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Abstract
MicroRNAs are widely considered to be involved in the pathogenesis of atherosclerosis. Whereas the
importance of miR-30a-5p as a tumor growth-promoting factor has been extensively studied, the
relationship between this particular microRNA and atherosclerosis remains to be clari ed. In this study,
the role of miR-30a-5p in the formation of foam cells from THP-1-derived macrophages was investigated.
It was found that miR-30a-5p could robustly regulate the pathological process of atherosclerosis by
inhibiting autophagy and increasing the accumulation of lipids, the expression of in ammatory factors,
and the apoptosis of macrophages. These results provide guidance for future assessments of the
progression of atherosclerosis and for the development of intervention targets for the treatment of this
disease.

1 Introduction
Atherosclerosis (AS) is a chronic in ammatory disease with a complex pathological mechanism. The
mortality rate due to AS-caused cardiovascular disease has been increasing worldwide [1–3]. The main
pathological features of AS are a large amount of lipid deposition under the intima, intimal brosis, and
plaque formation. Enormous damage can be caused by the unstable plaques, which result in arterial
thrombosis when broken [4]. Studies have shown that autophagic bodies are present in unstable plaques
[5], and that microRNAs (miRNAs) affect the development of AS by targeting the proteins and affecting
the pathways related to autophagy [6–10].
With the development of precision medicine, the early and accurate diagnosis of diseases would be of
great signi cance for clinical tests. In recent years, miRNAs have been widely studied as biomarkers for
the early diagnosis of diseases, for the following reasons: 1) miRNAs remain stable in peripheral blood.
Cells secrete miRNAs through exosomes and extracellular vesicles. The miRNAs secreted remain stable in
body uids and can bind to protein complexes to avoid degradation [11]; 2) compared with some existing
protein biomarkers (e.g., serum myoglobin, creatine kinase, and troponin), miRNAs exhibit high sensitivity
and speci city during clinical tests. It has been reported that the miRNA miR-208A/B has higher
sensitivity and speci city than troponin in the diagnosis of acute myocardial infarction [12]. One study
suggested that the joint use of miR-150, miR-132, and miR-186 served as a better diagnostic biomarker of
cardiovascular disease than four classical biomarkers (B-type natriuretic peptide, hypersensitive troponin
I, C-reactive protein, and cysteine protease inhibitor C) in clinical tests [13]; and 3) miRNAs are considered
to be a noninvasive means for the early diagnosis of tumors and cardiovascular diseases. The
expression levels of miRNAs re ect the origin of speci c types of tumors and even cell subpopulations,
which means that miRNAs can be applied directly to clinical diagnosis on the basis of tumor
classi cation [14].
It has been widely con rmed that miR-30a-5p plays a signi cant role in the proliferation and invasion of
tumors [15, 16]. However, the relationship between miR-30a-5p and AS has not been clari ed. Through
bioinformatic analysis with miRbase (http://www/mirbase.org/) and some prophase experiments [17–
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19], we had previously found that the expression of miR-30a-5p was signi cantly reduced in foam cells
that had been formed through induction under increasing concentrations of oxidized low-density
lipoprotein (ox-LDL). Furthermore, through a meta-analysis with miRTarBase
(http://mirtarbase.mbc.nctu.edu.tw/), we showed that miR-30a-5p potentially regulates autophagy-related
pathways in AS by regulating Beclin-1 [20, 21], which is a key autophagy regulator in mammals that
forms an autophagy initiation complex with phosphatidylinositol 3-kinase class III (PtdIns3KC3 or
VPS34) and ubiquitin-binding serine/threonine protein kinase (VPS15) [22]. Given these ndings above,
we surmised that miR-30a-5p-mediated autophagy regulates the formation of foam cells from THP-1derived macrophages.
In this study, we carried out a series of cell and molecular experiments to investigate the regulatory
effects of miR-30a-5p on AS. The results suggest that miR-30a-5p overexpression suppresses autophagy
in foam cells by inhibiting Beclin-1 protein expression. We also found that miR-30a-5p affected the
stability of AS plaques by increasing both the atherogenic in ammatory factor interleukin-18 (IL-18) and
intracellular lipid droplet accumulation. In conclusion, miR-30a-5p plays an important role in the
pathogenesis of AS and is suggested to be both a candidate diagnostic biomarker and a potential
treatment target for this disease.

2 Materials And Methods
Cell Culture
The human monocytic cell line THP-1 was purchased from the Type Culture Collection of the Chinese
Academy of Sciences (Shanghai, China). The THP‐1 cells were maintained in RPMI‐1640 medium
containing 10% heat‐inactivated fetal bovine serum (both from Biological Industries, Shanghai, China) at
37°C under 5% CO2. For the experiments, THP‐1 cells were plated in 6‐well culture plates at 1 × 106
cells/well and differentiated into macrophages through induction with 100 ng/mL phorbol‐12‐ myristate‐
13‐acetate (Merck KGaA; Sigma‐Aldrich, St. Louis, MO, USA) for 24 h. Finally, ox-LDL (Guangzhou Yiyuan
Biological Technology Co., Guangzhou, China) was added to a concentration of 75 µg/mL to induce
foam cell formation. To explore the effect of ox-LDL on miR-30a-5p during foam cell formation, THP-1derived macrophages were induced for 48 h with various concentrations of ox-LDL (0, 50, and 100
µg/mL, respectively). The expression of miR-30a-5p in the foam cells was then detected by qPCR and the
obtained cycle threshold values were analyzed with the 2−△△Ct method.
miR-30a-5p Transfection
Four groups of cells transfected with different miRNAs (i.e., miR-30a-5p mimics, miR-30a-5p inhibitor, and
their respective negative controls (NCs)) were established, using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). The sequences for the miRNAs were as follows: hsa-miR-30a-5p mimics: sense 5 UGUAAACAUCCUCGACUGGAAG-3 and antisense 5 -UCCAGUCGAGGAUGUUUACAUU-3 ; mimics-NC:
sense 5 -UUCUCCGAACGUGUCACGUTT-3 and antisense 5 -ACGUGACACGUUCGGAGAATT-3 ; has-miRPage 3/16

30a-5p inhibitor: 5 -CUUCCAGUCGAGGAUGUUUACA-3 ; and inhibitor-NC: 5 CAGUACUUUUGUGUAGUACAA-3 (GenePharma Co., Ltd, Shanghai, China). The prepared transfection
complex was added to the cell-containing culture plates to a nal concentration of 50 nM. After
transfection for 8–12 h at 37°C in a 5% CO2 incubator, the medium was removed.
Reverse Transcription and Real-Time Polymerase Chain Reaction
Total RNA was extracted from the cells using the miRcute miRNA Isolation Kit (Tiangen Biotech Co., Ltd,
Beijing, China). Reverse transcription of the RNA was conducted by using the miRcute Plus miRNA FirstStrand cDNA Kit (Tiangen Biotech Co., Ltd). The RNA expression levels were detected with the real-time
polymerase chain reaction (qPCR), using the SYBR miRcute Plus miRNA qPCR Kit (Tiangen Biotech Co.,
Ltd). The PCR conditions were as follows: 95°C for 15 min; and 40 cycles of denaturation at 94°C for 20 s
and annealing/elongation at 60°C for 34 s. The primer sequences for miR-30a-5p were as follows:
forward 5 -GGGGTGTAAACATCCTCGACTG-3 and reverse 5 -ATTGCGTGTCGT GGAGTCG-3 . The primer
sequences for U6 were as follows: forward 5 -GCTTCGGCAGCACATATACTAAAAT-3 and reverse 5 CGCTTCACGAATTTGCGTGTCAT-3 (GenePharma Co., Ltd). All expressed miRNA data are relative to the
expression of a U6 small nuclear RNA from the same sample. Independent experiments were repeated
three times. The relative mRNA expression levels were analyzed using the 2-∆∆Ct method.
Protein Extraction and Western Blot Analysis
Total protein was extracted from the cells using radioimmunoprecipitation assay lysis buffer containing
the protease inhibitor phenylmethylsulfonyl uoride (Beyotime, Shanghai, China). A bicinchoninic acid
assay kit (Solarbio, Beijing, China) was used to measure the protein concentration. The total protein
samples (40 µg) were separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis and
the protein bands were then transferred onto polyvinylidene di uoride membranes. Then, the membranes
were blocked with 5% bovine serum albumin for 1 h, after which the target bands were incubated with the
primary antibodies at 4°C overnight. This was followed by an incubation with the alkaline phosphataseor horseradish peroxidase-conjugated secondary antibody for 1 h. Finally, Tanon GIS software was used
to analyze the target protein content in the membrane strip. The dilution ratios for the various antibodies
were as follows: anti-Beclin-1 antibody (1:3000) (Abcam, Cambridge, MA, USA), anti-sequestosome-1
antibody (SQSTM1, also p62; 1:1000) (Abcam, Cambridge, MA, USA), anti-microtubule-associated protein
1 light chain 3 beta antibody (LC3B; 1:3000) (Abcam, Cambridge, MA, USA), anti-β-actin antibody (1:5000)
(Abcam, Cambridge, MA, USA), anti-caspase-3 antibody (1:5000) (Abcam, Cambridge, MA, USA), goat
anti-mouse secondary antibody (1:10,000) (Abcam, Cambridge, MA, USA), and goat anti-rabbit secondary
antibody (1:50,000) (Abcam, Cambridge, MA, USA).
Oil Red O Staining
The cells in each well of a 6-well plate were washed three times with phosphate-buffered saline (PBS)
and then xed with 4% paraformaldehyde for 5–10 min. The, 2 mL of Oil Red O solution was added to
each well and the plate was incubated at 37°C for 15 min. The cells were washed three times with PBS,
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differentiated through the addition of 60% isopropanol for 30 s, and then washed again. The PBS in the
plate was poured out, and 100% isopropanol was added for dye extraction. After 10 min, the optical
density of each well was measured at 490 nm
Enzyme-linked Immunosorbent Assay Analysis
To detect the IL-18 content in the cell culture medium, an enzyme-linked immunosorbent assay kit
(Elabscience Biotechnology Co., Ltd, Wuhan, China) was used according to the manufacturer’s
instructions.
Cell death assay
The lactate dehydrogenase (LDH)-Cytotoxicity Kit (Abcam, Cambridge, MA, USA) was used to detect cell
death. LDH, a stable enzyme that is expressed in all cells, is released rapidly into cell culture uids upon
cell membrane damage. Therefore, the LDH kit is often used to assess the effect of toxic substances on
the viability of cells, primarily by revealing the number of viable cells present. Approximately 10,000 THP1 cells were plated into each well of 96-well plates. After treatment with ox-LDL and the miRNA
transfection complex, 100 µL of LDH Reaction Mix reagent was added to each well and the cells were
cultured for 1 h at 37°C. A LUmo microplate reader (PHOMO; Autobio Diagnostics Co., Ltd., Shanghai,
China) was used to detect the optical density at 490 nm in each well.
Statistical analysis
All the data were analyzed using GraphPad Prism 8.0 software (GraphPad Software, Inc., La Jolla, CA,
USA). The analysis of signi cant differences between two groups was performed using the paired T test.
Three groups or more were compared by analysis of variance. The results of the statistical analyses are
presented as the mean value ± standard deviation, and a P value of less than 0.05 was considered to be
statistically signi cant.

3 Results And Discussion
The miR-30a‐5p Levels Are Decreased in ox-LDL-treated Macrophages
The levels of miR-30a-5p expression in the 50 and 100 µg/mL ox-LDL groups were lower than that in the
0 µg/mL ox-LDL group (Fig. 1A). The miR-30a-5p expression level in the 100 µg/mL ox-LDL group was
signi cantly lower than that in the 50 µg/mL ox-LDL group (Fig. 1A). These results indicated that the level
of miR-30a-5p expression was negatively correlated with the formation of foam cells.
miR-30a‐5p Inhibits Autophagy by Regulating the Expression of the Autophagy-related Protein Beclin-1
First, after transfecting the foam cells with the miR-30a-5p mimics or miR-30a-5p inhibitor or their
respective NCs, the success of transfection was veri ed by qPCR (Fig. 1B). Second, the expression of
autophagy-related proteins (including p62 and LC3B) was determined by western blot analysis. The
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results showed that the expression of p62 was signi cantly increased in the miR-30a-5p mimics group
compared with that in the mimic-NC group (Fig. 2B), whereas the LC3B expression level was signi cantly
reduced (Fig. 2C). In the miR-30a-5p inhibitor group, p62 was signi cantly decreased compared with its
level in the inhibitor-NC group (Fig. 2B), whereas the LC3II/LC3I levels were signi cantly increased
(Fig. 2C). Next, we examined the level of Beclin-1 expression in the various groups. As shown in Fig. 3,
compared with the level in the control group, the level was signi cantly lower in the miR-30a-5p mimics
group (Fig. 2D), but signi cantly higher in the miR-30a-5p inhibitor group (Fig. 2D). These results
suggested that miR-30a-5p reduced the expression of autophagy in macrophages by regulating the
expression of Beclin-1.
miR-30a-5p Overexpression Increases Lipid Accumulation in Foam Cells and Induces the Expression of
the Atherogenic In ammatory Cytokine IL-18
To further explore the relationship between miR-30a-5p and foam cells, macrophages were treated with
75 µg/mL ox-LDL for 48 h after their transfection with the miR-30a-5p mimics or inhibitor for 12 h. Oil Red
O staining was then used to observe the accumulation of lipids in the cells, and the enzyme-linked
immunosorbent assay was applied to detect the IL-18 levels. The results indicated that miR-30a-5p could
increase both lipid accumulation in the macrophage-derived foam cells (Fig. 3A, B) and IL-18 expression
at the protein level (Fig. 3C).
miR-30a-5p Overexpression Aggravates Macrophage Apoptosis
To investigate the effect of miR-30a-5p on AS plaque stability, an LDH assay kit was used to detect
macrophage apoptosis after the overexpression or inhibition of miR-30a-5p in the cells (Fig. 4A). The
expression of the apoptotic-related protein caspase-3 was detected by western blot assay (Fig. 4B).
Compared with the rate of apoptosis in the respective control groups, the rate was signi cantly higher in
the miR-30a-5p mimics group (Fig. 4C) but signi cantly lower in the miR-30a-5p inhibitor group (Fig. 4C).
These results indicated that miR-30a-5p had effectively induced macrophage apoptosis.

4 Conclusion
miRNAs have been shown to play an essential role in the regulation of autophagy in AS [23], which is
consistent with our results. As a complex process, basal autophagy can suppress the development of AS
in the early disease stage [24]. In 2017, Ma et al. found that rapamycin promoted the activation of
autophagy by enhancing the expression of miR-155, which delayed the development of atherosclerotic
plaques [25]. Another study suggested that miR-100 could suppress the expression of endothelial
adhesion molecules by regulating rapamycin complex 1 signaling, which resulted in the stimulation of
endothelial autophagy and attenuation of nuclear factor-kappa B signaling both in vitro and in vivo [26].
Our results indicate that miR-30a-5p acts as an inhibitor of autophagy in macrophages. We observed that
under the high ox-LDL concentrations needed for foam cell induction, miR-30a-5p overexpression via the
use of mimics could attenuate the autophagy of macrophages (Fig. 2). It has been shown that autophagy
could be tightly regulated by more than 30 highly conserved ATG genes [27], and indeed, our results
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supplemented the evidence for the in uence of miR-30a-5p on the Beclin-1 (ATG6) and autophagy
pathways [28–30].
In addition to their mediation of the expression of autophagy, our study also emphasized the regulatory
effect of miRNAs on the levels of in ammatory factors and their interference with lipid formation [31]. In
2013, Wei et al. found that macrophage-derived miR-342-5p could promote the development of AS and
enhance the in ammatory stimulation of macrophages by suppressing the Akt1-mediated inhibition of
miR-155 expression [32]. Further studies have shown that the blockage of autophagy could lead to lipid
accumulation to promote the release of in ammatory factors. First, autophagy of the THP-1-derived
macrophages is inhibited by ox-LDL in a concentration-dependent manner [33, 34]. Owing the inhibition
of autophagy, the autophagosomes and lysosomes cannot be fused, and thereby autophagy is blocked.
Second, lipids continue to be accumulated, leading to the development of AS [35]. Eventually, the release
of in ammatory bodies known as in ammasomes, which are complexes of innate immune cells, will
aggravate the rupture of atherosclerotic plaques [36]. The nucleotide-binding oligomerization domain
(NOD)-like receptor protein 3 (NLRP3) in ammasomes are thought to be a bridge between lipid
metabolism and in ammation [37]. They can be activated by cholesterol crystals and ox-LDL, whereupon
IL-18 is secreted [38, 39]. In this study, miR-30a-5p was con rmed to have accelerated the development of
AS through the foam cell accumulation of lipids and secretion of the in ammatory factor IL-18 and was
probably involved in the generation of in ammasomes during AS pathogenesis (Fig. 3C).
In addition, macrophage apoptosis is an important feature of AS plaque development and can be induced
by a variety of factors, such as oxidative stress, high concentrations of cytokines, and endoplasmic
reticulum stress [40]. In our study, the regulatory mechanism of miR-30a-5p was con rmed to include that
of macrophage apoptosis. Previous studies have shown that macrophage apoptosis in the early stages
of AS was bene cial, as it limited the composition of diseased cells and inhibited the development of
plaques. However, the effects of macrophage apoptosis on late lesions are extremely complicated [41].
Studies have reported that the failure to clear apoptotic cells could aggravate AS by inducing
in ammation and expanding the necrotic core of the plaque [42]. Recent studies have observed the
participation of miRNAs in AS progression through their regulation of macrophage apoptosis. In 2017,
Canfran-Duque et al. found that miR-21 expression in uenced the formation of foam cells, the sensitivity
to endoplasmic reticulum stress-induced apoptosis, and the capacity for phagocytic clearance [43]. The
absence of miR-21 resulted in accelerated AS, plaque necrosis, and vascular in ammation [43]. In the
ApoE−/− mouse model, researchers observed that antagomiR-10b administration reduced the advanced
plaque size and also enhanced plaque stability, which were considered to be associated with the
increased plaque macrophage expression of ATP-binding cassette subfamilyA member 1 (ABCA1) and
reduced plaque apoptosis and in ammation [44]. As the leading cause of cardiovascular diseases, AS
urgently needs to be effectively treated. Interestingly, we found that miR-30a-5p signi cantly accelerated
the apoptosis of macrophages, which also had an effect on the instability of the plaques (Fig. 5).
Therefore, the antagonism of miR-30a-5p holds promise as an effective treatment intervention for AS.
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Looking ahead, we will be carrying out the following studies to supplement our current ndings. First.
First, related in vivo experiments need to be carried out to further con rm our results in the vascular wall
environment. Second, as noncoding RNAs, including long noncoding RNAs (lncRNAs), circular RNAs
(circRNAs), and miRNAs, have been reported to participate in the pathological development of
cardiovascular diseases through various mechanisms [45], it would be necessary for us to elucidate the
miR-30a-5p-related lncRNA/circRNA–miRNA–mRNA axis in AS.
In conclusion, in this innovative investigation of the role of miR-30a-5p on foam cell formation from THP1-derived macrophages, we found that the miRNA could robustly regulate the pathological processes of
AS by inhibiting autophagy, and increasing the accumulation of lipids, the expression of in ammatory
factors, and the apoptosis of macrophages (Fig. 5). These results should provide guidance for future
assessments of AS and of intervention targets for its treatment.
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Figure 1
Ox-LDL induces a decrease in miR-30a-5p expression. A: THP-1 derived macrophages were treated with
different concentrations of ox-LDL for 48h, and the expression of miR-30a-5p was detected by real-time
PCR. *P<0.05, **P<0.01, ***P<0.001. B: MiR-30a-5p mimics, miR-30a-5p inhibitor and their blank carriers
were transfected into cells respectively. The transfection was con rmed by uorescence microscopy,
ordinary light microscopy and real-time PCR.
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Figure 2
MiR-30a-5p promotes macrophage autophagy. The transfected cells were incubated with 75 μg/ml oxLDL for 48 hours, the protein expression level was detected by WB. A: The expression levels of p62, LC3B
and Beclin1. B, C, D: Quantitative analysis of protein expression levels, *P<0.05, **P<0.01, ***P<0.001.
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Figure 3
Overexpression of miR-30a-5p increased lipid accumulation in foam cells. A: The transfected cells were
treated with 75 μg/ml ox-LDL for 48 hours and then conducted oil red staining. The ox-LDL group was
treated with only 75 μg/ml ox-LDL, and the nc group was treated with medium. The Oil Red O-stained
macrophages (40X). B: Quantitative analysis of oil red staining at OD490, *P<0.05, **P<0.01, ***P<0.001.
C: IL-18 was detected after the transfection (at a nal concentration of 50nM) for 24 hours and the
stimulation under 75μg/ml ox-LDL for 48 hours (*P<0.05, **P<0.01, ***P<0.001).
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Figure 4
Macrophage viability under miR-30a-5p treatment. A: Analysis of LDH. B, C: WB imaging and expression
analysis of caspase3, *P<0.05, **P<0.01, ***P<0.001.
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Figure 5
After an excess of ox-LDL was added to THP-1 derived macrophages, overexpressed miR-30a-5p inhibits
Beclin1 expression then suppresses autophagy. MiR-30a-5p increases the release of IL-18 and induce the
apoptosis of macrophage by activating Caspase-3 mediated apoptosis pathway.
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