ 
CIRCULATIONAHA.120.048378. 

[31] Joo JY, Schaukowitch K, Farbiak L, Kilaru G, Kim TK. Stimulus-specific 
combinatorial functionality of neuronal c-fos enhancers. Nat Neurosci 2016;19(1): 
75–83. https://doi.org/10.1038/nn.4170. 

[32] Muller PA, Schneeberger M, Matheis F, Wang P, Kerner Z, Ilanges A, et al. 
Microbiota modulate sympathetic neurons via a gut-brain circuit. Nature 2020;583 
(7816):441–6. https://doi.org/10.1038/s41586-020-2474-7. 

[33] Guo Z, Luo C, Zhu T, Li L, Zhang W. Elevated c-fos expression is correlated with 
phenotypic switching of human vascular smooth muscle cells derived from lower 
limb venous varicosities. J Vasc Surg Venous Lymphat Disord 2021;9(1):242–51. 
https://doi.org/10.1016/j.jvsv.2020.03.019. 

[34] Rodriguez-Berdini L, Ferrero GO, Bustos PF, Cardozo GA, Prucca CG, Quiroga S, 
Caputto BL. The moonlighting protein c-Fos activates lipid synthesis in neurons, an 
activity that is critical for cellular differentiation and cortical development. J Biol 
Chem 2020;295(26):8808–18. https://doi.org/10.1074/jbc.RA119.010129. 

[35] Wang X, Yang P, Liu J, Wu H, Yu W, Zhang T, Fu H, Liu Y, Hai C. RARgamma-C-fos- 
PPARgamma2 signaling rather than ROS generation is critical for all-trans retinoic 
acid-inhibited adipocyte differentiation. Biochimie 2014;106:121–30. https://doi. 
org/10.1016/j.biochi.2014.08.009. 

[36] Vengrenyuk Y, Nishi H, Long X, Ouimet M, Savji N, Martinez FO, et al. Cholesterol 
loading reprograms the microRNA-143/145-myocardin axis to convert aortic 
smooth muscle cells to a dysfunctional macrophage-like phenotype. Arterioscler 
Thromb Vasc Biol 2015;35(3):535–46. https://doi.org/10.1161/ 
ATVBAHA.114.304029. 

[37] Pi S, Mao L, Chen J, Shi H, Liu Y, Guo X, et al. The P2RY12 receptor promotes 
VSMC-derived foam cell formation by inhibiting autophagy in advanced 
atherosclerosis. Autophagy 2021;17(4):980–1000. https://doi.org/10.1080/ 
15548627.2020.1741202. 

[38] Robichaux WR, Mei FC, Yang W, Wang H, Sun H, Zhou Z, Milewicz DM, Teng BB, 
Cheng X. Epac1 (Exchange protein directly activated by cAMP 1) upregulates LOX- 
1 (Oxidized low-density lipoprotein receptor 1) to promote foam cell formation 
and atherosclerosis development. Arterioscler Thromb Vasc Biol 2020;40(12): 
e322–35. https://doi.org/10.1161/ATVBAHA.119.314238. 

[39] Mehta JL, Sanada N, Hu CP, Chen J, Dandapat A, Sugawara F, et al. Deletion of 
LOX-1 reduces atherogenesis in LDLR knockout mice fed high cholesterol diet. Circ 
Res 2007;100(11):1634–42. https://doi.org/10.1161/CIRCRESAHA.107.149724. 

[40] Akhmedov A, Rozenberg I, Paneni F, Camici GG, Shi Y, Doerries C, et al. 
Endothelial overexpression of LOX-1 increases plaque formation and promotes 
atherosclerosis in vivo. Eur Heart J 2014;35(40):2839–48. https://doi.org/ 
10.1093/eurheartj/eht532. 

[41] Sheng M, Greenberg ME. The regulation and function of c-fos and other immediate 
early genes in the nervous system. Neuron 1990;4(4):477–85. https://doi.org/ 
10.1016/0896-6273(90)90106-p. 

[42] Khatana C, Saini NK, Chakrabarti S, Saini V, Sharma A, Saini RV, et al. Mechanistic 
Insights into the Oxidized Low-Density Lipoprotein-Induced Atherosclerosis. Oxid 
Med Cell Longev 2020;2020:5245308. https://doi.org/10.1155/2020/5245308. 

[43] Hao S, Ji J, Zhao H, Shang L, Wu J, Li H, Qiao T, Li K. Mitochondrion-targeted 
peptide SS-31 inhibited oxidized low-density lipoproteins-induced foam cell 
formation through both ROS scavenging and inhibition of cholesterol influx in 
RAW264.7 cells. Molecules 2015;20(12):21287–97. https://doi.org/10.1021/ 
acsnano.8b02037. 

[44] Xia W, Li Y, Wu M, Yin J, Zhang Y, Chen H, Huang S, Jia Z, Zhang A. Inhibition of 
mitochondrial activity ameliorates atherosclerosis in ApoE(-/-) mice via 
suppressing vascular smooth cell activation and macrophage foam cell formation. 
J Cell Biochem 2019;120(10):17767–78. https://doi.org/10.1002/jcb.29042. 

[45] Hao S, Ji J, Zhao H, Shang L, Wu J, Li H, et al. Mitochondrion-Targeted peptide SS- 
31 inhibited oxidized Low-Density Lipoproteins-Induced foam cell formation 
through both ROS scavenging and inhibition of cholesterol influx in RAW264.7 
cells. Molecules 2015;20(12):21287–97. https://doi.org/10.3390/ 
molecules201219764. 

G. Miao et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.bbadis.2018.09.033
https://doi.org/10.1016/j.bbadis.2018.09.033
https://doi.org/10.1016/j.metabol.2020.154393
https://doi.org/10.1056/NEJMra1806939
https://doi.org/10.1161/CIRCULATIONAHA.120.048378
https://doi.org/10.1161/CIRCULATIONAHA.120.048378
https://doi.org/10.1038/nn.4170
https://doi.org/10.1038/s41586-020-2474-7
https://doi.org/10.1016/j.jvsv.2020.03.019
https://doi.org/10.1074/jbc.RA119.010129
https://doi.org/10.1016/j.biochi.2014.08.009
https://doi.org/10.1016/j.biochi.2014.08.009
https://doi.org/10.1161/ATVBAHA.114.304029
https://doi.org/10.1161/ATVBAHA.114.304029
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1161/ATVBAHA.119.314238
https://doi.org/10.1161/CIRCRESAHA.107.149724
https://doi.org/10.1093/eurheartj/eht532
https://doi.org/10.1093/eurheartj/eht532
https://doi.org/10.1016/0896-6273(90)90106-p
https://doi.org/10.1016/0896-6273(90)90106-p
https://doi.org/10.1155/2020/5245308
https://doi.org/10.1021/acsnano.8b02037
https://doi.org/10.1021/acsnano.8b02037
https://doi.org/10.1002/jcb.29042
https://doi.org/10.3390/molecules201219764
https://doi.org/10.3390/molecules201219764

	Vascular smooth muscle cell c-Fos is critical for foam cell formation and atherosclerosis
	1 Introduction
	2 Material and methods
	2.1 Clinical sample collection
	2.2 Animals
	2.3 Atherosclerotic lesion characterization
	2.4 Isolation and culture of rat VSMC
	2.5 Chromatin immunoprecipitation (ChIP)
	2.6 Dual luciferase reporter gene assays
	2.7 Statistical analysis

	3 Results
	3.1 c-Fos expression is increased in VSMCs in atherosclerotic lesions
	3.2 argeted deletion of c-Fos in VSMC alleviates atherosclerosis
	3.3 c-Fos is required for oxLDL-induced VSMC-derived foam cell formation
	3.4 c-Fos participates in VSMC-derived foam cell formation and atherogenesis by upregulating LOX-1
	3.5 c-Fos mediates the transcriptional regulation of LOX-1
	3.6 c-Fos activated by mtROS promotes the formation of VSMC-derived foam cells

	4 Discussion
	Source of funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References


