

2


 















SUPPLEMENTAL MATERIAL


























Supplemental Materials and Methods

Induction and Identification of Adipogenic, Osteogenic, and Chondrogenic Differentiation of Bone marrow-derived mesenchymal stem cells (BMMSCs)
BMMSC differentiation experiments were conducted using commercial kits. Specifically, the OriCell® Adipogenic Differentiation Kit (Cyagen, MUXMX-90031) was used to induce adipogenic differentiation, the OriCell® Osteogenic Differentiation Kit (Cyagen, MUXMX-90021) was used for osteogenic differentiation, and the OriCell® Chondrogenic Differentiation Kit (Cyagen, MUXMX-90041) was used for chondrogenic differentiation. Following induction, Oil Red O staining, alizarin red staining, and alcian blue staining were used to identify BMMSC adipogenesis, osteogenesis, and chondrogenesis, respectively.

Flow cytometry
BMMSC surface molecules were detected using the OriCell® BMSC (Mouse) Surface Marker Detection Kit (Cyagen, MUXMX-09011). Specifically, cell suspensions were incubated with primary antibodies targeting positive cell surface markers, including CD44, CD29, and Sca-1, as well as negative marker primary antibodies targeting CD31, CD117, and CD34. Isotype control antibodies were also included in the incubation process. The incubation was conducted at 4°C for 30 min. Cells were subsequently incubated with FITC/PE-labeled secondary antibodies for 30 min at 4°C in the dark. Flow cytometry was used to detect the expression of cell surface molecules.

Extracellular Vesicles Isolation and Characterization
All cells were gradually passaged and expanded to T225 culture flasks (Corning, 431082). When approximately 50% confluence was reached, the original culture medium was discarded, and the cells were rinsed three times with 5 mL of PBS (HyClone, SH30256.01). Subsequently, the medium was changed to a DMEM/F-12 medium (Gibco, 11320033), which contained 10% exosome-free fetal bovine serum (Cyagen, MUXMX-05002). The cells were then cultured until they reached approximately 80% confluence. Cell culture supernatants were collected and subjected to several sequential centrifugation steps to isolate extracellular vesicles (EVs). First, the supernatant was centrifuged at 300 × g, 4°C, for 10 min to remove cells, followed by centrifugation at 3000 × g, 4°C for 10 min to remove cellular debris. The resulting supernatant was then filtered through a 0.22 μm filter, and EVs were concentrated using a 100 kD ultrafiltration tube. Concentrated EVs were pelleted by ultracentrifugation (BECKMAN COULTER, OptimaTM MAX-XP Ultracentrifuge) at 100,000 × g, 4°C, for 2 h. The pellet was resuspended in PBS and subjected to a second round of ultracentrifugation at 100,000 × g, 4°C, for 120 min. The EV pellet was either used directly for subsequent experiments or stored at −80°C for short-term preservation. For cellular experiments, the EV pellet was resuspended in PBS, while for animal experiments, it was resuspended and further diluted in saline. The concentration of BMMSC-EVs was determined based on the protein content measured using the bicinchoninic acid (BCA) assay. EV morphology was examined using transmission electron microscopy (TEM), and particle size distribution was determined with nanoparticle tracking analysis (NTA). Additionally, vesicle surface marker molecules were detected by Western blots.

Mice serum testing
Mice were anesthetized with 2% sodium pentobarbital at a dosage of approximately 50 mg/kg administered intraperitoneally. Blood samples were collected via the carotid artery and left to stand at room temperature for 1 h to allow for complete coagulation. Following coagulation, blood samples were centrifuged at 3000 rpm for 10 min. The resulting supernatant was collected and stored at -80°C until it was needed for further analysis. Mouse serum glucose, insulin, and blood lipids were measured using a fully automatic biochemical analyzer.

Aorta Oil Red O staining
The mouse aorta and its main branches were meticulously dissected under a stereomicroscope, ensuring the removal of attached fat and connective tissue. Subsequently, the dissected tissues were fixed in 4% paraformaldehyde (PFA) and washed with PBS. The aortic arch and its three branches were longitudinally dissected along the greater curvature, extending from the aortic arch to the descending aorta and bilateral iliac arteries. Following dissection, the samples were immersed in Oil Red O staining solution for 30 min at 37°C, then subjected to three 5-min washes with 75% ethanol, followed by a final PBS rinse. Images were captured, and the area of atherosclerotic plaques was quantified with Image J software.

Histopathological staining
Mouse heart tissues, with the aortic roots preserved, were sectioned into paraffin sections from the short-axis section of the hearts, with a focus on obtaining the transvalvular aortic root sections for staining.

Hematoxylin and eosin (H&E) staining
After the sections were dried, they were dewaxed with xylene, were then rehydrated with graded ethanol (100%, 95%, 85%, and 75%), and were then rinsed with distilled water. Subsequently, the sections were stained with hematoxylin dye for 3 min, followed by a rinse with tap water. Differentiation was achieved by immersing the sections in hydrochloric acid alcohol differentiation solution for 30 sec, followed by a rinse with running water. Sections were then stained with eosin dye for 2 min. Following staining, sections were briefly immersed in graded ethanol (75%, 85%, 95%, and 100%) for 3 sec each, and then subjected to xylene for transparency. Finally, the slides were sealed with neutral resin.

Masson staining
Sections were dewaxed and rehydrated with water, then stained with hematoxylin for 10 min. After staining, sections were differentiated with acidic ethanol and washed with water. Sections were then returned to blue using Masson's blue solution and rinsed with water. Following a 1-min rinse with distilled water, sections were stained with Ponceau acid fuchsin for 10 min. Next, the sections were soaked in a weak acid working solution (distilled water: weak acid solution = 2:1) for 1 min, followed by a 2-min immersion in phosphomolybdic acid solution. After another 1-min wash with the weak acid working solution, sections were stained with aniline blue for 1 min. The sections were then dehydrated using 95% ethanol, followed by three changes of absolute ethanol for 5 min each. The sections were then cleared in xylene three times, for 1 min each time. Finally, the slides were sealed with neutral resin.

Immunohistochemical (IHC) staining
Mouse aortic root tissues were fixed in 4% PFA, dehydrated, and embedded in paraffin. Serial sections (4 µm thickness) were prepared from the paraffin blocks. The sections were deparaffinized in xylene and rehydrated through a graded ethanol series. Antigen retrieval was conducted by heating the sections in sodium citrate buffer (pH 6.0) at 95°C for 10 min. Endogenous peroxidase activity was blocked by incubating the sections in 3% hydrogen peroxide for 10 min at room temperature. Following a wash with PBS, the sections were incubated with a blocking solution containing 5% normal goat serum for 30 min to minimize non-specific binding. Primary antibodies against LC3B (1:200) and P62 (1:200) were then applied and incubated overnight at 4°C. After rinsing with PBS, the sections were incubated with the appropriate secondary antibodies conjugated to horseradish peroxidase (HRP) for 30 min at room temperature. Signal development was achieved using a DAB substrate kit, and the sections were counterstained with hematoxylin. Finally, the sections were dehydrated and mounted with coverslips.
For image analysis, stained sections were visualized using a high-resolution panoramic imaging system for pathological slices (Aperio Versa 200). Images were captured at 200x magnification, and the expression levels of LC3B and P62 were quantified using ImageJ software. Positive staining areas were calculated as Average Optical Density (AOD), expressed as a percentage. Each section included a field of view of the aortic root region for analysis, and the mean value was utilized for statistical analysis.

Multiplex immunofluorescence (IF) staining
Frozen sections were prepared parallel to the short axis of the aortic root. Frozen sections were placed in a ventilated hood to dry. Sections were then fixed in 4% PFA for 10 min, then washed three times with PBS for 3 min each time. Next, sections were blocked with 5% BSA for 30 min, after which the blocking solution was discarded. We then added the prepared primary antibody working solution dropwise to the tissue and incubated it at 4°C overnight (ensuring that the two antibodies for double staining were from different species). After overnight incubation, we rewarmed the sections at room temperature for 30 min, then washed them three times with PBS for 5 min each. We applied the secondary antibody mixed working solution to the tissues and incubated them at room temperature in the dark for 1 h. We then washed the sections again three times with PBS for 5 min each. Finally, slides were mounted using an anti-fluorescence quenching mounting medium containing DAPI. A fluorescence microscope was used for observation and photography.

Transmission electron microscopy (TEM)
Isolated mouse aorta tissues were cut into 1 mm3 pieces and fixed with 2.5% glutaraldehyde for 2 h, followed by fixation with 1% osmium tetroxide for 2 h. Samples were then dehydrated through a graded series of ethanol: 50% ethanol, 70% ethanol, 90% ethanol, 90% ethanol/acetone (1:1), and 90% acetone at 4°C for 15 min each. Finally, they were replaced with 100% acetone at room temperature for 15 min. The samples were then transferred to a mixture of acetone and embedding agent (2:1) and soaked for 4 h, then transferred to a mixture of acetone and pure embedding agent (1:2) and soaked at room temperature overnight. Samples were then placed in a pure embedding agent at 37°C for 3 h. The impregnated tissue was cured in an oven at 37°C overnight, followed by 45°C for 12 h, and finally at 60°C for 48 h. Ultramicrotome sections were prepared at 70 nm thickness. Sections were stained with 3% uranyl acetate and lead citrate. Observations were made, and images were captured using a transmission electron microscope at 80 kV.

Cell Co-culture
A 24-mm Transwell® cell culture plate (Corning, 3412) with a membrane pore size of 0.4 μm was used for the experiment. BMSCs were seeded in the upper chamber, and RAW264.7 cells were seeded in the lower chamber at an initial cell seeding ratio of 2:1. To induce the RAW264.7 foam cell model, a complete medium containing high glucose (33.3 mmol/L) and oxidized low-density lipoprotein (ox-LDL, 75 μg/mL) (Yiyuan, YB-002) was added to the lower chamber. The EV secretion inhibitor GW4869 (MCE, HY-19363) was used to analyze the role of EVs on the effects of BMMSCs on RAW264.7 cells. For Oil Red O stains of RAW264.7 cells co-cultured with BMMSCs, cell slides were placed in the lower chamber before they were seeded. 

Cell migration assay
We used 6.5-mm Transwell® cell culture plates (Corning, 3422) with a membrane pore size of 8 μm for this experiment. We inoculated approximately 2×105 RAW264.7 cells in the upper chamber and added DMEM medium containing 20% FBS to the lower chamber. After the cells adhered, the medium in the upper chamber was replaced with either serum-free DMEM or induction culture medium containing high glucose (HG) and ox-LDL. On this basis, BMSC-EVs were added to a concentration of 10 μg/mL or Bafilomycin A1 (MCE, HY-100558) to a concentration of 10 nmol/L in the upper chamber. After the experiment, cells in the upper chamber were fixed using 4% PFA. Following crystal violet staining, cells adhering to the membrane were removed, mounted on a glass slide with neutral gum, and then observed under a microscope.

CCK-8
We first prepared a cell suspension by detaching adherent RAW264.7 cells using a sterile Pasteur pipette and adjusted the cellular density to 5×104 cells/mL. We added 100 μL of the cell suspension to each well of a 96-well plate. We also prepared a blank control well containing only the culture medium without cells and a control well containing only the cell culture medium. We included five replicates for each group.
After seeding the cells, the culture plates were placed in a constant temperature incubator at 37°C with 5% CO2 for a pre-culture period of 6 hours. Following the pre-culture, the medium was replaced with fresh culture medium based on experimental grouping, and cultures were continued for an additional 24 h. 10 μL of CCK-8 solution was added to each well and incubated in the incubator for 1-4 h. Absorbance at 450 nm was measured using a microplate reader.

Oil red O cellular staining
The cell-laden slides were washed three times with PBS and fixed in 4% PFA solution at room temperature for 30 min. Fixative was discarded, cells were washed twice with distilled water and treated with 60% isopropyl alcohol for 30 sec, replaced with Oil Red O staining solution, and then soaked for 20 min. Cells were then rinsed with 60% isopropyl alcohol for 30 sec and washed with distilled water three times. Hematoxylin staining solution was added to counterstain the nuclei for 1 min, and cells were then washed with water three times and treated with PBS to observe staining effects under the microscope. Foam cells being defined when the area of lipid droplets exceeded 50% of the cell outline.

mRFP-GFP-LC3B lentiviral transfection in RAW264.7 cells
Autophagy double-labeled lentivirus mRFP-GFP LC3B was purchased from Hanheng Biotechnology Co., Ltd (Shanghai, China). The density of RAW264.7 cells in the logarithmic growth phase was adjusted to 3×105 cells/mL. 500 μL of cell suspension was inoculated into each well of a 24-well plate. Cells were incubated overnight at 37°C with 5% CO2. The original culture medium was aspirated from each well and replaced with 250 μL of fresh culture medium (half of the original volume). The appropriate volume of the virus to add per well was calculated using the following formula: Virus volume (μL) = [MOI × cell number/lentivirus titer (TU/mL) × 100%]. The calculated volume of lentivirus was then added to each well. The solution was mixed gently to ensure an even distribution of the virus. The cells were incubated at 37°C with 5% CO2. Four hours after the lentivirus infection, the culture medium was replenished to the normal volume by adding 250 μL of fresh culture medium to each well. Approximately 24 h post-infection, the culture medium containing the virus was aspirated and replaced with a fresh complete culture medium. After this, culturing was continued at 37°C. Forty-eight hours after infection, the expression rate of GFP/mRFP was observed under a laser confocal microscope.

IF staining
Treated cells were fixed with 4% PFA for 20 min at room temperature, followed by permeabilization with 0.1% Triton X-100 for 10 min. After permeabilization, the cells were blocked with 5% goat serum for 30 min. Cells were then incubated overnight at 4°C with a mixture of primary antibodies: rabbit anti-mouse CD86 (1:100) and mouse anti-mouse CD68 (1:100). Following the primary antibody incubation, the cells were incubated for 1 h at room temperature with secondary antibodies: FITC-conjugated goat anti-rabbit IgG (1:100) and TRITC-conjugated goat anti-mouse IgG (1:100). The slides were then mounted using DAPI-containing anti-fading mounting medium (Solarbio, S2110) and observed under a fluorescence microscope for imaging and analysis.

Western blot
Tissues or cells were lysed in radioimmunoprecipitation assay (RIPA) lysis buffer (Epizyme, PC101) and centrifuged at 3,000 g for 20 min to collect total protein. After protein concentration analysis using a BCA kit, protein samples were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and loaded onto a polyvinylidene difluoride membrane. The membrane was treated with rapid blocking solution (Epizyme, PS108) for 15 min and reacted with diluted primary antibodies, including Tsg101 (1:1,000), CD9 (1:1000), CD63 (1:200), Calnexin (1:500), SQSTM1/P62 (1:2000), LC3B (1:2000), AMPKα (1:2000), phospho-AMPKα (Thr172)(1:1000), Arginase-1 (1:1000), iNOS (1:1000), mTOR (1:1000), phosphor-mTOR (1:1000), GAPDH (1:5000), β-actin (1:10000) overnight at 4°C. Subsequently, sections were incubated with HRP-conjugated secondary antibody (1:5000) or IRDye®800CW goat-anti-Rabbit secondary antibody (1:5000) for one hour at room temperature. An ECL kit (Thermo Scientific, 32209) was used for color development, and the gray value of the protein band was analyzed using Image J.









































Supplemental Table 1. Antibodies used in the Study
	Name
	Company
	Item No.

	Tsg101
	Abcam
	125011

	CD9
	Proteintech
	20597-1

	CD63
	Santa
	sc-5275

	Calnexin
	Proteintech
	10427-2

	CD86
	Proteintech
	26903-1-AP

	CD68
	Proteintech
	65187-1-Ig

	SQSTM1/p62
	Abcam
	ab109012

	LC3B
	Abcam
	ab192890

	AMPKα
	CST
	#5831

	Phospho-AMPKα
	CST
	#2535

	Arginase-1
	CST
	#93668

	iNOS
	CST
	#13120

	mTOR
	Abclonal
	A25581

	Phosphor-mTOR
	Abclonal
	AP0115

	GAPDH
	Abclonal
	A19056

	β-Actin
	Abclonal
	AC026

	HRP-conjugated secondary antibody
	Abclonal
	AS080

	IRDye®800CW goat-anti-rabbit secondary antibody
	LI-COR
	926-32211

	FITC-conjugated goat anti-rabbit IgG
	ABclonal
	AS011

	TRITC-conjugated goat anti-mouse IgG
	ABclonal
	AS026






















Supplemental Figures and Figure Legends
[image: ]
Supplementary Fig. 1. Isolation, Culture, and Identification of Primary Mouse Bone Marrow Mesenchymal Stem Cells. A. Schematic representation of the Ficoll-based isolation protocol for BMMSCs using density gradient centrifugation. B. Morphology of mouse BMMSCs observed under a light microscope. C. Assessment of the trilineage differentiation potential of BMMSCs into adipogenic, osteogenic, and chondrogenic lineages. Differentiation was confirmed using specific staining protocols: Oil Red O for adipogenesis, Alizarin Red for osteogenesis, and Alician Blue for chondrogenesis. D. Flow cytometry analysis of BMMSC surface markers. Cells were positive for CD44, CD29, and Sca-1, and negative for CD31, CD117, and CD34.
[image: ]
[bookmark: _Hlk187367416]Supplementary Fig. 2. Optimal Concentration of HG Combined with ox-LDL for Inducing the RAW264.7 Cell Model. A. CCK-8 cell viability assays were used to determine the optimal concentration and duration of ox-LDL treatment for RAW264.7 cells (n=5). B. CCK-8 assays evaluated the effects of HG and ox-LDL on the viability of RAW264.7 cells (n=10). C. Oil Red O staining demonstrated that HG enhanced ox-LDL-induced foam cell formation in RAW264.7 cells (n=5). Pairwise comparisons between experimental groups were performed using one-way ANOVA. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. Abbreviations: HG, high glucose; ox-LDL, oxidized low-density lipoprotein.
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Supplementary Fig. 3. HE staining of mouse liver. Abbreviations: WT, wild type; DA, diabetes-accelerated atherosclerosis; BMMSC-EV, extracellular vesicles derived from bone marrow mesenchymal stem cells.
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