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Purpose: Angiogenesis is a tightly controlled process that initiates the formation of new vessels and its dysfunction can lead to life- 
threatening diseases. Apoptotic extracellular vesicles (ApoEVs) have emerged as a proangiogenic agent with high safety and isolation 
efficiency profile, and ApoEVs from supernumerary tooth-derived pulp stem cells (SNTSC-ApoEVs) have their unique advantages 
with an easily accessible parental cell source and non-invasive cell harvesting. However, the detailed characteristics of SNTSC- 
ApoEVs are largely unknown. This study aimed to investigate the proangiogenic capacity and function molecule of SNTSC-ApoEVs.
Methods: SNTSC-ApoEVs were isolated and characterized. In vitro effects of SNTSC-ApoEVs on the proliferation, migration, and 
tube formation of human umbilical vein endothelial cells (HUVECs) were evaluated by CCK-8, wound healing, transwell, and tube 
formation assays. The mRNA and protein levels of proangiogenic genes were quantified by qRT-PCR, Western blot, and immuno-
fluorescence analysis. A Matrigel plug model was established in 6-week-old male nu/nu mice for one week, and the in vivo impact of 
SNTSC-ApoEVs on micro-vessel formation was assessed by histological analysis. Proteomic analysis and RNA sequencing were 
performed to explore the active ingredients and underlying mechanisms.
Results: SNTSC-ApoEVs enhanced the proliferation, migration, and angiogenesis of HUVECs in vitro. In the Matrigel plug model 
in vivo, SNTSC-ApoEVs promoted CD31-positive luminal structure formation. Apart from expressing general ApoEV markers, 
SNTSC-ApoEVs were enriched with multiple proteins related to extracellular matrix-cell interactions. Mechanistically, SNTSC- 
ApoEVs transferred COL1A1 to HUVECs and promoted endothelial functions by activating the PI3K/Akt/VEGF cascade.
Conclusion: SNTSC-ApoEVs can promote angiogenesis by transferring the functional molecule COL1A1 and activating the PI3K/ 
Akt/VEGF pathway, making SNTSC-ApoEVs a promising strategy for the treatment of angiogenesis-related diseases.
Keywords: apoptotic extracellular vesicles, supernumerary tooth-derived stem cells, angiogenesis, COL1A1, PI3K/Akt pathway

Introduction
Angiogenesis is defined as the formation of new blood vessels from a pre-existing vascular network that naturally occurs 
in response to tissue injury.1 Pathophysiological conditions can disrupt this process, resulting in numerous diseases such 
as stroke, ischemic heart disease, and chronic wounds. Therapeutic agents, including cytokines and exosomes, have been 
administered to alleviate ischemic damage.2 However, high cost and increased cancer development risks limit the former 
approach,3 while the latter one faces several challenges in isolation, preservation, and relatively low yield, making it less 
ideal for clinical translation.4 Therefore, there is an urgent need for a new proangiogenic molecule that can overcome 
these limitations and effectively treat these debilitating diseases.
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Emerging evidence has revealed the crucial role played by apoptotic extracellular vesicles (ApoEVs) in tissue repair 
and regeneration.5,6 Unlike regular extracellular vesicles generated by viable cells, ApoEVs represent all classes of 
subcellular vesicles produced as a consequence of apoptosis,7 are derived from different biogenesis,5 have larger volumes 
and a wider diameter distribution,8 possess unique content and express specific apoptosis-related markers.9 These 
heterogeneous nanosized vesicles, containing proteins, DNAs, RNAs, lipids, and metabolites secreted during 
apoptosis,10 have been shown to contribute significantly to the neovascularization of crucial tissues such as the 
myocardium, skin, and endometrium.7,11,12 ApoEVs boast numerous benefits, including low immunogenicity,13,14 ease 
of separation, high yield, and no longer being subject to harsh preservation regulations,15,16 making them ideal candidates 
for clinical applications.17 However, despite their immense potential, the detailed proangiogenic components of ApoEVs 
remain poorly understood. Further investigation of these remarkable vesicles is crucial in unlocking their full potential in 
clinical settings.

Recent research has shown that apoptotic mesenchymal stem cells (MSCs) release more ApoEVs than other cells 
types.18 Candidate MSCs sources of ApoEVs include human bone marrow MSCs (BMMSCs), human adipose-derived 
MSCs (ADMSCs), human umbilical cord-derived MSCs, human embryonic stem cells, human deciduous pulp stem cells, 
rat BMMSCs, and rat ADMSCs.10–12,15,19–21 Among these MSCs, only human deciduous pulp stem cells can be 
harvested from exfoliated deciduous teeth in an non-invasive way.22 However, root resorption of deciduous teeth may 
lead to insufficient cell number or low proliferative capacity,23 which increases the difficulty in harvesting human 
deciduous pulp stem cells. Moreover, only few studies have explored the molecular mechanisms of MSC-ApoEVs- 
induced vascularization. ApoEVs from human deciduous pulp stem cells and rat BMMSCs have been found to activate 
endothelial autophagy via the transcription factor EB-autophagy pathway,12,20 while ApoEVs from rat ADMSCs induced 
M2 polarization of macrophages via miR-21-5p transfer and enhanced angiogenesis of dermal microvascular endothelial 
cells.21 Considering the heterogeneity of ApoEVs, their underlying proangiogenic mechanisms may involve multiple 
pathways and require further exploration.

A newly discovered population of MSCs, called supernumerary tooth-derived pulp stem cells (SNTSCs), has 
been identified from the dental pulp of human supernumerary teeth which are usually extracted and discarded 
clinically, and their paracrine capability has been reported.24,25 SNTSCs not only share similar non-invasive 
sampling characteristic to human deciduous pulp stem cells, these MSCs may also be more accessible since 
supernumerary teeth have an incidence of 2.4%-6% and contain pulp tissue with larger size, weight than deciduous 
teeth,25,26 making them a promising stem cell source to produce ApoEVs. Nevertheless, the detailed characteristics 
of ApoEVs from SNTSCs (SNTSC-ApoEVs) and the mechanisms of their actions are unclear.

In this study, we isolated SNTSC-ApoEVs and tested their proangiogenic capacity in vitro. Matrigel plug assay, 
an in vivo model for assessing neovascularization, was used to demonstrate the robust ability of SNTSC-ApoEVs 
to promote micro-vessel formation. Through a series of proteomic and transcriptional profiling analyses, we 
provided mechanistic insights into SNTSC-ApoEVs. These analyses revealed the enrichment of multiple proteins 
within SNTSC-ApoEVs, with COL1A1 emerging as the primary factor involved in promoting angiogenesis and 
PI3K/Akt/VEGF pathway being the major pathway corresponding to enhanced endothelial functions. These 
findings contribute to a more comprehensive understanding of ApoEVs from dental stem cells and pave the way 
for their therapeutic application in diseases associated with inadequate angiogenesis.

Materials and Methods
Mice
All animal experimental procedures were conducted following the Laboratory animals-General code of animal welfare 
guidance (GB/T 42011–2022) and approved by the Laboratory Animal Ethics Committee in Shanghai Ninth People’s 
Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (No. SH9H-2022-A944-1). Nu/nu mice were 
obtained from Gempharmatech (China) and used to establish a Matrigel plug model.
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Cell Culture
The cells used in this study and the relevant experiments were approved by the Medical Ethics Committee in Shanghai 
Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine (No.SH9H-2021-T66-1). After 
obtained the consent from the patients’ parents, supernumerary teeth were collected from 3 children aged 5–7 years old. 
SNTSCs were isolated from the single donated tooth according to previously reported method.27 The cells were cultured 
in DMEM supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin-G, and 100 mg/mL 
streptomycin (Roche, Switzerland), and maintained in a 5% CO2 atmosphere at 37°C. Cells at passages P3-P4 were 
used in this study.

Flow cytometric analysis was performed to detect surface markers using the following fluorescein isothiocyanate- 
conjugated anti-human monoclonal antibodies (BD Biosciences, USA): anti-CD34-FITC, anti-CD44-allophycocyanin 
-APC, anti-CD45-APC, anti-CD73-APC, anti-CD90-phycoerythrin-PE-, anti-CD105-PE, and anti-HLA-DR-PE. To 
induce multi-lineage differentiation, SNTSCs were separately cultured in osteogenic, adipogenic, and chondro- 
inductive media obtained from Cyagen Biosciences (China). Once the predetermined time point was reached, the 
samples were stained with Alizarin red, oil red O, and Alcian blue, as previously described.28

Human umbilical vein endothelial cells (HUVECs) were obtained from Beijing Zhongyuan Limited (China), and 
cultivated in α-MEM (Biosharp, China) supplemented with 10% fetal bovine serum (Gibco, USA), 100 U/mL penicillin- 
G and 100 mg/mL streptomycin (Roche, Switzerland).

Isolation of SNTSC-ApoEVs
When SNTSCs reached full confluence, they were washed with PBS and cultured in basic medium containing 10% EV- 
depleted FBS and 500 nM staurosporine (STS; Aladdin, China) for 16 h. Apoptosis was detected by morphological 
observation using an Olympus FV3000 digital microscope and a terminal deoxynucleotidyl transferase-mediated dUTP 
nick end labeling (TUNEL) assay (BL645B, Biosharp, China) according to the manufacturer’s protocol. SNTSC- 
ApoEVs were then isolated from culture supernatant and purified as previous reported.19 Briefly, after 800×g centrifuga-
tion for 10 min and 2000×g centrifugation for 10 min to remove cell debris, the supernatant was subsequently centrifuged 
at 16,000×g for 30 min to pellet the SNTSC-ApoEVs. The precipitate was collected and washed twice with PBS.

Characterization of SNTSC-ApoEVs
The morphology of SNTSC-ApoEVs was observed using transmission electron microscope (TEM). SNTSC-ApoEV 
pellets were resuspended in 2.5% glutaraldehyde and then dripped onto 200-mesh Formvar-coated copper grids. After 
washing, samples were negatively stained with 2.5% uranyl acetate for 2 min. Images were captured using a JEM- 
1200EX TEM. The size distribution of SNTSC-ApoEVs was measured using nanoparticle tracking analysis (NTA) with 
NanoSight NS300 system (NanoSight Technology, UK). Furthermore, BCA protein assay (Invitrogen, USA) was used to 
quantify protein concentration. The expressions of Caspase-3 and Cleaved Caspase-3 were detected by Western blot. For 
phosphatidylserine (PtdSer) detection, SNTSC-ApoEVs were suspended in 195 μL PBS and 5 μL FITC Annexin 
V (Beyotime, China) was added to incubate at room temperature for 15 min. Images were captured by confocal 
microscopy (FV1000, Olympus, Japan) after smear.

Internalization of SNTSC-ApoEVs into HUVECs in vitro
The HUVECs were seeded in dishes and maintained at 37°C overnight. SNTSC-ApoEV pellets were pre-labeled 
with PKH26 (Sigma-Aldrich, USA) according to the manufacturer’s instructions, washed twice with PBS, and 
centrifuged at 16,000 × g for 30 min. PKH26-labeled SNTSC-ApoEVs at a concentration of 25 μg/mL were then co- 
cultured with HUVECs for 8 h. After fixed with 4% paraformaldehyde for 30 min at room temperature, the 
cytoskeleton was stained with phalloidin-fluorescein staining (Yeasen, China) and the cell nuclei were counter-
stained with Hoechst 33342 (Sigma-Aldrich, USA). Fluorescent images were obtained with a laser scanning 
confocal microscope (FV1000, Olympus, Japan).
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CCK-8 Assay
The proliferative capacity of HUVECs was evaluated using the CCK-8 assay. HUVECs (5 × 103 cells per well) were 
seeded in 96-well plates until complete adherence and were pretreated with different doses of SNTSC-ApoEVs or an 
equal volume of PBS for 24 h. Then, the culture medium was replaced with α-MEM medium supplemented with 1% 
FBS. At 1,2,3 days, 10 μL of the Cell Counting Kit-8 (Biosharp, China) was added to each well. The 96-well plates were 
subsequently incubated at 37°C for 2 h and the absorbance at 450 nm was measured using BIO-TEK microplate reader.

Wound Healing Assay
HUVECs (3 × 105 cells/well) were seeded in 6-well plates and cultured in α-MEM medium until confluent monolayers 
were obtained. A linear wound was created using a 200 μL pipette tip. After washed with PBS, SNTSC-ApoEVs or PBS 
were added to serum-free α-MEM medium. The scratch area was measured at 0 h and 12 h using six representative 
images. The closure rate was calculated as follows: Closure percentage (%) = 100 – (scratch area at 12 h)/(scratch area at 
0 h) ×100.

Transwell Assay
A transwell system with an 8 μm pore diameter (BD Falcon, USA) was used to evaluate vertical migration ability. 
HUVECs (2 × 105 cells/mL) were starved overnight, resuspended in serum-free α-MEM medium, and seeded in the 
upper chamber. Fresh serum-free medium with PBS (control) or SNTSC-ApoEVs was added to the lower transwell 
chamber. After incubated at 37°C for another 24 h, HUVECs passing through the upper chamber were fixed with 4% 
paraformaldehyde, stained with crystal violet (Biosharp, China), photographed with an inverted microscope (Olympus, 
Japan), and counted in five representative fields for quantification with ImageJ software.

Tube Formation Assay
In vitro capillary network formation was determined using a tube formation assay with Matrigel (354248, Corning, USA). 
HUVECs were pretreated with PBS (control) or different concentrations of SNTSC-ApoEVs for 24 h, and then seeded in 
Matrigel-coated wells of a 96-well plate at a density of 5×104 cells/well. Tube formation was recorded at 0 h and 6 h using 
an inverted microscope (Leica, Germany). The number of network structures in randomly selecting 5 fields per well was 
quantified using the ImageJ software.

Quantitative Real Time-Polymerase Chain Reaction Analysis (qRT-PCR)
For gene expression analysis, total RNA was extracted using TRIzol reagent (Invitrogen, USA), and one microgram of 
total RNA was reverse-transcribed into cDNA with First-strand cDNA Synthesis Kit (Yeasen, China). SYBR Green Kit 
(Takara Bio, Japan) and LightCycler 480 Real-Time PCR System (Roche, USA) were used for cDNA amplification. The 
results were analyzed with the 2−ΔΔCT relative quantitative method. β-actin was used as an internal control. Gene 
expression was normalized to internal control. The primer sequences used are listed in Table 1.

In vivo Matrigel Plug Assay
6-week-old male nu/nu mice weighing 16–18 g were used to establish a Matrigel plug model. HUVECs pretreated with 
normal or SNTSC-ApoEVs-supplemented mediums for 24 h were encapsulated in growth factor-reduced Matrigel (Corning, 
USA). After the mice were sedated with ketamine-xylazine (75 mg/kg, Gutian Pharma Co., China; 20 mg/kg, Sigma-Aldrich 
Chemical, USA), two groups of 500 μL HUVEC-Matrigel suspension were randomly injected subcutaneously into the 
bilateral flanks with one plug per side and formed a gel rapidly. After 7 days, blood chemistry examinations were performed, 
the mice were euthanized by CO2 inhalation and Matrigel plugs were harvested and fixed with 4% PFA for 24 h. The tissues 
were subjected to histological analysis.
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Histological Analysis
The harvested tissues were dehydrated, embedded in paraffin, and sliced into 5 μm-thick sections. Hematoxylin and eosin 
(H&E) staining was conducted using an H&E staining kit (Solarbio, China), according to the manufacturer’s instructions. 
For immunohistochemical staining, the sections were incubated with CD31 primary antibody (1:800, Cell Signaling 
Technology, #3528) overnight at 4°C before treatment with secondary antibody and DAB substrate. For immunofluor-
escence staining, sections were incubated with anti-CD31 (1:800, Cell Signaling Technology, #3528) overnight and 
processed with the secondary antibodies Alexa Fluor 594 AffiniPure Goat anti-mouse IgG secondary antibody (Yeasen, 
China) for 60 min. Images were captured using a Zeiss Axioscope 5 microscope and analyzed with ImageJ software.

Proteomic Analysis
SNTSC-ApoEV samples from three donors were used for proteomic analysis. Protein lysates were prepared and 
subjected to nano-LC-MS/MS analysis following protocols described in previous reports.29 For proteomic analysis, 
timsTOF Pro2 (Bruker) was used to acquire mass spectrometry (MS) data in data-dependent acquisition in parallel 
accumulation-serial fragmentation (DDA PaSEF) mode. Raw vendor MS files were processed using SpectroMine 
software (4.2.230428.52329) and the built-in Pulsar search engine. The MS spectral lists were searched against their 
species-level UniProt FASTA databases (UniProt-Homo sapiens_9606-2022-11. FASTA); carbamidomethyl [C] as 
a fixed modification; and oxidation (M) and acetyl (Protein N-term) as variable modifications. Trypsin was used as 
protease. A maximum of two missed cleavages was allowed. The false discovery rate (FDR) was set to 0.01 for both 
PSM and peptide levels. All other parameters were reserved as default. Proteins enriched in both the samples (PG. Label- 
Free Quant > 0) were included for further functional analysis based on the Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) databases. Additionally, a protein-protein interaction (PPI) network was constructed 
using Cytoscape 3.6.1. Key hub proteins were identified by PPI network analysis using STRING database. The details of 
all the identified proteins are listed in Table S1.

RNA Sequencing (RNA-Seq)
HUVECs were grown on glass coverslips until confluence and treated with SNTSC-ApoEVs or PBS for 24 h. Total RNA 
was extracted using the TRIzol reagent (15596018, Thermo Fisher Scientific). Total RNA (5μg) was qualitied and 
purified with Bioanalyzer 2100 and RNA 6000 Nano LabChip Kit (5067–1511, Agilent), and high-quality RNA samples 
with RIN number > 7.0 were used to construct the sequencing library. Following purification, the mRNA was fragmented 
and reverse-transcribed with SuperScript™ II Reverse Transcriptase (1896649, Invitrogen), which was then used to 
synthesize U-labeled second-stranded DNAs using E. coli DNA polymerase I (m0209, NEB), RNase H (m0297, NEB), 
and dUTP solution (R0133, Thermo Fisher). An A-base was then added to the blunt ends of each strand to prepare them 
for ligation to indexed adapters. Each adapter contained a T-base overhang to ligate the adapter to A-tailed fragmented 
DNA. Dual-index adapters were ligated to the fragments and size selection was performed with AMPureXP beads. After 

Table 1 Primer Sequences for qRT-PCR

Primers Abbreviations GenBank 
Accession

Sequences

Vascular endothelial growth factor A VEGFA NM_001171627 Forward AGGGCAGAATCATCACGAAGT

Reverse AGGGTCTCGATTGGATGGCA

Platelet endothelial cell adhesion molecule 1 PECAM1 (CD31) NM_000442 Forward CCAAGCCCGAACTGGAATCT
Reverse CACTGTCCGACTTTGAGGCT

Kinase insert domain receptor KDR NM_002253 Forward GGCCCAATAATCAGAGTGGCA

Reverse CCAGTGTCATTTCCGATCACTTT
Collagen type I alpha 1 chain COL1A1 NM_000088 Forward CAGGGCGACAGAGGCATAAA

Reverse GGGAGACCGTTGAGTCCATC
β-actin NA NM_001101 Forward TGGCACCCAGCACAATGAA

Reverse CTAAGTCATAGTCCGCCTAGAAGCA
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heat-labile UDG enzyme (m0280, NEB) treatment of the U-labeled second-stranded DNAs, the ligated products were 
amplified by PCR. Finally, we performed 2×150bp paired-end sequencing (PE150) on the Illumina Novaseq™ 6000 
sequence platform following the vendor’s recommended protocol. The obtained reads were filtered by Cutadapt (https:// 
cutadapt.readthedocs.io/en/stable/, version: cutadapt-1.9). Raw sequence data were submitted to the NCBI Gene 
Expression Omnibus (GEO) datasets with accession numbers < GEO accession >. Data were aligned to the reference 
human genome using the HISAT2 package (https://daehwankimLab.github.io/hisat2/, version: hisat2-2.0.4). Differential 
gene expression analysis was performed using DESeq2 software between the two groups. Genes with FDR<0.05, and 
absolute fold change>1.2 were considered differentially expressed genes. Differentially expressed genes were then 
subjected to KEGG pathway enrichment and PPI analyses with the Cytoscape plugin tool MCODE. We also performed 
Gene Set Enrichment Analysis (GSEA) using GSEA software (v4.1.0) and MSigDB to identify whether a set of genes in 
specific KEGG pathways showed significant differences between the two groups. Briefly, we input the gene expression 
matrix and ranked the genes using the Signal2Noise normalization method. Enrichment scores and p-values were 
calculated in default parameters. KEGG pathways meeting this condition with |NES|>1, NOM p-value<0.05, and FDR 
q-value<0.25 were considered to be different between the two groups.

Immunofluorescence Analysis
HUVECs, with or without SNTSC-ApoEVs stimulation, were fixed in 4% paraformaldehyde for 20 min, permeabilized 
for 3 min with 0.1% Triton-100, blocked with 5% bovine serum albumin, and incubated with rabbit anti-COL1A1 
(Beyotime, China) antibody overnight at 4°C, followed by incubation with Alexa Fluor 488-conjugated AffiniPure Goat 
anti-rabbit IgG secondary antibody (Jackson ImmunoResearch, USA) at room temperature for 60 min. The nuclei were 
counterstained with DAPI (Biosharp, China). Images were acquired sequentially with Olympus FV1000 laser scanning 
confocal microscope (Japan).

Lentivirus Transduction
An shRNA construct against COL1A1 was generated by Genomeditech (China). The target sequence for shRNA is 
ATGGATTCCAGTTCGAGTATG. The cells were then transduced with lentiviruses (MOI=20) in the medium of SNTSCs 
for 16 h and selected with 8 μg/mL puromycin. Transfection efficiency was detected by Western blot at 48 h post-transfection. 
Then shCOL1A1-SNTSC-ApoEVs were isolated from shCOL1A1-SNTSCs and evaluated with assays mentioned above.

PI3K Inhibition
To investigate the role of PI3K signaling in endothelial behavior, HUVECs were pretreated with the PI3K inhibitor 
LY294002 (10 μM; CSNpharm, China) for 2 h.30 Then the culture medium was exchanged for the different medium 
treatments as described above.

Western Blot
Total proteins of SNTSC-ApoEVs and cells were extracted using RIPA buffer (Biosharp, China) containing protease and 
phosphatase inhibitors (Beyotime, China). Equal amounts of protein samples were loaded and run on 4–12% Sure PAGE 
gels (GenScript, China) and later transferred to PVDF membranes (Millipore, USA). The membrane was blocked with 
5% BSA for 1 h at room temperature and then incubated with primary antibody at 4°C overnight. After washing with 
PBS containing 0.1% Tween 20 (TBST), the membranes were incubated with secondary antibodies (Beyotime, China) at 
room temperature for 1 h and washed again with TBST. The blots were imaged with a Western-Light chemiluminescence 
detection system (Millipore, USA) and analyzed with ImageJ software. Primary antibodies were specific for Caspase-3, 
Cleaved Caspase-3, VEGFA, CD31, PI3K, AKT, p-AKT and β-actin (Cell Signaling Technology).

Statistical Analysis
All experiments for each group were performed in triplicates. GraphPad Prism 8 (GraphPad Software, USA) was used for 
statistical and graphical analyses. All data were presented as mean ± standard deviation. Comparisons between two 
groups were performed using Student’s t-test or Student’s t-test with Welch’s correction. For multi-group comparisons, 
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one-way analysis of variance (ANOVA) was used, and post-hoc analysis using Tukey’s test was applied when appro-
priate. Differences were considered statistically significant at p < 0.05.

Results
SNTSC-ApoEVs Show Representative Characteristics of ApoEVs
First, we characterized the SNTSCs used in this study. Flow cytometry analysis revealed high expression of CD44, 
CD73, CD90, and CD105 but low expression of CD34, CD45, and HLA-DR (less than 1%) in SNTSCs (Figure S1A). 
Alizarin red, oil red O and Alcian blue positive staining indicated that SNTSCs exhibited osteogenic, lipogenic, and 
chondrogenic differentiation potential (Figure S1B).

SNTSC-ApoEVs were isolated through a sequential centrifuge procedure after apoptosis induction with STS for 
16 h (Figure 1A). The apoptotic responses were confirmed through altered cell morphology and positive TUNEL 
staining in SNTSCs (Figure 1B and C). To determine the essential characteristics of ApoEVs, we analyzed their 
morphology, size distribution, and presence of apoptosis-associated markers. Our findings revealed that SNTSC- 
ApoEVs typically displayed a double-membrane spherical structure (Figure 1D) and were composed of 
a homogenous population with diameters between 30 and 700 nm (Figure 1E). The expressions of the apoptosis- 
associated markers PtdSer and Cleaved Caspase-3 were confirmed by Annexin V staining (Figure 1F) and Western 
blot analysis (Figure 1G). These findings indicated the successful isolation of ApoEVs.

SNTSC-ApoEVs Promote the Proliferation, Migration, Tube Formation and VEGFA 
Expression of HUVECs in vitro
To investigate the efficiency of SNTSC-ApoEVs in angiogenesis (Figure 2A), we first verified whether HUVECs could 
engulf SNTSC-ApoEVs. After incubation with SNTSC-ApoEVs for 8 h, internalization of PKH26-stained particles, 

Figure 1 Characterization of SNTSC-derived ApoEVs. (A) Schematic drawing of the gradient centrifugation protocol for isolating ApoEVs from apoptotic SNTSCs. (B) 
Representative images of SNTSCs morphology before and after STS induction. (Scale bar=100 μm). (C) TUNEL analysis of apoptotic SNTSCs. (Scale bar=200 μm). (D) TEM 
image of SNTSC-ApoEVs. (Scale bar=100 nm). (E) NTA of SNTSC-ApoEVs shows the diameter and particle concentration. (F) Representative images of SNTSC-ApoEVs 
with Annexin V staining. (Scale bar=200 μm). (G) Western blot analysis of Cleaved Caspase-3 and Caspase-3 in SNTSCs and SNTSC-ApoEVs.
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mainly in the cytoplasm, was confirmed by confocal microscopy (Figure 2B). Further tests were conducted to determine 
the effects of SNTSC-ApoEV concentrations (12.5, 25, 50, and 100 μg/mL) on HUVEC proliferation. CCK-8 analysis 
showed that 12.5 and 25 μg/mL SNTSC-ApoEVs significantly promoted HUVEC proliferation during the 3-day co- 
culture period, whereas doses over 50 μg/mL suppressed it (Figure 2C). Morphological changes in HUVECs were 
observed at doses over 50 μg/mL under a digital microscope (Figure S2). Therefore, 12.5 and 25 μg/mL were chosen for 
further investigation.

Increased endothelial migration behavior and tube formation capacity are typically associated with angiogenesis.31 

Scratch wound healing and transwell migration assays showed a significant increase in the closure percentage and 
number of migrated HUVECs in the 25 μg/mL SNTSC-ApoEVs group compared to the control and 12.5 μg/mL group 
(Figure 2D and E). The tube formation assay also confirmed that HUVECs organized into more intensive and extended 
capillary-like structures on Matrigel after induced with 25 μg/mL SNTSC-ApoEVs (Figure 2D and F).

Figure 2 SNTSC-ApoEVs enhance the angiogenic capacity of HUVECs in vitro. (A) Experimental scheme for (B-H). (B) Uptake analysis of SNTSC-ApoEVs by HUVECs with laser 
scanning confocal microscopy (Red: DiR-labeled SNTSCs, green: cytoskeleton, blue: nucleus. Scare bar=50 μm). (C)The CCK-8 assay of HUVECs preincubated with culture 
medium supplemented with different concentration of SNTSC-ApoEVs in the 3-day period. (D) The images of migration and tube formation assays of HUVECs induced by 0, 12.5 
and 25 μg/mL SNTSC-ApoEVs. (Scale bar=200 μm). (E) Quantitative analysis of closure percentage and cell migration among the three groups. (F) Quantitative analysis of tube 
formation among the three groups. (G) qRT-PCR analysis of effects of different concentrations of SNTSC-ApoEVs on the angiogenesis of HUVECs. (H) Western blot assays of 
CD31 and VEGFA in HUVECs under different doses of SNTSC-ApoEVs treatment. (nsp >0.05, *p <0.05, **p <0.01, ***p<0.005, ****p<0.001).
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Furthermore, qRT-PCR and Western blot revealed the highest proangiogenic gene and protein expression levels after 
25 μg/mL SNTSC-ApoEVs treatment (Figure 2G and H), making it the optimal concentration. Notably, VEGFA stood 
out as the most differentially expressed proangiogenic gene. These data indicated that SNTSC-ApoEVs could promote 
the endothelial proliferation, migration, tube formation and upregulate VEGFA expression of HUVECs in vitro.

SNTSC-ApoEVs Facilitate Micro-Vessel Formation in vivo
To evaluate the effects of SNTSC-ApoEVs on blood vessel formation in vivo, we performed a Matrigel plug assay in mice 
(Figure 3A). After 7 days, all mice showed normal liver and kidney indices (Table S2), indicating the biosafety of SNTSC- 
ApoEVs. The proangiogenic properties of SNTSC-ApoEVs were assessed by CD31 labeled micro-vessel density. We 
detected more positively stained luminal structures in the SNTSC-ApoEVs group on day 7, and these micro-vessels 
presented a clearer pattern under higher magnification, as revealed by immunofluorescence assays (Figure 3B and C). These 
data demonstrated the potent promotional effect of SNTSC-ApoEVs on neovascularization in vivo.

COL1A1 is the Hub Extracellular Matrix-Cell Interaction-Related Protein in 
SNTSC-ApoEVs
Extracellular vesicles regulate receptor cell function through transferring proteins, lipids, and nucleic acids.32 Therefore, 
we identified the proteomic compositions of SNTSC-ApoEVs with LC-MS/MS analysis. A total of 754 enriched proteins 
were identified in all samples.

Our proteomic analysis revealed that SNTSC-ApoEVs contained three categories of necessary proteins and one 
category of surface-binding proteins, which aligned with the requirements for extracellular vesicles components in the 
Minimal information for studies of extracellular vesicles 2018 (MISEV2018) guideline.33 Among these, CD molecules, 
MHC class I, and integrin family were detected in Category 1 transmembrane or GPI-anchored proteins; Rho family, 
Annexin family, HSP family, and caveolin family were detected in Category 2 cytosolic proteins; lipoproteins, albumin, 

Figure 3 SNTSC-ApoEVs enhance vascularization in vivo. (A) Experimental scheme for (B and C). (B) Upper: Representative images of Matrigel plug at day 7 with H&E 
staining; Middle: Representative images of Matrigel plug at day 7 with immunohistochemical staining of CD31. The red arrows point out the blood vessels; Lower: 
Representative images of Matrigel plug at day 7 with immunofluorescence staining of CD31 under 200 magnified visual field. Red: CD31-stained blood vessels, blue: DAPI- 
stained nuclei. (Scale bars=100 μm). (C) Quantitative analysis of blood vessel numbers per 50 magnified visual field in immunohistochemistry at day 7 (**p <0.01).
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and several ribosomal proteins were detected in Category 3 co-isolated non-vesicular structured proteins. Moreover, 
various cytokines and growth factors were detected in Category 5 secretory proteins and extracellular matrix proteins, 
whereas no proangiogenic cytokines or growth factors were found. Additionally, apoptotic markers, including Fas, Sod1, 
and Caspase family, were identified.

Further GO enrichment functional analysis showed that the enriched proteins were derived from extracellular 
vesicles, adherens junction, cell-substrate junction, and focal adhesion (Figure 4A), suggesting that these proteins are 
mainly associated with vesicle and cell-substrate interactions. Enrichment analysis of biological process showed that the 
enriched proteins may play key roles in collagen metabolic process, cell adhesion, extracellular matrix organization, and 
focal adhesion assembly (Figure 4B). Enrichment analysis of molecular function revealed that the enriched proteins 
contributed to the regulation of metabolic processes, including cell adhesion molecule binding, oxidoreductase activity, 
and nucleoside-triphosphatase activity (Figure 4C). Moreover, KEGG pathway analysis revealed that enriched proteins 
were associated with “Regulation of actin cytoskeleton”, “Focal adhesion”, “ECM-receptor interaction”, and “PI3K-Akt 
signaling pathway” (Figure 4D). These findings suggested a potential role of SNTSC-ApoEV functional proteins in 
regulating extracellular matrix-cell interactions in HUVECs.

Therefore, we further performed PPI network analysis on the enriched proteins in the pathways including “Regulation 
of actin cytoskeleton”, “Focal adhesion”, “ECM-receptor interaction”, and “PI3K-Akt signaling pathway”, and obtained 
the top 10 hub proteins, which are listed in order as follows: COL1A1, COL1A2, FN1, COL3A1, ACTB, ITGB1, 
GAPDH, ALB, CD44 and ITGAV (Figure 4E). Notably, COL1A1, a crucial component of the extracellular matrix, was 

Figure 4 Proteomic profile of SNTSC-ApoEVs. (A) GO enrichment analysis of cellular compartments. (B) GO enrichment analysis of biological process. (C) GO 
enrichment analysis of molecular function. (D) KEGG pathway analysis of enriched proteins. (E) PPI analysis of enriched proteins in pathways associated with extracellular 
matrix-cell interactions.
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found to be the hub protein with the highest connectivity, indicating its potential as a vital target protein for signal 
transduction from SNTSC-ApoEVs to HUVECs.34

SNTSC-ApoEVs Transfer COL1A1 to Regulate HUVEC Function by Activating the 
PI3K/Akt/VEGF Pathway
To elucidate the detailed signaling pathways related to the proangiogenic role of SNTSC-ApoEVs, RNA-seq analysis of 
SNTSC-ApoEVs-treated and control HUVECs was performed. In total, 5863 genes were found to be differentially 
expressed, including 3766 upregulated and 2097 downregulated genes (Figure S3A and B). KEGG pathway analysis 
showed that differentially expressed genes (DEGs) was related to multiple signal transductions (Figure 5A), and GSEA 
also revealed enrichment patterns of gene signatures involved in “PI3K-AKT signaling pathway”, “cell cycle”, and 
“inositol phosphate metabolism” (Figures 5B and S3C). Among these, the PI3K/AKT signaling pathway was the most 
abundant.

Next, we generated a MCODE key subnetwork of all DEGs in the PI3K/AKT pathway and found that COL1A1 was 
the hub gene with the highest connectivity (Figure 5C). Therefore, we performed qRT-PCR and immunofluorescence 
analyses. The results demonstrated an elevation in the mRNA and protein expression levels of COL1A1 in HUVECs 
after stimulation with SNTSC-ApoEVs (Figure 5D and E). These findings suggested that COL1A1 and PI3K/Akt 
pathway may play crucial roles as downstream signaling molecule and pathway in angiogenesis of HUVECs under 
SNTSC-ApoEVs treatment.

Figure 5 SNTSC-ApoEVs modulate PI3K/Akt pathway and COL1A1 expression in HUVECs. (A) KEGG pathway analysis of significantly upregulated genes in HUVECs 
treated with SNTSC-ApoEVs. (B) GSEA shows the enrichment patterns of gene signatures involved in “PI3K-AKT signaling pathway”. (C) Hub genes based on PPI analysis of 
DEGs in the PI3K-AKT signaling pathway. (D) qRT-PCR analysis of SNTSC-ApoEV effect on COL1A1 mRNA expression. (E) Representative immunofluorescent images of 
HUVECs under SNTSC-ApoEVs treatment (Green: COL1A1 protein, blue: nucleus. Scare bar=20 μm.) and quantitative analysis of COL1A1 mean gray value. (**p <0.01, 
****p<0.001).
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To further explore whether COL1A1 targeted PI3K/Akt signaling to regulate endothelial functions, we used shRNA to 
knock down COL1A1 expression in SNTSCs and subsequently generated ApoEVs (Figure 6A). After confirming the 
efficiency of COL1A1 shRNA knockdown in SNTSC-ApoEVs by Western blot analysis (Figure 6B), we found that 
shCOL1A1-SNTSC-ApoEVs failed to upregulate the expression of COL1A1 in HUVECs (Figure 6C), indicating that 
increased COL1A1 expression in HUVECs was caused by direct transport from SNTSC-ApoEVs. The protein levels of 
PI3K and VEGFA and the p-AKT/AKT ratio in the shCOL1A1-SNTSC-ApoEVs group were also lower than those in the 
SNTSC-ApoEVs group (Figure 6C), suggesting that PI3K/Akt/VEGF pathway signals of HUVECs were downregulated 
after COL1A1 inhibition in SNTSC-ApoEVs. Additionally, shCOL1A1-SNTSC-ApoEVs possessed a reduced capacity to 
enhance endothelial proliferation, migration, tube formation in vitro (Figure 6D-G), and exhibited a decreased capacity to 
promote micro-vessel formation in vivo compared to the SNTSC-ApoEVs group (Figure 6H and I). These data suggested 
that SNTSC-ApoEVs transferred COL1A1 to target the PI3K/Akt/VEGF pathway and energize HUVECs angiogenic 
functions.

Moreover, to determine the involvement of the PI3K/Akt pathway in the proangiogenic effects induced by SNTSC- 
ApoEVs, HUVECs were pretreated with 10 μM PI3K inhibitor LY294002 (Figure 7A). A decrease in the p-AKT/AKT 
ratio was observed in the LY group compared to the control group, indicating the effectiveness of the inhibitor 
(Figure 7B). In the SNTSC-ApoEVs + LY group, LY294002 significantly antagonized the enhancing effects of SNTSC- 
ApoEVs on the protein level of PI3K and p-AKT/AKT ratio (Figure 7B), reversed the increase in endothelial cell 
proliferation (Figure 7C), suppressed the migration capacity (Figure 7D and E), downregulated the organization of 
HUVECs into capillary-like structures on Matrigel (Figure 7D and F), and partly blocked the upregulation in VEGFA 
protein levels in vitro (Figure 7G). Cumulatively, these evidence indicated that SNTSC-ApoEVs promoted revascular-
ization via the transfer of COL1A1 and the activation of the PI3K/Akt/VEGF pathway (Figure 8).

Discussion
Angiogenesis is a prerequisite for tissue repair and regeneration, and crucial for the treatment of ischemic diseases 
including myocardial infarction, diabetic microangiopathy, limb ischemia, pulp necrosis.2,12,20,35 Intriguingly, accumulat-
ing evidence has proven that ApoEVs from apoptotic MSCs play an indispensable role in accelerating this progress.36 To 
avoid sampling problems of previously used MSCs, STNSCs have emerged as a compelling alternative source of 
ApoEVs, as they are more easily accessible and can be harvested non-invasively.37 SNTSCs were chosen over permanent 
dental pulp stem cells (DPSCs) owing to stronger proliferative capacity and higher expression levels of multiple 
proliferation-related genes, which is beneficial for ApoEVs mass production.25 However, the detailed features of 
ApoEVs from SNTSCs remain incompletely understood.

In this study, we investigated the morphology, size, proangiogenic capacity, and protein profiles of SNTSC-ApoEVs, 
along with transcriptional changes in HUVECs after SNTSC-ApoEVs stimulation. We demonstrated that SNTSC- 
ApoEVs enhanced angiogenesis of HUVECs in vitro and promoted micro-vessel formation in a Matrigel plug model 
in vivo. In addition to expressing general ApoEVs markers, SNTSC-ApoEVs were enriched with multiple proteins 
related to extracellular matrix-cell interactions. Mechanistically, SNTSC-ApoEVs transferred COL1A1 to HUVECs and 
promoted endothelial cell function by activating the PI3K/Akt/VEGF cascade.

TEM and NTA results revealed that the isolated SNTSC-ApoEVs exhibited a typical morphology, with less than 1 μm 
in diameter. ApoEVs with smaller diameters (< 1 μm) have been reported to have superior membrane integrity for 
molecular exchange over apoptotic bodies (> 1 μm),16 which boosts our confidence in subsequent experiments and 
potential clinical translation.

HUVECs were chosen as the recipient cells due to their status as one of the major effector cells during 
neovascularization.38 The stimulation duration was set to 24 h to ensure that the observed effects were mainly caused 
by the transported miRNAs or proteins.35,39 SNTSC-ApoEVs isolated in this study showed the highest proliferation 
stimulation effect at a concentration of 25 μg/mL. This optimal concentration is similar to previous results ofstudies on 
ApoEVs from human deciduous pulp stem cells and exosomes released by DPSCs.20,39–41 Furthermore, we used the 
Matrigel plug assay to investigate the micro-vessel formation capacity of SNTSC-ApoEVs as previously reports on 
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Figure 6 COL1A1 downregulation in SNTSC-ApoEVs inhibits the COL1A1/PI3K/Akt/VEGF cascades of HUVECs and reduces the endothelial function. (A) Experimental 
scheme for (B-I). (B) Representative Western blot images of COL1A1 protein expression in ApoEVs released from shNC- or shCOL1A1-transduced SNTSCs. (C) 
Representative Western blot images and quantitative analysis of COL1A1, PI3K, AKT, p-AKT and VEGFA protein expression in HUVECs after SNTSC-ApoEVs or 
shCOL1A1-SNTSC-ApoEVs stimulation. (D) Cell viability of HUVECs after SNTSC-ApoEVs or shCOL1A1-SNTSC-ApoEVs stimulation detected by CCK-8 assays at 
days 1, 2 and 3. (E) Representative images of migration and tube formation assays in HUVECs induced by SNTSC-ApoEVs or shCOL1A1-SNTSC-ApoEVs. (Scale bar= 200 
μm). (F) Quantitative analysis of closure percentage and cell migration among the three groups. (G) Quantitative analysis of tube formation among the three groups. (H) 
Representative immunohistochemical staining images of Matrigel plug treated with SNTSC-ApoEVs or shCOL1A1-SNTSC-ApoEVs at day 7. The red arrows point out the 
CD31-stained blood vessels. (Scale bar= 50 μm). (I) Quantitative analysis of blood vessel numbers per 50 magnified visual field in immunohistochemistry at day 7. (**p <0.01, 
***p<0.005, ****p<0.001).
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Figure 7 Proangiogenic capacity of SNTSC-ApoEVs in HUVECs is attenuated when PI3K/AKT pathway is blocked. (A) Experimental scheme for (B-G). (B) Representative Western 
blot images (left) and quantitative analysis (right) of PI3K, AKT, and p-AKT protein expression in HUVECs treated with medium supplemented with control, SNTSC-ApoEVs, LY294002 
and SNTSC-ApoEVs+LY294002. (LY: LY294002). (C) Cell proliferation of HUVECs in four groups detected by CCK-8 assays at days 1, 2, and 3. (D) Representative images of cell 
migration and tube formation assays under different induction. (Scale bar= 200 μm). (E and F) Quantitative analysis of cell migration and tube formation ability. (G) Representative 
Western blot images and quantitative analysis of VEGFA protein expression in HUVECs under different treatment. (nsp >0.05, *p <0.05, **p <0.01, ****p<0.001).

Figure 8 SNTSC-ApoEVs promote angiogenesis by transferring function molecule COL1A1 and activating PI3K/Akt/VEGF pathway.
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extracellular vesicles described.42,43 Quantification of the newly formed vessel marker CD31 staining44 showed SNTSC- 
ApoEVs successfully developed more micro-vessels in vivo.

From the perspective of clinical transformation, it is necessary to determine the active ingredients and proangiogenic 
mechanism of ApoEVs, which is important in controlling the efficacy and safety of ApoEVs-based therapy.3 Through 
proteomic analysis, we detected the 13 proteins enriched in ApoEVs from human BMMSCs and ADMSCs in SNTSC- 
ApoEVs. This discovery lends support to the hypothesis that MSC-derived ApoEVs exhibit overlapping proteomic 
profiles.10 Further functional analysis revealed that multiple proteins were associated with extracellular matrix-cell 
interactions, and COL1A1 was identified as the hub protein based on PPI analysis. Moreover, we analyzed the 
transcriptional profile of HUVECs and found that COL1A1 was significantly upregulated under SNTSC-ApoEVs 
stimulation. COL1A1, an α1 chain of type I collagen, is a secreted proteins associated with extracellular vesicles,33 

and plays an essential role in specific interactions between cell surface and transmembrane molecules.45,46 Previous 
studies have shown that COL1A1 is associated with cell migration and proliferation capacity in inadequate angiogenesis- 
related diseases, including cardiovascular diseases and diabetic retinopathy.47,48 Here, we knocked down COL1A1 in 
SNTSCs to downregulate COL1A1 expression in ApoEVs, and found that SNTSC-ApoEVs-derived COL1A1 was 
responsible for the proangiogenic role of SNTSC-ApoEVs by promoting the expression of VEGFA, enhancing endothe-
lial cell functions and facilitating micro-vessels formation. Given that our proteomic analysis did not detect VEGF or 
other proangiogenic factors in SNTSC-ApoEVs, direct transport was ruled out as the cause of the upregulated VEGFA 
expression in HUVECs.

The effect of COL1A1 on VEGFA expression was further investigated, and KEGG analysis revealed that the PI3K/ 
Akt pathway played a crucial role in SNTSC-ApoEVs-induced endothelial function. Studies have shown that activation 
of the PI3K/Akt signaling pathway is closely associated with endothelial proliferation, migration, and tube 
formation.49,50 According to our data, the PI3K/Akt/VEGF pathway was activated by SNTSC-ApoEVs-derived 
COL1A1, and PI3K inhibition significantly reduced the stimulatory effects of SNTSC-ApoEVs on the proliferation, 
migration, and tube formation capacity of HUVECs.

Notably, the partial reversal effect induced by the PI3K inhibitor on proliferation and VEGFA expression suggests the 
involvement of multiple pathways in this angiogenic process. In reference to the proangiogenic mechanisms of ApoEVs 
from human deciduous pulp stem cells and rat BMMSCs,12,20 although we did not detect the enrichment of autophagy- 
related pathways in SNTSC-ApoEVs by proteomic functional analysis, activation of AKT in HUVECs was also observed 
under SNTSC-ApoEVs treatment in this study, further indicating the possibility of multiple pathway interactions. Our 
findings highlight the need for further research to fully understand the mechanisms underlying the effects of SNTSC- 
ApoEVs on angiogenesis.

Conclusion
In conclusion, our study is the first to show that COL1A1 transferred from SNTSC-ApoEVs plays a role in modulating 
the PI3K/Akt/VEGF signaling pathway, thereby enhancing endothelial cell function. These findings deepen our under-
standing of ApoEVs-induced neovascularization mechanisms and highlight the potential of ApoEVs as therapeutic 
options for angiogenesis-related disorders.
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