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Purpose: The formation of macrophage-derived foam cells via the uptake of modified lipoproteins is a pivotal development event in
atherosclerosis. It has been reported that clinical and experimental myocardial infarction could accelerate atherosclerosis. Several
studies have suggested the critical role of exosomes in cardiovascular diseases. However, the role of exosomes from patients with
acute myocardial infarction (AMI) patients in atherogenesis remains unclear.

Patients and Methods: Serum exosomes from AMI patients (AMI-Exo) and control individuals (Con-Exo) were isolated and
characterized. These exosomes were studied in vitro and in vivo to determine their impact on macrophage foaming and atherogenesis.
Results: Our results showed that AMI-Exo promoted foam cell formation in oxidized low-density lipoprotein (ox-LDL)-treated
macrophages and progression of atherosclerosis in high-fat/cholesterol diet-fed ApoE ™~ mice together with a significantly upregulated
levels of lectin-like ox-LDL receptor-1 (LOX-1). The miR-186-5p was found to be downregulated in AMI-Exo and macrophages
administered with AMI-Exo. Moreover, serum exosomal miR-186-5p achieved high diagnostic performance for AMI. Luciferase
reporter assay indicated that miR-186-5p directly inhibited LOX-1. The endogenous or exogenous miR-186-5p deficiency enhanced
lipid accumulation by upregulating LOX-1, whereas miR-186-5p mimics had a reverse effect.

Conclusion: In conclusion, the current findings suggest that dysregulated miR-186-5p in AMI-Exo may explain the contribution of
acute ischemia events to the advancement of atherosclerosis by enhancing macrophage foaming via its target, LOX-1.
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Introduction

Atherosclerosis is a progressive disease characterized by excessive lipid accumulation in the intima of arteries." Within
the atherosclerotic plaque, macrophages ingest modified lipoproteins and transform into foam cells, which are recognized
as the initial and critical steps of atherosclerosis.> The formation of macrophage-derived foam cells is regulated by the
balance of cholesterol uptake, cholesterol esterification, and free cholesterol efflux.*® Lectin-like ox-LDL receptor 1
(LOX-1), a critical receptor for binding and internalizing lipoproteins in macrophages, is known to play a vital role in
modulating the intracellular cholesterol and consequently influencing foam cell formation.®’

Following acute ischemia incidents, accelerated atherosclerosis has been seen. Studies have reported that secondary
plaque rupture occurs more commonly in individuals with acute myocardial infarction (AMI) than in those with stable
angina.® Moreover, a more severe progression of non-culprit lesions (lesions not responsible for the acute events) was found
in patients presenting with AMI when compared to patients with stable angina.”'> AMI has been demonstrated as an

independent risk factor for the progression of the non-culprit coronary lesion.® Interestingly, this assumption has also been
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supported by recent experimental model system research. A model of acute experimental myocardial infarction in ApoE-
deficient mice accelerated atherogenesis, as evidenced by increased lipid deposits and the growing instability of plaque.'*'*

Exosomes are nanosized membrane vesicles that transfer bioactive molecules for intercellular communication.'®
Increasing evidence has indicated that miRNAs cargo in exosomes takes an essential part in atherosclerosis.'® For
instance, exosomal miR-21-3p from nicotine-stimulated macrophages was found to aggravate atherosclerosis by targeting
phosphatase and tension homologue (PTEN).'” Exosomal miRNAs, including miR-30e and miR-92a, have also been
suggested as potential biomarkers to diagnose atherosclerosis.'® In addition, miRNAs in AMI patients’ circulating
exosomes have been associated with pathological processes like angiogenesis.'**° We hypothesized a potential role of
exosomal miRNAs isolated from AMI patients in accelerated atherosclerosis.

Therefore, this study aimed to determine whether exosomes isolated from AMI patients accelerated atherosclerosis
and the underlying mechanism involving miRNAs. Serum exosomes from patients with AMI (AMI-Exo) and control
individuals (Con-Exo) were isolated to evaluate their effects on atherogenesis. AMI-Exo treatment caused lipid
accumulation in macrophages in vitro and accelerated atherosclerosis in vivo, according to our findings. As a result,
our study revealed that miR-186-5p expression was lower in AMI-Exo than in Con-Exo, and exosomal miR-186-5p
achieved high diagnostic performance against AMI. Furthermore, miR-186-5p dysregulation in AMI-Exo was demon-
strated to regulate macrophage foam cell formation via targeting LOX-1, indicating a critical biological role of exosomal
miRNAs in the pathogenesis of atherosclerosis.

Materials and Methods
Ethics Statement

The study conformed to the principles outlined in the Declaration of Helsinki. Informed consents were obtained from all
participants and institutional review board approval (IEC Approval Letter No. 0266) was granted by the ethics committee
of Wuhan Union Hospital of Huazhong University of Science and Technology. Animal studies were conducted following
the Guidelines for the Care and Use of Laboratory Animals and with the approval (IACUC No. 2741) by the Animal
Care and Use Committee of Huazhong University of Science and Technology.

Participants

The study population included patients with AMI and control individuals. The inclusion criteria of AMI patients were as
follows: (1) diagnosed with AMI based on the expert consensus of the Fourth General Definition of Myocardial
Infarction (2018);*' (2) within 72 hours of the acute myocardial infarction onset; (3) did not receive the reperfusion
therapy; (4) age older than 18 years old. Controls were the non-AMI patients hospitalized over the same period of time.
Population with comorbidities such as chronic or acute infections, malignant tumors, severe kidney or liver injuries, and
hematological disorders were excluded. Demographic and clinical details of the participants were collected from the
electronic medical records. In this study, patients with AMI and age-matched controls (n = 19 each) were enrolled.
Clinical information about all the subjects was listed in Table 1.

Serum Collection and Exosome Isolation

The serum was separated from whole blood by centrifugation at 3000 g for 15 min at room temperature and then diluted
with PBS to lower viscosity for exosome extraction. Exosomes were isolated from diluted serum through an ultracen-
trifugation procedure as described in our previous study.”” Briefly, the diluted serum was centrifuged at 3000 g for 15 min
at 4°C to eliminate cellular debris. Supernatant was then collected and spun at 12,000 g for 30 min at 4°C and filtered
using 0.22 um Millipore filters (MA, USA) for removing the large vesicles. The filtrate was collected and ultracen-
trifuged at 100,000 g for 2 hours at 4°C to pellet the exosomes. The final exosome pellets were carefully resuspended in
pre-cooled PBS and stored in liquid nitrogen for further analysis.
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Table 1 The Baseline Characteristics of Enrolled Participants

Characteristics AMI (n=19) Control (n = 19) P value
Age (year) 56 £9.2 55 6.1 0.665
Male, n (%) 13 (68.4%) Il (57.9%) 0.501
Glucose (mmol/L) 5.84x1.57 5.67%1.79 0.435
TNI (ng/L) 74,719.20+64,646.25 2.58+4.4| <0.001
Cholesterol (mmol/L) 4.19+0.93 4.14+0.90 0.885
Triglyceride (mmol/L) I.11 (0.87-2.10) 1.15 (0.73-1.63) 0.624
LDL-C (mmol/L) 2.32+0.77 2.25+0.77 0.792
HDL-C (mmol/L) 1.09£0.10 1.2240.07 0.188

Abbreviations: AMI, acute myocardial infarction; TNI, troponin I; LDL-C, low density lipoprotein-choles-
terol; HDL-C, high density lipoprotein-cholesterol.

Transmission Electron Microscopy

The morphology of the separated exosomes was identified using a transmission electron microscope. After fixation with
2.5% glutaraldehyde, the samples were incubated overnight at 4°C. Next, the exosomes were spotted onto carbon-coated
copper grids and stained with the phosphotungstic acid solution. The droplets of exosomes were air-dried at room
temperature and analyzed using a JEM-1400 transmission electron microscope (JEOL, Tokyo, Japan) at 80 kV.

Nanoparticle Tracking Analysis

Exosomes were diluted to achieve between 140-200 particles per frame. ZetaView inspection instrument (Particle
Metrix, Meerbusch, Germany) was used to determine the size and number of exosome particles. After loading exosome
samples into the sample chamber, the manufacturer’s settings for nanospheres were set and the data were captured and
calculated by the Nanoparticle Tracking Analysis (NTA) software (ZetaView 8.04.02).

Western Blot

Western blot was done following previously described protocols.?® Total proteins of exosomes, cells, and arterial tissues
were extracted using the RIPA lysis buffer (Beyotime, Shanghai, China). After electroblotting, the membranes were
blocked with 3% BSA (Sigma-Aldrich, USA) and then incubated with primary antibodies against CD63 (1:1000, Abcam,
Cambridgeshire, UK), CD81 (1:1000, Abcam), tumor susceptibility gene 101 (Tsgl01, 1:500, Proteintech, Rosemont,
USA), LOX-1 (1:1000, Abcam), and B-actin (1:1000, Proteintech) overnight at 4°C. The membranes were then washed
and incubated with secondary antibodies (1:3000, Ant Gene, Wuhan, China). The protein bands were visualized and
analyzed with a Bio-Rad Chemidoc system (Bio-Rad Laboratories, CA, USA).

Cell Culture and Treatment

RAW?264.7 macrophage cells were purchased from American Type Culture Collection (VA, USA), sub-cultured in DMEM
medium (Gibco, CA, USA) containing 10% FBS (Gibco, CA, USA) and 1% penicillin/streptomycin (Thermo Fisher
Scientific, MA, USA) in a humidified incubator at 37°C under 5% CO,. We used cells between passages 3—7 in this
study. To explore the effects of exosomes on macrophages, the macrophages were incubated with AMI-Exo or Con-Exo and
exposed to ox-LDL. Foam cells derived from macrophages are known to play a crucial role in the initiation and progression
of atherosclerosis. For atherosclerosis model construct in vitro, macrophages were treated with 50 ug/mL of ox-LDL (Yiyuan
biotech, Guangzhou, China) for 48 h. In the exosome treatment experiments, macrophages cultured in the ox-LDL medium
were assigned to the following three groups: (a) PBS (b) Con-Exo (50ug/mL) and (c) AMI-Exo (50ug/mL).

Exosome Labeling and Uptake by Cells
The isolated exosomes were incubated with PKH26 (Sigma-Aldrich, MO, USA) at room temperature for 10 min. The
labeled exosomes were washed with PBS and re-purified via ultracentrifugation. The macrophages grown on coverslips
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(NEST Biotechnology, Wuxi, China) were cultured with PKH26-labeled exosome for 6 h at 37°C. DAPI (Beyotime,
Shanghai, China) was then used to stain the nuclei at room temperature for 10 min. Images were captured by
a NikonA1R confocal microscope (Nikon Instruments, NY, USA).

Observation of Adipocytes

The distribution of adipose cells in RAW264.7 macrophage-derived foam cells was determined using oil red O (Solarbio,
Beijing, China) staining. Macrophages were fixed with 4% paraformaldehyde for 15 min and stained with oil red
O working solution at room temperature for 60 min. After washing with 60% isopropanol and PBS, cells were imaged
using an optical microscope (Olympus, Tokyo, Japan).

Visualized Cellular Uptake of Cholesterol

The fluorescence labeled oxidative LDL (Dil-oxLDL, Yiyuan biotech, Guangzhou, China) was used for the uptake
analysis. Cells were co-incubated with Dil-ox-LDL (20 pg/mL) at 37°C for 4 h following serum starvation in the
presence or absence of exosomes. After staining the nuclei with DAPI (Beyotime, Shanghai, China), Dil-ox-LDL uptake
was visualized by a confocal microscope (Nikon Instruments, NY, USA). The images were analyzed using ImagePro Plus
6.0 software (Media Cybernetics, Silver Spring, USA).

Cell Transfection

The miR-186-5p mimic (chemically synthesized oligonucleotides according to sequences of miR-186-5p), miR-186-5p
inhibitor (chemically modified single-stranded RNA molecules that inhibits the function of miR-186-5p), and their
negative controls (NC-mimic, NC-inhibitor) were purchased from RiboBio (Guangzhou, China). The transfection of
miRNAs into macrophages was conducted with the TransIT-X2 Dynamic Delivery System (Mirus Bio, WI, USA),
following the manufacturer’s protocols.

Quantitative Reverse Transcriptional Polymerase Chain Reaction Analysis

Total RNA was extracted using RNAiso Plus (Vazyme, Nanjing, China). After quantification, total RNA was transcribed
into cDNA with a PrimeScript RT reagent kit (Vazyme, Nanjing, China). The real-time reactions were performed with
SYBR Green master mix (Vazyme, Nanjing, China) with a CFX96 real-time system thermocycler (Bio-Rad, Hercules,
CA, USA). The relative miRNA or mRNA expression level was quantified using the 27**“* method and normalized
against U6 or B-actin. The primer sequences are presented in Table 2.

Luciferase Reporter Assay

The 3'-UTR of the LOX-1 sequence containing the predicted miR-186-5p binding sites and its mutant were cloned into
the psiCHECK-2 vector (Promega, WI, USA) to generate psiCHECK-2-LOX-1-Wt and psiCHECK-2-LOX-1-Mut. Next,
RAW264.7 macrophage cells were co-transfected with psiCHECK-2 empty vector, psiCHECK-2-LOX-1-Wt, or
psiCHECK-2-LOX-1-Mut with either the miR-186-5p mimics or control. A dual-luciferase reporter assay system
(Promega, WI, USA) was used to detect luciferase activity after 48 h incubation.

Animal Experiments

Male ApoE "~ mice (8-week-old) were purchased from Vital River Laboratories (Beijing, China). Mice were maintained in
a specific pathogen-free laboratory with a 12 h light-dark cycle. Mice were fed with a high-fat diet (MD12015, Medicine Ltd,
Jiangsu, China) for 10 weeks to develop an atherosclerosis mouse model. During administration, the model mice received an
injection with PBS or exosomes (200 pg each time) once a week via tail vein for 4 weeks. At the termination of the
experimental period, the aortas of mice were removed under a stereo microscope and processed for further analysis.

Atherosclerotic Lesion Assessment
The heart and the entire length of the aorta were carefully removed and fixed in 4% paraformaldehyde. The aortas were
unfolded longitudinally and stained with oil red O (Solarbio, Beijing, China) to analyze the en face lesions. The images of
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Table 2 The Primer Sequence for qRT-PCR

Gene Primer Sequence, 5'-3’'

Forward Reverse
CD36 TACCTGGGAGTTGGCGAGAA GTTCCGATCACAGCCCATTC
SR-Al GGCAATTTGGTTCCGCCCTT GTGTCCAATACAGTGGCCGT
LOX-I CTGGATTGGATTGCATCGGAA CAGCTCCGTCTTGAAGGTATG
ACATI GAAGCCAGGAGAGTTCGGTC CCGGTCACATGGAACTGTCT
NCEHI GGTCGTCATGCGTCCTACTG ATTCAGCGCGATCAGATGGT
ABCAI CCCAGAGCAAAAAGCGACTC GGTCATCATCACTTTGGTCCTTG
ABCGI ACCACTCAAAGAGAAGGCGG AGTACACAGACACCAGTGCG
SR-BI ACGGCCAGAAGCCAGTAGTC GACCTTTTGTCTGAACTCCCTGTAG
B-actin GCAGGAGTACGATGAGTCCG ACGCAGCTCAGTAACAGTCC
miR-98-5p CGCGCGTGAGGTAGTAAGTTGT AGTGCAGGGTCCGAGGTATT
miR-377-3p CGCGATCACACAAAGGCAAC AGTGCAGGGTCCGAGGTATT
miR-93-5p CGCAAAGTGCTGTTCGTGC AGTGCAGGGTCCGAGGTATT
miR-186-5p CGCGCAAAGAATTCTCCTTT AGTGCAGGGTCCGAGGTATT
miR-141-3p GCGCGTAACACTGTCTGGTAA AGTGCAGGGTCCGAGGTATT
miR-9-5p GCGCGTCTTTGGTTATCTAGCT AGTGCAGGGTCCGAGGTATT
miR-200a-3p GCGCGTAACACTGTCTGGTAA AGTGCAGGGTCCGAGGTATT
miR-185-5p CGCGTGGAGAGAAAGGCAGT AGTGCAGGGTCCGAGGTATT
miR-17-5p GCGCAAAGTGCTTACAGTGC AGTGCAGGGTCCGAGGTATT
ué CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

Abbreviations: SR-Al, scavenger receptor class A; LOX-I, lectin-like ox-LDL receptor-1; ACATI, acetyl-CoA acetyltransferase
I; NCEHI, neutral cholesterol ester hydrolase |; ABCAI, ATP binding cassette subfamily A member |; ABCGI, ATP binding
cassette subfamily G member I; SR-BI, scavenger receptor class B type I.

aortas were obtained using a digital camera (Canon, Tokyo, Japan). The hearts were immersed in optimal cutting temperature
compound (OCT) and cryosectioned into 7 um slices. Oil red O and hematoxylin staining of cryostat sections were performed
to detect the atherosclerotic lesions in the aortic root. The images were obtained using a microscope (Olympus, Tokyo, Japan)
and analyzed with ImagePro Plus 6.0 software (Media Cybernetics, Silver Spring, USA).

Histology and Immunofluorescence Staining of Aortic Sections

For the necrotic core analysis, aortic sinus sections were stained with hematoxylin and eosin (H&E) (Solarbio, Beijing, China).
Then, the slices were observed using an optical microscope. For detecting macrophage-derived foam cells in atherosclerotic
lesions, cryostat sections were immunostained with anti-CD68 antibodies (1:250, Abcam) at 4°C overnight and then incubated
with the corresponding fluorescein-conjugated secondary antibodies (1:200, Life Technologies, NY, USA) for 1 h. After
immunostaining with CD68 antibody, the slides were stained with Bodipy 493/503 (Invitrogen, Karlsruhe, Germany) working
solution for 1 h at room temperature. Nuclei were stained with DAPI (Beyotime, Shanghai, China) for 10 min. Confocal
imaging was recorded in a laser-scanning microscope (Nikon Instruments, NY, USA). The captured images above were
analyzed with ImagePro Plus 6.0 software (Media Cybernetics, Silver Spring, USA).

Statistical Analyses

All statistical analyses were performed using SPSS version 23.0 (SPSS Inc., Chicago, IL, USA). Each experimental group had
at least three replicates. Data has been presented as numbers and percentages for categorical variables and as mean + standard
error of the mean (SEM) for continuous variables. Categorical variables were evaluated by the Chi-square test or Fisher’s
exact test. The Kolmogorov—Smirnov test was used to assess data normalization. Unpaired f-test or non-parametric
Mann—Whitney U-test was used to compare the two groups. Continuous variable data between multiple groups were tested
using one-way ANOVA. Two-sided P values < 0.05 were considered statistically significant.
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Results

Identification and Uptake of Serum Exosomes

Serum exosomes from AMI patients (AMI-Exo) and controls (Con-Exo) both exhibited a spherical or cup-shaped
structure under TEM (Figure 1A). Specific exosomal markers (CD63, CD81, and Tsgl01) were expressed in both two
types of exosomes (Figure 1B). Meanwhile, NTA measurements showed that the average size and main peak of the two
exosome groups was approximately 100 nm (Figure 1C). After PKH26-labeled AMI-Exo and Con-Exo were incubated
with DAPI-labeled RAW264.7 macrophages for 6 h; fluorescence images demonstrated that red exosomes were localized
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Figure | Identification and uptake of AMI-Exo and Con-Exo. (A) Morphology of exosomes by transmission electron microscope, scale bar = 100 nm. (B) The expression of
exosomal markers CD63, CD81, and Tsgl01. (C) The diameter distribution of exosomes by nanoparticle tracking analysis. (D) Uptake of PKH26-labelled exosomes (red) in
DAPI-labeled macrophages (blue). Scale bar = [0 pum.
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on the cytoplasm of cells, indicating that AMI-Exo and Con-Exo could be internalized by RAW264.7 macrophages
(Figure 1D).

AMI-Exo Promotes Lipid Accumulation in Macrophages by Upregulating LOX-|

As shown in Figures 2A and B, amounts of oil-red O stained lipid droplets were observed more in macrophages treated with
AMI-Exo, indicating an enhanced capacity of AMI-Exo to induce foam cell formation. Lipid metabolism in macrophages
involves three processes: cholesterol uptake, esterification, and efflux. The mRNA levels of cholesterol metabolism were
analyzed in RAW264.7 cells, including CD36, SR-AIL, LOX-1, ACAT1, NECHI1, ABCA1, and ABCG1. Compared with Con-
Exo treated macrophages, we found that AMI-Exo significantly enhanced the expression of LOX-1 mRNA (Figure 2C). To
support the role of AMI-Exo in LOX-1 regulation, we compared the protein expression of LOX-1 following exosome
intervention, and observed an upregulation of LOX-1 in AMI-Exo treated macrophages (Figure 2D and E). LOX-1 is critical
for the internalization of ox-LDL in macrophages. For obtaining further evidences for the involvement of LOX-1, we
visualized the uptake of Dil-ox-LDL in macrophages by confocal fluorescence microscopy. Figure 2F and G show that the
intracellular fluorescence intensity of Dil-ox-LDL markedly increased after treatment with AMI-Exo. Thus, these results
suggested that AMI-Exo promoted lipid accumulation through upregulating LOX-1 in macrophages.

Downregulated Expression of miR-186-5p, and Its Diagnostic Value for AMI

We utilized both miRNA-target interaction databases (miRDB, miRmap, TargetScan) and the exosomal cargos database
(Exocarta) for analysis to identify the miRNAs upstream of LOX-1 mRNA (Figure 3A). The overlapping and highly conserved
miRNAs (miR-17-5p, miR-98-5p, miR-9-5p, miR-141-3p, miR-186-5p, miR-93-5p, miR-185-5p, miR-377-3p, and miR-200a-
3p) were presented using Cytoscape software (Figure 3B). Based on the action mechanism of miRNAs in regulation of target
mRNA, we expected a negative correlation between upstream miRNA and LOX-1 in AMI-Exo treated macrophages. Thus, we
performed qRT-PCR for validation. It was found that the expression of miR-186-5p was markedly downregulated after AMI-Exo
administration (Figure 3C). Subsequently, the differential expression of miR-186-5p in the serum exosomes of ten AMI patients
and ten control individuals was validated. Based on the qRT-PCR analysis, we identified exosomal miR-186-5p downregulated in
AMI-Exo (Figure 3D). Recent studies have indicated that miR-186-5p was involved in regulating ischemic injury.*** Since the
miR-186-5p expression in exosomes might be related to myocardial ischemia, a correlation analysis was performed. We found
that the level of exosomal miR-186-5p in patients with AMI was negatively linked to the TNI levels (Figure 3E). In addition,
ROC analysis was conducted to evaluate the predictive power of exosomal miR-186-5p toward AMI. The results suggested that
exosomal miR-186-5p achieved high diagnostic performance with an area under the curve (AUC) of 0.910 for AMI (Figure 3F).
A low exosomal miR-186-5p expression might serve as a reliable potential biomarker for AMI. We hypothesized that low miR-
186-5p levels meditated by AMI-Exo could be related to its role in macrophage foaming.

miR-186-5p Dysregulation Promotes Lipid Accumulation by Directly Targeting LOX- |

Based on the effect of miR-186-5p dysregulation on regulating LOX-1, we predicted the relevant binding sites using miRBD
(https://mirdb.org/). It was found that two binding sites existed between miR-186-5p and the 3'-untranslated regions (UTR) of
LOX-1, which were located in two base fragments, including 65—71 (target sites 1) and 1523—1529 (target sites 2) (Figure 4A).
Next, plasmids with wild-type (WT) or mutant targets were constructed for dual luciferase assay. As shown in Figure 4B, miR-
186-5p inhibited the luciferase activity of plasmids containing WT sequences, and the mutation of target site 1 abolished this
repressive effect. The results indicated that LOX-1 was the direct downstream target of miR-186-5p.

In order to further address whether the regulation of LOX-1 by miR-186-5p affects lipid metabolism, macrophages
were transfected with miR-186-5p mimic, mimic negative control (NC), miR-186-5p inhibitor, or inhibitor NC,
respectively. The results of qRT-PCR revealed that the miR-186-5p mimic group exhibited a significantly augmented
level of miR-186-5p, and the miR-186-5p inhibitor group presented a significantly downregulated expression of miR-
186-5p (Figure 4C). The miR-186-5p mimic significantly decreased the mRNA and protein levels of LOX-1 induced by
ox-LDL in macrophages (Figure 4D—F). Marked increases in LOX-1 mRNA and protein were also observed in the miR-
186-5p inhibitor group (Figure 4D-F). Next, lipid accumulation was evaluated. In the foam cell formation assay, the
overexpression of miR-186-5p significantly inhibited macrophage foaming, while the knockdown of miR-186-5p had an
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inverse effect (Figure 4G and H). Consistently, the upregulation of miR-186-5p suppressed the uptake of Dil-ox-LDL,

whereas it increased in the miR-186-5p inhibitor group (Figure 41 and J). These findings suggested that miR-186-5p

inhibited atherosclerosis-related phenotypes of macrophages by regulating its downstream molecule LOX-1.
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AMI-Exo Aggravates Atherosclerosis in ApoE ™ Mice

High-fat/cholesterol diet-fed ApoE~~ mice were treated weekly with PBS, Con-Exo, or AMI-Exo for 4 weeks (Figure 5A) to
determine whether AMI-Exo had a role in the development of atherosclerosis in vivo. The atherosclerotic lesion area was
evaluated by an en-face analysis of the entire aorta and the cross-sections of the aortic sinus (Figure SB-D). The en face analysis
suggested that atherosclerotic plaque areas in the whole aortas in ApoE "~ mice were markedly increased in the AMI-Exo group

compared with the PBS and Con-Exo administered mice (Figure 5C). On aortic cross-sections, severe lipid deposition and aortic
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Figure 5 AMI-Exo aggravates atherosclerosis in ApoEflf mice. (A) Scheme describing the experimental workflow of animal study. (B) Representative en face oil-red
O stained images of ApoE /™ mice aortic atherosclerotic plaques. (C) Lesion quantification of atherosclerotic plaques from the aortic arch to the iliac bifurcation. (D)
Representative oil-red O stained images of aortic sinus cross-sections, scale bar = 200 pm. (E) Quantification of aortic sinus lesion. (F) Representative hematoxylin and
eosin staining of aortic sinus cross-sections, scale bar = 100 um. (G) Quantification of necrotic core area as a percent of total lesion area in ApoE '~ mice. ¥P < 0.01, ¥*P <
0.001.
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root lesion burden were observed in AMI-Exo treated mice (Figure SE). The aortic root’s necrotic core was examined in the H&E
stained cross-sections (Figure 5F). We found that AMI-Exo administration significantly increased the necrotic core area within
the lesions (Figure 5G). The above results indicated that AMI-Exo treatment accelerated atherosclerosis progression in vivo.

miR-186-5p Mediated Macrophage-Derived Foam Cell Formation via LOX-1 in ApoE "~
Mice

To further investigate whether the poorly expressed exosomal miR-186-5p could impact macrophage-derived foam cell
formation in lesion areas, we used immunofluorescent staining on aortic root cross-sections with Bodipy 493/503 (green) and
CD68 (red) (Figure 6A). Compared with Con-Exo treated mice, there was a high degree of co-localization of neutral lipids and
macrophages in the AMI-Exo group, suggesting a marked increase of macrophage-derived foam cell formation by the AMI-Exo
treatment (Figure 6B). In addition, we investigated the effect of miR-186-5p on LOX-1 expression in vivo. The aorta from each
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Figure 6 miR-186-5p mediated macrophage-derived foam cell formation via LOX-1 in ApoE '~ mice. (A) Representative immunofluorescence microscopy images of neutral
lipid of the lesional macrophages, by staining Bodipy 493/503 (green) and CDé68 (red)), scale bar = 25 um. (B) Quantification of the co-localization of Bodipy 493/503 and
CDé68 fluorescence intensity. (C) Expression of LOX-I mRNA after AMI-Exo administration was determined by qRT-PCR. (D) miR-186-5p expression in vivo measured by
RT-qPCR. (E and F) The protein expression of LOX-I in ApoEfl* mice treated with AMI-Exo detected by Western blot analysis. ***P < 0.001.
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group was used for the assessment. The expression of LOX-1 and miR-186-5p detected by qRT-PCR showed that LOX-1 was
significantly increased, while miR-186-5p expression was markedly decreased in the mice treated with AMI-Exo
(Figure 6C and D). Western blotting results also displayed LOX-1 protein expression pattern similar to that of qRT-PCR
(Figure 6E and F). Thus, these results indicate that miR-186-5p dysregulation aggravates the development of aortic athero-
sclerosis, probably through upregulation of LOX-1.

Discussion

Atherosclerosis is a chronic degenerative disease that is associated with a high incidence of morbidity and mortality of
cardiovascular events.”® Previous studies have suggested that AMI accelerates the atherosclerotic progression in non-culprit
vessels and is an independent risk factor for the rupture of atherosclerotic plaque.® '® However, further analysis is required to
understand the specific mechanism. Exosomes from myocardial infarction patients have emerged as essential players in
various pathophysiological processes. Recent studies have shown that circulating exosomes from patients with AMI
participate in angiogenesis in experimental models of left anterior descending coronary artery ligation.'”*® Another study
reported that exosomes isolated from AMI patients significantly promoted cell injury when incubated with HUVECs.?” This
study is the first to show the proatherogenic effect of exosomes from patients with AMI, which might partly account for the
observations that clinical and experimental myocardial infarction facilitated atherosclerosis progression.

The accumulation of lipids is essential for the formation of macrophages-derived foam cells that deposit in the artery
wall.? The recognition and uptake of modified lipid is mainly mediated by macrophage scavenger receptors, such as
CD36, SR-AI and LOX-1.%® Our findings suggested that in the aortic root plaques of mice of the AMI-Exo group, lipid
accumulation in macrophages was aggravated and there was a significant increase in the levels of scavenger receptor
LOX-1. Evidence has increasingly revealed the importance of LOX-1 in atherogenesis. Previously, LOX-1 upregulation
was discovered in atherosclerotic plaques of atherosclerosis patients.”’ Inoue et al reported that mice overexpressing
LOX-1 exhibited an acceleration of atherosclerotic lesions.*® Besides, compared with other scavenger receptors, LOX-1
could recognize and bind to moderately oxidatively modified or incompletely ox-LDL,*' suggesting a more significant
potential contribution of LOX-1 in atherogenesis.

In this study, we conducted in vitro study in macrophages to explore the role of LOX-1 in lipid-laden foam cells. The
administration of AMI-Exo enhanced lipid uptake and promoted foam cell formation with the upregulation of LOX-1.
A previous study had revealed that LOX-1 increased the internalization of ox-LDL by more than 40% in macrophages.>
The inflammatory cytokines upregulated the LOX-1 expression in macrophages while other scavenger receptors were
downregulated.*® Thus, LOX-1 mediated ox-LDL uptake in macrophages might play a central role in the chronic
inflammatory environment of atherosclerosis.

We further investigated the miRNA mechanism underlying the exosome regulation of LOX-1. Several studies have reported
on the role of miRNA-mediated regulation of LOX-1 expression. miR-30c-1-3p is known to be implicated in repressing
macrophage foaming by binding directly to LOX-1 and inhibiting its expression.>* However, the regulation of LOX-1 by
exosome mediated miRNA has not been explored. miRNAs are the most abundant cargo in human blood-derived exosomes,
accounting for more than 50% of exosomal non-coding RNA.*> Also, specific exosomal miRNAs may act as potential circulating
biomarkers.>® For instance, exosomal miR-214 was confirmed to be a promising diagnostic biomarker for patients with AMI.>’
In this study, we identified that the level of miR-186-5p was markedly decreased in AMI-Exo and had a high diagnostic value for
AMI. miR-186-5p reportedly played a regulatory role in ischemic injury, which was consistent with our findings.***
Subsequently, luciferase assays were performed, and the results indicated that miR-186-5p directly targeted the 3'-UTR of
LOX-1 and repressed LOX-1 expression. In the current study, macrophage foam cell formation was increased when the
expression of endogenous or exogenous miR-186-5p was blocked. Conversely, macrophage foaming was inhibited when
elevating the miR-186-5p level. Moreover, delivery of AMI-Exo with low levels of miR-186-5p in vivo increased the level of
LOX-1 and accelerated atherosclerotic lesions. These data demonstrated that miR-186-5p dysregulation mediated by AMI-Exo
was involved in the pathological process of atherosclerosis via LOX-1. Tao et al previously revealed that serum levels of miR-
186-5p had a negative association with the progression of atherosclerosis.>® Zhang et al reported that the addition of exogenous
miR-186-5p inhibited the proliferation and migration of vascular endothelial cells in atherosclerosis.*® These data demonstrated
the critical function of miR-186-5p in atherosclerosis development, in agreement with our findings.
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Figure 7 Schematic diagram of the experimental hypothesis. miR-186-5p dysregulation in AMI-Exo regulates the formation of foam cells by targeting LOX-1 for enhancing
the macrophage lipid uptake, thereby promoting atherosclerosis.

Taken together, this study provides a new understanding to interpret accelerated atherosclerosis after acute ischemic
events, by exosome-mediated miRNA communication. Exosomes have been viewed as new players in translational
nanomedicine.*® Growing evidence in recent years has suggested exosome-based drug delivery systems as a promising
strategy for diseases.*' Our findings support the importance of exosomal miR-186-5p in atherogenesis, therapeutic
miRNA cargoed in engineered exosomes may also be an alternative approach for the treatment of atherosclerosis.
Nevertheless, this study had several limitations. First, the clinical sample size in this study was relatively small. A post
hoc power analysis was conducted with G*Power (version 3.1.9.7, Franz Faul, University of Kiel, Germany). Our
statistical decision was made using an alpha level of 0.05. Based on the sample size of this study, the power to detect
significant differences was 99% (actual power, 0.9933770; critical t, 2.0399640; non-centrality parameter, 4.5839372),
with a large effect size of 1.63 (Cohen’s d). Thus, the sample size, albeit small, provided sufficient power to detect
statistical differences. Second, due to the complicated exosomal contents, the findings of the study might not elucidate all
functional molecules in AMI-Exo. Finally, the regulatory effect of miR-186-5p on LOX-1 was confirmed in vitro
experiments, and further validation should be performed to uncover the regulation effect of miR-186-5p in vivo.

Conclusion

In summary, we reported that low levels of miR-186-5p in AMI-Exo promoted macrophages foaming through the direct
binding of LOX-1, aggravating atherosclerosis (Figure 7). This study provides new evidence confirming the role of
exosomal miRNA as a potent regulator in atherosclerosis. Further efforts involving exosomes based miRNA delivery
strategy will offer novel perspectives for the treatment of atherosclerosis.
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