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Endothelial progenitor cell-derived microvesicles therapy 
relieves myocardial infarction symptoms by  
altering left ventricular protein expression
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Abstract: Objective: To investigate the therapeutic potential of endothelial progenitor cell-derived microvesicles 
(EPC-MVs) in a rat myocardial infarction (MI) model, focusing on their effects on inflammation, apoptosis, and global 
proteomic changes in the left ventricle. Methods: Endothelial progenitor cells (EPCs) were isolated from mouse 
bone marrow, and microvesicles (MVs) were derived and injected into rats with MI induced by ligation of the left 
anterior descending artery. Therapeutic efficacy was assessed by measuring inflammatory cytokines (TNF-α, IL-6) 
and cardiac injury markers (creatine kinase-MB, myoglobin), along with histologic and apoptotic analyses. A global 
proteomic analysis of left ventricular tissue was performed to explore the underlying molecular mechanisms. Key 
targets, including components of the NLRP3 inflammasome (NLRP3, Caspase-1, apoptosis-associated speck-like 
protein containing a CARD), were validated by western blotting. Results: EPC-MV treatment significantly reduced 
MI-induced cardiac injury, as evidenced by decreased inflammatory cytokines and cardiac injury markers, preserva-
tion of myocardial architecture, reduced fibrosis, and suppression of cardiomyocyte apoptosis. Proteomic analysis 
revealed significant alterations in inflammatory and metabolic pathways, supported by KEGG and Reactome enrich-
ment analyses. Molecular validation confirmed that EPC-MVs inhibited the activation of the NLRP3 inflammasome 
and downregulated downstream effectors, including IL-6 and atrial natriuretic peptide. Conclusion: EPC-MVs al-
leviated myocardial ischemic injury by remodeling the cardiac proteome, suppressing inflammatory and apoptotic 
signaling. These results position EPC-MVs as a promising cell-free therapeutic strategy for MI.
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Introduction

Myocardial infarction (MI) is caused by isch-
emic necrosis of the myocardium, typically 
resulting from the sudden blockage of a coro-
nary artery [1]. Left ventricular infarction is the 
most common form of MI. Clinical manifesta-
tions include severe, prolonged chest pain, 
fever, frequent nausea and vomiting, and, in 
severe cases, arrhythmias, shock, and heart 
failure, all of which present significant life-
threatening risks [2]. Post-MI cardiac repair 
occurs in two phases: the early inflammatory 
phase, which lasts up to 72 hours, and the sub-

sequent proliferative phase, which occurs 
beyond this period [3, 4]. The early phase is 
characterized by infarct expansion due to co- 
llagen degradation between cardiomyocytes, 
facilitated by serine proteases and matrix 
metalloproteinases (MMPs) [4]. In the later 
stages, ventricular remodeling involves both 
cellular and molecular changes, including oxi-
dative stress, apoptosis, myocardial hypertro-
phy, neurohormonal responses, ventricular dila-
tion, and scar tissue formation [5].

Endothelial progenitor cells (EPCs), precursors 
of vascular endothelial cells, are capable of 
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migrating to ischemic regions and promoting 
angiogenesis through differentiation and pro- 
liferation, thereby enhancing blood flow to isch-
emic tissues [6]. Additionally, EPCs suppress T 
cell proliferation and shift their phenotype to a 
more regulatory, less pro-inflammatory profile, 
contributing to the formation of immunosup-
pressive blood vessels [7].

Previous studies have emphasized the thera-
peutic potential of EPC transplantation, partic-
ularly when delivered to the marginal zone of 
MI, significantly enhancing regenerative out-
comes [8]. The quantity and functional integrity 
of EPCs are closely associated with endothelial 
cell (EC) injury and dysfunction, making EPCs 
crucial clinical biomarkers for assessing vas- 
cular health and cumulative cardiovascular  
risk [9]. EPCs facilitate post-MI cardiac re- 
pair through immunomodulation, neovascular-
ization, extracellular matrix remodeling, and 
microenvironmental adaptation. EPC charac-
terization typically involves surface markers 
such as CD133, CD34, and VEGFR-2 (also 
known as KDR or Flk-1).

Microvesicles (MVs), small extracellular mem-
brane fragments released by apoptotic or acti-
vated cells, are produced by various sources 
including platelets, ECs, and EPCs. These MVs 
play a critical role in cellular activation, stress 
responses, and apoptosis regulation [10]. MVs, 
with distinct surface markers indicating their 
cellular origin, have beneficial properties, in- 
cluding anti-inflammatory, anticoagulant, and 
pro-angiogenic functions. Notably, EPC-derived 
MVs have been shown to protect cardiomyo-
cytes from angiotensin II-induced hypertrophy 
and apoptosis, enhance endothelial perfor-
mance, modulate angiogenic pathways, and 
reduce oxidative stress-induced endothelial 
dysfunction [11, 12].

Following vascular or tissue injury, circulating 
EPCs are mobilized to the damaged site, con-
tributing to vascular regeneration through 
angiogenesis (the extension of pre-existing 
endothelial cells) and vasculogenesis (the de 
novo formation of blood vessels) [13, 14]. 
Simultaneously, EPC-derived soluble factors, 
along with exosomes and MVs, play a crucial 
role in mitigating adverse microenvironmental 
conditions, such as oxidative stress and in- 
flammation [15]. These bioactive molecules 
regulate cellular survival and apoptosis, inhibit 

mesenchymal cell transformation and fibrosis 
[16], guide the migration of stem and progeni-
tor cells [17], support cardiomyocyte (CM) via-
bility, and promote angiogenesis [18]. Together, 
these mechanisms facilitate tissue repair and 
regeneration. This study investigates the thera-
peutic potential of EPC-derived MVs in modu-
lating inflammation and promoting cardiomyo-
cyte repair, focusing on the associated signaling 
pathways.

Materials and methods

Experimental animals

All experiments were conducted using a cohort 
of thirty C57BL/6 mice (8-12 weeks old, 20-25 
g body weight), obtained from Charles River 
Laboratories. The mice were housed in a con-
trolled environment with ad libitum access to 
standard rodent chow and water. Mice were 
randomized into their respective experimental 
groups, and data collection and analysis were 
performed by investigators blinded to treat-
ment assignments. All animal procedures were 
carried out in strict accordance with the Guide 
for the Care and Use of Laboratory Animals by 
the National Institutes of Health. The study pro-
tocol was approved by the Institutional Animal 
Care and Use Committee (IACUC) at Hainan 
Medical College (Approval No. HYLL-2022-148), 
and all invasive procedures were performed 
under anesthesia to minimize animal suffe- 
ring.

Extraction, isolation and identification of EPCs

Bone marrow was collected by flushing the tib-
ias and fibulas of euthanized mice with phos-
phate-buffered saline (PBS) after sterile remov-
al of surrounding muscle and connective tissue. 
The resulting single-cell suspension was seed-
ed onto culture plates pre-coated with human 
fibronectin and cultured in EGM-2MV medium 
at 37°C. The culture medium was replaced 
every 48 hours, and after approximately one 
week, adherent endothelial progenitor cells 
(EPCs) were harvested for subsequent analy- 
sis.

EPC phenotype was characterized using multi-
color flow cytometry. Cells were incubated for 
30 minutes at 4°C with a panel of fluorophore-
conjugated primary antibodies: CD34-FITC, von 
Willebrand factor-FITC, VEGFR-2-PE, CD133-
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APC, and CD45-PC7. All antibodies were used 
according to the concentrations recommen- 
ded by the respective manufacturers (Beck- 
man Coulter, R&D Systems, Miltenyi, BD 
Pharmingen). Specificity was confirmed using 
fluorophore-matched mouse IgG antibodies as 
isotype controls. After staining, cells were 
washed with Hanks’ balanced salt solution 
(HBSS), pelleted by centrifugation (1400 rpm, 
10 min), and analyzed on a FACSAria™ flow 
cytometer (BD Biosciences) to quantify marker 
expression as a percentage of the total cell 
population.

This protocol consistently yielded approximate-
ly 1 × 108 mononuclear cells per mouse. The 
EPC population, defined as CD34+/CD133+/
VEGFR-2+, represented about 0.03% of the total 
cell count, resulting in an EPC-to-mononuclear 
cell ratio of approximately 1:3,000, providing 
an adequate source for subsequent microvesi-
cle isolation.

To isolate MVs, EPCs were cultured to 80%  
confluency and conditioned in serum-free 
medium for 24 hours. The collected superna-
tant underwent a differential centrifugation 
protocol at 4°C, starting with 300×g for 5  
minutes and 2,000×g for 15 minutes to remove 
cells and debris. The cleared supernatant was 
then ultracentrifuged at 100,000×g for 2 hours. 
The resulting EPC-MV pellet was washed in  
PBS and centrifuged again at 100,000×g for 1 
hour. The morphology of isolated EPC-MVs was 
observed using an FEI Tecnai-10 transmission 
electron microscope after fixation, dehydration, 
and gold sputter-coating. The proteomic identi-
ty of the MVs was confirmed by western blot-
ting, verifying the presence of the EPC surface 
marker CD34, ensuring preparation quality for 
therapeutic applications.

Preparation of the animal model

The experimental design included four groups: 
Control group: No intervention, n = 5; Sham 
group: Chest puncture without left anterior 
descending (LAD) ligation, followed by 50 μg 
PBS administration on postoperative days 3 
and 7, n = 5; MI group: Thoracotomy, LAD punc-
ture, and ligation under 4% isoflurane anesthe-
sia, followed by 50 μg PBS administration on 
days 3 and 7 post-surgery, n = 10; EPC-MVs 
group: MI model with additional treatment of 
50 μg EPC-MVs on days 3 and 7, n = 10.

After the study, mice were euthanized with chlo-
ral hydrate, and cardiac tissues were collected 
and stored at -80°C for subsequent analysis.

All animal experiments were conducted follo- 
wing the National Institutes of Health guide-
lines for laboratory animal welfare and were 
approved by the Ethics Committee of Hainan 
Medical College (Approval No. HYLL-2022- 
148).

Histologic staining

Following euthanasia, the hearts of all  
mice were carefully excised, with three samples 
from each experimental group selected for  
histological evaluation. The hearts were bisect-
ed transversely between the atrioventricular 
groove and the apex to ensure consistent sam-
ple preparation. The collected tissues were 
fixed in 4% paraformaldehyde, embedded in 
paraffin, and sectioned into 4-μm thick cross-
sections. Morphologic assessments were con-
ducted using hematoxylin and eosin (H&E) 
staining, following standardized protocols. 
Additionally, collagen deposition was assessed 
by Masson’s trichrome staining (Sigma, USA), 
with collagen fibers visualized in blue, adhering 
to established guidelines.

Cardiomyocyte death in each experimental 
group was assessed in vitro using a TUNEL 
immunofluorescence detection kit (Beyotime 
Biotechnology, China). Apoptotic cardiomyo-
cytes were identified by fluorescence intensity, 
captured and analyzed using a fluorescence 
microscope.

LC-MS/MS analysis

Left ventricular tissue was harvested from 
model mice, washed thoroughly with chilled 
PBS to remove residual blood and contami-
nants, and then lysed in a buffer containing 
protease inhibitors to release cellular proteins. 
After centrifugation to remove insoluble materi-
als, 50 μg of protein was isolated via acetone 
precipitation. Protein reduction was achieved 
using 20 mM DTT (Thermo Scientific, USA) in a 
urea-Tris-HCl-EDTA buffer (pH 8.8, TOYOBO, 
Japan), and the samples were protected from 
light during alkylation with iodoacetamide. 
Proteins were digested with trypsin (Thermo 
Scientific, USA) overnight at 37°C. Formic acid 
(American Chemical Society, USA) was then 
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added to adjust the pH to 2.5, halting enzy- 
matic activity and precipitating DOC. Peptides 
were desalted using a Sep-Pak C18 column 
and concentrated.

Peptide separation and identification were con-
ducted by liquid chromatography-tandem mass 
spectrometry (Agilent, USA), with high-perfor-
mance liquid chromatographygradient elution 
facilitating peptide isolation prior to mass spec-
trometric analysis. In the mass spectrometer, 
peptides underwent electrospray ionization 
and were identified based on their mass-to-
charge ratios (m/z) and fragment ions. Using 
tandem mass spectrometry, peptides were 
sequentially isolated, fragmented by collision-
induced dissociation, and analyzed to deter-
mine their amino acid sequences.

The resulting mass spectrometry data were 
processed using bioinformatics tools, aligning 
the spectra with a protein database to identify 
the protein composition. Quantitative analysis 
was performed using a label-free approach, 
comparing peptide intensities directly across 
samples. Gene Ontology (GO) and KEGG path-
way analyses were applied to interpret pro-
teomic changes in the left ventricular tissue 
following myocardial infarction. Additionally, a 
protein-protein interaction network was con-
structed to map signaling pathways and inter-
protein relationships.

ELISA

Levels of TNF-α, IL-6, lactate dehydrogen- 
ase (LDH), myoglobin (MYO/MB), and creatine 
kinase-MB (CK-MB) were quantified using spe-
cific ELISA assay kits, following the manufac-
turer’s instructions. MYO/MB was purchased 
from AFG Scientific (USA), while the other 
reagents were sourced from Beyotime Bio- 
technology (China).

Western blot detection

Protein lysates were generated by homogeniz-
ing tissue samples or cell pellets in RIPA buffer 
(Thermo Fisher Scientific) supplemented with a 
cocktail of protease and phosphatase inhibi-
tors (Roche). Lysates were clarified by centrifu-
gation at 12,000×g for 15 minutes at 4°C, and 
protein concentration in the supernatant was 

quantified using a BCA Protein Assay (Thermo 
Fisher Scientific). For immunoblotting, a stan-
dardized protein quantity (20-40 μg) per sam-
ple was denatured in 5× Laemmli buffer at 
95°C for 10 minutes. Samples were resolved 
on 10% or 12% SDS-polyacrylamide gels and 
electroblotted onto polyvinylidene difluoride 
membranes (Millipore). Membranes were blo- 
cked for one hour at room temperature in Tris-
buffered saline with 0.1% Tween 20 (TBST) con-
taining 5% non-fat milk to prevent nonspecific 
antibody binding. The membranes were incu-
bated overnight at 4°C with primary antibodies 
targeting: CD34 (1:1000, Abcam, ab317588), 
Bcl-2 (1:2000, Abcam, ab182858), Bax 
(1:1000, Abcam, ab32503), Cleaved Caspase-3 
(1:500, Abcam, ab2302), NLRP3 (1:1000, 
GeneTex, GTX639954), Caspase-1 (1:1000, 
GeneTex, GTX101322), ASC (1:1500, MCE, 
HY-P80548), IL-6 (1:1000, Abcam, ab290735), 
NPM1 (1:1000, Abcam, ab52644), CSRP3 
(1:1000, Abcam, ab172952), NPPA (1:1000, 
Abcam, ab225844), CCL23 (1:1000, Thermo 
Fisher Scientific, 500-P124-1MG), and β-actin 
(1:1000, Abcam, ab8226). After washing with 
TBST, the membranes were incubated with the 
corresponding HRP-conjugated secondary anti-
bodies for one hour. Immunoreactive bands 
were detected using an enhanced chemilumi-
nescence (ECL) substrate (Thermo Fisher 
Scientific), and signals were captured by a che-
miluminescence imaging system. Finally, band 
intensities were quantified via densitometry 
using ImageJ software, with protein expression 
normalized to β-actin as an internal control.

Statistical analysis

Statistical analyses were performed using 
GraphPad Prism 8.0 software. A significance 
level of P < 0.05 was used for all compari- 
sons. For comparisons between two groups, 
Student’s t-test was used, while for compari-
sons across multiple groups, one-way ANOVA 
with Tukey’s post hoc test was applied. 
Quantitative data are expressed as mean ± 
standard error of the mean (SEM), with the 
number of independent replicates (n) specified 
in the figure legends. For bioinformatic analy-
ses, pathway enrichment was assessed using a 
two-tailed hypergeometric test with Benjamini-
Hochberg correction for multiple testing.
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Figure 1. Identification of endothelial progenitor cells (EPC) and endothelial progenitor cell-derived microvesicles 
(EPC-MVs) and the comparison of hematoxylin and eosin (H&E) staining images of heart tissue under different con-
ditions. A. Flow cytometry analysis illustrating the expression of cluster of differentiation 34 (CD34), cluster of dif-
ferentiation 133 (CD133), vascular endothelial growth factor receptor 2 (VEGFR-2), and von Willebrand factor (vWF) 
in cultured endothelial progenitor cells (EPCs). Blue curves represent the isotype control, while green curves depict 
specific markers. Scale bar 100 nm. B. Transmission electron microscopy (TEM) imaging of isolated EPC-derived 
microvesicles (EPC-MVs), showing spherical structures. The scale bar corresponds to 100 nm. C. Quantification of 
CD34 protein expression in EPC-derived microvesicles. n = 3 independent biological replicates per group. Student’s 
t-test. *P < 0.05 vs. EPC; ns, not statistically significant, #P < 0.05 vs. EPC-MV 1.

Results

Identification of EPC and EPC-MVs

In this study, endothelial progenitor cells (EPCs) 
were successfully isolated and subjected to 
detailed morphologic and phenotypic charac-
terization at various developmental stages. 
Flow cytometric analysis confirmed the expres-
sion of canonical EPC surface markers - CD133, 
CD34, and VEGFR-2 - validating the efficacy of 
the isolation protocol (Figure 1A). Transmission 
electron microscopy revealed distinct ultra-
structural differences among microvesicle pop-
ulations (Figure 1B). While the overall morphol-
ogy was similar, variations in spatial distribution 
and vesicle density suggested heterogeneity in 

size and abundance. Western blot analysis con-
firmed that EPC-MVs retained CD34 expres-
sion, distinguishing them from their cellular 
source and confirming their EPC origin (Figure 
1C). These vesicles exhibit pro-angiogenic prop-
erties, highlighting their therapeutic pot- 
ential in myocardial infarction and other vascu-
lar repair applications.

EPC-MVs intervention to alleviate MI tissue 
damage

To investigate the cardioprotective mecha-
nisms of EPC-MVs, their therapeutic efficacy 
was evaluated in a murine MI model. The MI 
model displayed hallmark features of acute car-
diac injury, including a significant increase in 
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pro-inflammatory cytokines TNF-α (Figure 2A) 
and IL-6 (Figure 2B), as well as elevated levels 
of circulating cardiac damage markers such as 
CK-MB, MYO/MB (Figure 2C), and LDH (Figure 
2D). Notably, administration of EPC-MVs sig- 
nificantly countered these inflammatory and 
cytotoxic responses, as evidenced by sup-
pressed cytokine expression and reduced car-
diac enzyme levels. Histologic examination fur-
ther supported the restorative effects of 
EPC-MVs. In contrast to the extensive myocar-
dial damage observed in untreated MI hearts 
by H&E staining (Figure 2F), Masson’s tri-
chrome staining of the EPC-MV-treated hearts 
revealed significantly reduced interstitial colla-
gen deposition, suggesting a reduction in car-
diac fibrosis (Figure 2G). While MI induction 
resulted in an increase in relative heart weight, 
EPC-MV treatment did not significantly alter 
this finding (Figure 2E). At the cellular level, 
EPC-MVs exerted potent anti-apoptotic effects, 
demonstrated by a significant reduction in 
TUNEL-positive nuclei within the infarct border 
zone of treated animals (Figure 2H). Western 
blot analysis further substantiated these find-
ings, showing a shift in the balance of apoptotic 
regulators. Specifically, EPC-MV treatment pro-
moted the expression of the anti-apoptotic pro-
tein Bcl-2 while downregulating pro-apoptotic 
factors BAX and cleaved caspase-3 (Figure 2I).

Proteomic analysis of left ventricle

To explore the biological significance of the 
identified proteins, a multi-tiered bioinformat-
ics analysis was conducted. GO enrichment 
analysis identified Cysteine and Serine-Rich 
Protein 3 (CSRP3), Nucleophosmin 1 (NPM1), 
and Atrial Natriuretic Peptide (NPPA) as key 
mediators of cellular signaling, metabolism, 
and disease-related functions (Figure 3A). 
These proteins were significantly enriched in 
pathways relevant to MI pathophysiology, 
including muscle tissue development and car-
diac muscle membrane repolarization (Figure 
3B). KEGG pathway analysis further highlight- 
ed NPPA’s involvement in critical MI-associat- 
ed signaling networks, such as HIF-1, cGMP-
PKG, and vascular smooth muscle contraction  
pathways, which regulate cellular stress and 
neuroinflammatory responses (Figure 3C). The 
statistical robustness of these findings was 
supported by high enrichment scores and sig-
nificant p-values (Figure 3D). To further explore 

the functional interactions between these fac-
tors, Reactome and WikiPathways analyses 
were performed. Reactome analysis revealed a 
complex interaction network involving NPM1, 
NPPA, and IL16, linking them to essential phy- 
siological processes such as cardiac conduc-
tion, immune regulation, and cell cycle control 
(Figure 4A, 4B). Complementary WikiPathways 
analysis identified specific regulatory roles for 
NPPA and NPM1 in cardiomyocyte hypertrophy 
and mRNA processing (Figure 4C, 4D). Together, 
these bioinformatic analyses converge on a 
core set of proteins - CSRP3, NPM1, NPPA, and 
IL16 - as crucial regulators of muscle develop-
ment, DNA damage response, and vascular 
integrity in the post-MI environment, linking 
them to broader regulatory circuits of cardiac 
function and immune modulation.

Effect of EPC-MVs on NLRP3 inflammasome-
related proteins in MI injury

To elucidate the molecular mechanisms under-
lying EPC-MV-mediated cardioprotection, we 
quantified the expression of key regulatory pro-
teins in cardiac tissue through western blot 
analysis. MI induced a robust inflammatory 
response, characterized by significant upregu-
lation of the NLRP3 inflammasome compo-
nents - NLRP3, Caspase-1, and ASC - along with 
the cytokine IL-6 (Figure 5A). EPC-MV adminis-
tration effectively suppressed this inflammato-
ry cascade, normalizing the expression of these 
critical mediators. Moreover, the inflammation-
associated protein CCL23, which was elevated 
after MI, was significantly downregulated by 
EPC-MV treatment, highlighting their broad 
immunomodulatory effect (Figure 5B).

Beyond their anti-inflammatory action, EPC-
MVs also affected proteins involved in myocar-
dial stress and structural integrity. The stress-
response protein NPM1, elevated in response 
to MI, was significantly reduced following EPC-
MV treatment. Concurrently, the levels of 
CSRP3, a protein essential for myocardial 
architecture and reduced after MI, were res- 
tored by EPC-MV administration. This finding 
underscores the direct role of EPC-MVs in pre-
serving the structural framework of the heart. 
Interestingly, while MI induced the expression 
of NPPA, it remained unchanged with EPC-MV 
treatment, suggesting that NPPA may serve as 
a general cardiac stress marker rather than 
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Figure 2. Effects of EPC-derived microvesicles (EPC-MVs) on MI injury. A. TNF-α levels measured by ELISA. B. IL-6 
levels measured by ELISA. C. Creatine kinase-MB (CK-MB) and myoglobin/creatine kinase-MB (MYO/MB) levels 
measured byELISA. D. Lactate dehydrogenase (LDH) activity measured by ELISA. E. Relative heart weight ratio. F. 
H&E-stained cardiac tissue showing myocardial architecture (×15). Scale bar 100 µm. G. Masson’s trichrome stain-
ing highlighting collagen deposition (×15). Scale bar 100 µm. H. TUNEL staining showing apoptotic cardiomyocytes 
(green) (×15). Scale bar 100 µm. I. Western blotting of Bcl-2, BAX, and cleaved caspase-3 expression, β-actin served 
as a loading control. n = 3. Data are presented as mean ± SEM. Statistical analysis: one-way ANOVA with Tukey’s 
post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham; #P < 0.05, ##P < 0.01 vs. myocardial infarction (MI).
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Figure 3. GO and KEGG metabolomic enrichment analysis showed biological process in left ventricular proteome 
after myocardial infarction. A. Chord diagram of enriched GO biological processes for Differentially expressed 
genes (DEGs). B. Top 30 enriched GO terms across biological process, cellular component, and molecular function,  
ranked by -log10 (p-value). C. Chord diagram showing representative DEGs associated with key KEGG pathways, 
including “HIF-1 signaling” and “Renin secretion”. D. Top 20 enriched KEGG pathways ranked by enrichment score. 
Statistical analysis: two-tailed hypergeometric test with Benjamini-Hochberg correction for multiple testing.

being directly involved in the reparative path-
ways activated by EPC-MVs.

Discussion

This study provided compelling evidence for the 
therapeutic potential of EPC-MVs in mitigating 

the adverse outcomes of MI. Our findings col-
lectively demonstrated that EPC-MVs effec- 
tively counteract inflammation, apoptosis, and 
adverse tissue remodeling by modulating key 
regulatory proteins. The strength of these con-
clusions is supported by our rigorous methodol-
ogy, particularly the exclusive use of bone mar-
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Figure 4. Through Reactome and Wikipathways enrichment analysis, the physiological process network and key 
pathways under the influence of metabolic changes were reflected. A. Chord diagram showing representative Re-
actome pathways enriched among Differentially expressed genes (DEGs). B. Top 20 enriched Reactome pathways 
ranked by enrichment score. C. Chord diagram showing WikiPathways enrichment results, highlighting pathways 
including “MicroRNAs in cardiomyocyte hypertrophy”, “Comprehensive IL-17A signaling”, and “mRNA processing”. 
D. Top 20 enriched WikiPathways displayed by enrichment score, with dot size and color representing DEG count 
and adjusted p-value, respectively. Statistical analysis: pathway enrichment using Reactome/WikiPathways tools 
with adjusted p-values by FDR correction.

row-derived EPCs (CD34+/VEGFR-2+/CD133+), 
which ensures a pure, potent, and traceable 
source of therapeutic vesicles, consistent with 
our previous work [19, 20].

A key mechanism underlying this cardiopro- 
tective effect is the potent anti-inflammatory 
action of EPC-MVs. The MI model exhibited a 
characteristic inflammatory cascade, including 
elevated cytokines TNF-α and IL-6, and robust 
activation of the NLRP3 inflammasome path-
way (NLRP3, Caspase-1, ASC). Given that 

inflammasome activation is a major contributor 
to secondary myocardial damage [21, 22], the 
marked suppression of these pathways by EPC-
MVs highlights their critical therapeutic role. 
This was further validated by the significant 
reduction in IL-6, a pivotal mediator of post-
infarction injury, confirming the broad anti-
inflammatory capacity of EPC-MVs [23, 24].

In addition to their anti-inflammatory effects, 
EPC-MVs modulate proteins involved in myocar-
dial stress and structural integrity. NPM1, a 
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Figure 5. Effect of EPC-MVs on inflammatory and myocardial injury-related proteins in MI. A. Western blot analysis of 
NLRP3, Caspase-1, and ASC protein expression in myocardial tissues from control, sham, myocardial infarction (MI), 
and MI + endothelial progenitor cell-derived microvesicles (EPC-MVs) groups. β-actin served as a loading control. B. 
Western blot analysis of interleukin-6 (IL-6), nucleophosmin 1 (NPM1), cysteine and glycine-rich protein 3 (CSRP3), 
natriuretic peptide A (NPPA), and C-C motif chemokine ligand 23 (CCL23). β-actin served as a loading control. n = 
3 biological replicates per group. Data presented as mean ± SEM. Statistical analysis: one-way ANOVA with Tukey’s 
post hoc test. *P < 0.05, **P < 0.01, ***P < 0.001 vs. Sham; #P < 0.05 vs. myocardial infarction (MI).

stress-response protein upregulated during 
ischemic injury [25], was significantly reduced 
by EPC-MV treatment. This reduction was inter-
preted not as suppression of a protective fac-
tor, but rather as a resolution of the cellular 
stress that drives its upregulation. Furthermore, 
EPC-MVs restored levels of CSRP3, a protein 
crucial for cardiomyocyte architecture that  
was diminished post-MI [26], highlighting their 
direct role in preserving tissue integrity. In con-
trast, NPPA, while elevated post-MI, was unaf-
fected by EPC-MVs, suggesting that these vesi-
cles specifically target injury pathways rather 
than global hemodynamic stress responses.

Interestingly, EPC-MVs increased the chemo-
kine CCL23, suggesting a functional shift  
from acute inflammation towards chronic tis-
sue repair and beneficial immune modulation 
[24, 27].

Our comprehensive proteomic analysis offers a 
molecular framework that explains these func-
tional outcomes. Pathway mapping by GO and 
KEGG analyses revealed that EPC-MVs modu-

late critical signaling networks, including the 
HIF-1, cGMP-PKG, and vascular smooth muscle 
contraction pathways. These pathways, known 
regulators of cellular stress responses and 
myocardial repair [28-30], provide a strong 
mechanistic basis for the favorable cardiac 
remodeling and functional recovery obser- 
ved in our model.

This study has several limitations. First, all 
experiments were conducted in a murine 
model, which may not fully reflect human myo-
cardial infarction. Second, proteomic analysis 
was confined to the left ventricle; given that 
myocardial infarction provokes a global cardiac 
response, this limitation may miss region-spe-
cific differences, and future studies should 
therefore encompass other cardiac regions to 
provide a comprehensive understanding of  
the systemic impact of EPC-MV therapy. Third, 
we did not compare EPC-MVs with other extra-
cellular vesicle types such as exosomes, and a 
direct comparison with exosomes - the other 
major class of extracellular vesicles - is war-
ranted to clarify the respective advantages of 
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different vesicle-based therapies in myocardial 
repair.

Future research should further investigate  
the long-term functional outcomes, biodistribu-
tion, and mechanisms of EPC-MV uptake. 
Additionally, standardization of EPC-MV produc-
tion and evaluation under clinical-grade condi-
tions are essential for future translation.

In conclusion, this study demonstrated that 
EPC-MVs confer robust cardioprotection in a 
preclinical MI model. The therapeutic effect is 
driven by a multifaceted mechanism, beginning 
with the modulation of critical signaling path-
ways, such as HIF-1 and cGMP-PKG. This, in 
turn, orchestrates the expression of key pro-
teins - including CSRP3, NPM1, and NLRP3 
inflammasome components - potently sup-
pressing inflammation, attenuating apoptosis 
and fibrosis, and ultimately preserving myocar-
dial integrity. By elucidating these mechanistic 
pathways, our findings position EPC-MVs as a 
highly promising cell-free therapeutic strategy 
and provide a solid rationale for their future 
clinical translation for patients with ischemic 
heart disease.
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