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Abstract: Macrophages play an essential and complicated role in the pathogenesis of atherosclerosis. However, the 
regulation of macrophage autophagy as well as it role in the development of atherosclerosis is unclear. MicroRNA-
384-5p (miR-384-5p) is a new miRNA that attracted attention very recently, while its effects on Beclin-1 and cell 
autophagy has not been reported. Here, we studied macrophage autophagy in ApoE (-/-) mice suppled with high-fat 
diet (HFD), a mouse model for atherosclerosis (simplified as HFD mice). We analyzed the levels of Beclin-1 and the 
levels of miR-384-5p in the purified F4/80+ macrophages from mouse aorta. Prediction of the binding between 
miR-384-5p and 3’-UTR of Beclin-1 mRNA was performed by bioinformatics analyses and confirmed by a dual 
luciferase reporter assay. We found that HFD mice developed atherosclerosis in 12 weeks, while the control ApoE 
(-/-) mice that had received normal diet (simplified as NOR mice) did not. Compared to NOR mice, HFD mice had 
significantly lower levels of macrophage autophagy, and significantly higher levels of macrophage death, result-
ing from decreases in Beclin-1. The decreases in Beclin-1 in macrophages were due to HFD-induced increases in 
miR-384-5p, which suppressed the translation of Bectlin-1 mRNA via 3’-UTR binding. Together, our study suggests 
that upregulation of miR-384-5p by HFD may impair the Beclin-1-mediated protection of macrophages through au-
tophagy to accelerate the development of atherosclerosis.
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Introduction

The key pathological events in atherosclerosis 
are chronic-inflammation-induced deposition 
of lipids and fibrous elements in the arterial 
wall large and medium-sized arteries. Athero- 
sclerosis is the primary cause of heart disease 
and stroke, which accounts for many deaths  
in aged people. Atherosclerosis results from a 
maladaptive inflammatory response that is ini-
tiated by the intramural retention of cholester-
ol-rich, apolipoprotein B-containing lipoproteins 
in susceptible areas of the arterial vasculature 
[1, 2]. Apolipoprotein E (ApoE) is a well-known 
strong suppressor for atherosclerosis, in which 
it not only regulates lipoprotein cholesterol 
transport and controls cellular lipid regulation, 
but also inhibits inflammation occurrence [3, 
4]. In line with these notion, ApoE-deficient 
(ApoE -/-) mice display enhanced chronic inflam-
mation in response to hypercholesterolemia, 

and enhanced acute immune response for bac-
terial lipopolysaccharide (LPS) [3-9]. High fat 
diet (HFD) induces development of atheroscle-
rosis in ApoE -/- mice in 12 weeks, which has 
been used a model for experimental athero-
sclerosis [10-12].

Autophagy is a catabolic pathway that degrades 
and recycles cellular compartments for cell sur-
vival at various stresses, whereas its failure 
often leads to cell death [13]. Microtubule-
associated protein 1A/1B-light chain 3 (LC3) is 
a soluble cellular protein. During autophagy, 
autophagosomes engulf cytoplasmic compo-
nents, resulting in conjugation of a cytosolic 
form of LC3 (LC3-I) to phosphatidylethanol-
amine to form LC3-phosphatidylethanolamine 
conjugate (LC3-II). Thus, the ratio of LC3-II to 
LC3-I represents the autophagic activity [13-
15]. Autophagy-associated protein 6 (Atg6, or 
Beclin-1), ATG7 and p62 are several key autoph-
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agy-associated proteins that strongly induce 
autophagy in an independent or coordinated 
manner [16].

Lipoproteins that are sequestered in the arteri-
al wall are susceptible to various modifications, 
which render these particles pro-inflammatory 
and which induce the activation of the overly- 
ing endothelial cells. The ensuing immune re- 
sponse is mediated by the recruitment of 
monocyte-derived cells into the sub-endotheli-
al space, where they differentiate into macro-
phages that ingest the deposited lipoproteins, 
and then transform into the cholesterol-laden 
foam cells. Foam cells, typically classified as a 
type of macrophage, persist in plaques, which 
promotes disease progression. Hence, macro-
phages play a key role in the development of 
atherosclerosis [17-20].

Nevertheless, the study on the molecular 
mechanisms underlying the control the autoph-
agy of macrophages in the development of ath-
erosclerosis is lacking.

MicroRNAs (miRNAs) are small non-coding 
RNAs that regulate protein translation through 
their base-pairing with the 3’-untranslated 
region (3’-UTR) of the target mRNAs [21-27]. 
MiRNAs play essential roles in regulating ath-
erosclerosis [5, 28, 29]. Among all miRNAs, 
miR-384-5p was only recently shown to play a 
role in the function of neural system [30, 31]. 
Nevertheless, a role of miR-384-5p in the ath-
erosclerosis has not been reported.

In the current study, we found that high-fat-diet 
(HFD) -treated ApoE (-/-) mice developed ath-
erosclerosis in 12 weeks, while the control 
ApoE (-/-) mice that had received normal diet 
(simplified as NOR mice) did not. Compared  
to NOR mice, HFD mice had significantly  
more macrophage death, and significantly 
lower macrophage autophagy, resulting from 
decreases in Beclin-1. Moreover, the decreases 
in Beclin-1 in macrophages were due to HFD-
induced increases in miR-384-5p, which sup-
pressed the translation of Beclin-1 mRNA via 
3’-UTR binding.

Materials and methods

Ethics statement

The study was approved by the Animal Care  
and Use Committee of Shanghai Sixth People’s 
Hospital Affiliated to Shanghai Jiaotong Univer- 

sity. All experimental procedures were per-
formed in accordance with the Guide for the 
Care and Use of Laboratory Animals, publish- 
ed by the US National Institutes of Health.  
All experiments were conducted under the 
supervision of the facility’s Institutional Ani- 
mal Care and Use Committee according to an 
Institutional Animal Care and Use Committee-
approved protocol.

Mouse atherosclerosis model

Eight-week-old male ApoE (-/-) mice were pur-
chased from Jackson Laboratory (Bar Harbor, 
ME, USA) or bred in-house and maintained 
under sterile conditions and standard ani- 
mal room conditions (temperature, 21 ± 1°C; 
humidity, 55-60%). The animals were randomly 
divided into two groups: the normal-diet group 
(NOR) and the high-fat diet (HFD) group. The 
animals of the HFD group were maintained  
for 12 weeks to induce atherosclerosis, after 
which the aortas were excised from the mice. 
The aortic roots along with the basal portion of 
the heart were fixed with 4% paraformaldehyde 
for 4 hours, cryo-protected in 30% sucrose for 
12 hours, and then embedded in OCT com-
pound. The tissue was cross-sectioned into 
sections of 6 μm thickness. Atherosclerotic 
lesions of the aortic root were examined by 
H&E staining. Oil red O staining was perform- 
ed according to the manufacturer’s instructions 
to show the lipid deposition with an Oil red  
O staining kit (Abcam, Cambridge, MA, USA). 
Quantification of the images was measured 
using NIH ImageJ software (Bethesda, MD, 
USA). The data were calculated from 10 mice 
for each group. For each mouse, 3 slides that 
were 50 µm apart from each other were used 
for quantification.

Macrophage transfection

Culture media for primary mouse macrophages 
are DMEM media (Invitrogen, CA, Carlsbad, 
USA) supplemented with endothelial cell grow- 
th factors, 5% fetal bovine serum (FBS, Invitro- 
gen) and 1% penicillin/streptomycin (Invitro- 
gen). Cells were kept at 37°C with 5% CO2. 
Macrophages were transfected with miR-384-
5p mimics, antisense for miR-384-5p (as-miR-
384-5p) or null controls (RiboBio Co., Ltd., 
Guangzhou, Guangdong, China), using Lipo- 
fectamine 2000 reagent (Invitrogen), accord- 
ing to the manufacturer’s instructions. The 
transfection efficiency was nearly 100%.
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Apoptosis assay and flow cytometry

The cultured cells were re-suspended at a den-
sity of 106 cells/ml in PBS. After double staining 
with FITC-Annexin V and propidium iodide (PI) 
from a FITC Annexin V Apoptosis Detection Kit  
I (Becton-Dickinson Biosciences, San Jose, CA, 
USA), cells were analyzed using FACScan flow 
cytometer (Becton-Dickinson Biosciences) for 
determination of Annexin V+ PI- apoptotic cells, 
with Flowjo software (Flowjo LLC, Ashland, OR, 
USA). For analyses and isolation of F4/80+ 
cells, the aorta was dissociated by 10 μg/ml 
trypsin (Sigma-Aldrich) and 10 μg/ml DNase 
(Roche, Nutley, NJ, USA) for 35 minutes. After 
filtration at 30 μm, the single cell digests from 
mouse aorta were incubated with PE-cy7-F4/80 
(Becton-Dickinson Biosciences, San Jose, CA, 
USA) and then sorted on the FACScan flow 
cytometer.

Real-time RT-PCR

Aorta intimal RNA was isolated from mouse 
aortas. After cleaning with ice-cold PBS, mouse 
aortas were flushed with TRIzol reagent (Invitro- 
gen) using an insulin syringe, and the eluate 

was collected in a 1.5 ml tube and prepared for 
RNA extraction. Total RNA was extracted from 
tissue or cultured cells with miRNeasy mini  
kit (Qiagen, Hilden, Germany). Complementary 
DNA (cDNA) was randomly primed from 2 μg of 
total RNA using High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Foster 
City, CA, USA). RT-qPCR was subsequently per-
formed in triplicate with QuantiTect SYBR  
Green PCR Kit (Qiagen). All primers were pur-
chased from Qiagen. Data were collected and 
analyzed using 2-ΔΔCt method for quantifica-
tion of the relative mRNA expression levels. 
Values of genes were first normalized against 
α-tubulin, and then compared to the experi-
mental controls.

Western blotting

The cells were lysed with RIPA buffer containing 
protease and phosphatase inhibitors (cOm-
plete ULTRA Tablets, Roche, Nutley, NJ, USA). 
After centrifugation, the supernatant was col-
lected and quantified. The proteins were then 
separated by SDS-PAGE and transferred to 
nitrocellulose membranes. After blocking with 
5% non-fat milk, the membranes were probed 

Figure 1. HFD induces atherosclerosis in 
ApoE (-/-) mice. We used ApoE (-/-) mice 
treated with high-fat diet (HFD; simplified as 
HFD mice) for analyzing macrophage apopto-
sis. ApoE (-/-) mice that had received normal 
diet (NOR) were used as a control. (A, B) After 
a 12-week HFD treatment, analysis of H&E-
stained histological sections of the aortic si-
nus showed a significant increase in aortic le-
sion size (A), and analysis of Oil-red-O-stained 
histological sections of the aortic sinus 
showed a significant increase in lipid content 
(B). (C) The aortas were dissociated and puri-
fied for macrophages based on F4/80 label-
ing by flow cytometry. *p<0.05. N=10.
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with rabbit anti-p62, rabbit anti-LC3, rabbit-
anti-Beclin-1, rabbit-anti-ATG7 and rabbit-anti-
α-tubulin (Cell Signaling Technology, Danvers, 
MA, USA). Secondary antibodies are HRP-con- 
jugated against rat or rabbit (Jackson Immuno- 
Research Labs, West Grove, PA, USA). The pro-
tein levels were first normalized to α-tubulin, 
and then normalized to the experimental con-
trols. Densitometry of Western blots was quan-
tified with NIH ImageJ software.

MiRNA target prediction and 3’-UTR luciferase-
reporter assay

MiRNAs targets were predicted as has been 
described before, using the algorithms Target- 
San (https://www.targetscan.org) [32]. Lucife- 
rase-reporters were successfully constructed 
using molecular cloning technology. Plasmids 
for Beclin-1 miRNA 3’-UTR clone and Beclin-1 
miRNA 3’-UTR with a site mutation at the miR-
384-5p binding site were purchased from 
Creative Biogene (Shirley, NY, USA). MiR-384-
5p-modified macrophages were seeded in 
24-well plates for 24 hours, after which they 
were transfected with 1 μg of Luciferase-
reporter plasmids per well. Luciferase activi- 
ties were measured using the dual-luciferase 
reporter gene assay kit (Promega, Beijing, 
China), according to the manufacturer’s in- 
structions.

Statistical analyses

The data in this study are shown as the mean ± 
S.D. Differences among groups were analyzed 

using one-away ANOVA with a Bonferroni cor-
rection, followed by Fisher’ Exact Test for  
comparison of two groups (GraphPad Prism, 
GraphPad Software, Inc. La Jolla, CA, USA). 
p<0.05 was considered significant.

Result

HFD induces atherosclerosis in ApoE (-/-) mice

ApoE (-/-) mice were fed with High-fat diet (HFD; 
simplified as HFD mice) to induce experimental 
atherosclerosis in 12 weeks, which was con-
firmed by increases in aortic lesion size (Figure 
1A), and by increases in lipid content in aortic 
sinus (Figure 1B), compared to littermate ApoE 
(-/-) mice that had received normal diet (NOR) 
as a control. Thus, HFD induces atherosclerosis 
in ApoE (-/-) mice. In order to analyze macro-
phages, we dissociated mouse aorta and puri-
fied macrophages based on F4/80 labeling by 
flow cytometry (Figure 1C).

HFD induces apoptotic cell death of macro-
phages in ApoE (-/-) mice

Next, we examined the effects of HFD on  
macrophage apoptosis. We performed fluores-
cence-based apoptosis assay on the purified 
F4/80+ macrophages, and found significantly 
higher percentage of apoptotic macrophages  
in HFD mice, compared to NOR mice, shown by 
representative flow charts (Figure 2A), and by 
quantification (Figure 2B). These data suggest 
that HFD may induce apoptotic cell death of 
macrophages.

Figure 2. HFD induces apoptotic cell death of macrophage in ApoE (-/-) mice. Fluorescence-based apoptosis assay 
was performed on the purified F4/80+ macrophages, showing significantly higher percentage of apoptotic mac-
rophages in HFD mice, compared to NOR mice, shown by representative flow charts (A), and by quantification (B). 
*p<0.05. N=10.
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HFD impairs macrophage autophagy in ApoE 
(-/-) mice

Since apoptosis and autophagy often affect 
each other, we thus examined whether the 
increased apoptotic cell death of macrophages 
by HFD may occur concomitantly with alte- 
ration in macrophage autophagy. Therefore, we 
analyzed the autophagy levels in macrophages 
from HFD and NOR mice. We found that the 
LC3-II/I ratio significantly decreased in macro-
phages from HFD mice, than those from NOR 
mice, shown by representative immunoblots 
(Figure 3A), and by quantification (Figure 3B). 
Then we analyzed the levels of major autopha-
gy-activators ATG7, p62 and Beclin-1 in macro-
phages from these mice, and found no differ-
ence in the levels of ATG7 and p62 between 
macrophages from HFD and NOR mice, shown 
by representative immunoblots (Figure 3A), 
and by quantification (Figure 3C, 3D). However, 
we detected a significant decrease in the levels 

of Beclin-1 in macrophages from HFD mice, 
compared to those from NOR mice, shown by 
representative immunoblots (Figure 3A), and 
by quantification (Figure 3E). These data sug-
gest that HFD may inhibit Beclin-1 to im- 
pair macrophage autophagy, which may sub- 
sequently increase apoptotic cell death of  
macrophages. Interestingly, the mRNA level of 
BECLIN-1 was also decreased in macrophages 
from HFD mice, compared to those from NOR 
mice, but to a less pronounced degree, com-
pared to protein changes (Figure 3F).

HFD impairs macrophage autophagy in ApoE 
(-/-) mice through suppressing the translation 
of Beclin-1 mRNA by miR-384-5p

Next, we examined the underlying mechanisms. 
Since post-transcriptional control of gene ex- 
pression is usually regulated miRNAs, we used 
bioinformatics analyses to screen all miRNAs 
that target Beclin-1 and altered their levels  
in macrophages in HFD mice. Specifically, we 

Figure 3. HFD impairs macrophage autophagy in ApoE (-/-) mice. (A-E) Immunoblots for apoptosis-associated genes 
LC3, ATG7, p62 and Beclin-1 in macrophages from HFD and NOR mice, shown by representative blots (A), and by 
quantification for ratio LC3-II vs I (B), ATG7 (C), p62 (D) and Beclin-1 (E). (F) RT-qPCR for mRNA of Beclin-1. *p<0.05. 
NS: non-significant. N=10.
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found that miR-384-5p targets 3’-UTR of 
Beclin-1 mRNA at one binding site (Figure 4A). 
Moreover, miR-384-5p levels in macrophages 
significantly increased after HFD treatment 
(Figure 4B). Hence, we modified miR-384-5p 
levels in macrophages, by transfection of the 
macrophages with miR-384-5p mimics, anti-
sense for miR-384-5p (as-miR-384-5p) or null 
controls (null). First, modification of miR-384-
5p levels in macrophages was confirmed by 
RT-qPCR (Figure 4C). Next, miR-384-5p-modi-
fied macrophages were transfected with 1 μg  
of Beclin-1 3’UTR luciferase-reporter plasmid 
or with 1 μg of Beclin-1 3’UTR luciferase-report-
er plasmid with a site mutation at miR-384-5p 

binding site. The luciferase activities were 
quantified in these cells, suggesting that the 
binding of miR-384-5p to 3’-UTR of Beclin-1 
mRNA results in suppression of Beclin-1 pro-
tein translation (Figure 4D). Thus, our study 
suggest that the failure of atherosclerosis-
associated macrophage autophagy may result 
from HFD-induced downregulation of Beclin- 
1, through increased miR-384-5p that binds 
and suppresses translation of Beclin-1 mRNA 
(Figure 5).

Discussion

The pathogenesis of atherosclerosis include 
complex immune-inflammatory processes co- 

Figure 4. HFD impairs macrophage autophagy in ApoE (-/-) mice through suppressing the translation of Beclin-1 
mRNA by miR-384-5p. A. Bioinformatics analyses showing that miR-384-5p targets 3’-UTR of Beclin-1 mRNA at 
one binding site. B. MiR-384-5p levels in macrophages from HFD or NOR mice. C. RT-qPCR for miR-384-5p in miR-
384-5p-modified macrophages, prepared by transfection of the cells with miR-384-5p mimics, antisense for miR-
384-5p (as-miR-384-5p) or null controls (null). D. MiR-384-5p-modified macrophages were transfected with 1 μg 
of Beclin-1 3’UTR luciferase-reporter plasmid (Beclin-1 3’-UTR) or with 1 μg of Beclin-1 3’UTR luciferase-reporter 
plasmid with a site mutation at miR-384-5p binding site (Beclin-1 3’-UTR mut). The luciferase activities were quanti-
fied. *p<0.05. NS: non-significant. N=10.
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ordinated with endothelial cells, macrophages 
and smooth muscle cells. High glucose is a 
potent pro-atherosclerotic factor that has been 
widely used to induce experimental atheroscle-
rosis in vivo, pronounced in ApoE (-/-) mice 
[10-12].

Aberrantly expressed miRNAs have recently 
been found to be involved in the regulation  
of macrophage survival/death, supported by 
many recent reports [33-35]. Gu et al. used 
next-generation sequencing to profile miRNA 
transcriptomes, and found that miR-384-5p 
specifically affect the maintenance, but not 
induction, of Long-term potentiation and differ-
ent stages of spine enlargement by regulating 
the expression of RSK3 [30]. In another recent 
work, Ogata et al. reported that hippocampus-
enriched miR-384-5p could be used as an  
indicators of neurotoxicity in serum [31]. How- 
ever, a role of miR-394-5p in control of Beclin- 
1-mediated autophagy has not been acknow- 
ledged.

Here, we found that HFD significantly impair- 
ed macrophage autophagy, and this failure of 
autophagy significantly increased macrophage 

All Beclin-1-targeting miRNAs were then deter-
mined by bioinformatics analyses, and we 
screened all these miRNAs and found that sur-
prisingly, not the well-known Beclin-1 regulators 
miR-30 [36, 37], but miR-384-5p significantly 
increased in F4/80+ macrophages from HFD 
mice.

Previous studies have shown controversy on 
the exact role of macrophages in the develop-
ment of atherosclerosis. Since macrophage 
autophagy could be a double-edged sword, in 
which it may increase the number and reten-
tion of the macrophages that release pro-
inflammatory cytokines to sustain inflamma-
tion to aggravate the disease, it may also pre-
vent the formation of foam cells. Thus, a deli-
cate control of the time course and the levels of 
macrophage autophagy may be crucial for the 
prevention of atherosclerosis.

Together, our study identified a new role for 
miR-384-5p in the regulation of macrophage 
autophagy during atherosclerosis, and shed 
new insight into development of innovative 
therapy by targeting miR-384-5p in atheroscle-
rosis treatment.

Figure 5. Schematic of the model. The failure of atherosclerosis-associated 
macrophage autophagy may result from HFD-induced downregulation of Be-
clin-1, through increased miR-384-5p that binds and suppresses translation 
of Beclin-1 mRNA.

death, through augment in 
cell apoptosis. Importantly, 
we found that Beclin-1 was 
the effector protein regulat-
ed by HFD. Of note, here the 
decreases in Beclin-1 mRNA 
were much less pronounced 
than Beclin-1 protein. When 
a miRNA molecule is attach- 
ed as a perfect match to a 
target mRNA, it causes the 
mRNA degradation, result-
ing in a decrease in mRNA 
levels. Here, it appeared 
that the connection between 
miR-384-5p and 3’-UTR of 
the Beclin-1 mRNA was not 
perfect, resulting in partial 
degradation of the mRNA. 
Moreover, since it is unlikely 
that Beclin-1 may be regu-
lated by phosphorylation or 
acetylation in our experi-
mental setting, we hypothe-
sized that it might be regu-
lated by miRNAs.
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