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Abstract

Objective: Dysregulated proliferation of vascular smooth muscle cells (VSMC) plays an 

essential role in neointimal hyperplasia. CD36 functions critically in atherogenesis and 

thrombosis. We hypothesize that CD36 regulates VSMC proliferation and contributes to the 

development of obstructive vascular diseases.
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Approach and Results: We found by immunofluorescent staining that CD36 was highly 

expressed in human vessels with obstructive diseases. Using guide wire-induced carotid artery 

injury and shear stress-induced intima thickening models, we compared neointimal hyperplasia in 

Apoe−/−, Cd36−/−/Apoe−/−, and CD36 specifically deleted in VSMC (VSMCcd36−/−) mice. CD36 

deficiency, either global or VSMC-specific, dramatically reduced injury-induced neointimal 

thickening. Correspondingly, carotid artery blood flow was significantly increased in Cd36−/−/
Apoe−/− compared to Apoe−/− mice. In cultured VSMCs from thoracic aorta of WT and Cd36−/− 

mice, we found that loss of CD36 significantly decreased serum-stimulated proliferation and 

increased cell populations in S-phase, suggesting that CD36 is necessary for VSMC S/G2-M 

phase transition. Treatment of VSMCs with a thrombospondin 1 structural homology region (TSR) 

peptide significantly increased WT, but not Cd36−/− VSMC proliferation. TSR or serum treatment 

significantly increased cyclin A expression in WT but not in Cd36−/− VSMCs. STAT3, which 

reportedly enhances both VSMC differentiation and maturation, was higher in Cd36−/− VSMCs. 

CD36 deficiency significantly decreased expression of Col1A1 and TGFβ1, and increased 

expression of contractile proteins including calponin 1 and smooth muscle α actin, and 

dramatically increased cell contraction.

Conclusion: CD36 promotes VSMC proliferation via upregulation of cyclin A expression that 

contributes to the development of neointimal hyperplasia, collagen deposition, and obstructive 

vascular diseases.
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Introduction

Obstructive and thrombotic cardiovascular diseases are the most common causes of death 

and disability in the developed world and comprise the largest category of disease burden.1 

The etiology of these diseases includes genetic and environmental factors.2 An initiating 

step is often vascular injury induced by cellular oxidative stress, precipitated by the 

production of damaging reactive oxygen species (ROS) by many cell types, including 

vascular smooth muscle cells (VSMCs) and monocytes/macrophages.2 ROS contribute to 

injury by triggering intracellular signaling pathways and modifying extracellular molecules. 

For example, ROS-mediated oxidation of lipoproteins, such as oxidized low density 

lipoprotein (oxLDL) within the vessel wall, creates ligands for a family of cell surface 

receptors called “scavenger receptors”, which play a critical role in uptake of modified LDL 

by macrophages.3,4 Under conditions in which uptake cannot be balanced by natural efflux 

pathways, lipids accumulate in macrophages, leading to formation of foam cells: a hallmark 

for early atherosclerotic lesions.5-7 In addition to macrophages, VSMC phenotypic 

modulation and proliferation are other critical cellular events in the development of 

atherosclerosis and restenosis after angioplasty. Recent studies have suggested that a 

significant number of foam cells are derived from VSMCs.8 In fact, up to 70% of the mass 

of an atherosclerotic lesion has been estimated to be VSMCs or VSMC-derived,9 especially 

in the case of advanced lesions.
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Our recent studies revealed that macrophage and platelet CD36 signaling pathways play 

central roles in mediating a pro-inflammatory response, and link the pathogenesis of 

atherosclerosis to these cellular populations.10,11 Although VSMCs in culture express 

CD3612-17 and this expression can be up regulated by peroxisome proliferator-activated 

receptor gamma,14 the function of CD36 on VSMCs in vivo is under-studied. We found that 

Cd36-deficient mice show attenuated vessel wall oxidative stress via upregulation of the 

antioxidant transcription factor, NF-E2-related factor 2 (Nrf2), and subsequent upregulation 

of specific antioxidant enzymes, including peroxiredoxin 2 (Prdx2) and heme oxygenase-1 

(HO-1).18 Both Prdx2 and HO-1 have been reported to inhibit VSMC growth.19-22 

Moreover, down-regulation of Nrf2/HO-1 expression has been reported to enhance 

neointima formation, which is associated with increased ROS-mediated VSMC 

proliferation.23 We thus hypothesized that CD36 contributes to the development of 

neointimal hyperplasia via regulation of VSMC function.

In this study, we report that CD36-mediated signaling enhances VSMC proliferation via 

upregulating expression of a cell cycle related protein, cyclin A. This effect is mediated, at 

least in part, by the CD36 ligand, thromobospondin 1 (TSP1). CD36 also promotes a de-

differentiated VSMC phenotype via inhibition of signal transducer and activator of 

transcription (STAT) 3 activity, and increases expression of type 1 collagen A1 chain 

(Col1A1) and transforming growth factor beta 1 (TGF-β1). This study thus identifies CD36 

as a novel target for the development of therapeutic strategies in prevention of obstructive 

vascular diseases.

Materials and Methods

The authors declare that all supporting data are available within the article and online 

supplementary files.

Mice

Many large population-based cohort studies report differences in atherosclerotic diseases in 

different sexes.24 To limit the potential effects of female hormones, only male mice ranging 

from 12 to 16 weeks of age were studied. Apoe knockout (Apoe−/−, Jackson Laboratory) and 

Cd36/Apoe double knockout (Cd36−/−/Apoe−/−) mice25 fed with chow diet were used for the 

guide wire-induced carotid artery injury model. These mice are C57Bl/6 congenic, and 

homozygous breeding was conducted on both strains.26 To examine the specific effect of 

VSMC CD36, a CD36 VSMC-specific deletion (VSMCcd36−/−) mouse strain was generated 

by crossing a CD36flox/flox mouse27 with a smooth muscle-specific Cre recombinase 

transgenic mouse, driven by the mouse transgelin (smooth muscle protein 22-alpha) 

promoter (B6.Cg-Tg(Tagln-cre)1Her/J, Stock # 017491, Jackson Laboratory). Both the 

CD36flox/flox and the Cre strain mice are C57Bl/6 congenic. The targeted deletion of CD36 

in VSMC was verified by PCR assay of arterial segments (data not shown) as well as 

immunofluorescent staining. Mice were housed under specific pathogen free conditions and 

had ad libitum access to water and food. Handling and care of animals were approved and in 

compliance with the guidelines established by the Institutional Animal Care and Use 

Committee of the Cleveland Clinic.
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Guide wire-induced carotid artery injury

Apoe−/− and Cd36−/−/Apoe−/− mice were anesthetized with ketamine/xylazine (100/10 

mg/kg, IP) and the hair on the neck was shaved. Puralube Opthalmic Ointment 

(Pharmaderm, NDC 0462−0211−38) was applied to prevent corneal desiccation. Mice were 

secured in the supine position on the lid of a 15 cm tissue culture plate. The neck was 

sterilized using 70% isopropyl alcohol (Alcohol Preps, Kendall) and covered with a 3M™ 

Steri-Drape with a ~3 × 3 cm hole in the center to expose the surgical field. A middle 

cervical incision was made and the distal left common carotid artery and bifurcation were 

exposed. The proximal common and internal carotid arteries were temperately clamped with 

microvessel clamps. The external carotid artery was ligated with a 6−0 suture at the distal 

site. A 0.35 mm guide wire with coil (diameter 0.35 mm with coil, RADI) was introduced 

through the external carotid artery incision to the common carotid artery. The guide wire 

was pulled back and forth 3 times to remove the endothelium and to produce an injury on 

the medial smooth muscle layer throughout the common carotid artery. After removal of the 

guide wire, the external carotid artery was ligated proximal to the site of guide wire 

insertion. Carotid artery blood flow was confirmed; animals that did not reestablish carotid 

artery blood flow were excluded from further analysis. The wound was rinsed with saline 

and the incision closed with running 5−0 sutures (Ethicon J571). The mice were placed in a 

37°C warming chamber and returned to the colony after retaining sternal recumbency.

Flow-dependent neointimal hyperplasia model by partial carotid artery ligation

Because VSMCCd36−/− mice are in the C57BL6 background, which is resistant to wire 

injury-induced neointimal hyperplasia,28 we performed a second model. Partial carotid 

artery ligation has been shown to reduce flow in the ligated artery and induce shear stress-

dependent vascular remodeling in mice.29-32 Therefore, this model was used to examine the 

role of VSMC-specific CD36 deletion in vascular remodeling. In brief, after exposing the 

left carotid artery as outlined above, the internal carotid artery, the occipital artery, and the 

external carotid artery after the branching of the superior thyroid artery, were ligated.31 

Vascular remodeling was assessed 4 weeks later.

Carotid artery blood flow measurement and sampling

Neointimal thickening was evaluated at 2 weeks and 4 weeks after guide wire injury as well 

as 4 weeks after partial carotid artery ligation. Mice were anesthetized with ketamine/

xylazine (100/10 mg/kg, IP), and the carotid arteries were carefully isolated from 

surrounding tissue and blood flow was measured using an ultrasonic blood flow probe 

(Ultrasonic Inc.). After blood flow measurements, mice were euthanized with a lethal dose 

of ketamine/xylazine (200/20 mg/kg, IP). The chest cavity was opened and the mouse was 

perfused with 10 ml of 4% formalin in PBS via the left ventricle to fix the vessels. The 

carotid arteries were then harvested for histological examination. Cold PBS was used for 

perfusion to remove intravascular blood if samples were used for RNA or protein isolation.

Histological examination

Hematoxylin and eosin staining and Van Gieson Staining of the elastic lamina were 

performed to assess morphological changes and to identify the neointimal thickness 
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(represented as ratio of intima/media), neointimal area, and media area.19,33 Double 

immunofluorescent staining was performed for proliferating cell nuclear antigen (PCNA, 

SC-25280, Santa Cruz) and alpha smooth muscle actin (αSMA, Sigma, A2547, and Abcam, 

ab7817) to assess the proliferative VSMCs in the neointima. Alexa Fluor 488, 555, 568, and 

633-conjugated secondary antibodies (all from Thermo Fisher Scientific, Grand Island, NY) 

were used to detect signals with proper combinations as stated in “Results”. PCNA index 

was assessed by determining the ratio of PCNA positive VSMCs to total VSMCs in the 

neointima.

In order to determine the localization, as well as the role of CD36 in both proliferative and 

non-proliferative settings in diseased human vessels, double immunofluorescence staining 

for CD36 (CD36/SR-B3 antibody, NB400-144, Novus Biologicals, Littleton, CO) and 

αSMA were performed by two independent groups. We examined CD36 expression in 

temporal arteritis vessels that were obtained from anonymized pathology specimens in an 

Institutional Review Board-approved biospecimen registry at the University of Toledo 

Medical Center (IRB#:202972, PI: Dr. David Kennedy). We also examined CD36 expression 

in aorta and coronary arteries harvested from patients with severe atherosclerotic coronary 

artery diseases that received heart transplantations in an Institutional Review Board-

approved protocol at Guangdong General Hospital (IRB#: GDREC2016255H, PI: Dr. 

Qiuxiong Lin). Aorta from donor hearts were stained as controls.

Primary VSMC culture

Mouse VSMC cultures were established from thoracic aorta explants from 8 week old male 

mice as previously described.19,34 Cells were identified as VSMCs by 

immunocytochemistry using a monoclonal antibody to αSMA.35 Cells from 4 to 12 

passages were used for experiments.

Cell cycle analysis

VSMCs were cultured overnight in Dulbecco’s Modified Eagle’s Medium (DMEM, 

ThermoFisher Scientific) containing 10% fetal calf serum (FCS), fixed with 70% ethanol 

and then the cell cycle was analyzed by flow cytometry using propidium iodide 

(ThermoFisher Scientific) staining.19

Real-time (RT) PCR based mRNA quantitation assay

Total RNA was extracted from VSMCs using the RNeasy Mini kit (Qiagen, Hilden, 

Germany). One microgram of total RNA was treated with DNase I, and cDNA was 

generated using the AMV First Strand cDNA Synthesis Kit for RT-PCR (Roche, 

Indianapolis, IN). Real-time PCR was performed using SYBR Green PCR Master Mix 

(Applied Biosystems) with an iCycler iQ real-time PCR detection system36 and validated 

commercially available probes.

Cell proliferation and survival assays

Cell proliferation and survival were assessed by MTT (3-(4,5-dimethylthiazol-2-yl)- 2,5-

diphenyltetrazolium bromide) as described previously,19,37 or by Trypan blue exclusion 

staining and cell counting with a hemocytometer.
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In some experiments, VSMCs were seeded in 12 well plates (104 cells/well), cultured 

overnight and then subjected to serum starvation for 24 hours. The cells were then 

stimulated with DMEM containing 1% FCS, thrombospondin type 1 repeat (TSR) 

peptide38,39 or platelet-derived growth factor (PDGF, P8147-1VL, Sigma). The cells were 

cultured for 24 hours and then cell proliferation was assessed using the MTT assay. To test if 

TSP1-containing serum affects VSMC proliferation, WT VSMCs synchronized with serum-

starvation were treated with serum prepared from WT or TSP1 null mice for an additional 

24 hours and cells proliferation was assessed using the MTT assay.

Collagen-gel contraction assay

Collagen-gel contraction assay was performed as described previously with some 

modifications.40 Briefly, 12-well plates were pre-coated with 1% agarose to promote gel 

detachment. Type 1 collagen (PureCol® EZ Gel, Bovine Collagen, DMEM/F-12 Solution 5 

mg/ml, pH 6.9-7.4, Advanced BioMatrix, San Diego, CA) and cell suspensions were mixed 

at a ratio of 1:2, and 0.5 ml of this mixture was then added into each well. The final mixture 

contained approximately 1.6 mg/ml collagen and 2 ×105 cells. Gelation was induced at 

37 °C for 2 hours in a cell culture incubator. After gelatinization, 0.5 ml DMEM 

supplemented with 10% FCS was added into each well, and the gels were lifted off the 

bottom of the wells and allowed to float freely. Gels were photographed 24 hours later and 

the gel size (area) was measured using Image J (NIH; Bethesda, MD).

Western blot assays

VSMCs (2 × 106) were seeded in 10 cm culture dishes and cultured overnight. The cells 

were synchronized for 24 hours in serum-free DMEM and then they were stimulated with 

DMEM containing 10% FCS or TSR as stated in “Results”. The cells were washed with 

cold PBS three times and then lysed in 1x radioimmunoprecipitation assay buffer 

(ThermoFisher Scientific) containing both proteinase and phosphatase inhibitor cocktails 

(Roche, Indianapolis, IN) on ice. Protein concentration was measured using Bio-Rad protein 

assay (Bio-Rad Laboratories, Hercules, CA). Fifty micrograms of total protein was used for 

Western blot assay based on standard procedures.

Statistical analyses

Data are presented as mean ± standard error. GraphPad Prism 7 for Windows was used for 

statistical analysis. Unpaired t test or Mann-Whitney test was used to determine the 

difference between groups, and p≤0.05 was considered statistically significant. Each in vitro 
experiment was repeated at least three times with a different passage of cells.

Results

CD36 is expressed in VSMC of vessels with obstructive disease

As introduced in the Introduction section, although CD36 was detectable in VSMC in vitro, 

there is no direct evidence of CD36 expression in diseased human vessels. By double 

immunofluorescenct staining for CD36 and αSMA, we examined CD36 expression in 

temporal arteries with arteritis that is characterized by intimal hyperplasia and luminal 

occlusion.41 We found that CD36 was expressed in VSMCs in the thickened intima (Fig. 
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1A). CD36 was also expressed in aortic and coronary arteries harvested from patients who 

had severe diffused coronary obstruction and required heart transplantation (Fig. 1B). CD36 

was not detectable in the aortas from healthy donors (Fig. 1B, bottom panel). These data 

suggest that elevated CD36 expression may correlate with the development of obstructive 

vascular diseases.

CD36 enhances neointimal hyperplasia after arterial injury

We previously demonstrated the expression of CD36 in murine VSMCs,18 a type of cell 

which plays an important role in vessel obstruction. In combination with findings that 

expression of CD36 is higher in human VSMCs with obstructive diseases, we suspected that 

CD36 would affect VSMC function and so studied the role of CD36 in obstructive vascular 

diseases using murine models. Since chow fed mice in the C57Bl/6 background are resistant 

to endothelial denudation-induced neointimal hyperplasia42,43, we examined the role of 

CD36 on intimal thickening with the added insult of hyperlipidemia/oxidative stress, using 

the Apoe deficient model commonly used in atherosclerosis studies.26 Carotid artery blood 

flow, measured 2 weeks after guide wire injury, was increased over 20% in Cd36−/−/Apoe−/− 

mice when compared with Apoe−/− mice (Fig. 2A), suggesting that Cd36 deficiency 

attenuated vascular injury-induced vessel stenosis. Since less neointimal thickening was 

observed in the Cd36−/−/Apoe−/− mice at 2 weeks, we further assessed intimal thickness at 4 

weeks after guide wire injury. H&E (Supplementary Figure I) and Van Gieson’s staining 

(Fig. 2B) of the carotid arteries revealed that neointimal hyperplasia developed in both Apoe
−/− and Cd36−/−/Apoe−/− mice. The level of intimal thickness was significantly decreased in 

the Cd36−/−/Apoe−/− mice, as these mice showed a smaller intima area as well as ratio of 

intima to media (I/M ratio) (Fig. 2C), and the intima thickness was reduced more than 75% 

when compared to the Apoe−/− mice. Interestingly, the vessel wall of Cd36−/−/Apoe−/− mice 

showed denser and better-organized elastic lamellae (Fig. 2B).

To further explore a specific role of CD36 in VSMC-mediated neointimal hyperplasia, we 

assessed neointimal thickness in CD36 VSMC-specific knockout mice using a partial carotid 

artery ligation model. As shown in Fig. 2D and E, similar to the global CD36 knockout, 

VSMC-specific deletion of CD36 also dramatically decreased vessel wall remodeling and 

significantly reduced I/M ratio, which was only about 30% of the I/M ratio found in the 

VSMC-CD36 positive vessels. Double immunofluorescent staining for PCNA and αSMA 

confirmed a large number of proliferating VSMCs in the injured VSMCCd36+/+ vessel wall 

compared to VSMCCd36−/− vessels, which had a lower PCNA index that was only one third 

of the VSMCCd36+/+ vessels (Fig. 2F). Immunohistochemical staining confirmed the 

expression of CD36 in the intima of the VSMCCd36+/+ vessel walls, but not in that of the 

VSMCCd36−/− vessels (Fig. 2G). In combination with the data presented in Fig. 1, these data 

suggested that CD36 plays an important role in regulating VSMC function in response to 

vascular damage, and that CD36 may contribute to the development of obstructive vascular 

diseases.

CD36 enhances VSMC proliferation in vitro

Having shown that CD36 enhances VSMC proliferation in vivo, which plays a critical role 

in neointimal hyperplasia,19 we aimed to explore how CD36 affects VSMC function in vitro. 
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An equal number of primary cultured WT and Cd36−/− VSMCs were seeded in 6 cm plates 

and cells were counted daily using a hemocytometer following trypan blue exclusion 

staining to differentiate live and dead cells. No difference was found in the number of 

suspended dead cells during cell culture (Data not shown). The number of live WT cells was 

significantly greater compared with Cd36−/− from day 2, and by day 4, was ~1.7 fold greater 

(Fig. 3A), indicating that the presence of CD36 promotes VSMC proliferation. This 

phenotype was observed in randomly paired VSMCs cultured from 5 different mice of each 

strain. The decreased proliferation of Cd36−/− cells was not due to enhanced cell death. In 

line with the direct cell counting data, MTT assay further confirmed that the growth rate of 

WT cells was significantly higher than Cd36−/− VSMCs (Fig. 3B).

PDGF is a potent SMC mitogen and has been used widely in VSMC studies.34 We thus 

examined the response of WT and Cd36−/− VSMCs to PDGF. As reported elsewhere, PDGF 

dramatically increased proliferation of WT VSMCs when compared to serum-starved cells 

(Fig. 3C). However, surprisingly, in the absence of CD36, PDGF significantly inhibited 

VSMC proliferation rather than enhanced cell growth. These data further suggest that 

deficiency of CD36 in VSMC generates a phenotype that is unfavorable for VSMC 

proliferation.

As descrived in the Instroduction, CD36 deficiency induced both Prdx2 and HO-1 

expression, and HO-1 is known to inhibit VSMCs in the G1 phase.19 To understand how 

CD36 enhances VSMC proliferation, we analyzed the role of CD36 in cell cycle progression 

using a propidium iodide staining based flow cytometric assay. In comparison to WT 

VSMCs, Cd36−/− VSMCs had a significant increase (~60%) in the percentage of cells in S-

phase, and a decrease of cells in G0/1 and G2/M (Fig. 3D). These data suggest that CD36 

deficiency induces cell cycle arrest in the S-phase and reduces S-G2/M transition.

CD36 enhances VSMC proliferation by upregulating expression of cyclin A

Since CD36 deficiency induced S-phase arrest in VSMCs, we hypothesized that CD36-

mediated signaling pathways must regulate expression of cell cycle related proteins in 

VSMCs. First, we examined the expression of cyclin proteins by Western blot assay. As 

shown in Fig. 4A, serum-stimulated induction of cyclins A and B expression was 

dramatically decreased in Cd36−/− VSMCs when compared to WT. This phenomenon was 

found up to 72 hours after serum stimulation (Fig. 4B), highlighting a slower cell cycle 

progression of the CD36 null VSMCs. However, the level of p21Cip1 (Fig. 4A), a cyclin 

dependent kinase inhibitor, was higher in WT VSMCs than in the Cd36−/− cells. This 

finding is in line with a previous study in which increased p21Cip1 expression was found 

when quiescent cells were stimulated to proliferate.44 Expression of p27Kip1 (Fig. 4C), 

another cyclin dependent kinase inhibitor, was also lower in serum stimulated Cd36−/− cells, 

suggesting that cyclin dependent kinase inhibitors were not responsible for the decreased 

proliferation of Cd36−/− VSMCs. The ubiquitin ligase protein, p19sky1, which contributes to 

cyclin A degradation, was expressed similarly in WT and Cd36−/− cells (Fig. 4C), ruling this 

out as a potential mechanism.

Since cyclin A is involved in both S phase DNA replication and S-G2/M phase transition,
45,46 we considered that cyclin A may be responsible for the decreased cell cycle 
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progression in Cd36−/− cells. To this end, we synchronized WT and Cd36−/− cells by serum 

starvation and then stimulated the cells with DMEM containing 10% FCS in the presence of 

L-mimosine (400 nM, Sigma), aphidicoline (10 μg/ml, Sigma) or nocodazole (400 nM, 

Sigma), which inhibits cell cycle in G1, early S or M phase, respectively, for 24 hours. We 

measured the levels of cyclins A, B, and D. Cells stimulated with DMEM containing 10% 

FCS alone served as control. As shown in Fig. 4D, there was no detectable cyclin A in 

serum-starved cells or in cells stimulated with DMEM containing 10% FCS in the presence 

of L-mimosine (G1 inhibition), as expected. Cyclin D is necessary for G1/S transition,47 

which was unaffected in Cd36−/− cells (Fig. 4D). Levels of cyclin D were higher in Cd36−/− 

cells treated with L-mimosine, but were similar when the cells were treated with 

aphidicoline (S phase arrest). Cyclin B, a mitotic cyclin, which drives cells into and out of M 

phase, was comparable between WT and Cd36−/− cells after nicodazole-induced M-phase 

arrest. The level of cyclin A was less in Cd36−/− VSMCs than in the WT cells when the cells 

were inhibited in early S phase (aphidicoline), and after serum stimulation for 24 hours (Fig. 

4D). However, in the presence of these cell cycle inhibitors, serum stimulation for 48 hours 

induced cyclin A expression reached to the same levels in WT and Cd36−/− cells at G1 and 

S-phases. Weak cyclin A expression was confirmed during M phase inhibition in the 

Cd36−/− cells, further suggesting slowed cell cycle progression in these cells. These data 

suggest that CD36-mediated signaling pathways promote cyclin A expression, and that the 

blockade of cyclin A expression may be responsible for the reduced proliferation of Cd36−/− 

VSMCs upon serum stimulation.

A TSP1/CD36 signaling pathway regulates cyclin A expression

Serum contains TSP1, which binds to CD36 through a specific site known as TSR,5,38 that 

can be mimicked with a TSR peptide. Strong upregulation of TSP1 expression has been 

reported in rat carotid arteries after balloon-angioplasty, as well as in the mouse vessel wall 

after carotid artery ligation.48,49 To determine whether TSP1 was involved in serum-

stimulated VSMC proliferation, WT and Cd36−/− cells were synchronized by starvation in 

serum free media for 24 hours and then stimulated with the TSR peptide for another 24 

hours. The TSR peptide significantly induced cyclin A expression in WT VSMCs, but had 

no effect in Cd36−/− cells (Fig. 5A). Using the MTT assay, we found that the TSR peptide 

also significantly increased WT VSMC proliferation, again having no effect on Cd36−/− 

cells (Fig. 5B). Compared to WT cells treated with 0.5% serum isolated from WT mice, 

cells treated with 0.5% serum isolated from TSP1 null mice showed significantly less 

proliferation (Fig. 5C). These data strongly suggest that TSP1 ligand interaction with CD36 

promotes VSMC proliferation through upregulation of cyclin A expression.

CD36 deficiency activates signaling pathways that enhance vessel maturation and 
distensibility

While STAT3 has been previously reported to mediate growth factor- or cytokine-induced 

VSMC proliferation, recent studies indicate that activated STAT3 is necessary to drive 

VSMCs into a more mature, non-proliferative phenotype.50 We previously found that 

increased activation and expression of STAT3 inversely correlates with serum-stimulated 

proliferation of thymidine phosphorylase overexpressing rat VSMCs, and that this depends 

on the Src family kinase Lyn.51 Lyn, as well as Fyn, another Src family kinase, mediates 
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CD36 signaling pathways,10,18 suggesting a potential link between CD36 and STAT3. Using 

a Western blot assay, we found that the serum-stimulated induction of STAT3 

phosphorylation at tyrosine 705 (p-Y705-STAT3) was significantly higher in Cd36−/− 

VSMCs compared to WT cells (Fig. 6A). This phenomenon was sustained for up to 24 hours 

(Fig. 6B). CD36 deficiency did not affect STAT3 phosphorylation at serine727 (p-S727-

STAT3). Total–STAT3 (T-STAT3) showed no difference at early time points after serum 

stimulation (Fig. 6A), but was significantly increased in Cd36−/− VSMCs after 24 hours 

(Fig. 6C).

OxLDL, a CD36 ligand, upregulates cyclin A expression in fibroblasts.52 STAT3 reportedly 

down-regulates cyclin D expression during liver regeneration.53 We thus determined whether 

STAT3 down-regulates expression of cyclin A. In contrast to our prediction, overexpression 

of mouse WT STAT3 dramatically increased cyclin A expression in WT VSMCs in response 

to serum stimulation. Overexpression of Y705F mutant STAT3 significantly inhibited serum 

stimulated cyclin A expression (Fig. 6D). These data suggest that the decreased cyclin A in 

the CD36 null cells is not related to the high activity of STAT3.

The greater density of elastic lamellae in the vessel wall of Cd36−/− mice post injury (Fig. 

2B) suggested that inhibition of CD36 signaling might promote a more mature vessel wall 

and underlie a faster and greater functional recovery. To test this hypothesis, we examined 

the expression of Col1A1 and the pro-fibrotic growth factor, TGF-β154 by quantitative RT-

PCR in WT and Cd36−/− cells after serum stimulation for 24 hours. We found CD36 

deficiency dramatically decreased expression of both Col1A1, the major component of an 

atherosclerotic vessel, and TGF-β1, which is necessary for upregulation of Col1A1 

expression (Fig. 7A & B). Western blot confirmed the decreased expression of Col1A1 in 

Cd36−/− cells, which is paralleled with the decreased expression of precursor TGF beta 1 

(Fig. 7C). These data suggest that CD36 deficiency may create an environment that drives 

VSMCs to a more mature phenotype that may enhance vessel distensibility.

This hypothesis was supported by examining the expression of contractile proteins including 

αSMA and calponin 1.55,56 As shown in Fig. 7D & E, although αSMA was not detectable in 

serum-starved synchronized cells, calponin 1 expression was significantly higher in the 

Cd36−/− VSMCs when compared with the WT cells. Serum-stimulation increased the 

expression of αSMA in both cells, however, the levels were higher in the Cd36−/− VSMCs. 

Interestingly, a recent study indicated that αSMA inhibits VSMC proliferation,55 which is in 

line with our current findings. Serum stimulation increased calponin 1 expression in WT 

cells, but reduced its expression in Cd36−/− cells; however, the levels of calponin 1 were still 

higher in the Cd36−/− VSMCs than in the WT cells. The increased expression of calponin 1 

and αSMA maybe due to the increased T-STAT3 expression in the Cd36−/− cells. Because 

both WT STAT3 and Y705F-STAT3 overexpression increased calponin 1 and αSMA 

expression in resting cells (Fig 7F), in which there was neglectable p-STAT3. These data 

suggest that CD36 deficiency leads to a mature and contractive VSMC phenotype, which 

matches their morphology as shown in Fig. 7F. To examine this speculation more directly, 

we performed a gel contraction assay. As shown in Fig. 7G, the size of the collagen gels 

containing Cd36−/− cells were only half the size of the gels containing WT cells. These data 

suggest that CD36 deficiency increases VSMCs contraction.
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Discussion

VSMCs are the major cell population in the arterial vessel wall. They are highly specialized 

and differentiated. Changes in VSMC behavior, function, and antioxidant status contribute to 

the development of obstructive vascular diseases, such as atherosclerosis and restenosis after 

percutaneous transluminal coronary angioplasty. However, signaling pathways that 

contribute to VSMC differentiation and proliferation are still not well understood. CD36, a 

widely expressed “pattern recognition” scavenger receptor, plays an important role in the 

development of atherosclerosis and thrombosis.26,57 VSMCs also express CD36. Our 

previous work demonstrated that CD36 inhibits Nrf2 activation, resulting in downregulation 

of phase II antioxidant enzymes and subsequently, enhances ROS generation in VSMCs.18 

In the current study, we demonstrate that VSMC proliferation is dramatically increased by 

the CD36 ligand, TSP1, which is upregulated in injured vessels. We found that ablation of 

CD36 in VSMCs significantly decreases cell proliferation and neointimal hyperplasia in 

injured carotid arteries. These studies suggest that targeting VSMC CD36 could be 

beneficial in preventing atherosclerosis and restenosis.

CD36 is a multifunctional receptor with an independent capacity to bind at least 3 major 

classes of ligands: modified phospholipids, long-chain fatty acids, and proteins containing a 

TSR.5 TSP1 expression has been reported to strongly increase in the matrix of the neointima 

and adventitia after vascular injury, and TSP1 deficiency delays activation, proliferation, and 

migration of media VSMCs.49 Our findings corroborate these previous studies and further 

suggest that the role of TSP1 on VSMCs is mediated, at least in part, by CD36. Interestingly, 

both HO-1 and Prdx2, which are upregulated in the absence of CD36, inhibit VSMC 

proliferation.19,22,58 HO-1 induces cell cycle arrest in G1 phase by inducing the expression 

of cyclin dependent kinase inhibitors p27kip1 and p21Cip1.19,58 Prdx2 down-regulates a 

platelet-derived growth factor receptor-mediated signaling pathway.22 The current data 

suggest that TSP1 enhances VSMC proliferation through CD36 by an unrelated mechanism. 

Our findings are in line with a previous study in which TSP1 deficiency dramatically 

decreased SMC area in atherosclerotic lesions.59

Modulation of the mitotic cell cycle is controlled by a large number of proteins including 

cyclin dependent kinase and cyclins. In this study, we showed that CD36-induced VSMC 

proliferation is dependent upon enhanced cyclin A expression and thus, CD36 deficiency 

delays cell cycle S/G2-M transition. Both TSP1 and oxLDL are high affinity CD36 ligands 

that bind to CD36 at neighboring sites.60 TSP1 binds to the CD36, LIMP-2, Emp sequence 

homology domain (AA 93-155) via its TSR, and oxLDL binds to the site (AA 155-183) next 

to the CD36, LIMP-2, Emp sequence homology domain.38,61 OxLDL has been shown to 

enhance insulin-growth factor-I induced VSMC proliferation and anti-CD36 antibody 

diminished this effect and inhibited phosphorylation of mitogen-activated protein kinases 

JNK1 and JNK2.62 A recent study demonstrated that oxLDL induces cyclin A expression in 

fibroblasts in a JNK dependent manner.52 Our previous work revealed that engagement of 

CD36 ligands in platelets and macrophages induced JNK activation via Fyn and Lyn.10,11 

We thus postulate that the engagement of CD36 ligands such as oxLDL and TSP1, generated 

during oxidative stress and/or pathological vascular injury, promotes cyclin A expression 

through activation of JNK signaling, or other mitogen-activated protein kinases, such as 
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ERK, in VSMCs. However, despite our current endeavors, the exact mechanisms and 

signaling pathways that mediate TSP1/CD36 driven cyclin A expression are unclear. 

Additional detailed studies are needed to clarify this issue.

One interesting finding of our study is that CD36 deficiency induced higher STAT3 

phosphorylation at Y705 in response to serum stimulation, but showed no obvious effect on 

S727. Phosphorylation at S727 has been considered a secondary event following Y705 

phosporylation, but may not be essential to STAT3 downstream events.63 The STAT3 

signaling pathway is considered to play a critical role in growth factor- or cytokine-induced 

VSMC proliferation and migration. We also found that overexpression of STAT3 upregulates 

cyclin A expression, and Y705F mutant STAT3 diminished serum-stimulated cyclin A 

expression, suggesting that the increased STAT3 phosphorylation in the Cd36−/− cells may 

be a compensatory effect. However, a recent study showed that high levels of STAT3 drive 

VSMCs into a more mature/differentiated phenotype.50 We also found that in addition to p-

Y705-STAT3, T-STAT3 was higher in thymidine phosphorylase overexpressing VSMCs, 

which have a decreased proliferation rate when compared to control cells,51 and increased 

cell contraction as well (Li, unpublished data). In addition, non-canonical STAT3 activation 

regulates excess TGF-β1 and collagen I expression in muscles with stricturing Crohn’s 

disease.64 Taken together, our studies combined with recently published data suggest that 

activated STAT3 may not only contribute to a switch in VSMCs to a more mature, 

differentiated phenotype, but also may be necessary in enhancing VSMC proliferation by 

regulating cyclin A expression. Additional studies are necessary to clarify this consequence.

In summary, our study demonstrates that CD36 enhances VSMC proliferation in vitro and 

promotes neointimal hyperplasia in vivo. In addition to its role on macrophages and 

platelets, this newly identified role for CD36 on VSMCs may further contribute to the 

development of atherosclerosis and/or thrombosis. Targeting CD36 may attenuate vascular 

injury associated diseases.
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Nonstandard Abbreviations and Acronyms

ROS reactive oxygen species

VSMCs vascular smooth muscle cells

oxLDL oxidized low density lipoprotein

Nrf2 NF-E2-related factor 2

HO-1 heme oxygenase-1

Prdx2 peroxiredoxin 2

TSP1 thromobospondin 1

STAT signal transducer and activator of transcription

Col1A1 type 1 collagen A1 chain

TGF-β1 transforming growth factor beta 1

αSMA alpha smooth muscle actin

PCNA proliferating cell nuclear antigen

DMEM Dulbecco’s Modified Eagle’s Medium

FCS fetal calf serum

TSR thrombospondin type 1 repeat

MTT 3-(4,5-dimethylthiazol-2-yl)- 2,5-diphenyltetrazolium bromide

PDGF platelet-derived growth factor

WT wild type
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Highlights

• CD36 is highly expressed in human vessels with obstructive diseases

• Thrombospondin 1, through CD36 mediated signaling, enhances proliferation 

of vascular smooth muscle cells via upregulated cyclin A expression

• CD36 deficiency in vivo reduces vascular injury induced intimal hyperplasia

• CD36 deficiency enhances vascular smooth muscle cell maturation and 

increases cell contraction.
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Figure 1. CD36 expression in human diseased vessels.
A. Immunofluorescence staining for CD36 (green, Alexa Fluor 488) and smooth muscle α 
actin (SM-α-actin, red, Alexa Fluor 568) on temporal arteritis vessel. B. 
Immunofluorescence staining for CD36 (red, Alexa Fluor 555) and SMC-α-actin (green, 

Alexa Fluor 633) on aorta (top panel) and coronary artery (CA, middle panel) isolated from 

patients with severe coronary artery disese and received heart transplantation. Aorta form 

healthy donor hearts was also stained as control.
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Figure 2. Absence of CD36 in Apoe null mice increases carotid artery blood flow and inhibits 
neointimal hyperplasia after guide wire-induced arterial injury.
A. Carotid artery blood flow was measured 2 weeks after guide wire injury using a transonic 

flowmeter. B. Van Gieson staining (VGS) of carotid artery cross sections 4 weeks after guide 

wire injury. Upper panel is shown at 100x, and low panel is shown at 400x magnification. 

Bar = 50 μm. C. Intima (I) and media (M) areas were measured in carotid arteries after VGS 

with Image J and ratio of intima to media (I/M) was calculated, n=8/group. D and E. Partial 

carotid artery ligation was performed on VSMCCd36−/− and VSMCCd36+/+ mice and vascular 

remodeling was assessed 4 weeks later by H&E and VGS (D), and intima, media area as 

well as the I/M ration was determined (E, n=9/group). Bar = 50 μm. F. Double 
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immunofluorescence staining was performed for proliferating cell nuclear antigen (PCNA, 

green) and smooth muscle α-actin (SM α-actin) (red) using partial ligated carotid arteries 

harvested from the VSMCCd36−/− and VSMCCd36+/+ mice. Nuclei were stained with DAPI. 

Yellow dotted lines indicate the border between neointima and media. Bar graph shows 

PCNA index, which was calculated as percentage of PCNA positive VSMCs in the media 

and intima to the total nuclei (n=4/group). Images are shown at 200x magnification. Bar = 

50 μm. G. Immunohistochemical staining for CD36 in the WT and VSMCCd36−/− vessels, 

Images were shown at 400x magnifications. Bar = 50 μm.
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Figure 3. CD36 promotes VSMC proliferation in vitro.
A. Assessment by cell counting. Equal number of VSMCs were seeded in 6 cm plates, 

cultured in DMEM containing 10% FCS and counted daily for 4 days (n=5/group). * p<0.05 

WT vs. Cd36-/−. B. MTT cell proliferation assay. 105 cells/well were seeded onto a 6 well 

plate. For the basal control, the cell culture media was changed to serum-free media 6 hrs 

after plating (to allow adhesion) and cultured overnight. MTT assay was performed the next 

day (= day 0 control). For other time points, the MTT assay was performed exactly 24, 48 

and 72 hrs after plating cells. Data are expressed as fold change over Day 0, n=9/group. C. 
CD36 is necessary for PDGF induced VSMC proliferation. Cells were seeded into a 96-well 

plate in a density of 103 cells/well and cultured for onvernight. The cells were then 

Yue et al. Page 22

Arterioscler Thromb Vasc Biol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



synchronized by incubation in serum-free DMEM for 24 hours, and then stimulated with 

indicated conditions. Cell proliferation were assessed by MTT assay. D. Cell cycle analysis. 

5 × 105 cells were seeded into a 10 cm plate and cultured for 24 hrs. Cell cycle was then 

analyzed by flow cytometry using propidium iodide staining. n=3/group, * p<0.01 WT vs. 

Cd36-/−.
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Figure 4. CD36 on expression of cyclin proteins and cyclin-dependent kinase inhibitors.
A to C. Expression of cyclin proteins and p21cip1, p27kip1 and p19skp1. WT and Cd36−/− 

cells were cultured in 10 cm plates (106 cells) for 24 hrs and then serum starved for 24 hrs. 

The cells were then treated with DMEM containing 10% FCS for the indicated times and 

expression of cyclins A and B, as well as cyclin-dependent kinase inhibitors p21cip1, p27kip1 

and ubiquitin ligase protein, p19skp1, were assessed by Western blot. Actin or GAPDH 

served as loading controls. D and E. Expression of cyclin proteins using cell cycle 

inhibitors. Cells were plated as in A, serum starved for 24 hrs, and then treated with DMEM 

containing 10% FCS in the presence or absence of cell cycle progression inhibitors L-

mimosine (G1), aphidicoline (S) or nocodazole (M) for 24 hrs (D) or 48 hours (E). 

Expression of cyclins A, B and D were determined by Western blot.
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Figure 5. A TSP1/CD36 signaling pathway increases cyclin A expression and promotes VSMC 
proliferation.
A. A TSP1/CD36 signaling pathway increases cyclin A expression. Serum starvation 

synchronized VSMCs were treated with media containing different concentrations of a TSR 

peptide for 24 hrs and cyclin A expression was assessed by Western blot. Actin served as 

loading control. B. A TSP1/CD36 signaling pathway promotes VSMC proliferation. VSMCs 

were seeded into a 12 well plate (104 cells/well), cultured overnight and then serum starved 

for 24 hrs. The cells were then stimulated with DMEM containing 1% FCS (control) or the 

TSR peptide, at the indicated concentrations. The cells were cultured for another 24 hrs and 

cell proliferation was assessed by MTT assay (n=3/group). * p<0.05 WT vs. Cd36-/−. C. 
TSP1 deficient plasma has less effect on WT VSMC proliferation. WT VSMCs were seeded 

into 96-well plate, serum-starvation for 24 hours and then stimulated with serum prepared 

from WT or TSP1 null mice for additonal 24 hours. Cell proliferation was assessed with 

MTT assay.
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Figure 6. CD36 deficiency increases STAT3 activation.
A and B. WT and Cd36−/− VSMCs were cultured in 10 cm plates (106 cells/plate) for 24 hrs 

and serum starved for 24 hrs. Cells were then treated with DMEM containing 10% FCS for 

the indicated times and expression of active forms of STAT3 and total STAT3 (T-STAT3) 

were analyzed by Western blot. Actin served as loading control. C. Synchronized cells were 

treated with DMEM containing 10% serum for 24 hrs and p-Y705-STAT3 and T-STAT3 

were assessed by Western blot. D. WT VSMCs were trasnsfeted with empty pcDNA6B, 

pcDNA6B/WT STAT3, or pCDNA6B/Y705F STAT3 plasmid vectors, and positived 

transfected cells were selected with blasticidin treatment (7 mg/ml). These gene transfected 

cells were then divided into 3 plates, serum starved for 24 hrs, and then stimulated with 

DMEM containing 10% FCS for 24 and 48 hours. The cells were lysed in 

radioimmunoprecipitation assay buffer containing proteinase and phosphotase inhibitors and 

then Western blot assays were performed using indicated antibodies.
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Figure 7. CD36 deficiency switches VSMCs to a contraction phenotype.
A & B. WT and Cd36−/− cells were cultured in 10 cm plates (106 cells) for 24 hrs and serum 

starved for 24 hrs. Cells were then stimulated with DMEM containing 10% FCS for an 

additional 24 hours. Total RNAs were isolated, converted to cDNA and qPCRs was 

performed for Col1A1 (A) and TGF-β (B), and data were normalized to 18s rRNA, n=3/

group. C, D and E. Serum-starvation synchronized WT and Cd36−/− cells were stimulated 

with 10% FCS for the indicated times, and then Col1A1, TGF-b1 precursor (C), as well as 

Calponin 1 and aSMA (D & E) were assessed by Western blot assay. GAPDH served as 

loading control in both blots. F. Cell lysate prepared as mentioned in Fig. 6D were used for 
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examination of Calponin 1, aSMA and myosin 10. Blots for T-STAT3 and p-Y705-STAT3 

were same to that shown in Fig. 6D. G. Phase-contract images of WT and Cd36−/− cells. H. 
Collagen-gel based cell contraction assay.
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