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A B S T R A C T   

Objective: miR-148a-3p (miR-148a) is a hepatic and immune-enriched microRNA (miRNA) that regulates 
macrophage-related lipoprotein metabolism, cholesterol homeostasis, and inflammation. The contribution of 
miR-148a-3p to the progression of atherosclerosis is unknown. In this study, we determined whether miR-148a 
silencing mitigated atherogenesis in APOBTGApobec-/-Ldlr+/- mice. 
Methods: APOBTGApobec-/-Ldlr+/- mice were fed a typical Western-style diet for 22 weeks and injected with a 
nontargeting locked nucleic acid (LNA; LNA control) or miR-148a LNA (LNA 148a) for the last 10 weeks. At the 
end of the treatment, the mice were sacrificed, and circulating lipids, hepatic gene expression, and atheroscle-
rotic lesions were analyzed. 
Results: Examination of atherosclerotic lesions revealed a significant reduction in plaque size, with marked 
remodeling of the lesions toward a more stable phenotype. Mechanistically, miR-148a levels influenced 
macrophage cholesterol efflux and the inflammatory response. Suppression of miR-148a in murine primary 
macrophages decreased mRNA levels of proinflammatory M1-like markers (Nos2, Il6, Cox2, and Tnf) and 
increased the expression of anti-inflammatory genes (Arg1, Retlna, and Mrc1). 
Conclusions: Therapeutic silencing of miR148a mitigated the progression of atherosclerosis and promoted plaque 
stability. The antiatherogenic effect of miR-148a antisense therapy is likely mediated by the anti-inflammatory 
effects observed in macrophages treated with miR-148 LNA and independent of significant changes in circulating 
low-density lipoprotein cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C).   

1. Introduction 

Many recent studies have demonstrated that microRNAs (miRNAs) 
play key roles in the control of mRNA translation and degradation in 
nearly all biological processes [1–4]. Thus, they represent a level of 

posttranscriptional regulation not previously recognized. As dysregula-
tion of miRNAs is involved in the development of many diseases, tar-
geting miRNAs is a promising therapeutic approach [5–9]. 

Alterations in the control of cholesterol homeostasis can lead to 
pathological processes, including atherosclerosis, the most common 
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cause of mortality in Western societies [10–13]. High levels of 
low-density lipoprotein cholesterol (LDL-C) and low levels of 
high-density lipoprotein cholesterol (HDL-C) are associated with 
increased cardiovascular disease risk [13–15]. In humans, most serum 
cholesterol is transported as cholesterol esters in LDL particles. The 
uptake of LDL and other ApoE/ApoB-containing lipoproteins occurs 
through low-density lipoprotein receptor (LDLR) and is a classic 
example of receptor-mediated endocytosis [16,17]. Maintenance of 
cellular cholesterol homeostasis requires constant metabolic adjust-
ment, which is achieved partly by fine-tuned regulation of classical 
transcription factors (e.g., sterol regulatory element-binding protein 2 
and liver X receptor) and partly by members of a class of small non-
coding RNAs, termed miRNAs [18–21]. miRNAs are critical components 
of the cholesterol regulatory circuitry, and many miRNAs (miR-122, 
miR-30c, miR-33, miR-758, miR-106b, miR-144, and miR-223) have 
been shown to control lipid metabolism in vivo [22–34]. We and others 
have previously demonstrated that miR-148a negatively regulates the 
expression and activity of LDLRs [35–37]. Research has also shown that 
inhibition of hepatic miR-148a in hypercholesterolemic mice by anti-
sense oligonucleotides increases LDLR expression and decreases circu-
lating LDL-C [35–37]. These results correlate with those of two 
independent genome-wide association studies showing a single nucle-
otide polymorphism in the miR-148a locus associated with altered blood 
LDL-C [38,39]. miR-148a has also been shown to suppress the expres-
sion of ATP binding cassette A-1 (ABCA1), a transporter that controls 
HDL generation and cellular cholesterol efflux [37]. 

In addition to the regulation of circulating cholesterol, miR-148a 
regulates cholesterol efflux and inflammation [40,41]. MiR-148a is 
highly expressed in macrophages, and miR-148a overexpression pro-
motes macrophage proinflammatory M1 polarization [40,41]. More-
over, miR-148a controls cell proliferation, differentiation, and growth, 
as well as immune responses, by suppressing the expression of proin-
flammatory molecules, such as interleukin-12, interleukin-6, tumor 
necrosis factor alpha (TNF-α), and interferon gamma (INF-γ) [42,43]. In 
addition to its prominent role in regulating macrophage cholesterol 
metabolism and the inflammatory response, a recent study pointed to a 
regulatory role for miR-148a in atherosclerosis, with this study finding 
that miR-148a levels were selectively upregulated in patients with 
atherosclerosis [44]. Based on these findings, we hypothesized that 
antagonism of miR-148a might attenuate the progression of athero-
sclerosis by decreasing circulating LDL-C, increasing plasma HDL-C 
levels, promoting macrophage cholesterol efflux, and attenuating the 
macrophage proinflammatory response. To test this hypothesis, we 
silenced miR-148a in APOBTGApobec-/-Ldlr+/- mice, which synthesize 
hepatic ApoB-100-containing lipoproteins (VLDL and LDL) and have one 
functional allele for the Ldlr gene, allowing clearance of circulating LDL 
by LDLRs. Our results showed that therapeutic targeting of miR-148a 
using a locked nucleic acid (LNA) significantly attenuated atherogen-
esis and reduced vascular inflammation. This atheroprotection observed 
in mice treated with miR-148a inhibitors was likely mediated by 
increasing cholesterol efflux and polarization to an M2-like phenotype 
in atherosclerotic macrophages rather than affecting circulating 
lipoproteins. 

2. Materials and methods 

The data, analytical methods, and study materials that support the 
findings of this study are available to other researchers upon reasonable 
request. Details on the research materials are provided online in Sup-
plemental materials. 

2.1. Animals and LNA 148a treatment 

APOBTG-/-Ldlr+/- mice were kindly provided by Dr. Daniel Rader. 
Male APOBTGApobec-/-Ldlr+/- mice were generated by breeding with 
Apobec-/- mice. The animals were kept under constant temperature and 

humidity in a 12-hour controlled dark/light cycle. Accelerated athero-
sclerosis was induced by feeding mice a high-cholesterol diet containing 
1.25 % cholesterol (D12108; Research Diets, Incorporated, New 
Brunswick, NJ, USA) for 12 weeks. All the experiments were approved 
by the Institutional Animal Care Use Committee of Yale University 
School of Medicine. 

For miR-148a inhibition experiments, 8-week-old male APOBTG 

Apobec-/-; Ldlr+/- mice were fed a high-cholesterol diet for 22 weeks and 
then randomized into two groups: LNA control (n = 10) and LNA 148a 
(n = 10). The mice received intraperitoneal injections of 5 mg/kg body 
weight LNA control (5 -́ACGTCTATACGCCCA-3 )́ or LNA 148a (5 
-́TTCTGTAGTGCACTG-3 ́) oligonucleotides (Exiqon) every 3 days for 10 
weeks. Twenty-four hours after the final injection, the mice were 
euthanized, and sera, livers, hearts, and aortas were taken for further 
analysis. 

2.2. Lipoprotein profile and lipid measurements 

The mice fasted for 12–16 h overnight before blood samples were 
collected by retro-orbital venous plexus puncture. Plasma was separated 
by centrifugation. HDL-C was isolated by precipitation of non-HDL-C, 
and both HDL-C fractions and total plasma were stored at − 80 ◦C. 
Total plasma cholesterol and triglycerides (TAGs) were enzymatically 
measured (Wako Pure Chemicals Tokyo, Japan) according to the man-
ufacturer’s instructions. The lipid distribution in plasma lipoprotein 
fractions was assessed by fast protein liquid chromatography (FPLC) gel 
filtration using 2 Superose 6 HR 10/30 columns (Pharmacia Biotech, 
Uppsala, Sweden). Cholesterol in each fraction was determined using 
the enzymatic method. Plasma alanine aminotransferase, aspartate 
aminotransferase, and albumin in the LNA control mice and mice treated 
with LNA 148a were analyzed by Yale University School of Medicine 
Mouse Metabolic Phenotype Center. 

2.3. Histology, immunohistochemistry, and morphometric analyses 

Murine hearts and livers were perfused with phosphate buffered 
saline (PBS) and placed in 10 ml of 4 % paraformaldehyde for 4 h. After 
incubation in paraformaldehyde, the hearts were washed with PBS, 
followed by immersion in PBS for 1 h and then 30 % sucrose overnight. 
Finally, the hearts and livers were embedded in OCT and frozen. Serial 
Section 6 µm thick were cut from the hearts using a cryostat. Every 
fourth slide from the serial sections was stained with hematoxylin and 
eosin (H&E) for quantification of the lesion area. In each mouse, aortic 
lesion size was obtained by averaging the lesion area in at least nine 
sections from the same animal. The fibrous cap and necrotic core area 
were measured as a percentage of the total plaque area. A necrotic core 
region was defined as a clear area that was H&E free [45]. Boundary 
lines were drawn around these regions, and the area measurements were 
obtained by image analysis software (see below). Fibrous cap thickness 
was determined by selecting the largest necrotic core from triplicate 
sections and taking a measurement from the thinnest part of the cap, 
determined by measuring the area between the outer edge of the cap and 
necrotic core boundary [45]. CD68 and smooth muscle alpha-actin 
(αSMA) staining were used as macrophage and vascular smooth mus-
cle cell markers, respectively, using consecutive slides from serial sec-
tions. Nuclei were counterstained with DAPI. Serial sections 8 µm thick 
were cut from livers using a cryostat. Every third slide from the serial 
section was stained with H&E, and each consecutive slide was stained 
with Oil-Red O (ORO) for visualization of neutral lipids as previously 
described [46]. NIH ImageJ software (National Institutes of Health, 
Bethesda, MD, USA) was used for all quantifications. 

2.4. En face ORO staining 

ORO stock solution (35 ml, 0.2 % weight/volume in methanol) was 
mixed with 10 ml of 1 M NaOH and filtered. Aortas were opened up 
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longitudinally and briefly rinsed with 78 % methanol, stained with 0.16 
% ORO Solution for 50 min, and then destained in 78 % methanol for 5 
min. The lesion area was quantified as a percent of the ORO staining area 
in the total aorta area. 

2.5. Cell culture 

Peritoneal macrophages from wild-type (WT) mice were harvested 
by peritoneal lavage 4 days after an intraperitoneal injection of thio-
glycollate (3 % w/v). The cells were plated in RPMI 1640 medium 
supplemented with 10 % fetal bovine serum (FBS), 100 U/ml of peni-
cillin, and 100 U/ml of streptomycin. After 4 h, nonadherent cells were 
washed out, and the macrophages were incubated in fresh medium 
containing DMEM, 20 % FBS, and 20 % L-cell–conditioned medium for 2 
days. The cells were maintained in culture as an adherent monolayer by 
adding fresh medium every day. The peritoneal macrophages were used 
for different experiments. Bone marrow-derived macrophages (BMDMs) 
from adult male WT mice were harvested and cultured in Iscove’s 
modified Dulbecco’s medium supplemented with 20 % FBS and 20 % L- 
cell conditioned medium. After 7 days in culture, nonadherent cells were 
eliminated, and adherent cells were harvested for the assay. The BMDMs 
were then used for polarization experiments. 

2.6. Transfection with an miRNA mimic or an inhibitor 

The BMDMs or thioglycollate-elicited peritoneal macrophages were 
seeded at a density of 1 × 106 cells per well. They were then transfected 
for 48 h with a control mimic (CM, 40 nM), miR-148a mimic (miR- 
148a), control inhibitor (CI, 60 nM), or miR-148a inhibitor (Inh-148a) 
(Dharmacon) utilizing RNAimax (Invitrogen), following the manufac-
turers’ standard protocols. 

2.7. M1 and M2 polarization assay 

The BMDMs from WT mice were transfected with the CM and miR- 
148a or CI and Inh-148a for 48 h. They were then stimulated for the 
last 8 h with interleukin-4 (15 ng/ml; R&D) or LPS (10 ng/ml; Sigma- 
Aldrich) and INF-γ (20 ng/ml; R&D) to polarize macrophages to M2 or 
M1, respectively. At the end of the treatment, the cells were extensively 
washed with 1 × PBS, and RNA was isolated. 

2.8. Cholesterol efflux assays 

Cholesterol efflux assays were performed as previously described 
[47]. Briefly, the thioglycollate-elicited peritoneal macrophages were 
seeded at a density of 8 × 105 cells per well and transfected with either a 
CM or miR-148a mimic (miR-148a). Following 48 h of transfection, the 
cells were loaded with 0.5 μCi/ml of 3H-cholesterol for 24 h. Twelve 
hours after loading, the cells were incubated with 3 µM T090 to increase 
the expression of ABCA1. The cells were then washed twice with PBS 
and incubated in DMEM supplemented with 2 mg/ml of fatty-acid free 
bovine serum albumin medium in the presence of an ACAT inhibitor (2 
μmol/L) for 4 h prior to the addition of 50 μg/ml of human apolipo-
protein A-1 (ApoA1) in fatty-acid free bovine serum albumin medium, 
with or without the indicated treatments. Supernatants were collected 6 
h later, and efflux was expressed as a percentage of the total cell 
3H-cholesterol content (total effluxed 3H-cholesterol + cell-associated 
3H-cholesterol). 

2.9. Western blot analysis 

Liver tissue was homogenized using a Bullet Blender. The tissue was 
lysed in ice-cold buffer containing 50 mM Tris–HCl, pH 7.5, 0.1 % so-
dium dodecyl sulfate (SDS), 0.1 % deoxycholic acid, 0.1 mM EDTA, 0.1 
mM EGTA, 1 % NP-40, 5.3 mM NaF, 1.5 mM NaP, 1 mM orthovanadate, 
1 mg/ml of protease inhibitor cocktail (Roche), and 0.25 mg/ml of 

AEBSF (Roche). Lysates were sonicated and rotated at 4 ◦C for 1 h. 
Insoluble material was then removed by centrifugation at 12,000 × g for 
10 min. After normalizing of the total protein amount, the cell lysates 
were resuspended in SDS sample buffer before separation by SDS–po-
lyacrylamide gel electrophoresis (SDS–PAGE). Following transfer of the 
proteins onto nitrocellulose membranes, the membranes were probed 
with the following antibodies: mouse monoclonal antibodies against 
ABCA1 (#18180; 1:1000; Abcam) and apolipoprotein A-1 (APOA1) 
(#ab20453; 1:1000; Abam); rabbit polyclonal antibody against LDLR 
(#1007665; 1:1000; Cayman Chemical); mouse monoclonal antibody 
against APOB (#K23300R; 1:2000; Meridian Life Science), and a mouse 
monoclonal antibody against HSP90 (#610419; 1:1000; BD Bioscience). 
Protein bands were visualized using the Odyssey Infrared Imaging Sys-
tem (LI-COR Biotechnology), and densitometry was performed using 
ImageJ software from NIH (http:/rsbweb.nih.gov/ij/). 

For western blot analysis of APOB and APOA1 in lipoprotein frac-
tions, an equal volume of three fractions was mixed with reducing SDS 
sample buffer and separated on a NuPAGE Novex 4–12 % Tris-Acetate 
Mini Gel using 1x NuPAGE Tris-acetate SDS running buffer (Invi-
trogen). Following overnight transfer of proteins onto nitrocellulose 
membranes, the membranes were blocked in 5 % (wt/vol) nonfat milk 
dissolved in wash buffer. The membranes were then probed with an 
antibody against APOB and APOA1 overnight at 4ºC, washed, incubated 
with fluorescently labeled secondary antibodies, and visualized as 
described previously. 

2.10. RNA isolation and quantitative real-time polymerase chain reaction 
(qRT-PCR) 

Total RNA from liver tissue was isolated using TRIzol reagent 
(Invitrogen) according to the manufacturer’s protocol. For mRNA 
expression analysis, cDNA was synthesized using iScript RT Supermix 
(Bio-Rad), following the manufacturer’s protocol. qRT-PCR analysis was 
performed in duplicate using SsoFast EvaGreen Supermix (BioRad) on 
an iCycler Real-Time Detection System (Eppendorf). The mRNA levels 
were normalized to 18 S. For miRNA quantification, Taqman mature 
miRNA detection kits were used. Primers specific for human miR-148a 
were used for cDNA production and qRT-PCR analysis and normalized 
to U6 as a housekeeping gene. miR-148a quantification and qRT-PCR 
were performed in duplicate using Taqman RT mix on an iCycler Real- 
Time Detection System (Eppendorf). 

2.11. Analysis of circulating leukocytes 

Blood was collected by retro-orbital puncture in heparinized 
microhematocrit capillary tubes. Total circulating numbers of blood 
leukocytes were measured using a HEMAVET system. For further FACs 
analysis, erythrocytes were lysed with ACK lysis buffer (155 mN 
ammonium chloride, 10 nM potassium bicarbonate, and 0.001 mM 
EDTA, pH 7.4). White blood cells were resuspended in 3 % FBS in PBS, 
blocked with 2 mg/ml of FcgRII7III, then stained with a cocktail of 
antibodies. For monocyte identification, the following antibodies were 
used: FITC-Ly6-C (AL-21), PE-CD115 (AFS98), and APC-Ly6-G (1A8) (all 
from BioLegend, San Diego, CA, USA). CD115hi monocytes and subsets 
as Ly6-Chi and Ly6-Clo monocytes were identified. 

2.12. Statistical analysis 

The sample size in each experiment was selected based on similar 
studies in the literature. Details on the number of animals in each 
experiment are provided in the figures. In vitro experiments were 
routinely repeated at least three times, unless otherwise noted. Data are 
presented as mean ± standard error of the mean (SEM). Statistical dif-
ferences were measured using an unpaired two-sided Student’s t-test and 
a one-way analysis of variance with Bonferroni correction for multiple 
comparisons. Normality was checked using the Kolmogorov− Smirnov 
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test. A nonparametric test (Mann− Whitney) was used when data did not 
pass the normality test. Significance was accepted at the level of p <
0.05. The data analysis was performed using GraphPad Prism Software 
Version 8 (GraphPad, San Diego, CA, USA). 

3. Results 

To assess the effect of miR-148a silencing on the progression of 
atherosclerosis, male APOBTGApobec-/-Ldlr+/- mice were injected every 3 
days for 10 weeks with 5 mg per kg of body weight (mg/kg) of LNA 
antisense oligonucleotides targeting miR-148a (LNA 148a). A scrambled 
nontargeting LNA oligonucleotide was used as a control (LNA control). 

Twenty-four hours after the last injection, the mice were sacrificed, and 
sera and livers were collected for plasma lipid and gene expression 
analysis, respectively (Fig. 1A). To determine treatment efficacy, hepatic 
expression of miR-148a was measured in the mice injected with the LNA 
control and LNA 148a. Hepatic miR-148a levels were markedly reduced 
in the mice treated with LNA 148a compared to those treated with the 
LNA control (Fig. 1B). Hepatic expression of several miR-148 target 
genes, including Abca1 and Ldlr, was increased in the mice treated with 
LNA 148a (Fig. 1C). No differences in body weight, glucose, or circu-
lating leukocytes were found between the treatments (Figs. IA− C, 
Supplementary data [online]). In the LNA 148a group, total cholesterol 
levels were slightly decreased, whereas those of HDL-C were slightly 

Fig. 1. Inhibition of miR-148a did not significantly alter plasma cholesterol levels in APOBTGApobec-/-Ldlr+/- mice but promoted macrophage polarization toward an 
M2-like phenotype. (A) Experimental outline of LNA control or LNA 148a treated mice (n = 9 − 10 per group). (B) qRT-PCR analysis of miR-148a from the livers of 
mice treated as in panel A. Data are the mean ± SEM. * p < 0.05 compared to the LNA control treatment group in an unpaired an t-test. (C) Representative Western 
blot analysis of ABCA1 and LDLR in livers of mice treated as in panel A. Relative protein levels were determined by band densitometry and were expressed in 
arbitrary units after correction for HSP90 (loading control). (D) Total cholesterol, HDL-C, LDL-C, and triglyceride levels in mice treated with the LNA control or LNA 
148a. Data are shown as mean ± SEM (n = 9 − 10 per group). (E) Lipoprotein profile analysis from pooled plasma (n = 6) obtained from mice treated with the LNA 
control or LNA 148a. (F) Western blot analysis (representative of two blots) of plasma APOB and APOA1 in FPLC-fractioned plasma lipoproteins in panel E. Lanes 
1–13 correspond to the following pooled fractions: 1 (28− 30), 2 (31− 33), 3 (34− 36), 4 (37− 39), 5 (40− 42), 6 (43− 45), 7 (46− 48), 8(49− 51), 9 (52− 54), 10 
(55− 57), 11 (58− 60), 12 (61− 63), and 13 (64− 66). The relative intensities of APOB and APOA1 are shown on the right. (G) Cholesterol efflux to APOA1 in 
peritoneal macrophages isolated from WT mice stimulated with or without T0901317 (TO90) and transfected with a control (CM) or an miR-148a mimic (miR-148a). 
Data represent the mean ± SEM of duplicate samples (n = 3 per group). * p < 0.05, level of significance was determined using a t-test. (H) Gene expression of several 
M1 markers after transfecting bone marrow-derived monocytes for 48 h with a CM or miR-148a and stimulating them with LPS (10 ng/ml) and INF-γ (20 ng/ml) or 
M2 markers after incubating with interleukin-4 (15 ng/ml) for the last 8 h. (I) Similar to the experiment indicated in panel H but transfected with a CI or Inh-148a, 
mRNA expression levels were normalized to 18 S. Quantification represents the mean ± SEM (n = 3). Similar results were observed in three independent experi-
ments. * p < 0.05 compared to the CM by an unpaired t-test. 
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increased, but the differences did not reach statistical significance 
(Fig. 1D). Plasma triglyceride levels were similar in both groups 
(Fig. 1D). We further characterized the effect of miR-148a silencing on 
circulating lipids by measuring the cholesterol content of different li-
poproteins by FPLC (Fig. 1E). The results revealed a moderate decrease 
in plasma LDL-C levels and a slight increase in HDL-C levels in the mice 
treated with LNA miR-148a, which correlated with increased hepatic 
expression of LDLR and ABCA1, respectively. As expected, based on the 
decrease in LDL-C and increase in HDL-C fractions, the expression level 
of APOB100 was reduced, whereas that of APOA1 was increased in 
pooled plasma samples isolated from the mice treated with LNA 148a as 
compared to those treated with the LNA control (Fig. 1F). The effects of 

LNA 148a on lipoprotein metabolism did not affect liver toxicity, as 
indicated by similar levels of hepatic neutral lipid accumulation and 
circulating levels of alanine transaminase, asparagine transaminase, and 
albumin in the LNA 148a and LNA control treatment groups (Figs. ID− F, 
Supplementary data [online]). 

Similar to the previous results of our study using J774 cells and 
BMDMs, overexpression of miR-148a in thioglycolate-elicited macro-
phages significantly attenuated cholesterol efflux to ApoA1 (Fig. 1G). In 
addition, macrophages transfected with miR-148a expressed higher 
levels of M1 markers (Nos2 and Cox2) and lower levels of M2 markers 
(Arg1, Retlna, and Mrc1) (Fig. 1H). Conversely, inhibition of miR-148a 
polarized macrophages toward an M2 phenotype (Fig. 1I). Together, 

Fig. 2. Anti-miR-148a therapy mitigated atherosclerosis and promoted atherosclerotic plaque stability. (A) Representative histological analysis of cross sections of 
aortic sinus stained with H&E from APOBTGApobec-/-Ldlr+/- mice treated with the LNA control or LNA 148a. The dashed lines show the boundary of the lesions. 
Quantification of plaque size is shown in the right panel. Data represent the mean ± SEM of plaque size quantified from nine sections from individual animals 
(n = 9 − 10 per group); * p < 0.05, level of significance was determined using the Mann− Whitney test. Scale bars, 400 µm (B) Representative en face ORO staining of 
aortas from APOBTGApobec-/-Ldlr+/- mice treated with LNA control or LNA 148a. Quantification of the ORO positive area is shown in the right panel and represents 
the mean ± S.E.M (n = 9 − 10 per group). * p < 0.05, level of significance was determined using a one-way analysis of variance with Bonferroni’s post-test. (C) 
Representative histological analysis of cross sections of aortic sinus stained with H&E from APOBTGApobec-/-Ldlr+/- mice treated with the LNA control or LNA 148a. 
The black and red dashed lines show the boundary of the fibrous cap (FC) and necrotic core (NC), respectively. Quantification of the fibrous cap and necrotic core is 
shown in the bottom panel and represents the mean ± SEM of the quantification of nine sections from individual animals (n = 9 − 10 per group); * p < 0.05, level of 
significance was determined using the Mann− Whitney test. Scale bars, 200 µm (D) Representative immunofluorescence analysis of macrophages (CD68; green) and 
vascular smooth muscle cells (αSMC; red) in aortic root isolated from APOBTGApobec-/-Ldlr+/- mice treated with the LNA control or LNA 148a (n = 9 − 10 per group). 
Quantification of CD68 and SMC positive area is shown in the bottom panel. Data are expressed as the average percentage of CD68-positive or SMC-positive signals 
per total lesion area; * p < 0.05, level of significance was determined using the Mann− Whitney test. Scale bars, 200 µm. 
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these results demonstrated that suppression of miR-148a results in 
increased macrophage cholesterol efflux and a reduced proin-
flammatory response. 

Next, we assessed the impact of targeting miR-148a on the pro-
gression of atherosclerosis. To this end, APOBTGApobec-/-Ldlr+/- mice 
were fed a Western diet for 22 weeks and injected with an LNA control or 
LNA miR-148a every 3 days for the last 10 weeks. Notably, vascular 
lesion areas were significantly reduced in the aortic roots and whole 
aorta of the mice injected with LNA 148a compared to those injected 
with the LNA control (Fig. 2A, B). We further characterized athero-
sclerotic plaques by analyzing markers of inflammation and lesion sta-
bility. Analysis of atheroma revealed decreased accumulation of 
macrophages, without affecting smooth muscle cell content in lesions in 
the LNA 148a treated mice (Fig. 2C). The results also revealed a sig-
nificant increase in the thickness of the fibrous cap and a reduction in 
plaque necrosis in the mice injected with LNA 148a (Fig. 2D). Taken 
together, these findings highlight the therapeutic potential of inhibiting 
miR-148a in attenuating the progression of atherosclerosis and pro-
moting plaque stabilization. 

4. Discussion 

The most salient finding of this study is that therapeutic silencing of 
miR-148a protects against atherosclerosis progression. Mechanistically, 
suppression of miR-148a reduced vascular inflammation and macro-
phage accumulation in aortic lesions, without significantly affecting 
circulating lipoproteins. Specifically, miR-148a inhibition attenuated 
macrophage inflammatory responses and polarized macrophages to-
ward an M2-like phenotype, which resulted in more stable plaques, 
characterized by a thicker fibrous cap layer and smaller necrotic cores. 

We and others previously reported that acute (1 − 2 weeks) silencing 
of miR-148a in hypercholesterolemic mice (Apoe-/- and Ldlr+/-APOBTG) 
reduced plasma LDL-C levels and increased circulating HDL-C [35,37]. 
In this study, we found only modest effects of systemic inhibition of 
miR-148a on circulating lipoproteins in a different mouse model of 
hyperlipidemia (APOBTGApobec-/-Ldlr+/- fed a Western diet) and treated 
with miR-148a LNA for a prolonged period (1 month). These results may 
be explained by the effect of the diet and genetic modifications in the 
mice used in the different studies on hepatic miR-148a levels. Additional 
studies in other animal models, such as mice with humanized livers or 
nonhuman primates that mimic human lipoprotein metabolism, are 
needed to determine the specific contribution of miR-148a silencing in 
reducing plasma LDL-C levels and its impact during atherogenesis. 

In this study, although circulating LDL-C levels were not significantly 
reduced, miR-148a silencing markedly mitigated the progression of 
atherosclerosis in APOBTGApobec-/-Ldlr+/- mice. Notably, miR-148a 
silencing attenuated the expression of proinflammatory cytokines, 
including interleukin-6 and TNF-α and promoted M2-like macrophage 
polarization. As reported previously, a macrophage phenotypic switch 
promotes tissue remodeling and repair through collagen formation and 
clearance of dying cells [48,49]. In agreement with the presence of such 
a switch, we observed that miR-148a silencing increased atherosclerotic 
plaque thickness and decreased necrosis, which correlated with a sig-
nificant reduction in macrophage accumulation in lesions. Similar to our 
findings, several in vitro and in vivo studies reported that miR-148a 
expression influences murine and human macrophage polarization 
[41,50]. A previous study reported that overexpression of miR-148a 
suppresses colorectal cancer by inhibiting M2-like macrophage polari-
zation and promoting the secretion of inflammatory cytokines associ-
ated with M1 polarization [51]. In addition to the regulation of 
cholesterol efflux and macrophage polarization, miR-148a controls 
macrophage proliferation, survival, and recruitment [41,50], which 
might contribute to chronic inflammation in atherosclerotic lesions. 
Further studies are required to determine how miR-148a regulation of 
macrophage proliferation and/or recruitment influences the progression 
of atherosclerosis. 

The mechanism by which miR-148a influences macrophage activa-
tion and polarization remains poorly understood. Huang et al. [51] 
showed that miR-148a stimulates M1 polarization through 
PTEN/AKT-mediated activation of nuclear factor-κB signaling. Other 
research demonstrated that in addition to regulating macrophage acti-
vation, miR-148a facilitates macrophage differentiation from monocytes 
in response to granulocyte macrophage colony-stimulating factor and 
facilitates the differentiation of monocyte-derived dendritic cells [41]. 
Furthermore, as reported previously, miR-148a expression is regulated 
by Notch signaling and induced by PU.1, a key transcription factor that 
regulates gene expression during myeloid activation [41]. Collectively, 
our results and those of previous studies indicate that miR-148a plays a 
key role in regulating macrophage differentiation, polarization, and 
cholesterol metabolism, thus influencing the progression of atheroscle-
rosis. Most importantly, our findings demonstrate that systemic sup-
pression of miR-148a mitigates atherosclerosis progression. 
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