
Am J Transl Res 2019;11(7):4326-4336
www.ajtr.org /ISSN:1943-8141/AJTR0090882

Original Article
Overexpression of miR-223 inhibits foam cell formation 
by inducing autophagy in vascular smooth muscle cells

Weibin Wu1*, Zhen Shan1*, Rui Wang1*, Guangqi Chang1, Mian Wang1, Ridong Wu1, Zilun Li1, Chunxiang 
Zhang3, Wen Li1,2, Shenming Wang1,2

1Department of Vascular Surgery, Laboratory of General Surgery, The First Affiliated Hospital, Sun Yat-sen Univer-
sity, Guangzhou 510080, Guangdong, China; 2Guangdong Engineering Laboratory for Diagnosis and Treatment of 
Vascular Disease, and Vascular Surgical Disease Research Center of Guangdong Province, Guangzhou, Guang-
dong, China; 3Department of Biomedical Engineering, School of Medicine, The University of Alabama at Birming-
ham, Birmingham, AL 35233, USA. *Equal contributors.

Received January 5, 2019; Accepted May 11, 2019; Epub July 15, 2019; Published July 30, 2019

Abstract: Background: Vascular smooth muscle cells (VSMCs) play an important role in foam cell formation, a 
hallmark of atherosclerosis obliterans (ASO). We recently demonstrated that miR-223 is significantly upregulated 
both in atherosclerotic arteries and in the serum sample of ASO patients. However, it is still unknown if miR-223 
is implicated in the foam cell formation of VSMCs. The current study aimed to investigate the role of miR-223 in 
the foam cell formation of VSMCs. Methods: Artery and serum samples were collected from ASO patients. Human 
VSMCs were isolated from the normal arteries of healthy donors. For miR-223 overexpression, miR-223 mimic was 
transfected into VSMCs using Lipofectamine 2000. Foam cell formation was evaluated by lipid accumulation using 
Oil Red O staining. Luciferase assay was adopted to confirm the target gene of miRNA. Results: miR-223 was signifi-
cantly upregulated in both the arteries and serum samples from ASO patients. miR-223 overexpression significantly 
inhibited the foam cell formation and decreased total intracellular cholesterol levels in VSMCs. miR-223 overexpres-
sion induced autophagy of VSMCs. Blocking autophagy by 3-methyladenine or autophagy-related 7 (Atg7) siRNAs 
attenuated the inhibitory effect of miR-223 overexpression on foam cell formation. Luciferase assay showed that 
IGF-1R is a direct target of miR-223. miR-223 overexpression reduced protein levels of IGF-1R expression and the 
phosphorylated form of PI3K and Akt proteins. Conclusions: miR-223 overexpression inhibited foam cell formation 
in VSMCs, at least partially, via inducing autophagy. The IGF-1R/PI3K/Akt signaling pathway may be also involved 
in this mechanism.
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Introduction

Atherosclerosis obliterans (ASO) in the lower 
extremities is the most common peripheral 
arterial disease and is the leading cause of leg 
amputation [1]. During pathogenesis of athero-
sclerosis, one key step is foam cell formation 
characterized by intracellular accumulation of 
cholesterol esters and triglycerides [2, 3]. The 
Foam cells could be derived from macrophages 
or vascular smooth muscle cells (VSMCs) [2]. 
Some studies have demonstrated that VSMCs 
are the major cells to form the foam cells in  
atherosclerosis lesions [4, 5]. Compared with 
macrophage-derived foam cells, the molecular 
mechanism underlying VSMCs-derived foam 

cells in atherosclerosis remains relatively un- 
clear. Elucidating this mechanism may be help-
ful for developing the strategy of the prevention 
and treatment of ASO.

Autophagy is an evolutionarily conserved pro-
cess involved in the degradation of dysfunction-
al and damaged organelles or proteins in the 
cytosol, which plays an important role in main-
taining cytoplasmic homeostasis [6, 7], and glu-
cose, protein and lipid metabolism [8, 9]. Auto- 
phagy has also been shown to be involved in 
foam cell formation, in which autophagy induc-
tion reduced the foam cell formation in rat 
VSMCs, but autophagy inhibition increased fo- 
am cell formation [10]. These results suggest 
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that autophagy may play an important role in 
foam cell formation in human VSMCs.

MicroRNAs (miRNAs) are small non-coding RN- 
As with 18-24 nucleotides in length, and are 
able to regulate gene expression at the post-
translational level [11]. Accumulating evidence 
has suggested that miRNAs play an important 
role in the pathogenesis of cardiovascular dis-
eases [12-15]. We have previously demonstrat-
ed that the blood cell-secreted miR-223 can 
enter VSMCs and play a crucial role in VSMC 
function and atherogenesis [16]. In addition, 
miR-223 knockdown deteriorates the athero-
sclerotic lesions in apolipoprotein-E knockout 
mice [16]. However, it is still unknown if miR-
223 is implicated in the foam cell formation of 
VSMCs. Therefore, the purpose of this study 
was to investigate the potential role of miR-223 
in foam cell formation in human VSMCs.

Materials and methods

Sample acquisition

ASO artery samples were collected from pa- 
tients with ASO who received lower limb ampu-
tation (n = 5, 3 males, 2 females, mean age = 
62 ± 5.3 years), and normal artery samples 
were obtained from healthy organ donors with-
out ASO (n = 5, 3 males, 2 females, mean age 
= 57 ± 5.6 years). Serum samples were collect-
ed from ASO patients (n = 5) and healthy con-
trol donors (n = 5). All samples were obtained 
from three vascular surgeons blinded to the 
experimental design. This study was performed 
in compliance with the Declaration of Helsinki 
and approved by the Research Ethics Com- 
mittee of the First Affiliated Hospital of Sun Yat-
sen University with the informed consent of all 
subjects.

Cell culture

Human VSMCs were isolated from the normal 
arteries of healthy donors using the standard 
method as described in our previous study [17]. 
VSMCs were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco, Karlsruhe, 
Germany) with 10% fetal bovine serum (FBS; 
Gibco, Karlsruhe, Germany) and 1% penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA)  
at 37°C in a humidified incubator with an at- 
mosphere containing 5% CO2. VSMCs were ve- 
rified by staining with an anti-smooth muscle 

α-actin antibody (Abcam, Burlingame, CA, USA). 
Cells at passage 3-8 were used for all experi- 
ments.

Transfection of miR-223 mimic, small interfer-
ing RNA (siRNA) or GFP-LC3

VSMCs were cultured on coverslips in 24-well 
plates overnight and transfected with GFP-LC3 
expression plasmid (1 ug/ml, pEGFP-LC3, Cell 
Biolabs, San Diego, CA, USA), miR-223 mimic 
(50 nM; sense: 5-UGUCAGUUUGUCAAAUACCC- 
CA-3; anti-sense: 5-UGGGGUAUUUGACAAACU- 
GACA-3), or negative control oligo (50 nM) us- 
ing RNAiMAX and Lipofectamine 2000 (In- 
vitrogen, Carlsbad, CA, USA) in Opti-MEM medi-
um according to the manufacturer’s instruc-
tions. For knockdown of autophagy-related 7 
(Atg7), Atg7 siRNA (50 nM) (Applied Biosystems, 
ThermoFisher Scientific, Waltham, MA Foster 
City, CA, USA; Cat#4392420, siRNA1 ID: s20- 
650; siRNA2 ID: s20651; siRNA2 ID: s20652) 
was applied. Transfection medium was replaced 
by complete medium after 8 hours of transfec-
tion. After transfection, the cells were viewed 
by fluorescence microscopy and LC3 puncta 
and GFP-LC3 puncta (> 1 μm) was calculated 
using Image-Pro Plus 6.0 software.

Immunofluorescence of LC3 in VSMCs

VSMCs were seeded on coverslips in 24-well 
plates overnight, followed by different reagent 
treatments. Forty-eight hours after treatments, 
VSMCs were fixed with ice-cold paraformalde-
hyde for 15 min, followed by permeabilizing 
with 0.1% Triton X-100 in PBS for 5 min and 
blocking with 1% BSA for 1 h. Subsequently, 
cells were incubated with rabbit anti-LC3 anti-
body (Cell Signaling Technology, Boston, MA, 
USA) at 4°C overnight. After washing three ti- 
mes with PBS, cells were incubated with Alexa 
Fluor 488 (Invitrogen, Carlsbad, CA, USA) for 1 
h in dark at room temperature. Finally, cells 
were observed under a fluorescence microsco-
py and analyzed by Image-Pro Plus 6.0 soft-
ware [18]. 

Western blot analysis

Proteins were extracted from VSMCs using 
RIPA lysis buffer (Cell Signaling Technology, 
Boston, MA, USA) supplemented with protease 
inhibitor cocktail (Roche, Basel, Switzerland). 
Proteins were separated by SDS-PAGE and tr- 



miR-223 inhibits foam cell formation in VSMCs

4328 Am J Transl Res 2019;11(7):4326-4336

ansferred to polyvinylidene difluoride (PVDF) 
membranes (Millipore, Bedford, MA, USA). After 
blocking, membranes were incubated overni- 
ght at 4°C with appropriate primary antibodies. 
Membranes were washed and incubated with 
the horseradish peroxidase (HRP)-conjugated 
secondary antibodies. The protein was detect-
ed by ECL and imaged using a GE ImageQuant 
Las 4000 mini (GE, Fairfield, CT, USA). Western 
blot quantification was performed by densit- 
ometry and normalized to GAPDH. Antibodies 
against IGF-1R (1:1000), p-AKT/t-AKT (1:2000), 
p-PI3K/t-PI3K (1:2000), LC3 (1:500), Beclin-1 
(1:2000), Atg7 (1:1000), GAPDH (1:2000) and 
p62 (1:2000) were purchased from Cell Sig- 
naling Technology (Boston, MA, USA).

Oil Red O staining and intracellular total cho-
lesterol content measurement

Lipid accumulation was quantified by Oil Red O 
staining [19]. Cultured VSMCs with different 
treatments were plated on 6-well plates. To 
induce foam cell formation, VSMCs were incu-
bated with 80 μg/ml oxidized low-density lipo-
protein (ox-LDL) for 24 h. After that, the cells 
were washed with PBS, fixed by 4% paraformal-
dehyde and stained with Oil Red O (Sigma-
Aldrich Co., USA). Stained cells were photo-
graphed under a microscope at 200× magnifi-
cation. Intracellular total cholesterol content 
was detected by Cholesterol Quantitation Kit 
(Sigma-Aldrich Co., USA) according to manufac-
turer’s instructions. Briefly, intracellular choles-
terol was extracted with isopropyl alcohol from 
VSMCs treated with ox-LDL. After centrifuga-
tion at 1,500× g for 10 min, the supernatant 
was applied to detect total cholesterol by enzy-
matic assay. Sediment was lysed by lysis buffer 
on ice, followed by centrifugation. The superna-
tants then were used to determine total cellular 
protein levels by Bradford method. The intracel-
lular total cholesterol content was presented as 
mg of cholesterol per mg of cellular protein. The 
results were normalized to the control.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA was extracted using Trizol reagent 
(Invitrogen, Carlsbad, CA, USA) according to 
manufacturer’s protocol. For miRNA, total RNA 
was subjected to reverse transcription with 
miRNA RT reagent kit (Takara, Dalian, China). 
Real-time PCR was performed to detect the 

expression level of mir-223 using SYBR Pri- 
meScript miRNA Real-Time PCR Kit (Takara, 
Dalian, China) according to the manufacturer’s 
instruction. For mRNA, first-strand cDNA syn-
thesis was performed using the PrimeScript RT 
reagent kit (Takara, Dalian, China). Real-time 
PCR was performed using the PrimeScript Real 
Time Master Mix (Takara, Dalian, China) accor- 
ding to the manufacturer’s recommendations. 
The primer sequences used for PCR were: 

IGF-1R, 5’-ACCTCATTGGCCATGGAAACA-3’ (for-
ward) and 5’-GACAATGACGGCAGCCAGAC-3 (re- 
verse); GAPDH, 5’-GCACCGTCAAGGCTGAGAAC- 
3’ (forward) and 5’-TGGTGAAGACGCCAGTGGA- 
3’ (reverse); mir-223, 5’-CTGGTCCTAGTCAAATA- 
CCCCA-3’.

3’UTR luciferase assay

PsiCHECKTM-2 luciferase reporter plasmids 
(Promega, Madison, WI, USA) containing puta-
tive or mutated IGF-1R 3’UTR was co-transfect-
ed with negative oligo control (50 nM), miR-223 
mimic (50 nM) or miR-223 inhibitor (50 nM; 
5-UGGGGUAUUUGACAAACUGACA-3; an anti-
sense sequence of miR-223) into HEK 293 
cells with Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, USA). Cells were harvested 48 h 
after transfection and luciferase activity was 
measured by using the Dual-Luciferase Re- 
porter Assay System Kit (Promega, Madison, 
WI, USA) according to the manufacturer’s pro- 
tocol.

Statistical analysis

All data was presented as the mean ± SD. 
Student’s t-test or one-way analysis of variance 
was conducted for the statistical analysis to 
identify significant differences. The difference 
was considered statistically significant at P < 
0.05. GraphPad Prism version 5.0 (GraphPad, 
San Diego, CA, USA) and SPSS software version 
19.0 (SPSS Inc., Chicago, IL, USA) were applied 
for our statistical analyses.

Results

miR-223 expression was significantly upregu-
lated in arteries and serum from patients with 
ASO

To assess the miR-223 expression in arteries 
and serum, arteries and serum samples were 
collected from 5 ASO patients and 5 normal 
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controls. The levels of miR-223 were deter-
mined using qRT-PCR. The results showed that 
the level of miR-223 was significantly upregu-
lated in both arteries and serum of ASO patients 
as compared with the normal control samples 
(Figure 1) miR-223 was upregulated by 3.77-
fold in ASO arteries and 2.10-fold in ASO serum, 
respectively.

miR-223 overexpression inhibited the foam 
cell formation in ox-LDL-treated human VSMCs

To investigate the role of miR-223 in foam cell 
formation, we overexpressed miR-223 by trans-
fecting miR-223 mimic into VSMCs (Figure 2A) 
and observed the effect on VSMCs loaded with 
ox-LDL (80 μg/ml). Oil Red O staining showed 
that miR-223 overexpression significantly inhib-
ited the foam cell formation of VSMCs (Figure 
2B). The total intracellular cholesterol contents 
were decreased by 1.93 folds (Figure 2C) as 
compared with the control group. 

miR-223 overexpression induced autophagy in 
VSMCs

It has been reported that activation of cellular 
autophagy could decrease the levels of total 
cholesterol and cholesterol esters in both mac-
rophages and VSMCs treated with ox-LDL, as 
well as inhibit the foam cell formation [10, 20]. 
To address if autophagy participates in the 
effect of miR-223, the levels of autophagy-
related proteins was assessed by Western blot. 
miR-223 overexpression remarkably increased 

LC3II/LC3I ratio and beclin-1 expression but 
decreased p62 in VSMCs (Figure 3A-C). The 
immunofluorescence staining for endogenous 
LC3 showed that miR-223 overexpression sig-
nificantly enhanced the autophagy formation 
as compared with the negative control group 
(Figure 3D and 3E). miR-223 overexpression 
significantly increased the number of GFP-LC3 
puncta in VSMCs (Figure 3F and 3G). 

Inhibitory effect of miR-223 overexpression on 
foam cell formation in VSMCs was related to 
its effect on autophagy

To investigate the role of autophagy in the in- 
hibitory effect of miR-223 on foam cell forma-
tion in VSMCs, we blocked the autophagy in 
VSMCs by autophagy inhibitor 3-methyladenine 
(3-MA, 5 mmol/L, an autophagy inhibitor) (Fi- 
gure 4A-C). Oil Red O staining and intracellular 
cholesterol measurement revealed that the 
inhibitory effect of miR-223 overexpression 
could be partially blocked by autophagy inhibi-
tion (Figure 4D and 4E). In another set of exper-
iment, VSMCs were co-transfected with Atg7 
siRNA to block the autophagy (Figure 5A). Tr- 
ansfection with Atg7 siRNA in VSMCs remark-
ably decreased protein expression of Atg7,  
LC3-II, and beclin-1, but increased the p62 
level. These results indicated that Atg7 knock-
down inhibited autophagy (Figure 5B-E). Mo- 
reover, blocking autophagy via Atg7 knockdown 
in VSMCs attenuated the inhibitory effect of 
miR-223 on foam cell formation (Figure 5F and 
5G), indicating the miR-223 inhibited the foam 
cell formation via repressing autophagy.

Figure 1. miR-223 was upregulated in arteries and serum of ASO patients. A. The levels of miR-223 were higher in 
ASO arteries as compared with normal arteries determined by qRT-PCR (n = 5). B. The levels of miR-223 in serum 
were higher in ASO patients as compared with normal controls determined by qRT-PCR (n = 5). *P < 0.05, **P < 
0.01, ***P < 0.001. 
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IGF-1R is a direct target of miR-223 in VSMCs

To investigate the molecular mechanism for 
miR-223-induced activation of autophagy, we 
attempted to identify potential target genes  
of miR-223. Four miRNA target prediction soft-
ware tools (TARGETSCAN, miRBD, TargetMiner 
and microrna.org) predicted that IGF-1R is a 
potential target of miR-223 as its mRNA 3’-UTR 
sequences complementary to miR-223 (Figure 
6A). Hence, we address if miR-223 affects the 
expression of IGF-1R. Overexpression of miR-
223 significantly decreased the protein (Figure 

6B) and mRNA (Figure 6C) levels of IGF-1R in 
VSMCs. To investigate whether IGF-1R is the 
direct target of miR-223, luciferase assay con-
taining the 3’UTR of IGF-1R with the putative 
miR-223 binding site was performed. The re- 
sults showed that the luciferase activity was 
significantly decreased by miR-223 overexpr- 
ession (Figure 6D). When the IGF-1R 3’UTR  
was mutated, the inhibitory effect of miR-223 
on luciferase activity was remarkably abrogat-
ed. By contrast, transfection of miR-223 inhibi-
tor significantly enhanced the luciferase activi-
ty (Figure 6D). Taken together, these results 

Figure 2. miR-223 mimic inhibited the foam cell formation in ox-LDL-treated VSMCs. A. The level of miR-223 in 
VSMCs was markedly increased after transfection of miR-223 mimic (50 nmol/L) (n = 6). B. Lipid droplet accumula-
tion (red color by Oil Red O staining) in ox-LDL (80 μg/ml)-treated-VSMCs after transfection with negative control 
oligo (50 nmol/L) or miR-223 mimic (50 nmol/L) (n = 4). C. Fold change of intracellular cholesterol contents of 
ox-LDL (80 μg/ml)-treated-VSMCs after transfection with negative control oligo (50 nmol/L) or miR-223 mimic (50 
nmol/L) (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001. 
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indicated that IGF-1R is a direct target of 
miR-223. 

The effect of mir-223 expression on PI3K-Akt 
pathway

PI3K-Akt is a downstream signaling pathway of 
IGF-1R which is related to cellular autophagic 
activity [21]. Therefore, we investigate if mir-
223 has an effect on PI3K-Akt pathway. We 

found that miR-223 overexpression reduced 
protein levels of IGF-1R expression and the 
phosphorylated form of PI3K and Akt proteins 
(Figure 6E and 6F), suggesting an inhibition on 
the PI3K-Akt pathway.

Discussion

miR-223 is a hematopoietic lineage cell-specif-
ic miRNA [22] and its expression was thought 

Figure 3. miR-223 induced autophagy in VSMCs. A-C. miR-223 increased the expression of the ratio of LC3II/LC3I 
and beclin-1 expression whereas the expression of p62 was decreased, as determined by western blot analysis (n 
= 6). D and E. Immunostaining and fluorescence microscopy analysis of LC3 (green) and nuclear (blue) showed that 
miR-223 mimic (50 nmol/L) markedly induced autophagy formation in VSMCs (scale bar: 20 μm; n = 5). Rapamy-
cin (10 nmol/L, an inducer of autophagy) was used as a positive control for autophagy of VSMCs. F and G. Fold 
change of GFP-LC3 puncta in VSMCs co-transfected with GFP-LC3 (1 ug/ml) and miR-223 mimic (50 nmol/L), as 
determined by fluorescence microscopy analysis and quantification (n = 4). *P < 0.05, **P < 0.01, ***P < 0.001. 
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to be negligible in VSMCs. However, our recent 
study has demonstrated that blood cell-secret-
ed miR-223 in serum can enter VSMCs and 
regulate proliferation and apoptosis of VSMCs 
[16]. However, it remains to be determined if 
miR-223 participates in the foam cell formation 
of VSMCs. In this study, we investigated the role 
of miR-223 in the foam cell formation of VSMCs. 
The results showed that miR-223 was signifi-
cantly upregulated in both the arteries and se- 
rum samples from ASO patients. miR-223 over-
expression significantly inhibited the foam cell 
formation and decreased total intracellular 
cholesterol levels in VSMCs. miR-223 overex-
pression induced autophagy of VSMCs. Bloc- 
king autophagy by 3-methyladenine or Atg7- 
siRNAs attenuated the inhibitory effect of miR-
223 overexpression on foam cell formation. Lu- 
ciferase assay showed that IGF-1R is a direct 

target of miR-223. miR-223 overexpression re- 
duced protein levels of IGF-1R expression and 
the phosphorylated form of PI3K and Akt pro-
teins. Taken together, these findings suggested 
that miR-223 overexpression inhibited foam 
cell formation in VSMCs through inducing au- 
tophagy. The IGF-1R/PI3K/Akt signaling path-
way may be also involved. To our best knowl-
edge, this is the first study reporting the role of 
miR-223 in foam cell formation of VSMCs and 
the underlying molecular mechanism.

Autophagy has been shown to play a major role 
in several important biological processes, such 
as embryogenesis, development, aging, and 
cell death [23]. Previous studies have revealed 
that activation of cellular autophagy could re- 
duce the levels of total cholesterol and choles-
terol esters, thus inhibition of the foam cell for-

Figure 4. 3-MA enhanced VSMCs foam cell formation by inhibition of miR-223-induced autophagy. A-C. LC3II/LC3I 
ratio and beclin-1 level were decreased whereas the level of p62 was increased by 3-MA, as determined by western 
blot analysis (n = 5). D and E. Lipid droplet accumulation and intracellular cholesterol contents measurement (n = 
4 for both) in ox-LDL-treated VSMCs treated with negative control (50 nmol/L), miR-223 mimic (50 nmol/L) or 3-MA 
(5 mmol/L). *P < 0.05, **P < 0.01, ***P < 0.001. 
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mation in both macrophages and VSMCs [10, 
20, 24]. Based on these observations, we pro-
posed that autophagy may be involved in the 
inhibitory effect of miR-223 overexpression on 
foam cell formation in VSMCs. Our results sh- 

owed that miR-223 overexpression decreased 
the foam cell formation and enhanced autoph-
agy in VSMCs. In addition, blocking autophagy 
attenuated the inhibitory effect of miR-223 ov- 
erexpression on foam cell formation, strongly 

Figure 5. Atg7 siRNA increased VSMCs foam cell formation by inhibition of miR-223-induced autophagy. A and B. 
The protein expression level of Atg7 was significantly decreased by Atg7 siRNA, as detected by western blot analy-
sis (n = 5). C-E. LC3II/LC3I ratio and beclin-1 level were decreased whereas the expression of p62 was minimally 
increased by Atg7 siRNA, as determined by western blot analysis (n = 5). F and G. Lipid droplet accumulation and 
intracellular cholesterol contents measurement (n = 4 for both) in ox-LDL-treated VSMCs transfected with negative 
control (50 nmol/L), miR-223 mimic (50 nmol/L) or Atg7 siRNA (50 nmol/L). *P < 0.05, **P < 0.01, ***P < 0.001. 
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suggesting that autophagy directly accounted 
for the inhibitory effect of miR-223 overexpr- 
ession on foam cell formation in VSMCs. miR-
223-induced autophagy is a protective mecha-
nism from the foam cell formation in VSMCs. 
Furthermore, our finding could provide an addi-
tional molecular mechanism for our previous 
observation that the atherosclerotic lesions in 
apoE knockout mice on a Western diet are sig-
nificantly exacerbated by miR-223 knockdown 
[16]. 

Our miRNA target prediction analysis showed 
that IGF-1R is a potential target of miR-223. 
IGF-1/PI3K/Akt signaling pathway has been 
shown to involve in the foam cell formation in 
macrophage [25]. In addition, previous studies 
have demonstrated that IGF-1R/PI3K/Akt is a 
critical signal pathway of autophagy in VSMCs 

[21, 24]. Therefore, we hypothesized that IGF- 
1/PI3K/Akt signaling may be also implicated in 
the effect of miR-223 on foam cell formation 
and autophagy in VSMCs. Our results revealed 
that miR-223 overexpression significantly do- 
wnregulated IGF-1R in both protein and mRNA 
levels, and luciferase assay confirmed that IGF-
1R was identified as a target gene of miR-223. 
Furthermore, its downstream signal pathway 
PI3K/Akt was also suppressed by miR-223 
overexpression in VSMCs. These results sug-
gested that IGF-1/PI3K/Akt signaling may be 
involved in the effect of miR-223 in VSMCs. 
However, it remains to be investigated if IGF-1/
PI3K/Akt signaling directly accounts for miR-
223 overexpression-induced inhibition on foam 
cell formation and activation of autophagy in 
VSMCs. In the future study, IGF-1R knockdown 
should be applied to examine whether the miR-

Figure 6. IGF-1R is a direct target of miR-223. A. IGF-1R with a binding site of miR-223 in 3’UTR predicted by TAR-
GETSCAN. B. IGF-1R protein expression was significantly downregulated by the miR-223 mimic (50 nmol/L), as 
determined by western blot analysis (n = 5). C. The miR-223 mimic (50 nmol/L) downregulated the expression of 
IGF-1R mRNA, as determined by qRT-PCR (n = 8). D. Relative luciferase activity of the wild-type and mutant-type 
IGF-1R 3’UTR in HEK 293 cells transfected with miR-223 (50 nmol/L) or negative control (50 nmol/L) or miR-223 
inhibitor (50 nmol/L) (n = 3). E and F. miR-223 mimic downregulates the expression of p-PI3K and p-AKT normalized 
to t-PI3K and t-AKT, as determined by western blot analysis (n = 5). *P < 0.05, **P < 0.01, ***P < 0.001.
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223-induced autophagy activation and foam 
cell formation are blocked. On the other hand, 
miRNAs typically have more than one target 
gene, thereby there may be still some unknown 
target genes involving in the inhibitory effect  
of miR-223 on foam cell formation in VSMCs. 
Moreover, the in vitro findings of the current 
study remain to be validated in an in vitro ani-
mal model. All these limitations should be 
addressed in the future study.

In summary, our findings suggested that miR-
223 overexpression inhibited foam cell forma-
tion in VSMCs, at least partially, via inducing 
autophagy. The IGF-1R/PI3K/Akt signaling pa- 
thway may be involved in the underlying me- 
chanism.
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