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Abstract
Background  Visceral adipose tissue in individuals with obesity is an independent cardiovascular risk indicator. 
However, it remains unclear whether adipose tissue influences common cardiovascular diseases, such as 
atherosclerosis, through its secreted exosomes.

Methods  The exosomes secreted by adipose tissue from diet-induced obesity mice were isolated to examine 
their impact on the progression of atherosclerosis and the associated mechanism. Endothelial apoptosis and 
the proliferation and migration of vascular smooth muscle cells (VSMCs) within the atherosclerotic plaque were 
evaluated. Statistical significance was analyzed using GraphPad Prism 9.0 with appropriate statistical tests.

Results  We demonstrate that adipose tissue-derived exosomes (AT-EX) exacerbate atherosclerosis progression by 
promoting endothelial apoptosis, proliferation, and migration of VSMCs within the plaque in vivo. MicroRNA-132/212 
(miR-132/212) was detected within AT-EX cargo. Mechanistically, miR-132/212-enriched AT-EX exacerbates palmitate 
acid-induced endothelial apoptosis via targeting G protein subunit alpha 12 and enhances platelet-derived growth 
factor type BB-induced VSMC proliferation and migration by targeting phosphatase and tensin homolog in vitro. 
Importantly, melatonin decreases exosomal miR-132/212 levels, thereby mitigating the pro-atherosclerotic impact of 
AT-EX.

Conclusion  These data uncover the pathological mechanism by which adipose tissue-derived exosomes regulate 
the progression of atherosclerosis and identify miR-132/212 as potential diagnostic and therapeutic targets for 
atherosclerosis.
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Graphical Abstract
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Introduction
Atherosclerosis is the primary factor increasing the 
occurrence of heart disease and stroke. The high global 
incidence and mortality rates of atherosclerotic dis-
ease place a significant economic burden [1]. Obesity is 
increasingly recognized as a significant risk factor for 
atherosclerotic disease [2]. Aberrant fat accumulation in 
obesity results in dysfunction in white adipose tissue [3]. 
Recent studies have demonstrated that visceral adipose 
tissue (VAT) in obese individuals is a stronger indepen-
dent predictor of cardiovascular risk compared to subcu-
taneous adipose tissue (SAT) [4, 5].

Exosomes, which have a cup-like shape and a diame-
ter of 40–160 nm, are secreted by all cell types and carry 
various biomolecules, such as DNAs, RNAs, proteins, 
lipids and metabolites, [6] which function in the recipient 
cells. For instance, adipocyte-secreted exosomal miRNA-
34a promotes obesity-induced adipose inflammation, 
[7] adipose mesenchymal stem cell-derived exosomal 
miRNA-342 mitigates atherosclerosis [8] and adipose tis-
sue macrophage-derived exosomal miRNA-155 regulates 
insulin sensitivity [9]. However, these studies focus on a 
specific type of cell-derived exosomes in adipose tissue. 
Adipose tissue serves as the largest endocrine organ [10–
12] and is considered as one of the main sources of circu-
lating exosomes [13]. The exosomes secreted by various 
cell types in adipose tissue affect the response of adjacent 
cells to metabolic changes, [14] indicating that adipose 
tissue-derived exosomes in the blood are a comprehen-
sive reaction product of various cells in adipose tissue 
in response to metabolic changes. Therefore, the exo-
somes secreted by adipose tissue as a whole, rather than 
those secreted by a specific type of cells in adipose tis-
sue, will be more valuable for studying the pathogenesis 
and pathophysiology of disease. Recently, more and more 
researchers have paid attention to this key point. For 
example, brown adipose tissue-derived exosomes have 
been reported to alleviate the metabolic syndrome, [15] 
and visceral adipose tissue-derived exosomes, to exac-
erbate colitis [16]. Notably, a novel study has reported 
that VAT-EX exacerbate atherosclerosis by enhancing 
macrophage foam cell formation [17]. However, it is still 
unclear which active molecules function in these exo-
somes and whether VAT-EX affects arterial endothelial 
apoptosis and the proliferation and migration of VSMCs 
in atherosclerosis.

Melatonin, a crucial hormone secreted by the pineal 
gland, was initially believed to regulate circadian rhythms 
[18]. Extensive evidence indicates that melatonin has 
potent antioxidative and anti-inflammatory properties 
[19, 20]. As for atherosclerosis, the intragastric admin-
istration of melatonin markedly reduced the amount 
of plaque in the aorta, [21] where melatonin receptors 
exist [22, 23], suggesting a direct protective role of this 

molecule in atherosclerosis. Additionally, melatonin 
may play an indirect role in alleviating atherosclero-
sis by reducing weight gain and enhancing other meta-
bolic processes in both animal models and humans [24]. 
Recently, a new study reported that melatonin attenu-
ates adipose inflammation by changing the cargo car-
ried by adipose-derived exosomes [25]. However, data 
regarding the effect of melatonin on atherosclerosis by 
changing the inflammatory miRNA profile in adipose-
derived exosomes are scarce. In this present study, our 
aim is to explore whether melatonin alleviates the ath-
erogenic impact of adipose-derived exosomes by altering 
the profile of inflammatory miRNAs and to identify the 
key effector molecules within these exosomes for iden-
tifying potential diagnostic and therapeutic targets in 
atherosclerosis.

Materials and methods
Establishment of diet-induced obesity (DIO) mouse model
All animal experiments comply with the ARRIVE guide-
lines. All mice were housed in a specific pathogen-free 
environment with a 12-h light-dark cycle and 40–60% 
humidity at 18–23  °C in the Second Xiang-Ya Hospital. 
Six-week-old C57BL/6J male mice were fed with a 60% 
high-fat diet (D12492; Research Diets, Inc.) for 16 weeks 
to induce a mouse model of obesity (N = 40, five mice per 
cage). All mice were fed with the high-fat diet until the 
end of the experiment, and half of them were selected to 
receive drinking water supplemented with 0.4  mg/mL 
melatonin (Sigma-Aldrich, M5250) for the next 6 weeks 
at the 10th week of high-fat diet (HFD) intervention 
using a random number table. The drinking water bottle 
was wrapped in tin foil to prevent light-induced degrada-
tion of melatonin. Obesity was assessed as in a previous 
study [16]. Body weight was measured weekly, and daily 
food consumption was recorded. Glucose and insulin tol-
erance tests were performed as previously described [26]. 

Establishment of atherosclerosis mouse models
Apolipoprotein E knockout male mice (ApoE−/− mice; 
B6/JGpt-Apoeem1Cd82/Gpt; Strain No. T001458) were 
purchased from GemPharmatech (Nanjing, China). All 
apoE−/− mice were fed with a high-fat diet containing 
1.25% cholesterol and 40% fat for 12 weeks (D12108C; 
Research Diets, Inc.). At the 6th week after a high-fat 
diet, mice were randomly divided into five groups by 
flipping a coin and were injected with PBS or exosomes 
through caudal vein (20 in each group, five mice per 
cage), twice a week. No mice died during the trial period.

Isolation of exosomes from adipose tissue
Mice were euthanized with 100% CO2 inhalation after 
gas anesthesia with inhaled isoflurane (5%). Exosomes 
were isolated from adipose tissue as previously described 



Page 4 of 20Guo et al. Cardiovascular Diabetology          (2024) 23:331 

[14, 16]. Briefly, anesthetized DIO mice were perfused 
through the heart at the left ventricle with PBS to remove 
blood from the tissue. The VAT (epididymal adipose tis-
sue) and SAT (inguinal adipose tissue) were aseptically 
dissected from the DIO mice, cut into small pieces and 
then cultured in serum-free Dulbecco’s Modified Eagle 
Medium for 24  h. The supernatant was collected and 
centrifuged at 600×g for 5 min to remove and discard the 
floating adipocytes. The supernatant was centrifuged at 
1200×g at 4  °C for 15 min to remove cellular debris and 
then centrifuged again at 10,000×g at 4 °C for 15 min to 
remove large extracellular vesicles. The resulting super-
natant was then filtered through a 0.22-µm filter (Merck 
Millipore) to remove any contaminating microvesicles 
and any remaining cellular debris. The clarified super-
natant was then concentrated to 250  µL in 100 KD 
MWCO Amicon Ultra-15 centrifugal filter units and 
diluted to 10 mL in PBS. Samples were then centrifuged 
at 100,000×g at 4 °C for 1.5 h to pellet small extracellular 
vesicles. The resulting pellet was resuspended in PBS and 
centrifuged again at 100,000×g at 4 °C for 1.5 h. The final 
pellet was resuspended in PBS, which was used for exo-
some identification or stored at − 80  °C for subsequent 
functional experiments.

Identification of exosomes derived from adipose tissue
For size distribution analysis, exosomes were diluted (1 
ug/uL at protein concentration) and subjected to Nano-
Sight (Malvern, UK). The exosomal morphology was 
observed by transmission electron microscopy (JEM-
2000EX TEM, Japan). The expression of exosome mark-
ers was analysed by western blotting.

Exosome labelling and tracking in vivo and ex vivo
Exosomes were labelled with DiR (Invitrogen) accord-
ing to our previous study [27]. Free dyes were removed 
by ultracentrifugation at 100,000×g at 4 °C for 1.5 h. DiR-
labelled exosomes (100–125 µg) were injected into mice 
through the caudal vein. Exosome localization in the 
whole body and individual organs was detected by an 
IVIS SPECTRUM (PerkinElmer, US) 12 h after injection. 
For analysis of sliced sections, the fresh aorta tissue was 
dissected, washed and embedded in an optimal cutting 
temperature compound.

Exosomes were labelled with the PKH26 Red Fluores-
cent Cell Linker Kit according to the manufacturer’s pro-
tocol. Labelled exosomes were incubated with bEnd.3 
and VSMCs for 12 h and detected by confocal laser scan-
ning microscopy (Olympus, Japan). Antibodies used were 
anti-α-SMA (Servicebio, GB111364), anti-CD31 (Ser-
vicebio, GB113151), anti-TSG101 (Abcam, ab125011) 
and the corresponding secondary antibody (Servicebio, 
23303, GB27303).

Oil Red O staining and Masson’s trichrome staining
After 4% paraformaldehyde perfusion, the adventitia was 
carefully removed under the microscope, and then the 
aorta was dissected longitudinally to expose the intimal 
surface for Oil Red O staining (Sigma-Aldrich, O-0625), 
referring to a previous study [27]. Frozen cross-sections 
of the aortic root were prepared for Oil Red O staining 
and Masson’s trichrome staining, and lesion quantifica-
tion was performed using Image J (NIH) as previously 
described [28].

Cell culture and transfection
The immortalized mouse endothelial cell line bEnd.3 was 
cultured in DMEM (4.5 g/L glucose) basic medium sup-
plemented with 10% foetal bovine serum (FBS) (ExCell 
Bio, FSD500). bEnd.3 were treated with 0.4 mmol/L pal-
mitate acid (PA) (Sigma, P5585) to induce cell apoptosis. 
Primary VSMCs were purchased from CHI Scientific 
and cultured in DMEM (4.5 g/L glucose) basic medium 
supplemented with 10% FBS (Gibco, 10099-141). Primary 
VSMCs were treated with 50 ng/mL PDGF-BB (PeproT-
ech, 100-14B-2) to induce cell proliferation and migra-
tion. Cells were maintained at 37  °C with 5% CO2 in a 
humidified environment and passaged when confluent.

The bEnd.3 or VSMCs were seeded in 6-well plates 
until they reached 60% confluence, and then the cells 
were transfected following the instructions accompa-
nying the siRNA-mate reagent (GenePharma, 190903). 
At 24  h after transfection, bEnd.3 were exposed to PA 
for 24 h, and VSMCs were exposed to PDGF-BB for the 
next 24  h. The miR-132/212 mimics were purchased 
from Ribo (Guangzhou, China), including miR10000144, 
miR10000659, miR10000269, miR10000426 and 
miR1N0000001-1-5. Gna12-specific small interfering 
RNA (siRNAs) were synthesized by GenePharma (Shang-
hai, China), including Gna12-Mus-678 (sense: ​G​G​A​U​A​
A​C​U​U​G​G​A​C​C​G​G​A​U​U​T​T, and antisense: ​A​A​U​C​C​G​G​
U​C​C​A​A​G​U​U​A​U​C​C​T​T); Gna12-Mus-1186 (sense: ​G​C​
C​A​U​A​G​A​C​A​C​C​G​A​G​A​A​C​A​T​T, and antisense: ​U​G​U​U​C​
U​C​G​G​U​G​U​C​U​A​U​G​G​C​T​T); Gna12-Mus-935 (sense: ​G​
G​C​U​G​G​U​G​G​A​G​U​C​C​A​U​G​A​A​T​T, and antisense: ​U​U​C​
A​U​G​G​A​C​U​C​C​A​C​C​A​G​C​C​T​T) as well as si-NC. PTEN-
homo-1731 (sense: ​C​G​G​G​A​A​G​A​C​A​A​G​U​U​C​A​U​G​U​T​
T, and antisense: ​A​C​A​U​G​A​A​C​U​U​G​U​C​U​U​C​C​C​G​T​T); 
PTEN-homo-1567 (sense: ​G​C​U​A​C​C​U​G​U​U​A​A​A​G​A​A​U​
C​A​T​T, and antisense: ​U​G​A​U​U​C​U​U​U​A​A​C​A​G​G​U​A​G​C​T​
T); PTEN-homo-1425 (sense: ​G​G​U​G​U​A​A​U​G​A​U​A​U​G​U​
G​C​A​U​T​T, and antisense: ​A​U​G​C​A​C​A​U​A​U​C​A​U​U​A​C​A​C​
C​T​T). Additionally, AntagomiRs, including AntagomiR-
NC and AntagomiR-132/212, were procured from 
GenePharma (Shanghai, China). VAT-EX were trans-
fected with AntagomiRs at a concentration of 200 nM 
for 1 h at 37  °C. Untransfected AntagomiRs were elimi-
nated through centrifugation at 4000×g for 5 min using a 
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100 kDa Amicon Ultra-4 Centrifugal Filter Unit (Merck 
Millipore) [26]. The transfection efficiency in VAT-EX 
was evaluated using qRT-PCR.

Cell counting kit-8 (CCK-8) assay and EdU assay
The CCK-8 kit (Dojindo, Tokyo, Japan) was used to 
measure cell viability according to the manufacturer’s 
protocol. Briefly, the bEnd.3 and VSMCs were seeded 
in 96-well plates, and the living cells were quantified by 
incubation with CCK-8 reagent for 4  h at the indicated 
time of exosome treatment. Optical density values at 
450 nm were measured using a microplate reader (Nano-
Drop 2000). For EdU (Sangon Biotech, E607204) analysis, 
the nucleus was counterstained with DAPI (Servicebio, 
G1012), and the EdU-positive images were captured by 
fluorescence microscopy (Nikon, Japan).

VSMCs migration analysis
Transwell assay inserts (8 μm) were placed into a 24-well 
plate (Corning, 3422). After 48 h of incubation with exo-
somes, non-migrated VSMCs were carefully removed by 
cotton swabs. Migrated cells were fixed with methanol 
and stained with crystal violet (0.1%). The cells on the 
bottom side of the membrane were observed and counted 
with a phase-contrast microscope (Nikon, Japan).

Flow cytometry analysis of cell apoptosis
Apoptosis was detected by using the Annexin V-FITC 
Apoptosis Detection Kit (BD, 556547). EDTA-free tryp-
sin-digested cells were washed with PBS and resuspended 
in 150 µL of 1× binding buffer, and then 5 µL of Annexin 
V-FITC and 5 µL of propidium iodide were added. After 
15  min incubation in the dark, apoptosis was detected 
with a flow cytometer (BD Biosciences, USA), and data 
analysis was conducted using FlowJo software (Stanford 
University, USA).

Dual-luciferase reporter assay
The target genes of miR-132/212-3p were identified using 
TargetScan, RNAInter, ENCORI, and RGD databases. 
Luciferase reporter vectors, including pmiR-report-
Gna12 WT and pmiR-report-Gna12 Mut, or pmiR-
report-PTEN WT and pmiR-report-PTEN Mut, were 
separately transfected into cells with miR-132 or miR-212 
mimics. After 24  h of transfection, the cells were col-
lected and lysed. Firefly luciferase activity and Renilla 
luciferase activity were measured using the Dual-Lucifer-
ase Reporter Assay System (Promega, USA).

Blood pressure and lipid profile analysis
Blood pressure was tested by tail cuff measurements 
using the BP-2000 Blood Pressure analysis system (Visi-
tech Systems) according to the manufacturer’s instruc-
tions. Lipid profile analysis were performed at sacrifice. 

Total cholesterol and triglyceride levels were detected 
using the Infinity™ Cholesterol Reagent and Infinity™ 
Triglycerides Liquid Stable Reagent (Thermo Scientific) 
according to the manufacturer’s instructions. HDL-cho-
lesterol and LDL-cholesterol were measured by colori-
metric assay using HDL and LDL cholesterol Assay Kit 
(Abcam, Cambrige, England, UK).

TUNEL staining and immunofluorescence assays
For TUNEL and CD31 double staining, the In Situ Cell 
Death Detection kit (Roche, 11684795910), anti-CD31 
(Servicebio, GB113151) and Cy3-conjugated Goat Anti-
Rabbit IgG (Servicebio, GB21303) were used on paraffin-
embedded aorta sections according to the manufacturer’s 
instructions. For α-SMA and PCNA co-staining, aorta 
sections were incubated with anti-α-SMA (Servicebio, 
GB111364) and anti-PCNA (Proteintech, Cat No. 60097-
1-Ig) followed by the detection of Alexa Fluor®488-
conjugated Goat Anti-rabbit IgG (Abcam, ab150077) 
and Cy3-conjugated Goat Anti-Mouse IgG (Servicebio, 
GB21301). The sections were observed under a fluores-
cence microscope (Nikon).

qRT-PCR
The exosomes, cells or aorta were homogenized in TRIzol 
(Invitrogen). RNA was isolated according to the manu-
facturer’s protocol, and its quality and concentration 
were determined from the absorbance at 260 nm, 280 nm 
and 230 nm. cDNA was prepared by reverse transcribing 
1 µg of RNA with the Mir-X miRNA First-Strand Synthe-
sis Kit (638315, TKA) or PrimeScript RT reagent Kit with 
gDNA Eraser (RR047A, TKA). qRT-PCR was performed 
with TB Green (RR820A, TKA). The ΔΔCt method was 
used for miRNA quantification relative to U6 levels. 
The PCR primers were purchased from Genecopoeia 
(U6, MmiRQP9002; mmu-mir-155-5p, MmiRQP0890; 
mmu-mir-146a-5p, MmiRQP0196; mmu-mir-181a-5p, 
MmiRQP0232; mmu-mir-21a-5p, MmiRQP0316; 
mmu-mir-132-3p, MmiRQP0161; mmu-mir-212-3p, 
MmiRQP0931; mmu-mir-29a-3p, MmiRQP0371). The 
following primers were provided by Sangon Biotech 
(Shanghai, China): Gna12 forward 5-​A​C​C​A​T​C​T​T​C​G​A​
C​A​A​C​A​T​C​C​T​T​A-3, reverse 5-​C​T​C​G​A​A​G​G​C​C​A​T​C​A​G​
A​A​A​C​A​T​C-3; PTEN forward 5-​G​A​C​C​A​G​A​G​A​C​A​A​A​A​
A​G​G​G​A​G​T​A-3, reverse 5-​A​C​A​A​A​C​T​G​A​G​G​A​T​T​G​C​A​
A​G​T​T​C-3.

Western blot
Protein was extracted from cells or aorta by homogeniza-
tion in RIPA buffer (Beyotime Biotechnology, China) sup-
plemented with the protease inhibitor cocktail (Bimake, 
B14001). The gel lanes were loaded with equal quanti-
ties of protein, which were separated by SDS-PAGE and 
transferred to a PVDF membrane. After blocking with 
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5% skim milk, the PVDF membrane was then incubated 
overnight at 4  °C with primary antibodies. Antibod-
ies used were anti-CD81 (Abcam, ab79559), anti-CD9 
(Abcam, ab92726), anti-TSG101 (Abcam, ab125011), 
anti-GNA12 (Abcam, ab154004), anti-PTEN (CST, 
#9559), anti-cleaved-caspase3 (CST, #9664T), anti-Bax 
(CST, #2772T), anti-Bcl-2 (CST, #3498T), anti-PNCA 
(Proteintech, 10205-2-AP) and anti-GAPDH (Protein-
tech, 10494-1-AP). Then, the PVDF membrane was incu-
bated with the corresponding secondary antibodies. The 
bands were visualized using the ECL detection reagent 
(Immobilon, WBKLS0500).

Statistical analysis
All data are expressed as the mean ± SD. Statistical sig-
nificance was analysed by GraphPad Prism 9.0 using an 
unpaired two-sided Student’s t-test or one-way analysis 
of variance with LSD or Bonferroni correction for mul-
tiple comparisons. Differences with P < 0.05 were consid-
ered statistically significant.

 Results
Distribution of adipose tissue-derived exosomes in mice
High-fat diet-induced obesity in mice was demonstrated 
by a significant increase in body weight and a decline in 
glucose tolerance, as illustrated in Fig. S1A–C. To inves-
tigate the potential impact of AT-EX from obese mice 
on the development of atherosclerosis, exosomes were 
isolated and purified from SAT and VAT. These iso-
lated exosomes exhibited the characteristic morphol-
ogy of exosomes when observed under the transmission 
electron microscope (Fig.  1A) and expressed the exo-
somal markers CD9, CD81, and TSG101 (Fig.  1B). The 
nanoparticle tracking analysis provided additional valida-
tion of the exosomes’ identity (Fig. 1C). The data demon-
strate that we isolated the AT-EX successfully.

To examine the distribution of AT-EX in vivo, exo-
somes were labeled with DiR (infrared fluorescence dye 
DiOC18) for tracking via in vivo and ex vivo fluores-
cence imaging (Fig. 1D–G). Following intravenous injec-
tion, DiR-labeled exosomes were observed to accumulate 
significantly in the aorta 12  h later (Fig.  1D, E). Inter-
estingly, our data revealed that the largest share of exo-
somes accumulated in the liver. Furthermore, we found 

Fig. 1  Identification of AT-EX and uptake of DiR-labelled AT-EX in the aortas of apoE−/− mice. A Representative image of the ultrastructure of adipose tis-
sue exosomes (AT-EX) observed by transmission electron microscopy, scale bar = 200 nm. B Expression of exosome markers (CD81, CD9 and TSG 101) in 
exosomes derived from subcutaneous adipose tissue (SAT) and visceral adipose tissue (VAT) in diet-induced obese mice (DIO). C The average particle size 
distribution of AT-EX using nanoparticle tracking analysis. D Approximately 100 µg (at protein level) in 100 µL of AT-EX labelled with DiR was injected via 
tail vein. Fluorescence images of the mice in vivo and the aorta ex vivo were obtained 12 h after intravenous injection. E Quantification of D. F Distribution 
of other organs ex vivo after DiR-labeled AT-EX injection. G Quantification of F. ***P < 0.001. Data are represented as mean ± SD
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no significant difference in the tissue distribution of SAT 
and VAT-derived exosomes (Fig. 1F, G).

AT-EX from obese mice contributes to aggravated 
atherosclerosis in vivo
Exosomes secreted from various adipose tissue types 
exhibit distinct functions [15, 16, 27]. In our study, the 
effects of SAT-derived exosomes (SAT-EX) and VAT-
derived exosomes (VAT-EX) from obese mice on ath-
erosclerosis were investigated. Firstly, we treated mice in 
accordance with the procedures shown in Fig. 2A. Treat-
ment with VAT-EX significantly increased the number 
of en face and cross-sectional atherosclerotic lesions in 
apoE−/−  mice, while SAT-EX showed a slight increase 
compared to the vehicle group (Fig. 2B, C). Importantly, 
VAT-EX significantly augmented the apoptosis of ECs 
and the proliferation and migration of VSMCs compared 
to the vehicle group (Fig.  2D–G). In addition, Neither 
SAT-EX nor VAT-EX had effects on lipid levels includ-
ing total cholesterol, triglyceride, low-density lipopro-
tein, and high-density lipoprotein or collagen synthesis 
around atherosclerotic lesions (Fig. S2; Table S1). Collec-
tively, these data revealed that AT-EX aggravates the pro-
gression of atherosclerosis at least in part via accelerating 
the apoptosis of ECs and the proliferation and migration 
of VSMC.

AT-EX from obese mice aggravates endothelial apoptosis, 
VSMC proliferation and migration in vitro
Further, we verified the effects of SAT-EX and VAT-EX 
on ECs and VSMCs in vitro. Initially, the internalization 
of exosomes in bEnd.3 (a mouse endothelial cell line) 
was observed. As shown in Fig. 3A, PKH-26-labeled AT 
exosomes (red fluorescence) could be internalized by 
bEnd.3 (CD31 positive, green fluorescence) following 
12  h of co-incubation. Cell activity detection displayed 
that VAT-EX mildly reduced the proliferation of bEnd.3 
at 24 h compared to the vehicle group (Fig. 3B). Subse-
quently, a cell model of endothelial apoptosis induced by 
PA [28–30] was established to mimic in vivo lipotoxicity. 
Consistently, PA treatment for 8 h and 12 h significantly 
increased the expression of cleaved-caspase 3, a key apop-
totic protein in bEnd.3 (Fig. 3C). Moreover, we illustrated 
that VAT-EX (at concentrations of 50, 100, and 200 µg/
mL) significantly elevated cleaved-caspase3 expression in 
PA-induced bEnd.3 after 12 h of treatment compared to 
the PA group, while a high dose of SAT-EX (at concen-
trations of 100 and 200 µg/mL) also demonstrated a mild 
facilitation of apoptosis (Fig. 3D). Therefore, an exosome 
concentration of 100  µg/mL was selected for follow-up 
experiments. The anti-apoptotic protein Bcl-2 and the 
pro-apoptotic protein Bax are two important participants 
in the apoptosis signaling pathway [28]. As anticipated, 
western blot analysis revealed a moderate decrease in the 

Bcl-2/Bax ratio in the VAT-EX group compared to the PA 
group (Fig.  3E). Accordingly, flow cytometry analysis of 
apoptosis further confirmed the pro-apoptotic effect of 
VAT-EX in PA-induced bEnd.3 (Fig. 3F).

Then, primary aortic VSMCs were identified by using 
the cell marker α-SMA (Fig. S3). PKH-26-labeled AT exo-
somes (red fluorescence) were internalized efficiently by 
VSMCs (α-SMA positive, green fluorescence) (Fig.  3G). 
Cell activity detection displayed that SAT-EX only 
slightly augmented VSMC proliferation on treatment 
day 2, but VAT-EX significantly enhanced VSMC pro-
liferation compared to the PDGF-BB group (Fig.  3H, I). 
The transwell assay showed that compared to the PDGF-
BB group, VAT significantly enhanced VSMC migration 
(Fig.  3J). As expected, VAT-EX significantly increased 
PCNA expression, a key protein regulator of cell prolif-
eration, in PDGF-BB-induced VSMCs compared to the 
PDGF-BB group (Fig.  3K). Together, these data reveal 
that AT-EX enhances endothelial apoptosis and the pro-
liferation and migration of VSMCs in vitro.

Increased expression of the miR-132/212 cluster in the 
VAT-EX from obese mice
Previous research has shown that numerous miRNAs, 
including miR-132, miR-212, miR-29a, miR-181a, miR-
155, miR-21a, and miR-146a, are key players in inflam-
mation-related disorders [31–36]. Thus, we assessed the 
expression profiles of these miRNAs using qRT-PCR 
and observed that the average levels of these miRNAs 
were usually higher in VAT-EX compared to SAT-EX. 
However, the most notable increase was observed in the 
miR-132/212 cluster in VAT-EX, particularly miR-132 
(Fig.  4A). To assess whether the mature miR-132/212 
found in target cells originates from AT exosomes, we 
simultaneously detected both primary and mature miR-
132/212. Treatment with VAT-EX significantly aug-
mented the level of mature miR-132/212, and treatment 
with SAT-EX slightly elevated the level of mature miR-
132/212 in bEnd.3 and VSMCs, but not primary miR-
132/212 (Fig. S4A–H), demonstrating that the increase of 
miR-132/212 level in target cells is due to the delivery of 
exosomes rather than endogenous production.

Interestingly, the miR-132/212 level is significantly 
lower in SAT-EX compared to VAT-EX in DIO mice. 
Why does SAT-EX still exhibit atherogenic properties? 
Furthermore, we assessed the differential expression 
of miR-132/212 in AT-EX derived from lean mice fed a 
normal chow (NC) diet and DIO mice fed a high-fat diet. 
The level of miR-132/212 in SAT-EX from DIO mice 
was significantly elevated compared to that in SAT-EX 
from normal mice (Fig. S5A). Similarly, the level of miR-
132/212 in VAT-EX of DIO mice was greatly higher than 
that in VAT-EX of normal mice (Fig. S5A). Addition-
ally, injection with DIO-SAT-EX significantly increased 
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Fig. 2  AT-EX from obese mice aggravate atherosclerosis by augmenting endothelial apoptosis and the proliferation and migration of VSMCs in 
apoE−/− mice. A The animal experimental procedure for detecting the effects of SAT exosomes or VAT exosomes treatments on atherosclerosis (AS). 
B Representative images showing Oil Red O staining (red) of neutral lipids in en face atherosclerotic lesions and the quantification, N = 6. C Representative 
micrographs showing Oil Red O staining of neutral lipids in the aortic root 300 μm from the aortic sinus and the quantification (scale bar = 200 μm, N = 6). 
D The percentage of apoptotic ECs in the thoracic aorta. E The percentage of proliferative VSMCs in the thoracic aorta. F Representative images of TUNEL 
(apoptotic cells, green) and CD31 (red) co-staining in sections of thoracic aortas, arrowheads show TUNEL/CD31 co-localization, scale bar = 20 μm, N = 6. 
G Representative images of α-SMA (green) and PCNA (red) co-staining in sections of thoracic aortas, arrowheads and dotted line show α-SMA/PCNA co-
localization, scale bar = 20 μm, N = 5. NS no significance, *P < 0.05, **P < 0.01, ***P < 0.001. Data are represented as mean ± SD
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Fig. 3 (See legend on next page.)
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the en face and cross-sectional atherosclerotic lesions 
in apoE−/−  mice compared to the NC-SAT-EX group 
(Fig. S5B–D). Similarly, DIO-VAT-EX injection greatly 
increased the en face and cross-sectional atherosclerotic 
lesions in apoE−/− mice compared to the NC-VAT-EX 
group (Fig. S5B–D). Moreover, treatment with NC-VAT-
EX didn’t have a significant effect on the development 
of atherosclerosis in apoE−/− mice compared to the NC-
SAT-EX group (Fig. S5B–D). Consistent with in vivo data, 
treatment with DIO-SAT-EX significantly enhanced the 
expression of C-caspase3 in ECs and PCNA in VSMCs, 
and promoted the migration of VSMCs compared to the 
NC-SAT-EX group (Fig. S5E–G). Meanwhile, treatment 
with DIO-VAT-EX largely increased the protein level of 
C-caspase3 in ECs and PCNA in VSMCs, and promoted 
the migration of VSMCs compared to the NC-VAT-EX 
group (Fig. S5E–G). Therefore, these results suggest that 
miR-132/212 play a role in obese mice VAT and SAT exo-
somes- mediated atherosclerosis exacerbation.

Exosomes encapsulating miR-132/212 aggravate 
endothelial apoptosis through targeting Gna12 and 
promote VSMCs proliferation and migration via targeting 
PTEN
To study the underlying regulatory mechanisms of exo-
some encapsulation of miR-132/212, we used four data-
bases to predict the target gene of miR-132/212 (Fig. 4B). 
The bioinformatic score system showed that Gna12 
has binding sites for miR-132/212 (Fig.  4C). Transfec-
tion alone or co-transfection of miR-132/212 down-
regulated the mRNA and protein levels of Gna12 in 
bEnd.3 (Figs. 4D, S6A), increasing endothelial apoptosis 
(Fig. 4E). To verify these results, we created a luciferase 
reporter with a mutant Gna12 3′UTR containing the 
miR-132/212-binding site at the seed sequence (Fig. 4F). 
Luciferase reporter assays confirmed that miR-132/212 
effectively targets the wild-type Gna12 3′UTR (Fig.  4F). 
Subsequently, we identified a small interfering RNA with 
superior silencing efficiency, siGna12-3 showing more 
effectiveness than the other candidates (Figs.  4G, S6B). 
Consistent with the aforementioned results, GNA12 
silencing enhanced the expression of c-caspase 3 in ECs 
(Fig.  4H). These results suggest a role for miR-132/212 
in AT-EX-mediated endothelial apoptosis through direct 
Gna12 targeting in ECs.

Recent studies have reported that the miR-132/212 
cluster directly targets PTEN [37, 38], which plays a criti-
cal role in regulating cell proliferation and migration [39, 
40]. Consistent with this, transfection of miR-132/212 
mimics, alone or in combination, led to a reduction in 
PTEN mRNA and protein levels in VSMCs (Figs. 4I, S7), 
thereby promoting VSMC proliferation and migration 
(Fig. 4J–L). Furthermore, luciferase reporter assays con-
firmed the effective targeting of wild-type PTEN 3′UTR 
by miR-132/212 (Fig.  4M). We further knocked down 
PTEN using siRNA (Figs. 4N, S7) and found that interfer-
ing PTEN increased the expression of PCNA in VSMCs 
(Fig.  4O). These results underscore the significance of 
exosome-encapsulated miR-132/212 in targeting PTEN 
within VSMCs.

AntagomiR-132/212 counteracts pro-atherosclerotic 
effects of VAT-EX from obese mice
To ascertain the direct involvement of miR-132/212 in 
promoting endothelial apoptosis and VSMC prolifera-
tion and migration, specific AntagomiRs were employed 
to silence miR-132/212 in VAT-EX. Following transfec-
tion with AntagomiR-132/212, a substantial decrease in 
miR-132/212 expression within VAT-EX was observed 
(Fig.  5A). Subsequently, bEnd.3 cells treated with VAT-
EX + AntagomiR-132/212 exhibited reduced cleaved-
caspase 3 expression compared to those treated with 
VAT-EX + AntagomiR-NC (Fig.  5B). Moreover, VSMCs 
treated with VAT-EX + AntagomiR-132/212 demon-
strated decreased proliferation and migration compared 
to those treated with VAT-EX + AntagomiR-NC (Fig. 5C–
E). In vivo, the VAT-EX-treated apoE−/− mice were 
randomly divided into two groups: VAT-EX + AntagomiR-
NC and VAT-EX + AntagomiR-132/212. Mice treated 
with VAT-EX + AntagomiR-132/212 showed reduced 
the number of en face and cross-sectional atheroscle-
rotic lesions compared to the VAT-EX + AntagomiR-NC 
group (Fig.  5F–G). Correspondingly, Mice treated with 
VAT-EX + AntagomiR-132/212 displayed decreased 
endothelial apoptosis, VSMC proliferation and migra-
tion compared to the VAT-EX + AntagomiR-NC group 
(Fig.  5H–K). Overall, AntagomiR-132/212 mostly coun-
teracted the pro-atherosclerotic effects induced by VAT-
EX through increasing endothelial cell apoptosis and 
VSMC proliferation and migration.

(See figure on previous page.)
Fig. 3  AT-EX from obese mice exacerbates endothelial apoptosis and the proliferation and migration of VSMC in vitro. A Representative confocal micro-
graph of PKH-26-labelled exosomes (red) internalized by bEnd.3 (CD31 positive, green). B The effect of SAT-EX and VAT-EX on the viability of bEnd.3 at 24 h 
(S1, S2 and S3 represent 50 µg/mL, 100 µg/mL and 200 µg/mL SAT-EX, respectively; V1, V2 and V3 show 50 µg/mL, 100 µg/mL and 200 µg/mL VAT-EX, 
respectively). C Expression of c-caspase 3 at different time after palmitic acid (PA, 0.4 mmol/L) treatment. D Expression of c-caspase3 in PA-induced bEnd.3 
after 12 h of AT-EX (SAT-EX or VAT-EX) treatment. E Protein levels of BCL-2 and Bax in PA-induced bEnd.3 after AT-EX treatment. F Apoptotic bEnd.3 were 
stained with Annexin V-FITC and propidium iodide (PI). G Representative confocal micrograph of PKH-26-labelled exosomes (red) internalized by primary 
VSMCs. H Effect of AT-EX on the viability of primary VSMCs. I Representative proliferation images of primary VSMCs, scale bar = 50 μm. J Representative 
migration images of primary VSMCs, scale bar = 50 μm. K PCNA expression in PDGF-BB-induced primary VSMCs after AT treatment. NS no significance, 
*P < 0.05, **P < 0.01, ***P < 0.001, N = 6 independent experiments. Data are represented as mean ± SD
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Melatonin alleviates pro-atherosclerotic effects of 
exosomes derived from obese mice AT via targeting 
the miR-132/212-GNA12/PTEN signaling pathway in 
apoE−/− mice
Previous studies have highlighted the potent anti-inflam-
matory properties of melatonin in adipose tissue [25, 
41]. However, it remains uncertain whether melatonin 
modifies the composition of adipose tissue-derived exo-
somes to indirectly impede atherosclerosis progression. 
In alignment with prior research, melatonin treatment 
induced weight loss in HFD-fed mice without affect-
ing food intake (Fig. S8). Subsequently, SAT-derived 
exosomes (M-SAT-EX) and VAT-derived exosomes 
(M-VAT-EX) from obese mice treated with melatonin 
were intravenously administered to apoE−/− mice to 
investigate their atherogenic effects (Fig. 6A). M-VAT-EX 
still moderately increased the en face and cross-sectional 
atherosclerotic lesions in apoE−/− mice compared to the 
vehicle group, whereas the atherogenic effect of M-VAT-
EX was significantly weakened when compared to the 
VAT-EX group (Fig. 6B, C), probably correlated with still 
higher miR-132/212 levels in M-VAT-EX (Fig. S9A, B). 
Interestingly, M-SAT-EX mitigated the atherosclerotic 
lesions compared to the vehicle group (Fig. 6B, C), pos-
sibly implicated with some other unexplored mechanism. 
What’s more, the miR-132/212 level in the M-SAT-EX-
treated aorta was equivalent to that in the NC-SAT-EX-
treated aorta, while its levels in the M-VAT-EX-treated 
aorta was significantly higher than that in the NC-VAT-
EX-treated aorta (Fig. S9C, D). As expected, M-VAT-
EX only slightly increased endothelial apoptosis and the 
proliferation and migration of VSMCs compared to the 
vehicle group, while M-SAT-EX alleviated these com-
pared to the SAT-EX group (Fig.  6D–G). Additionally, 
no significant differences were observed in the amounts 
of collagen surrounding atherosclerotic lesions and lipid 
levels across the four groups (Fig. S10A, B; Table S2). 
Finally, we sought to verify the involvement of miR-
132/212-GNA12/PTEN signaling in vivo. In comparison 
to the vehicle group, both VAT-EX and SAT-EX nota-
bly reduced the levels of Gna12 and PTEN in the aorta; 
however, the impact of VAT-EX was more pronounced 
than that of SAT-EX. In contrast, M-SAT-EX restored 
the expression of Gna12 and PTEN in the aorta, while 
M-VAT-EX only slightly decreased the level of PTEN 
and exhibited a tendency to decrease Gna12 levels (Fig. 
S11A–C). Collectively, these data reveal that melatonin 
attenuates the pro-atherosclerotic effect of VAT and SAT 
exosomes derived from obese mice, probably associated 
with miR-132/212-GNA12/PTEN signaling.

The endothelial miR-132/212-Gna12 axis and medial 
miR-132/212-PTEN axis are indispensable for the effects of 
AT-EX on atherosclerosis
To investigate the potential association between inflam-
matory miRNA alterations in exosomes and the under-
lying mechanism, the expression of these miRNAs was 
analyzed in four types of AT-EX exosomes (SAT-EX, 
VAT-EX, M-SAT-EX, and M-VAT-EX) using qRT-PCR. 
The miRNA spectrum associated with atherosclero-
sis was generally diminished in AT-EX exosomes from 
obese mice treated with melatonin, especially miR-
132/212 (Fig. 7A, B). Subsequently, the effects of M-SAT-
EX and M-VAT-EX on ECs and VSMCs were assessed. 
Cell viability analysis revealed no significant impact on 
bEnd.3 proliferation upon treatment with M-SAT-EX 
and M-VAT-EX compared to the control group (Fig. 7C). 
Notably, M-VAT-EX slightly increased the levels of 
mature miR-132/212 in bEnd.3 compared to M-SAT-EX, 
but not primary miR-132/212 in bEnd.3 (Fig.  S12A–D). 
As expected, M-VAT-EX induced a moderate increase 
in apoptotic cell proportion and c-caspase 3 expression 
in bEnd.3, whereas M-SAT-EX alleviated these effects 
(Fig.  7D, E). Consistently, M-VAT-EX reduced GNA12 
expression and the Bcl-2/bax ratio, while M-SAT-EX 
rescued these effects (Fig. 7E). Furthermore, in VSMCs, 
M-VAT-EX slightly elevated the level of mature miR-
132/212 compared to M-SAT-EX, while primary 
miR-132/212 levels were similar (Fig. S12E–H). The pro-
liferation and migration of VSMCs were enhanced by 
M-VAT-EX but hindered by M-SAT-EX, compared to 
the PDGF-BB group (Fig.  7F–J). M-VAT-EX increased 
the expression of PCNA and reduced the expression of 
PTEN, while M-SAT-EX rescued these effects (Fig. 7K). 
What’s more, Angiotensin II (Ang II) and transforming 
growth factor-β (TGF-β) also play an important role in 
the proliferation and migration [42, 43]. The data showed 
that Ang II and TGF-β induced VSMCs proliferation 
separately, and SAT-derived exosomes and VAT-derived 
exosomes from obese mice promoted VSMCs prolifera-
tion to different extent. As expected, SAT-derived exo-
somes from obese mice treated with melatonin no longer 
had the effect of promoting proliferation compared to the 
SAT-EX group, and VAT-derived exosomes from obese 
mice treated with melatonin just moderately promoted 
VSMC proliferation compared to the VAT-EX group 
(Fig. S13A, B, D, F). Additionally, Ang II enhanced VSMC 
migration, but TGF-β didn’t influence it. Intriguingly, 
both SAT-EX and VAT-EX variably enhanced the migra-
tion of VSMCs in Ang II or TGF-β-induced cell model. 
Expectedly, treatment with M-SAT-EX didn’t affect the 
migration of VSMC compared to the SAT-EX group, 
while the proliferation promoting effect of M-VAT-EX 
was significantly reduced compared with that of VAT-EX 
(Fig. S13A, C, E, F). Overall, we conclude that melatonin 
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Fig. 4 (See legend on next page.)
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regulates the Gna12 signaling in ECs and the PTEN 
signaling in VSMCs by significantly reducing the miR-
132/212 level in VAT exosomes derived from obese mice, 
thus alleviating atherosclerosis.

 Discussion
The main findings of the study include the following: 
(1) High-fat diet-induced obesity changed the miRNA 
profile of adipose exosomes, elevating AT exosomal 
miR-132/212 levels. (2) AT exosomal miR-132/212 exac-
erbated the progression of atherosclerosis by enhancing 
endothelial apoptosis, VSMC proliferation and migra-
tion within plaques. (3) Treatment with melatonin sig-
nificantly reduced the levels of miR-132/212 in both SAT 
and VAT exosomes, thus attenuating the progression of 
atherosclerosis. (4) The underlying mechanism involves 
the endothelial miR-132/212-Gna12-Sirtuin 1 axis and 
the medial miR-132/212-PTEN axis. Overall, melatonin 
alleviates the initiation and progression of atherosclero-
sis by regulating the adipose exosomal miRNA profile, 
deepening our understanding of the pathogenesis of ath-
erosclerosis and providing a new target for its prevention 
and treatment.

Obesity is associated with an increased susceptibility to 
cardiovascular diseases [1] and is linked to chronic low-
grade inflammation in various tissues [44–49], with a 
particular emphasis on adipose tissue [50]. Macrophages 
are identified as the primary inflammatory cells respon-
sible for secreting a significant portion of inflamma-
tory molecules in the adipose tissue of obese individuals 
[44–49]. Monocytes and macrophages are the predomi-
nant cell populations contributing to the upregulation of 
miR-132/212, in comparison to other immune cells [51] 
Indeed, our findings reveal a significant enrichment of 
miR-132/212, especially miR-132, in VAT-EX from obese 
mice compared to SAT-EX. However, one study reported 
high expression of miR-155 rather than miR-132/212 
in VAT-EX derived from obese mice [16]. This may be 
attributed to differences in the species and proportions 
of fatty acids in a high-fat diet, as Yang et al. employed a 
45% high-fat diet to induce obesity in mice [16], differing 
from the 60% high-fat diet utilized in our investigation. 
As reported in a recent study, the availability of specific 

fatty acid species determines the direction of disease pro-
gression [52]. 

Endothelial apoptosis is a critical characteristic of 
vascular injury, closely related with the pathogenesis 
of atherosclerosis [53]. Our data demonstrate that the 
enrichment of miR-132/212 in VAT-EX exacerbated 
endothelial apoptosis in apoE−/−  mice, potentially con-
tributing significantly to the progression of atherosclero-
sis. Similarly, miR-132/212-enriched VAT-EX promoted 
endothelial apoptosis induced by PA in vitro. Consistent 
with our findings, prior studies have implicated the miR-
132/212 cluster in the vascular inflammatory response 
[54–56]. Additionally, we revealed Gna12 as the tar-
get gene of miR-132/212, and knockdown of Gna12 in 
endothelial cells effectively mimicked the pro-apoptotic 
function of miR-132/212. Interestingly, Gna12 was first 
reported to be involved in atherosclerosis in addition to 
osteoporosis, tumour, colitis etc. [57–59]. Serving as an 
upstream regulator, Gna12 stabilized sirtuin 1 protein via 
transcriptional upregulation of ubiquitin-specific pep-
tidase 22 [60]. Sirtuin 1 exerts protective effects against 
inflammation, vascular aging, cardiac disorders, and 
the formation of atherosclerotic plaques [61, 62]. MiR-
132/212 directly targets sirtuin 1 [56], and our study dem-
onstrates for the first time that miR-132/212 also target a 
molecule upstream of SIRT1, resulting in a superposition 
effect in promoting the development of atherosclerosis. 
Taken together, our data confirm that the endothelial 
miR-132/212-Gna12-Sirtuin 1 axis is essential for the 
deleterious effects of miR-132/212 on atherosclerosis 
progression, and might play a role in VAT-EX-mediated 
endothelial apoptosis.

A new study has unveiled that VAT-EX accelerates the 
progression of atherosclerosis by modulating the for-
mation and polarization of macrophage foam cells [17]. 
Macrophages are traditionally viewed as the predomi-
nant origin of foam cells; however, recent research has 
revealed that 50–80% of total foam cells originate from 
SMCs within atherosclerotic plaques [63, 64]. Smooth 
muscle cells (SMCs) and macrophages undergo pro-
liferation as the intimal lesion progresses, with PDGF 
stimulating the migration and proliferation of SMCs, 
subsequently leading to extracellular matrix produc-
tion within atherosclerotic plaques [1]. Previous studies 

(See figure on previous page.)
Fig. 4  The pro-atherosclerotic effect of AT-EX is associated with the MiR-132/212-GNA12/PTEN signaling in vitro. A Normalized atherosclerosis-related 
miRNA levels in SAT-EX and VAT-EX. B The potential target genes of the miR-132/212 cluster were predicted by bioinformatic analysis. C G protein subunit 
alpha 12 (Gna12) 3′UTR includes a potential binding site for miR-132-3p and miR-212-3p. D GNA12 expression in bEnd.3 after PA treatment for 24 h post-
transfection of miR-132 or/and miR-212 mimics, NC negative control. E Apoptotic bEnd.3 were stained with Annexin V-FITC and PI. F The luciferase activity 
in target cells co-transfected with WT or mutant Gna12 3′UTR luciferase constructs and miR-132/212 mimics; Scr-Con, scramble control. G Silencing ef-
ficiency of small interfering RNA (siRNA) on Gna12. H The expression of c-caspase3 in Gna12-silenced bEnd.3. I PTEN expression in VSMCs after PDGF-BB 
treatment for 24 h post-transfection of miR-132 or/and miR-212 mimics. J Representative proliferation and migration images of VSMCs. K, L quantitative 
analysis of J. (M) The luciferase activity in target cells co-transfected with WT or mutant PTEN 3′UTR luciferase constructs and miR-132/212 mimics; Scr-
Con, scramble control. N Silencing efficiency of siRNA on PTEN. O The expression of PCNA in PTEN-silenced VSMCs. NS no significance, *P < 0.05, **P < 0.01, 
***P < 0.001, N = 6 independent experiments. Data are represented as mean ± SD
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Fig. 5 (See legend on next page.)
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have elucidated the role of VAT-EX in enhancing the 
formation of macrophage foam cells [17]. Our research 
revealed that miR-132/212-enriched VAT-EX exac-
erbated the proliferation and migration of SMCs in 
apoE−/− mice, potentially serving as another crucial fac-
tor in the progression of atherosclerosis. Consistent 
with this, miR-132/212-enriched VAT-EX promoted the 
migration and proliferation of VSMCs elicited by PDGF-
BB in vitro. Multiple studies have indicated that PTEN, a 
tumor suppressor gene, is targeted by miR-132/212 [37, 
38], and silencing of the PTEN gene or specific knock-
down in VSMCs enhances VSMCs proliferation and 
migration [39, 40]. As anticipated, our findings confirm 
that miR-132/212 targets PTEN, contributing to the 
atherogenic impact of miR-132/212-enriched VAT-EX. 
Taken together, these results suggest that in addition to 
the formation of macrophage foam cells, EC apoptosis 
and VSMC proliferation and migration play an impor-
tant synergistic role in the pro-atherogenic encapsulating 
effect of VAT-EX on miR-132/212.

Melatonin shows potent anti-inflammatory proper-
ties in adipose tissue [25, 41]. In obese mice, melatonin 
treatment led to decreased levels of inflammatory miR-
NAs, specifically miR-132/212, in VAT-EX. Importantly, 
we validated that melatonin significantly mitigated the 
atherogenic effect of VAT-EX from obese mice, at least 
partly due to the decline in the exosomal miR-132/212 
level. Several studies have shown that melatonin con-
fers protection against cardiovascular diseases in animal 
models, [19] but its efficacy in human studies is lim-
ited, [65] possibly because supraphysiological doses are 
required for therapeutic benefits [66]. Our study suggests 

a potential role for melatonin in obese patients with 
atherosclerosis, which warrants validation through 
extensive clinical trials in the future; It cannot be ignored 
that the level of miR-29a in exosomes derived from adi-
pose tissue of obese mice is only lower than that of 
miR132/212 clusters. MiR-29 has been suggested as a 
potential diagnostic and therapeutic target for cardio-
vascular diseases [67]. The understanding regarding 
the upregulation of miR-29a in exosomes as a potential 
self-protective mechanism activated by the body itself 
remains unclear. Moreover, SAT-EX from obese mice 
treated with melatonin demonstrates a beneficial effect 
in alleviating the initiation and progression of atheroscle-
rosis compared to the vehicle. Consistent with previous 
studies, SAT and VAT exhibit significant differences in 
structure and function, [68] while the heterogeneity of 
intra-depot adipocytes in AT impacts the overall health 
of adipose tissue. Nevertheless, the identity of the active 
component enclosed within SAT-EX from melatonin-
treated obese mice remains elusive and warrants addi-
tional scrutiny. Overall, melatonin administration in 
obese mice decreased the pro-atherogenic capacity of 
AT-EX, potentially through the suppression of specific 
pro-inflammatory miRNAs including miR-132, miR-29a, 
miR-21, and miR-155.

Conclusion
Obesity changed the miRNA profile of adipose exo-
somes, then regulating the initiation and progression of 
atherosclerosis. In addition to atherosclerosis, adipose 
exosomes, as a new type of adipokines, also regulate the 
development of other diseases, which still need further 
research.

(See figure on previous page.)
Fig. 5  AntagomiR-132/212 abolish the pro-atherosclerotic effect of AT-EX in vitro and in vivo. A qRT-PCR analysis of miR-132/212 expression in VAT-
EX + AntagomiR-132/212. ***P < 0.001, N = 6 independent experiments. B Expression of c-caspase3 in PA-induced bEnd.3 after 12 h of VAT-EX (AntagomiR-
NC or AntagomiR-132/212) treatment. C Representative proliferation and migration images of primary VSMCs, scale bar = 50 μm. D Quantification of 
proliferation images. E Quantification of migration images. F Representative images showing Oil Red O staining (red) of neutral lipids in en face athero-
sclerotic lesions and the quantification, N = 5. G Representative micrographs showing Oil Red O staining of neutral lipids in the aortic root 300 μm from 
the aortic sinus and the quantification (scale bar = 200 μm, N = 5). H The percentage of apoptotic ECs in the thoracic aorta. I The percentage of prolifera-
tive VSMCs in the thoracic aorta. J Representative images of TUNEL (apoptotic cells, green) and CD31 (red) co-staining in sections of thoracic aortas, 
arrowheads show TUNEL/CD31 co-localization, scale bar = 20 μm, N = 5. K Representative images of α-SMA (green) and PCNA (red) co-staining in sec-
tions of thoracic aortas, arrowheads and dotted line show α-SMA/PCNA co-localization, scale bar = 20 μm, N = 5. NS no significance, *P < 0.05, **P < 0.01, 
***P < 0.001. Data are represented as mean ± SD
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Fig. 6  Melatonin alleviates the pro-atherosclerotic effect of at exosomes derived from obese mice and modulates miR-132/212-GNA12/PTEN signaling 
in apoE−/− mice. A The animal experimental procedure for detecting the effects of SAT-EX and VAT-EX after melatonin intervention (M-SAT-EX, M-VAT-EX) 
for one month on AS. B Representative images showing Oil Red O staining (red) of neutral lipids in en face atherosclerotic lesions and the quantitative 
analysis, N = 6. C Representative micrographs showing Oil Red O staining in the aortic root 300 μm from the aortic sinus and the quantitative analysis, scale 
bar = 200 μm, N = 6. D the percentage of apoptotic ECs in the thoracic aorta. E The percentage of proliferative VSMCs in the thoracic aorta. F Representa-
tive images of TUNEL (green) and CD31 (red) co-staining in sections of thoracic aortas, arrowheads show TUNEL/CD31 co-localization, scale bar = 20 μm, 
N = 6. G Representative images of α-SMA (green) and PCNA (red) co-staining in sections of thoracic aortas, arrowheads and dotted line show α-SMA/PCNA 
co-localization, scale bar = 20 μm, N = 5. NS no significance, *P < 0.05, **P < 0.01, ***P < 0.001. Data are represented as mean ± SD
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Fig. 7 (See legend on next page.)
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