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Abstract
Background  The development of vascular calcification (VC) in diabetes is closely related to the endothelial-to-
mesenchymal transition (EndMT). We found that microRNA-32-5p (miR-32) was elevated in the plasma of calcification 
patients. However, it is unclear whether miR-32 mediates the function of bone marrow mesenchymal stem cell-
derived extracellular vesicles (BMSC-EVs) in type 2 diabetes (T2D) VC.

Methods  BMSC-EVs were characterized by TEM, NTA, Western blotting, and confocal microscopy. Alizarin Red and 
ALP staining assessed the severity of VC. qRT-PCR and Western blotting evaluated the expression of BMP2, RUNX2, 
GPX4, SLC7A11, VE-cadherin, and N-cadherin, while immunofluorescence was used for detecting VE-cadherin and 
N-cadherin. In vivo validation was performed using miR-32–/– and ApoE–/– mice. RNA sequencing (RNA-seq) and 
bioinformatics analysis was conducted to explore underlying mechanisms.

Results  We demonstrated that BMSC-EVs attenuate VC in endothelial cells (ECs) and inhibit EndMT. In vivo, 
histological analysis showed that treatment with BMSC-EVs significantly reduced the severity of VC associated 
with T2D. Notably, knockout of miR-32 further enhanced the inhibitory effect of BMSC-EVs on VC. Mechanistically, 
transcriptomic and functional analyses suggest that the protective effect of BMSC-EVs on VC is associated with 
regulation of the MAPK/FoxO signaling pathway, potentially mediated by modulation of ferroptosis.

Conclusion  These findings demonstrate that BMSC-EVs attenuate T2D-associated VC, partially through miR-32-
mediated suppression of EC ferroptosis.
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Introduction
Vascular calcification (VC), characterized by abnormal 
mineral deposition in blood vessels, is prevalent in type 2 
diabetes (T2D) patients [1, 2]. This process is considered 
an active and potentially modifiable physiological event. 
Depending on location, VC can affect the intima, media, 
valves, or other tissues, with T2D-associated VC primar-
ily involving the intima and media [3, 4]. VC increases 
vascular stiffness and reduces compliance, leading to 
elevated pulse pressure, ventricular hypertrophy, altered 
left ventricular pressure, and changes in coronary artery 
diameter [5]. Studies have shown that cardiovascular dis-
ease is strongly associated with increased mortality from 
T2D, particularly VC [6, 7]. While some drugs and surgi-
cal interventions can mitigate VC progression, effective 
treatments remain lacking [8]. Addressing VC is crucial 
for reducing cardiovascular complications and improving 
T2D prognosis. Therefore, the development of novel and 
effective therapeutic strategies for VC is urgently needed.

Endothelial-to-mesenchymal transition (EndMT) is 
a hallmark of VC [9]. During EndMT, endothelial cells 
(ECs) begin to express markers typically associated with 
vascular smooth muscle cells (VSMCs) or mesenchymal 
stem cell-like phenotypes, such as α-SMA, SM22α, VE-
cadherin, and N-cadherin [10]. This process can initially 
help maintain indicators of lesion stability; however, this 
temporary protective effect diminishes as the condition 
progresses to more advanced stages [11]. EndMT has also 
been implicated in various cardiovascular and metabolic 
diseases, including VC, obesity, hypertension, hyperlipid-
emia, and T2D. As such, it is increasingly recognized as a 
potential therapeutic target for vascular diseases.

The therapeutic potential of BMSCs has garnered 
significant attention in recent years, particularly with 
respect to the extracellular vesicles they secrete [12]. 
Bone marrow mesenchymal stem cell-derived extracellu-
lar vesicles (BMSC-EVs) are rich in bioactive substances, 
including proteins, RNA (miRNA, lncRNA, and mRNA), 
and lipids, which play vital roles in tissue repair, inflam-
mation regulation, cellular metabolism, and various 
forms of cell death [13, 14]. As a novel cell-free thera-
peutic strategy, EVs-based therapy provides a promising 
alternative for injection-based treatment approaches. 
Accumulating evidence supports the therapeutic effi-
cacy of BMSC-EVs in a range of disease models. For 
instance, BMSC-EVs have been shown to alleviate cog-
nitive decline in Alzheimer’s disease (AD)-like mice by 
ameliorating brain-derived neurotrophic factor (BDNF)-
related neuropathology, highlighting their neuropro-
tective properties [15]. In musculoskeletal disorders, 

BMSC-EVs promoted tendon-bone healing following 
anterior cruciate ligament reconstruction by modulat-
ing M1/M2 macrophage polarization, thereby enhancing 
tissue regeneration and repair [16]. Moreover, exosomal 
miR-4645-5p derived from hypoxic BMSCs was found to 
accelerate diabetic wound healing by restoring keratino-
cyte autophagy, demonstrating their regulatory role in 
cellular stress responses and tissue repair [17]. In parallel, 
our previous research further revealed that plasma levels 
of miR-32 are significantly elevated in patients with VC 
compared to individuals non-VC [18]. Notably, miR-32 
has been shown to regulate various biological processes 
in fibroblasts, VSMCs, and ECs, suggesting a potential 
role in the pathogenesis of vascular diseases [19]. How-
ever, the specific involvement of miR-32 in EC calcifica-
tion and its underlying molecular mechanisms remain 
largely unexplored. Given these findings, the therapeutic 
potential of BMSC-EVs in T2D-associated VC, as well as 
their possible regulatory interaction with miR-32, war-
rants further investigation. However, the role and mecha-
nisms underlying the therapeutic effects of BMSC-EVs in 
T2D-associated VC remain unclear.

Ferroptosis, a recently identified form of programmed 
cell death, is distinct from apoptosis, necrosis, and 
autophagy [20]. As research into ferroptosis deepens, it 
has been increasingly linked to a variety of diseases [21, 
22]. On one hand, ferroptosis is implicated in condi-
tions such as acute kidney disease (AKD), wound heal-
ing, osteofibrosis, and neurological disorders [23, 24]. 
On the other hand, ferroptosis also contributes to tumor 
development [25]. Recent studies have highlighted a con-
nection between ferroptosis and VC. For instance, Hu et 
al. demonstrated that adrenomedullin alleviates vascular 
disease through the inhibition of endothelial ferroptosis 
[26]. Growing evidence indicates that cellular ferropto-
sis, particularly in VSMCs and ECs, plays a crucial role 
in VC progression [27, 28]. While significant advance-
ments have been made in understanding the pathological 
roles of ferroptosis in various diseases, the relationship 
between ferroptosis and VC remains poorly understood 
and warrants further investigation.

This study aimed to investigate the effect of BMSC-EVs 
on inhibiting ferroptosis in ECs during VC associated 
with T2D and to elucidate the underlying mechanisms. 
The findings not only enhance our understanding of the 
mechanisms driving T2D-associated VC but also high-
light the potential of BMSC-EVs as a novel preventive 
and therapeutic strategy for this condition.

Keywords  Vascular calcification, Bone marrow mesenchymal stem cell-derived extracellular vesicles, microRNA-32, 
Ferroptosis, Endothelial-to-mesenchymal transition
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Materials and methods
Isolation and identification of BMSCs
Four- to six-week-old wild-type male mice and miR32-
deficient ApoE−/− mice were obtained from Vital River 
(Foshan, China) and maintained on a standard chow diet. 
To isolate BMSCs, the mice were humanely sacrificed 
by cervical dislocation, and bone marrow was extracted 
from the tibias and femurs. The bone marrow was col-
lected in Dulbecco’s modified Eagle medium (DMEM, 
Gibco, New York, USA). The resulting suspension was 
centrifuged at 1000×g for 3 min, and the pellet was resus-
pended in DMEM containing 10% fetal bovine serum 
(FBS, Gibco, New York, USA). The medium was replaced 
every 2–3 days.

Isolation and identification of extracellular vesicles from 
BMSCs
To isolate extracellular vesicles, two types of BMSCs 
were cultured in DMEM at 37 °C with 5% CO₂ for 48 h. 
To enable the accumulation of secreted extracellular 
vesicles, cells were cultured for 48  h in medium con-
taining 10% EVs-depleted FBS prior to EVs isolation. 
The EVs isolation process began with stepwise centrifu-
gation of the culture supernatant at 4  °C: 300 × g for 
10 min, 2,000 × g for 20 min, and 10,000 × g for 30 min. 
The resulting supernatant was filtered through a 0.22 μm 
membrane and subsequently ultracentrifuged at 100,000 
× g for 70  min. The pellet containing BMSC-EVs was 
resuspended in 100 µL of PBS. Protein concentration of 
BMSC-EVs was quantified using a BCA protein assay 
kit (Keygen, Jiangsu, China). The morphology of BMSC-
EVs was examined by transmission electron microscopy 
(TEM; Zeiss, Germany). BMSC-EVs size distribution was 
measured using nanoparticle tracking analysis (NTA; 
Izon Science, New Zealand) based on dynamic light scat-
tering. The expression levels of surface markers CD63 
(1:1000, Abcam, UK) and CD9 (1:1000, Abcam, UK) were 
assessed by Western blotting. Additionally, RT-qPCR was 
used to determine the expression level of miR-32 in both 
types of BMSC-EVs.

BMSC-EVs uptake by endothelial cells (ECs)
According to the manufacturer’s instructions, two types 
of BMSC-EVs were labeled using a DiR red fluorescent 
cell linker kit (Sigma, USA). Briefly, the labeling dye was 
added to BMSC-EVs suspended in PBS and incubated 
at room temperature for 10  min. The mixture was then 
ultracentrifuged at 100,000 × g for 70  min at 4  °C, and 
the labeled BMSC-EVs were resuspended in PBS. The 
labeled BMSC-EVs were incubated with ECs at 37  °C in 
5% CO₂ for 24  h. After incubation, the cells were fixed 
with 4% paraformaldehyde for 15 min and washed three 
times with PBS. Subsequently, the nuclei were stained 
with DAPI (Solarbio, Beijing, China) for 10 min, followed 

by three additional PBS washes. Fluorescent signals were 
analyzed using a confocal microscope (Leica Microsys-
tems, Germany) and ZEN 2012 imaging software.

CCK8 assay
ECs were seeded in 96-well plates at 5 × 10³ cells/well and 
treated with BMSC-EVs (0–100  µg/ml) in EVs-depleted 
medium for 24 h. After treatment, 10 µL CCK-8 reagent 
was added to each well and incubated for 2–4 h. Absor-
bance was measured at 450 nm (reference 600 nm).

Measurement of EC calcification
ECs used in this study were purchased from the National 
Infrastructure of Cell Line Resource (China Center 
for Type Culture Collection) and cultured in DMEM 
supplemented with 10% FBS and 100 U/mL penicillin-
streptomycin at 37  °C with 5% CO2. To induce endo-
thelial calcification, we employed a high-glucose (25 
mM) basal medium supplemented with 10% FBS, 10 
mM β-glycerophosphate (β-GP), and 2.5 mM calcium 
chloride (CaCl₂) as the induction system.Then ECs were 
co-cultured with BMSC-EVs for 14 days. In the control 
group, ECs were cultured in DMEM without the addi-
tion of BMSC-EVs. To assess calcification, Alizarin Red 
S (ARS) staining, alkaline phosphatase (ALP) staining, 
and calcium content measurements were performed. 
Specifically, Alizarin Red S staining was used to evaluate 
calcification. Cells were fixed in 4% paraformaldehyde for 
30 min and then stained with 0.2% Alizarin Red S (Sigma, 
New York, USA) for 30 min. Images were captured using 
a microscope and analyzed using ImageJ software.

Measurement of ALP content
The level of ALP was detected using an ALP kit pur-
chased from Biyuntian (Shanghai, China) according to 
the manufacturer’s instructions. Briefly, cells were fixed 
with 4% paraformaldehyde for 15 min at room tempera-
ture, then washed with PBS. The cells were incubated 
with ALP staining solution according to the manufac-
turer’s instructions at room temperature for 20–30  min 
in the dark. After sufficient color development, the reac-
tion was stopped by washing with PBS, and the stained 
cells were observed under a light microscope.The positive 
staining was statistically analyzed by ImageJ software.

Measurement of calcium content
The calcium content was quantified using a calcium 
content kit obtained from Biyuntian (Shanghai, China) 
according to the manufacturer’s instructions. Briefly, 
cells were incubated with Fluo-4 AM (5 µM) in serum-
free medium at 37℃ for 30 min in the dark. After incu-
bation, cells were washed with PBS to remove excess 
dye and then incubated in fresh medium for an addi-
tional 10–15  min to allow complete de-esterification. 
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Fluorescence was observed and captured using a fluo-
rescence microscope. Absorbance was immediately mea-
sured at 593 nm.

Measurement of iron content
The iron content of all cells was further determined by 
using an iron assay kit according to the manufacturer’s 
instructions (Dojindo, Japan). Briefly, cells were homog-
enized in cold iron assay buffer, and the cell extracts were 
collected to determine their iron contents. Absorbance 
was immediately measured at 593 nm.

Measurement of the ROS content
The 2’7’-dichlorofluorescein diacetate (DCFH-DA) fluo-
rescence probe was used to detect the reactive oxygen 
species (ROS) accumulation in ECs. ECs were seeded 
into 6-well plates at a density of 2 × 105 cells per well and 
incubated for 24 h. Then, cells were treated with BMSC-
EVs for 48 h. Cells were stained with the DCFH-DA (10 
µM) fluorescence probe for 30 min at 37℃ in the dark. 
Cells were washed three times with serum-free cell cul-
ture medium to sufficiently remove DCFH-DA that did 
not enter the cells. Fluorescence intensity of DCF in dif-
ferent treatment groups was observed by fluorescent 
microscopes (Nikon, Japan) and the green fluorescence 
intensity was calculated by Image J.

Glutathione (GSH) and oxidized glutathione (GSSG)analysis
ECs were inoculated into 10 cm2 dishes at a density of 
5 × 106 cells/mL with 2  ml per dish. The cells were next 
treated with WT BMSC-EVs or miR32−/− BMSC-EVs. 
Then the cells were washed with PBS. Next, the cells were 
homogenized by ultrasonic crushing to obtain the cell 
supernatants after centrifugation. The level of GSH and 
GSSG (Solarbio, Beijing, China) were detected at 412 nm 
according to the manufactures’ instructions.

Measurement of malondialdehyde (MDA)
Lipid peroxidation was assessed by measuring MDA 
levels using a thiobarbituric acid reactive substances 
(TBARS) assay kit (Biyuntian, China) according to the 
manufacturer’s instructions. Briefly, treated cells were 
lysed and reacted with thiobarbituric acid (TBA) at 95 °C 
for 60 min. After cooling to room temperature, the absor-
bance of the supernatant was measured at 532 nm using a 
microplate reader. MDA concentrations were calculated 
from a standard curve generated with known MDA con-
centrations and normalized to the total protein content 
of each sample, which was determined by a BCA protein 
assay.

RT-qPCR
Total RNA was extracted from cells using a total RNA iso-
lation kit (Omega, USA) according to the manufacturer’s 

instructions. RNA was used to obtain the cDNA through 
reverse transcription using HiScript Reverse Transcrip-
tase (Takara, Japan). For RT-qPCR analysis, GAPDH was 
used as the reference. The mRNA levels of Runx2, BMP2, 
OPN, GPX4, SLC7A11, ACSL4, HO-1 and VE-cadherin, 
N-cadherin, MMP9, Vimentin, TFRC, Nrf2 and FTH1 
were analyzed using RT-qPCR and SYBR Green Super-
mix (Vazyme Biotech Co., Ltd.). The thermocycling con-
ditions were: (i) Incubation step of 30  s at 90 °C; (ii) 40 
cycles of 10 s at 95 °C and 30 s at 60 °C; and (iii) 15 s at 95 
°C, 60 s at 60 °C and 15 s at 95 °C. The sequences of prim-
ers are listed in Table S1. All treatments and conditions 
were performed in triplicate and the results were calcu-
lated using the 2-ΔΔCq method.

Western blot analysis
Total protein was extracted from cells using lysis buf-
fer (Keygen, Jiangsu, China). The protein concentrations 
were determined using a BCA protein assay kit and 30 µg 
protein was loaded. Equal amounts of protein were sepa-
rated by SDS-PAGE and transferred onto PVDF mem-
branes, which were then blocked in 5% skim milk for 1 h 
at room temperature. Corresponding primary antibodies 
were then incubated with the membranes at 4 °C over-
night. After washing, the membranes were further incu-
bated with secondary antibodies for 1  h. ECL detection 
system (Nikon, Japan) was used to visualize the images, 
which were then evaluated. The strength of each strip was 
analyzed using Image J software. The primary antibod-
ies used were as follows: Anti-GAPDH (1:1000, Abcam, 
UK), Anti-OPN (1:1000, Abcam, UK), Anti-Runx2 
(1:1000, Abcam, UK), Anti-BMP2 (1:1000, Abcam, UK), 
Anti-α-SMA (1:1000, Abcam, UK), Anti-VE-cadherin 
(1:2000, Abcam, UK), Anti-N-cadherin (1:1000, Abcam, 
UK), Anti-MMP9 (1:1000, Abcam, UK), Anti-Vimen-
tin (1:1000, Abcam, UK), Anti-GPX4 (1:1000, Abcam, 
UK), Anti-SLC7A11 (1:1000, Abcam, UK), Anti-ACSL4 
(1:1000, Abcam, UK), Anti-HO-1 (1:1000, Abcam, UK), 
Anti-Nrf2 (1:1000, Abcam, UK), Anti-FTH1 (1:1000, 
CST, USA), and Anti-TFRC (1:1000, Abcam, UK). The 
secondary antibody used was Goat Anti-Rabbit IgG H&L 
(1:5000, Abcam, UK). The results were analyzed by image 
J.

Generation of T2D mice
6 weeks mice (WT and ApoE−/−) were fed a high-fat diet 
(HFD) containing 10% (TP23102) or 45% (TP23100) of 
the energy from fat (Trophic Animal Feed High-tech Co., 
Ltd., Jiangsu, China) for 18 weeks. Subsequently, strepto-
zotocin (STZ, Sigma, USA) was intraperitoneally injected 
at 25  mg/kg for three consecutive days. Blood glucose 
was monitored at specific times using a glucometer 
(Roche, Germany). HFD-fed mice with a blood glucose 
level ≥ 11.1 mM were defined as having T2D. Body weight 
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was measured every week for all mice. All surgical pro-
cedures were performed on animals under general anes-
thesia. Anesthesia was induced by placing the animals in 
an induction chamber and maintained via a nose cone 
using inhaled isoflurane (concentration: 3–4% for induc-
tion and 1.5–2% for maintenance) in a mixture of oxygen. 
The depth of anesthesia was monitored by assessing the 
absence of pedal reflexes. Following the procedures, all 
animals were euthanized by exposure to a rising concen-
tration of carbon dioxide (CO2) in a controlled environ-
ment, with death confirmed by ensuring the cessation of 
breathing and the absence of a heartbeat.

Immunohistochemistry staining analysis
The deparaffinized sections of the aorta were prepared 
by heating the samples for 30 min, cooling them to room 
temperature, and washing them three times with 0.01 M 
PBS for 5  min each. Paraffin tissue samples were then 
sectioned to 5  μm thickness, dehydrated, treated with 
3% hydrogen peroxide at room temperature for 10 min, 
and blocked with normal goat serum for 30  min. Next, 
the sections were stained with rabbit antibodies at 4℃ 
overnight. The following day, the sections were incubated 
with biotin-labeled goat anti-rabbit secondary antibody 
at 37℃ for 60 min and then with 50 µL streptavidin bio-
tin peroxidase complex at room temperature for 10 min. 
The staining images were obtained using a microscope. 
The positive staining was statistically analyzed using 
ImageJ software.

Immunofluorescence staining analysis
To examine the expression of VE-cadherin and N-cad-
herin, the tissues were incubated with anti-VE-cadherin 
and anti-N-cadherin antibodies (1:200, Cell Signaling 
Technology, CST, USA) overnight at 4 °C, and then visu-
alized with Alexa Flour 488 and 596-conjugated goat anti-
rabbit antibody (1:1000, Abcam, UK). The nuclei were 
counterstained with DAPI (Solarbio, Beijing, China). The 
images were captured using a fluorescence microscope 
(Nikon, Japan) and analyzed with Image J software.

Alizarin red staining
Alizarin Red (Solarbio, Beijing, China) staining was used 
to detect ECs and arterial calcification. For cell staining, 
cells were fixed in paraformaldehyde for 30 min and then 
incubated with Alizarin Red for 30 min at room tempera-
ture. Arterial sections were stained with Alizarin Red for 
30 min after fixation with 4% paraformaldehyde.

Bioinformatics analysis
Gene annotation and functional enrichment analysis 
were performed using the DAVID database (​h​t​t​p​​s​:​/​​/​d​a​v​​
i​d​​.​n​c​​i​f​c​​r​f​.​g​​o​v​​/​s​u​m​m​a​r​y​.​j​s​p). Gene Ontology (GO) ​a​n​n​o​t​
a​t​i​o​n​s were retrieved from the GO database ​(​​​h​t​t​p​:​/​/​g​e​n​

e​o​n​t​o​l​o​g​y​.​o​r​g​/​​​​​)​. miRDB (https://www.mirbase.org/) was 
used to identify potential target genes of miR-32. Venn 
diagram analysis was conducted using the online tool (​h​
t​t​p​​s​:​/​​/​b​i​o​​i​n​​f​o​g​​p​.​c​​n​b​.​c​​s​i​​c​.​e​​s​/​t​​o​o​l​s​​/​v​​e​n​n​y​/​i​n​d​e​x​.​h​t​m​l) to 
identify and visualize overlapping genes.

RNA-seq analysis
Total RNA was extracted from ECtreated with β-GP + HG 
and BMSC-EVs miR-32−/−, and the RNA concentra-
tion was determined using NanoDrop. Magnetic beads 
with oligo-dT were used to separate mRNA from total 
RNA, and the captured mRNA was fragmented. Finally, 
the sequencing library was purified using magnetic 
beads. After the library was constructed, the library was 
sequenced by PE150 using the Illumina Novaseq 6000 
sequencing platform. Finally, the obtained raw sequenc-
ing sequence was subjected to bioinformatics analysis.

Statistical analysis
The results of the experiments are presented as the 
mean ± SD, and the analysis was performed using SPSS 
software (version 21.0; IBM Corp.). One-way ANOVA 
test was employed to evaluate the significance of dif-
ferences among multiple groups. All experiments were 
repeated at least three times, and representative 
experimental data are shown in the figures. p < 0.05 or 
p < 0.01 were considered significant or very significant, 
respectively.

Statement
The work has been reported in line with the ARRIVE 
guidelines 2.0.

Results
BMSC-EVs from WT mice inhibited osteogenic 
differentiation and EndMT
BMSC-EVs were isolated from the culture media of WT 
BMSCs (Figure S1a). Transmission electron microscopy 
revealed the characteristic cup-shaped morphology of 
BMSC-EVs (Figure S1b). Nanoparticle tracking analysis 
showed that the size of BMSC-EVs was primarily dis-
tributed between 30 and 200  nm (Figure S1c). Western 
blot analysis confirmed high expression levels of mark-
ers CD63 and TSG101 (Figure S1d). Furthermore, uptake 
assays demonstrated that DiR-labeled BMSC-EVs could 
be internalized by ECs, as evidenced by their localization 
around ECs (Figure S1e), confirming effective cellular 
uptake.

ECs were induced by β-GP and high glucose (HG) to 
undergo T2D-related osteogenic differentiation in vitro 
for 14 days.We first employed a CCK-8 assay to assess 
the effects of various concentrations of BMSC-EVs on 
ECs. The results indicated that a concentration of 20 µg/
ml did not exert any significant beneficial effect on ECs 

https://david.ncifcrf.gov/summary.jsp
https://david.ncifcrf.gov/summary.jsp
http://geneontology.org/
http://geneontology.org/
https://www.mirbase.org/
https://bioinfogp.cnb.csic.es/tools/venny/index.html
https://bioinfogp.cnb.csic.es/tools/venny/index.html
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viability (Figure S2). Consequently, this concentration 
was selected for use in all subsequent experiments. And 
then CCK-8 assay indicated that WT BMSC-EVs pro-
moted EC proliferation (Fig.  1a). To evaluate whether 
WT BMSC-EVs could inhibit calcium nodule formation, 
Alizarin Red staining was performed, and the results 
demonstrated that WT BMSC-EVs significantly sup-
pressed calcium nodule deposition compared to the β-
GP group, suggesting that BMSC-EVs from WT mice 
effectively alleviated VC (Figs.  1b–c). Moreover, ALP 
staining showed that WT BMSC-EVs mitigated the activ-
ity of ALP after β-GP and HG treatment (Figs.  1d–e). 
Intracellular calcium quantification further revealed that 
WT BMSC-EVs significantly reduced calcium accumula-
tion in ECs (Fig. 1f ). Western blot analysis confirmed that 
WT BMSC-EVs markedly decreased the protein level of 
osteogenic markers BMP2, OPN, and RUNX2, with sta-
tistically significant differences (Figs. 1g–j).

Since EndMT plays a pivotal role in the pathogenesis 
of VC in ECs, we investigated the effect of WT BMSC-
EVs on EndMT in ECs. ECs were co-cultured with WT 
BMSC-EVs for 48  h, during which the inhibition of 
EndMT was most pronounced. Western blot analysis 
revealed that the expression of VE-cadherin was upregu-
lated, while the expression levels of MMP9, N-cadherin, 

and vimentin were significantly decreased, indicating that 
WT BMSC-EVs effectively suppressed EndMT in ECs 
(Fig. 2a and d). These findings were further validated by 
immunofluorescence staining, which showed increased 
VE-cadherin and decreased N-cadherin expression fol-
lowing WT BMSC-EVs treatment (Fig.  2e and h). In 
addition, qPCR analysis demonstrated reduced mRNA 
expression of EndMT-related markers, including VE-
cadherin, N-cadherin, MMP9, and vimentin (Figs. 2i, S3). 
Taken together, these results indicate that WT BMSC-
EVs inhibit EndMT and osteogenic differentiation of ECs, 
thereby attenuating the VC process.

BMSC-EVs from WT mice inhibited ferroptosis of ECs
In this study, we found that treatment with WT BMSC-
EVs significantly reduced intracellular ROS levels (Fig. 3a 
and b). Quantitative iron analysis revealed that intracel-
lular ferrous ion levels were lower in the β-GP + HG + EVs 
group compared to the β-GP + HG group (Fig.  3c). 
Given the close relationship between ferroptosis and 
the redox status of cells, which was reflected by GSH, 
GSSG, and ratio of GSH/GSSG, we examined these 
indicators. Our results showed that, compared to the β-
GP + HG group, the β-GP + HG + EVs group exhibited 
increased GSH, decreased GSSG, and a reduced GSH/

Fig. 1  BMSC-EVs attenuate VC of ECs induced by β-GP and HG. a Cell proliferation of ECs were assessed by CCK-8 assay following β-GP + HG or β-
GP + HG + Exos treatments.  b, c Calcium nodule deposition of ECs were visualized by Alizarin Red S staining with WT BMSC-EVs treatment. d, e ALP activity 
of ECs were measured and statistically compared. f Quantitative analysis of Ca²⁺ deposition of ECs across treatment groups. g–j Western blot analysis the 
levels of osteogenic markers (BMP2, RUNX2, and OPN). Data presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3
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GSSG ratio, suggesting effective suppression of ferrop-
tosis (Fig.  3d and f ). These findings, together with the 
observed reduction in intracellular peroxide produc-
tion and accumulation, support the role of BMSC-EVs 
in mitigating oxidative stress. Furthermore, qPCR analy-
sis showed increased mRNA expression of ferroptosis-
related genes, including GPX4, SLC7A11, HO-1, Nrf2, 
TFRC and FTH1, following WT BMSC-EVs treatment 
(Fig.  3g, S4,S5f ). Western blot analysis confirmed these 
findings at the protein level, demonstrating a significant 
downregulation of ACSL4 and upregulation of GPX4, 
SLC7A11, HO-1, Nrf2, TFRC and FTH1, (Fig. 3h and k, 
S5a-5d). To further verify the occurrence of ferroptosis, 
we measured the content of MDA, a final product of lipid 
peroxidation. As shown in Figure S5e, compared with 
the control group, the MDA levels in ECs stimulated by 
β-GP + HG were significantly increased, indicating strong 
lipid peroxidation. Importantly, treatment with BMSC-
EVs can significantly reverse this elevation. Collectively, 
WT BMSC-EVs treatment effectively inhibited ferropto-
sis in ECs, reduced peroxide accumulation, and inhibited 
the progression of VC.

miR-32 deficiency enhances the inhibitory effect of BMSC-
EVs on VC in vivo
First, WT, ApoE–/–, and miR-32-deficiency ApoE–/– mice 
were fed a high-fat diet for 18 weeks, followed by treat-
ment with WT BMSC-EVs three times per week for four 
weeks. At the end of the treatment period, the mice were 
sacrificed, and aortic tissues were collected for histologi-
cal analysis (Fig. 4a). After 28 days of WT BMSC-EVs 
administration, no significant differences in body weight 
were observed among the groups (Fig. 4b). Alizarin Red 
staining revealed that, compared with WT mice, WT 
BMSC-EVs treatment markedly reduced aortic calcium 
deposition in ApoE–/– mice (Fig. 4c, d). In our previous 
studies, we demonstrated a negative correlation between 
miR-32 and VC in T2D [18]. Notably, WT BMSC-EVs 
exhibited a more pronounced inhibitory effect on vascu-
lar plaque formation in miR-32-deficient ApoE–/– mice. 
Histological examination further confirmed that WT 
BMSC-EVs reduced the expression of the osteogenic 
marker BMP2 in the vascular tissues of diabetic mice, 
with a markedly greater reduction observed in miR-
32-deficient ApoE–/– mice (Fig. 4e). Immunofluores-
cence staining showed that WT BMSC-EVs significantly 
increased VE-cadherin expression while suppressing 
N-cadherin expression, with more prominent changes 

Fig. 2  WT BMSC-EVs suppress EndMT of ECs induced by β-GP and HG. a–d Western blot analysis and quantification the expression of VE-cadherin, N-
cadherin and MMP9 under various treatment conditions. e, f Immunofluorescence staining analysis the expression of VE-cadherin and N-cadherin. g, h 
Quantitative analysis of fluorescence intensity for VE-cadherin and N-cadherin. i qRT-PCR analysis of VE-cadherin, N-cadherin and MMP9 expression after 
co-culture with BMSC-EVs. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3
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in miR-32-deficient ApoE–/– mice, suggesting that 
BMSC-EVs may inhibit EndMT and that miR-32 deletion 
potentiates this therapeutic effect (Fig. 4f ). Additionally, 
immunofluorescence revealed an upregulation of GPX4 
following WT BMSC-EVs treatment (Fig. 4g). BMSC-
EVs administration also markedly reduced aortic calcium 
content in both miR-32-deficient ApoE–/– mice (Fig. 4h).
PCR analysis further confirmed that WT BMSC-EVs 
significantly downregulated osteogenic differentiation–
related factors, including BMP2 and RUNX2 (Figs. 4i, 
S6). Collectively, these findings indicate that WT BMSC-
EVs attenuate vascular calcification by inhibiting osteo-
genic differentiation and ferroptosis, and that miR-32 
deficiency enhances these protective effects.

miR32−/− in BMSC-EVs inhibited EC ferroptosis and 
osteogenic differentiation
Building on our previous work that identified miR-32 as a 
multifunctional regulator in cardiovascular disease [18], 
we further investigated its specific role in ferroptosis. 
To this end, we transfected endothelial cells with a miR-
32 knockout construct and induced ferroptosis using a 
β-GP + HG stimulus. qPCR results showed that knock-
ing out miR32 significantly reduced the mRNA con-
tent of miR32 in EC (Figure S7). Knocking out miR-32 

significantly attenuated lipid peroxidation, as evidenced 
by reduced MDA levels (Fig. S8a). This was accompanied 
by decreased intracellular ferrous and calcium ion con-
tent (Figure S8b, S8c). Furthermore, miR-32 deficiency 
increased the GSH/GSSG ratio by elevating GSH and 
suppressing GSSG levels (Figure S8d-f ), indicating a shift 
toward a more reduced redox state. Consistent with this, 
qPCR analysis revealed that miR-32 knockout upregu-
lated the expression of key anti-ferroptotic genes (GPX4, 
SLC7A11, HO-1, Nrf2, and FTH1) while downregulating 
the pro-ferroptotic transporter TFRC (Figure S8g, h).

To dissect the specific contribution of miR-32 to the 
anti-calcific effect of BMSC-EVs, we leveraged BMSC-
EVs derived from miR-32-/- mice as an investigative tool 
and assessed their impact on endothelial cell calcifica-
tion. qPCR analysis confirmed that BMSC-EVs isolated 
from miR32-deficient mice exhibited markedly reduced 
miR32 levels (Figure S9).The identity of miR32–/– BMSC-
EVs was confirmed via transmission electron microscopy, 
nanoparticle tracking analysis, and Western blotting. 
Fluorescence uptake assays demonstrated that miR-32–/– 
BMSC-EVs were efficiently internalized by ECs (Figure 
S1). Subsequent co-culture experiments demonstrated 
that treatment with miR-32–/– BMSC-EVs significantly 
reduced intracellular miR-32 levels in ECs (Fig. 5a and d). 

Fig. 3  WT BMSC-EVs inhibit ferroptosis of ECs induced by β-GP and HG. a, b Fluorescence staining to detect ROS levels of ECs after different treatments. 
c Assessment of the effects of WT BMSC-EVs on the expression of ferrous ions in ECs. d–f Quantify intracellular levels of GSH and GSSG, and calculate the 
GSH/GSSG ratio. g qRT-PCR was used to statistically analyze the expression of GPX4,SLC7A11,ACSL4 and HO-1. h–k Western blot statistical analysis of the 
expression of GPX4, SLC7A11, and HO-1 under different treatment conditions. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3
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Notably, Western blot analysis revealed that miR-32–/– 
BMSC-EVs markedly upregulated the expression of fer-
roptosis-protective markers, including GPX4, SLC7A11, 
HO-1, Nrf2, TFRC, and FTH1 (Fig.  5e, f, S10a, S10b, 
S11a-S11d). Consistent with these findings, qRT-PCR 
results showed enhanced expression of GPX4, SLC7A11, 
and HO-1, alongside a significant reduction in the osteo-
genic markers RUNX2 and BMP2 (Fig. 5g, S11f ). More-
over, miR-32–/– BMSC-EVs significantly decreased 
intracellular Fe²⁺ levels (Fig.  5h) and Ca2+ levels (Fig-
ure S10c), elevated GSH levels, and reduced GSSG, 
thereby increasing the GSH/GSSG ratio—an indicator of 
enhanced redox homeostasis and ferroptosis resistance 
(Fig. 5i and k). In addition, miR-32–/– BMSC-EVs reduced 
intracellular ROS accumulation and lowered calcium ion 
content in ECs (Figures S8d, S10d, S10e). Finally, Alizarin 
Red staining confirmed that miR-32–/– BMSC-EVs effec-
tively inhibited calcium salt deposition in ECs (Figures 
S10f, S10g). Consistent with this, the MDA assay revealed 
that treatment with miR-32-deficient BMSC-EVs signifi-
cantly reduced lipid peroxidation, as indicated by a lower 
MDA content compared to the β-GP + HG (Figure S11e).
Taken together, these findings highlight the pivotal role 

of miR-32 in regulating ferroptosis and osteogenic dif-
ferentiation in ECs. The downregulation of miR-32 via 
BMSC-EVs enhances antioxidant defenses, inhibits oxi-
dative damage and calcification, and thus holds promis-
ing therapeutic potential for VC.

FoxO/MAPK is a key mediator of miR32−/− BMSC-EVs in 
regulating ferroptosis
To investigate the underlying mechanism by which miR-
32 regulates ferroptosis, we performed transcriptome 
sequencing on ECs co-cultured with miR-32−/− BMSC-
EVs. Among the top 30 enriched pathways, the FoxO/
MAPK signaling pathway emerged as a key pathway 
potentially regulated by miR-32 (Figs.  6a and 7d, S7a). 
Bioinformatics analysis further supported the pivotal role 
of the FoxO pathway in ferroptosis regulation (Figs.  6e, 
S7b). Co-culture with miR-32−/− BMSC-EVs led to 
upregulation of FoxO expression and downregulation of 
MAPK expression, as confirmed by both Western blot-
ting and qPCR analyses (Fig. 6f and h, S7c). To validate 
the functional role of FoxO signaling, ECs were treated 
with the FoxO pathway activator AS1842856. West-
ern blot and qPCR analyses demonstrated AS1842856 

Fig. 4  miR-32 may inhibit osteogenic differentiation of ECs. a–d Expression levels of miR-32 in ECs co-cuture with BMSC, BMSC-EVs, BMSC-EVs miR32−/−. 
e, f Western blot analysis of SLC7A11, GPX4 and HO-1 expression following BMSC-EVs miR-32−/− treatment. g qRT-PCR analysis of ferroptosis- and osteo-
genesis-related markers in ECs following treatment with Exos miR-32−/−. h Assessment of the effects of BMSC-EVs miR32−/− on the expression of ferrous 
ions in ECs. i–k Quantify intracellular levels of GSH and GSSG, and calculate the GSH/GSSG ratio. Data are presented as mean ± SD. *p < 0.05, **p < 0.01, 
***p < 0.001. n = 3
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treatment significant upregulation of ferroptosis-inhib-
itory markers GPX4, SLC7A11, and HO-1 (Fig.  7a and 
e). Moreover, AS1842856 treatment increased intracel-
lular GSH levels while reducing GSSG levels, resulting 
in an elevated GSH/GSSG ratio (Fig. 7f and h). Concur-
rently, intracellular Fe2+ levels were markedly decreased 
(Fig. 7i), and ALP staining indicated reduced calcification 
activity (Figs. 7j, S7d) following AS1842856 intervention. 
Collectively, these findings indicate that miR-32 modu-
lates endothelial ferroptosis and calcification, at least in 
part, through the FoxO/MAPK signaling axis. Enhancing 
FoxO signaling, either via miR-32 knockout or pharma-
cological activation, alleviates ferroptosis and contributes 
to the suppression of VC.

Discussion
Diabetes is a chronic condition characterized by impaired 
glucose metabolism due to pancreatic islet dysfunction 
[29]. VC is a chronic vascular disease which is also a 

common complication of diseases such as T2D and CKD. 
Clinical studies have shown that patients with T2D often 
experience intimal calcification in the arteries. Severe 
VC increases arterial stiffness, impairs vascular func-
tion, and can lead to vascular rupture, contributing to 
cardiovascular morbidity and mortality [30]. VC serves 
as an important pathological factor in cardiovascular 
disease, particularly among diabetic patients. However, 
finding effective strategies to inhibit VC remains a chal-
lenging issue [31]. Thus, Our findings demonstrate that 
BMSC-EVs alleviate T2D VC by suppressing EC ferrop-
tosis via the FoxO/MAPK signaling pathway. Notably, the 
therapeutic efficacy of BMSC-EVs was further enhanced 
in miR-32−/− mice, suggesting a regulatory role of miR-
32 in this process. These results are in line with previous 
studies and underscore the potential of BMSC-EVs as a 
promising miR-32-modulated therapeutic strategy for 
VC associated with T2D.

Fig. 5  Therapeutic effects of WT BMSC-EVs on VC in miR-32-deficient ApoE–/– mice. a Schematic diagram of the animal experimental design. b Body 
weight changes in mice throughout the experiment. c Quantitative analysis of VC of miR-32-deficient ApoE –/–mice following BMSC-EVs treatment, 
assessed by Alizarin Red S (ARS) staining. d Evaluation of VC in miR-32-deficient ApoE–/– mice by ARS staining, BMP2 immunohistochemistry, and immu-
nofluorescence staining for VE-cadherin, N-cadherin, and GPX4. e Quantification of BMP2 expression after BMSC-EVs treatment. f Quantitative analysis of 
the VE-cadherin/N-cadherin ratio following BMSC-EVs treatment. g Quantification of GPX4 expression after BMSC-EVs treatment. h Statistical analysis of 
vascular calcium content post-treatment. i mRNA expression levels of BMP2 and RUNX2 in vascular tissue after BMSC-EVs treatment. Data are presented 
as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n = 5
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Indeed, BMSC-EVs offer several advantages over whole 
cells, including a lower risk of immune response and the 
ability to be modified and loaded with various bioactive 
substances for targeted biological regulation [32, 33]. 
As a promising therapeutic alternative, BMSC-EVs are 
particularly suitable for treating complex diseases due 
to their reduced risk of inducing severe immune reac-
tions compared to whole cells. Furthermore, BMSC-EVs 
can be engineered to carry specific molecules, allowing 
for more precise modulation of biological activities [34]. 
Interestingly, BMSC-EVs derived from macrophages 
containing miR-32 have been shown to play a key role in 
promoting arterial calcification in T2D mice by inhibit-
ing VSMCs autophagy [31]. Although BMSC-EVs have 
gained increasing attention as a promising tool for stem 
cell-based therapy, their role in VC and the underlying 
mechanisms remain incompletely understood. To address 

this, we evaluated the therapeutic effects of BMSC-EVs 
derived from miR-32–/– mice on VC. Our results demon-
strated that implantation of miR32–/– BMSC-EVs signifi-
cantly attenuated VC in diabetic ApoE–/– mice, as well as 
in ECs subjected to β-GP and high-glucose stimulation. 
These findings provide compelling evidence that BMSC-
EVs mitigate VC and suppress osteogenic differentiation 
of ECs, at least in part through miR-32-5p-mediated 
mechanisms. Collectively, these findings highlight the 
therapeutic potential of BMSC-EVs in alleviating T2D-
associated VC, with notably enhanced efficacy observed 
upon miR-32–/–, underscoring the critical role of miR-32 
in modulating exosome-mediated vascular protection.

EndMT is a process in which ECs transform into mes-
enchymal-like cells, leading to the loss of endothelial 
function and the acquisition of osteoblast-like character-
istics [35, 36]. As ECs undergo osteogenic differentiation, 

Fig. 6  miR-32 modulates endometrial cell ferroptosis via the FoxO/MAPK signaling pathway. a, b Heatmaps and volcano plots illustrating gene expres-
sion profiles in ECs between β-GP + HG and BMSC-EVs miR-32−/− treatment. c Venn diagram demonstrating differentially expressed genes between 
β-GP + HG and BMSC-EVs miR-32−/− groups. d KEGG pathway enrichment analysis of the top 30 pathways associated with the differentially expressed 
genes. e Bioinformatics analysis highlighting the top eight pathways implicated in the regulation of ferroptosis in these groups. f–g Western blot analysis 
showing the effect of miR-32 on the expression levels of FoxO and MAPK pathway proteins. h qRT-PCR was used to statistically analyze the expression 
of FoxO and MAPK.Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.Data are presented as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. 
n = 3
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they secrete calcification-related proteins and miner-
als, ultimately contributing to VC. Previous studies have 
shown that BMSC-EVs can regulate osteogenic differ-
entiation of ECs and prevent VC by carrying specific 
miRNAs [37]. In our study, BMSC-EVs modulated the 
expression of EndMT markers by delivering miR-32 to 
ECs. Specifically, BMSC-EVs upregulated VE-cadherin 
and downregulated N-cadherin expression, indicating 
their ability to suppress EndMT. Previous studies have 
demonstrated that disruption of the endothelial barrier 
facilitates EndMT, thereby contributing to the progres-
sion of VC and AS [38, 39]. Consistent with these find-
ings, our results suggest that BMSC-EVs can regulate 
EndMT in the context of T2D-associated VC, and that 
miR-32–/– further enhances the therapeutic efficacy of 
BMSC-EVs.

Ferroptosis, a form of oxidative cell death, has been 
implicated in several diseases, including cancer, neurode-
generative disorders, and cardiovascular diseases, making 
it a potential therapeutic target for the treatment of these 
conditions [40, 41]. As mentioned previously, multiple 
forms of cell death have been found to play a role in the 
pathogenesis of VC [42–44]. Therefore, we hypothesize 

that preventing ferroptosis in ECs could serve as an effec-
tive strategy for vascular protection. A recent study dem-
onstrated that inhibition of ferroptosis through the use of 
Fer-1 in ApoE–/– mice significantly attenuated VC, par-
tially reduced iron accumulation and lipid peroxidation, 
and reversed the upregulation of SLC7A11 and GPX4 
expression [45]. However, the role of ferroptosis in regu-
lating T2D-related VC remains unclear. In this study, we 
extended these findings to ECs exposed to high glucose, 
as well as to rat and human arteries ex vivo and T2D 
VC. Our results show that elevated glucose exposure 
triggers ferroptosis in ECs, evidenced by increased ROS 
levels, elevated ACSL4 expression, reduced cell viability, 
and decreased levels of GSH and GPX4. Furthermore, 
BMSC-EVs were found to inhibit ferroptosis, leading to 
decreased ROS, reduced osteogenic differentiation, and 
significantly attenuated mineralization of ECs. In vivo, 
BMSC-EVs treatment also suppressed ferroptosis and 
improved T2D-related VC. Collectively, these findings 
provide strong evidence that ferroptosis acts as a posi-
tive regulator in T2D VC and highlight its potential as a 
therapeutic target for mitigating vascular complications 
in T2D.

Fig. 7  Activation of the FoxO signaling pathway alleviates ferroptosis following miR-32–/– in ECs. a–d Western blot analysis and quantification of ferrop-
tosis-related proteins GPX4, SLC7A11, and HO-1 under β-GP + HG, Exos, Exos miR-32–/–, and Exos miR-32–/– + AS1842856 treatment conditions. e qPCR 
analysis of GPX4, SLC7A11, and HO-1 mRNA expression. f–h Quantification of intracellular GSH, GSSG, and the GSH/GSSG ratio to assess redox status 
under different treatments. i Measurement of intracellular Fe²⁺ levels. j ALP staining to evaluate osteogenic differentiation in ECs. Data are presented as 
mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3
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This study has several limitations. Firstly, it relied solely 
on mice models, and further research is needed to deter-
mine whether BMSC-EVs can exert similar therapeutic 
effects in humans. Additionally, the optimal injection 
frequency and dosage of BMSC-EVs may vary across spe-
cies, necessitating further exploration to optimize treat-
ment protocols for future clinical applications.

Conclusion
This study successfully explores the mechanism by which 
BMSC-EVs influence VC. Preliminary results suggest that 
BMSC-EVs may inhibit VC by modulating ferroptosis. 
Additionally, the therapeutic effects of BMSC-EVs, par-
ticularly after the knockout of miR-32, were confirmed 
in vivo, demonstrating that BMSC-EVs inhibit ECs fer-
roptosis via the FoxO/MAPK signaling pathway to sup-
press VC. Therefore, BMSC-EVs regulate ferroptosis in 
ECs and influence EndMT, ultimately mitigating VC. This 
study provides a valuable foundation for further research 
into the mechanisms by which BMSC-EVs can be used to 
inhibit VC and improve our understanding of their thera-
peutic potential.
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