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Purpose: Impaired angiogenesis is a critical challenge in diabetic wound healing. While apoptotic derivatives of stem cells hold
promise for regenerative therapy, their role in modulating angiogenesis within the diabetic wound microenvironment remains under-
explored. This study aims to investigate whether adipose stem cell-derived apoptotic vesicles (ASCs-apoVs) promote angiogenesis and
accelerate diabetic wound healing by inhibiting endothelial cell ferroptosis.

Methods: Diabetic mice model was established by feeding with high-fat diet (HFD) for 3 months followed by full-thickness skin
wound preparation. Adipose stem cells (ASCs) isolated from adipose tissue were treated with staurosporine (STS) to induce apoptosis
in vitro. Apoptotic vesicles (apoVs) were isolated by differential centrifugation, characterized using TEM, dynamic light scattering
(DLS), and Western blot, and applied topically to diabetic wounds. The therapeutic effects of apoVs on wound healing efficiency,
vascularization level and endothelial cell ferroptosis were evaluated.

Results: HFD-induced diabetes promoted lipid peroxidation (4HNE accumulation) and ferroptosis in endothelial cells (ECs), leading
to reduced CD31" and vWf" vessel density and delayed wound closure. In vitro diabetic endothelial cell models confirmed increased
lipid peroxidation and ferroptosis, which compromised the proliferation, migration and tube formation capacities of ECs. ASCs-apoVs,
characterized by typical extracellular vesicle (EV) morphology and apoptotic markers, significantly inhibited lipid peroxidation and
ferroptosis of ECs, thereby promoting angiogenesis and accelerating diabetic wound healing.

Conclusion: Ferroptosis of endothelial cells contributes to impaired vascularization in diabetic wounds. ApoVs represent a promising
cell-free therapeutic approach to mitigate ferroptosis, restore endothelial function and promote angiogenesis, offering a potential
strategy for diabetic wound management.
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Introduction

Skin functions as the body’s primary defense against external stimuli, performing essential roles in maintaining home-
ostasis, regulating body temperature, and facilitating metabolic processes.' Skin injuries arise not only from trauma but
also as manifestations of various pathological conditions, including inflammation, neoplasia, and autoimmune
disorders.*”* Diabetes mellitus, a prevalent metabolic disease caused by excess nutrition intake, significantly impairs
the skin’s capacity for repair post-injury.”® This impairment adversely affects patients’ quality of life and imposes
substantial demands on healthcare resources due to prolonged treatment durations and elevated medical expenses.
Despite extensive research, the precise mechanisms by which diabetes disrupts the wound healing process remain
insufficiently elucidated. Angiogenesis, the formation of new blood vessels, is an indispensable step deeply involved
in the dynamic balance of the wound microenvironment, ensuring an adequate supply of oxygen and nutrients, thus
enabling effective repair.” '® Current therapeutic strategies, such as the clinical application of cytokines like vascular
endothelial growth factor (VEGF), encounter challenges including translational hurdles, stability issues, and cost
considerations, thereby restricting their efficacy.'"'* Consequently, investigating the underlying mechanisms of angio-
genesis impairment in diabetic conditions is imperative for developing more targeted and effective interventions.

The repair process after injury is complicated by the metabolic disturbances of diabetes. Diabetes affects the health
and homeostasis of various tissues through diverse metabolic pathways, giving rise to complications such as diabetic
neurodegeneration, periodontitis, and retinopathy.'* !> Refractory diabetic wounds, a severe complication of diabetes,
characterized by prolonged non-healing, recurrent infections, and impaired angiogenesis, pose a significant clinical
challenge due to persistent inflammation, abnormal microvasculature, and the diabetic microenvironment’s inhibitory
effects on cell proliferation and migration.'® Given the vascular system’s unique anatomical proximity to the circulatory
system, diabetes-induced metabolic perturbations inflict varying degrees of damage on the vascular system.'’'®
Diabetes-induced metabolic perturbations, particularly lipid peroxidation, promote ferroptosis, a new type of cell death
linked to B-cell dysfunction, insulin resistance, and diabetic cardiomyopathy.'®' Dyslipidemia exacerbates intracellular
lipid peroxide accumulation, creating a permissive environment for ferroptosis and microcirculatory damage.*>*
Clarifying the role of ferroptosis in this context holds promise for therapeutic innovation.

Mesenchymal stem cells (MSCs), as progenitor cells residing in interstitial tissues (eg, adipose tissue, bone marrow, dental
pulp) with potent proliferative capacity and multi-lineage differentiation potential, have emerged as pivotal players in regen-
erative medicine.”*?’ Despite numerous approved MSCs-related clinical trials, frustratingly few have translated into effective
therapies,”>*® hampered by challenges in cell source quality control, biological heterogeneity, insufficient safety/efficacy
verification, the high costs and regulatory gaps that demand urgent resolution.”>** The development of cell-free therapies,
such as stem cell-derived apoptotic vesicles (apoVs), emerge as a viable alternative.***! Our previous research demonstrated that
transplanted stem cells generated therapeutic effect through apoVs.>*** ApoVs, a special type of vesicles released by cells during
apoptosis, feature low immunogenicity, superior stability, and enhanced delivery efficiency, enabling targeted microenvironment
modulation for tissue repair.>* >® These vesicles, historically referred to as apoptotic bodies (ABs)*” or apoptotic extracellular

38,39

vesicles (apoEVs), encapsulate a diverse cargo of bioactive molecules that actively promote tissue repair by stimulating

angiogenesis, mitigating inflammation, and enhancing cell survival.*’

Apoptotic metabolites also actively regulated the gene
expression patterns of adjacent cells to restore physiological homeostasis.*' Leveraging these unique properties, apoVs represent
a compelling strategy to overcome the limitations of current therapies and advance the treatment of diabetic wounds.

This study aims to investigate the role of ferroptosis in impaired angiogenesis during diabetic wound healing. We seek
to explore whether ASC-apoVs can target metabolic stress-induced lipid peroxidation to alleviate endothelial cell
ferroptosis and promote angiogenesis in diabetic wounds. By dissecting the link between metabolic stress, ferroptosis,

and vascular dysfunction, this research may establish ASC-apoVs as a novel cell-free therapy for diabetic wound healing.

Materials and Methods
Cell Culture

Adipose stem cells (ASCs) were isolated from murine subcutaneous adipose tissue. The adipose tissue was excised from
the subcutaneous area of the groin and rinsed with cold PBS for 3 times. Then, the adipose tissue was cut into small
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pieces (2mmx2mmx2mm) and was resuspended with collagenase 1 (LS004194, Worthington) for digestion under
shaking at 37°C (1h). After filtration with a 100-um filter, the suspension was centrifuged (1200 rpm, 5 min) to
concentrate the cells for culture with o-MEM medium supplemented with 10% fetal bovine serum (FBS) and 1%
penicillin/streptomycin. Passage 2—3 was used for all experiments in this study. Stem cell surface markers were identified
by flow cytometry. The isolated cells were incubated in dark at 37°C for 30 min with PE-conjugated anti-mouse CD73
(127205, BioLegend), anti-CD90 (166408, BioLegend), anti-CD45 (147711, BioLegend), anti-CD11b (101208,
BioLegend) and FITC-conjugated anti-mouse anti-CD105 (MAS-17945, eBioscience), respectively. After washing
with PBS for 2 times, the cells were detected by the flow cytometer (Beckman Coulter, USA).

For colony-forming unit assay, ASCs were seeded in 96-well plate at a density of 5 x 107 cells/well and cultured
in medium for 1-2 weeks. The photograph of colony was taken by using an inverted optical microscope (Olympus,
Japan). For osteogenic/adipogenic differentiation, ASCs were seeded in 6-well plate at a density of 6 x 10> cells/
well, and incubated with osteogenic/adipogenic induction medium. After 3 weeks of osteogenic induction, Alizarin
red staining was conducted (G1038, Servicebio). After 1 week of adipogenic induction, Oil Red O staining was
conducted (G1015, Servicebio). Photograph was taken by an inverted optical microscope (Olympus, Japan).
Osteogenic induction medium: o-MEM containing 10% FBS, 1% penicillin/streptomycin, 5mM (-
glycerophosphate, 50 pg/mL ascorbic acid, and 10 nM dexamethasone (Sigma-Aldrich, USA). Adipogenic induction
medium: o-MEM containing 10% FBS, 0.5 mM isobutylmethylxanthine, 0.5 mM dexamethasone, and 60 nM indo-
methacin (Sigma-Aldrich, USA).

HUVECSs were purchased from FuHeng corporation (FH1122) and maintained in Endothelial Cell Medium (1001,
ScienCell, USA) supplemented with 10% FBS and 1% penicillin/streptomycin.

All cells were incubated at 37°C in a humidified atmosphere with 5% CO, (Thermo Fisher Scientific).

Animals and Establishment of Diabetic Mice Model

C57BL/6J mice were obtained from Animal center of the Fourth Military Medical University. All mice were maintained
under specific pathogen-free conditions with a 12-h light/dark cycle. All mice were kept feeding and drinking ad libitum.
Animal experiments in this study were approved and performed in accordance with the Guidelines of Institutional
Animal Care Committee of the Fourth Military Medical University.

Diabetic mouse models were constructed by feeding a high-fat diet (HFD) (60% kcal from fat; HF60, Dyets) from six
weeks of age for at least 3 months. Mice of the same age were fed a normal chow diet were served as controls. Then, the
body weight and blood glucose level of the mice in both groups were measured over 2 weeks. For intraperitoneal glucose
tolerance test (IPGTT), mice were fasted for 16 h and intraperitoneally injected with D-glucose (2 g/kg body weight)
(HY-B0389, MCE). Blood glucose levels were measured using a glucometer (Roche, Germany) at 0, 15, 30, 60, 90 and
120 min after D-glucose administration. Livers were collected for further histological analysis.

Establishment of Wound Healing Model and Treatment

Wound healing model was established by generating a full-thickness round wound with the diameter of 10 mm in the
back of Ctrl or HFD mice. The wound size was recorded on days 0, 5, 10 and 15 post-wounding and calculated with
Image J. For the apoVs treatment, apoVs solution (200 pg by protein measurement) was injected subcutaneously around
the wound region for 3 times at D3/6/9. At D15, the healing tissue around wound region were harvested for further
investigation.

Histological Analysis

The liver and skin samples were fixed, dehydrated and embedded for preparation of sections. The liver sections were
performed the H&E (GP1031, Servicebio), Oil red O (GP1067, Servicebio), Sirius red (GP1033, Servicebio) and Nile
Red (60530ES03, YEASEN) staining according to the instruction. The skin sections were performed the H&E (GP1031,
Servicebio) and Masson (GP1032, Servicebio) staining according to the instruction. The images were captured by
Olympus workstation and analyzed by Image J.
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Isolation and Characterization of Apoptotic Vesicles

ASCs were treated with staurosporine (sts, 0.5uM) (#9953S, Cell signaling technology) for 4 h to induce apoptosis. Then,
the supernatants were collected and centrifuged at 800 g for 10 min to remove the cell debris. Apoptotic vesicles (apoVs)
were obtained by centrifugation at 16000 g for 30 min. The generated apoVs were resuspended in PBS and were
quantified by BCA method (GK10009, GlpBio). The morphology of apoVs was determined by transmission electron
microscope (TEM, TECNAI Spirit, FEI). Annexin V staining was performed using an apoptosis assay kit (40302ES,
YEASEN). The size distribution of apoVs was measured by DLS analysis using a Zetasizer Nano ZSE (Malvern, UK).

Detection of Endothelial Cell Ferroptosis

The diabetic endothelial cell model was established by coincubation of HFD mice plasma extracellular vesicles (HEVs)
with HUVECs. HUVEC: treated with control mice plasma extracellular vesicles (CEVs) were served as negative control.
CEVs and HEVs were isolated from plasma by sequential centrifugation (2000 g for 10 min, 10,000 g for 10 min) to
remove cell debris and ultracentrifugation at 100,000 g for 12 h (Beckman, USA) to pellet the EVs. The EVs pellet was
resuspended in PBS and filtered through a 0.22-pm membrane to remove contaminants. EVs were quantified using the
BCA assay (GK10009, GlpBio) and administrated into HUVECs medium at 50 pg/mL for 24 h. The morphology and
size of CEVs and HEVs was determined by TEM (TECNAI Spirit, FEI) and Nano Flow Cytometry (Flow
NanoAnalyzer, NanoFCM). Ferrostatin-1 (Fer-1) was used as the inhibitor of ferroptosis at 2 uM (HY-100579,
MedChemExpress). Ferroptosis level of HUVECs were identified by cell viability, reactive oxygen species (ROS)
level, and lipid peroxidation levels. The effect of apoVs were investigated by treatment of HEVs-treated HUVECs
with apoVs (50 pg/mL) for 24 h.

After different treatments, cell viability of HUVECs was detected by CCKS kit (40203ES, YEASEN). The ROS level
was measured by fluorescence imaging of cytoplasmic ROS (DCFH-DA, S0033S, Beyotime) and mitochondrial ROS
(mitoSOX, 40778ES, YEASEN). Lipid peroxidation levels were identified by staining with C11-BODIPY (GC40165,
Glpbio). The cells were collected for flow cytometry to separate the oxidated population.

Immunofluorescence

The tissue was prepared into 10-um frozen section. After washing with PBS to remove the embedding medium, the
tissues were permeated with 0.1% Triton X-100 for 15 min. Then, the sections were blocked with goat serum for 30 min
at 37°C. Subsequently, the sections were incubated with the primary antibody (1:200) at 4°C overnight. After washing
with PBS for 3 times, the sections were incubated with the fluorescence-conjugated secondary antibodies for 1 h at 37°C.
Finally, the sections were counterstained with DAPI and imaged with confocal microscope (Nikon A1+, Japan). The
steps of immunofluorescence in cell samples are basically the same as above.

The primary antibodies include: CD31 (ab222783, Abcam), vW{ (GB11020, Servicebio), cytokeratin 14 (CK14,
ab181595, Abcam), Collagen 3 (GB111629, Servicebio), 4HNE (ab48506, Abcam), Ki67 (abl6667, Abcam). The
secondary antibodies include: YSFluor™ 488 Goat Anti-Rabbit 1gG (H+L) (33106ES, YEASEN), YSFluor™594
Rabbit Anti-Mouse 1gG (H+L) (33912ES, YEASEN). The dye kits include: Dil probe (40726ES, YEASEN), TUNEL
cell apoptosis detection kit (C1086, Beyotime), iFluor™ 488 phalloidin (40736ES, YEASEN).

Western Blotting

Western blotting was performed to identify the protein constitution of CEVs, HEVs or apoptotic ASCs. The protein
samples from ASCs, apoptotic ASCs, CEVs and HEVs were prepared and performed the SDS-PAGE. The proteins in the
gel were transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% bovine serum albumin
(BSA) solution, PVDF membranes were incubated with primary antibodies (caspase-3, CD63, Alix, TSG101, Calnexin
and GAPDH) at 4°C overnight. Then, PVDF membranes were incubated with the secondary antibodies for 1 hour. Films
were developed using Western ECL chemiluminescent kit (AP0082S, AccuRef Scientific) with an imaging system
(Tanon 4600, Shanghai). The antibodies used in this study included: caspase-3 (#9662, Cell Signaling Technology),
CD63 (sc-5275, Santa Cruz Biotechnology), Alix (#92880, Cell Signaling Technology), TSG101 (#72312, Cell Signaling
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Technology), Calnexin (ab22595, Abcam) and GAPDH (30201ES20, YEASEN), HRP-conjugated anti-rabbit secondary
antibody (A0208, Beyotime), HRP-conjugated anti-mouse secondary antibody (A0216, Beyotime).

Cell Scratch Assay

HUVECs were seeded in 6-well plate at a density of 6x10° cells/well. After 12 h, the scratch was made on the plates by
using 1-mL sterile pipette tips. After refreshing the medium, different treatments (the same protocol with Detection of
endothelial cell ferroptosis) were administrated until the end of the experiment. Photographs were recorded at 0 h, 8 h
and 24 h. The area of scratch and wound closure rate were calculated by Image J software.

Tube Formation Assay

80 uL matrigel (354234, Corning) was plated on the 96-well plate and was incubated at 37°C for 30 min. HUVECs in
different groups were collected and seeded in the plate at a density of 4x10* cells/well. After incubation for 4 h, the
photographs were captured and angiogenesis analysis was performed by Image J software.

Statistical Analysis

All data are presented as mean =+ standard deviation (s.d). For the statistical analysis, a two-tailed Student’s #-test was
employed when comparing two groups. When analyzing data from more than two groups, one-way analysis of variance
(ANOVA) was utilized. For post-hoc analysis, Tukey’s test was applied when the variances were homogeneous, while
Dunnett’s T3 test was used when the variances were not homogeneous. P values less than 0.05 were considered
statistically significant. The statistical analyses were performed using SPSS software version 22.0 (IBM, USA). Graph
analysis was performed using GraphPad Prism 9.00 (GraphPad Software, USA).

Results
Impaired Vascularization Contributed to Inferior Wound Healing in the Diabetic
Model

Six-week-old wild-type mice were fed a high-fat diet (HFD) or a standard chow diet to establish a diabetic mice model
and age-matched controls, respectively (Figure 1A). After three months, HFD induced a significant increase in the body
size and weight of the mice (Figure 1B and C). Quantitative blood glucose measurement showed significantly elevated
levels (>18 mmol/L) in the HFD group compared to Ctrl group (Figure 1D). To further assess glucose homeostasis, an
intraperitoneal glucose tolerance test (IPGTT) was performed (Figure 1E). Following a 16-hour fast, fasting blood
glucose levels were significantly higher in the HFD group (7.6 mmol/L, 253.08 mg/dL) compared to Ctrl group
(4.73 mmol/L, 157.62 mg/dL). Intraperitoneal glucose administration resulted in a rapid increase in blood glucose to
25 mmol/L (832.5 mg/dl) within 30 minutes. The rate of subsequent blood glucose recovery was significantly slower in
the HFD group, indicating impaired glucose tolerance. The area under the curve (AUC) for the IPGTT in the HFD group
was significantly greater than that in the Ctrl group (Figure 1F). Furthermore, liver tissue was collected for histological
analysis, given its established role in hyperglycemia-associated pathology. Hematoxylin-cosin (H&E) and Sirius red
staining revealed no evidence of hepatic fibrosis in either group (Figure 1G). However, HFD mice exhibited numerous
vacuolar changes in the liver tissue. Oil Red O staining confirmed significant hepatic steatosis (Figure 1H). Nile red
staining further supported the presence of increased hepatic neutral lipids. These findings collectively demonstrated the
successful induction of a diabetic phenotype in the HFD group.

On this basis, skin wounds were prepared on these HFD mice and Ctrl mice, and the natural healing process without
any treatment was observed. The evaluation of the healing process showed that wound closure was significantly slower in
the HFD mice compared to Ctrl mice (Figure 11 and J). Statistical analysis of the wound closure rate at day 5 (D5)
revealed a significantly lower closure rate (37.67%) in the HFD group compared to Ctrl group (54.87%). This difference
persisted at day 10 [D10; 70.03% (HFD) vs 79.32% (Ctrl)]. By day 15 (D15), skin wounds were essentially fully closed
in the Ctrl group, while 5% of the wounds in the HFD group remained unhealed. These quantitative analyses firmly
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Figure | Delayed skin wound healing in diabetic mice model. (A) Diagram showed the establishment of high-fat diet (HFD)-induced diabetic wound healing model. (B)
Photo of control (Ctrl) mice and HFD mice. Scale bar, 2 cm. (€ and D) Body weight and blood glucose level of Ctrl mice and HFD mice. (E and F) Blood glucose levels
during IPGTT and quantification of area under the curve (AUC). (G) H&E and Sirius red staining of liver from Ctrl mice and HFD mice. Scale bar, 100 um (low magnification)
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indicate the wound healing impairment in diabetic mice, evidenced by the significance at three observation timepoints
(Figure 1J; DS, p*=0.014; D10, p*=0.023; D15, p*=0.028).

Diabetes Impaired Angiogenesis During Wound Healing by Inducing ECs Ferroptosis
In order to further investigate the biological process of skin wound healing, we first studied and compared the structure
and vascularization level of normal skin in Ctrl and HFD mice. In general, H&E and Masson staining revealed no
significant difference in overall skin structure between HFD mice and Ctrl mice (Figure 2A). However, HFD mice
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exhibited a reduction in hair follicle density and increased subcutancous adipose tissue thickness. To deeply analyze the
characteristics of skin structure and vascularization, immunofluorescence staining for CD31 and von Willebrand factor
(VWF) was performed on selected magnified skin areas (Figure 2B). It can be observed that the epidermal layer, which
was originally thin with only 1-2 layers of epithelial cells, has become thicker with 3—5 layers of epithelial cells in HFD
mice. Although dermal thickness (papillary and reticular layers) remained largely unchanged, a significant increase in
dermal gland density was observed in the HFD group. Quantitative analysis of CD31 and vWF staining demonstrated no
significant difference in the vascularization level of the normal skin between groups (Figure 2C).

Next, the skin wound healing process after injury in HFD mice was explored. Histological analysis of the wounded
skin at D15 post-wounding revealed significantly larger central scar areas in HFD mice compared to Ctrl mice
(Figure 2D). Extensive scabbing persisted on the wound surface of HFD mice. Furthermore, the central wound region
in HFD mice exhibited persistent infiltration of inflammatory cells and necrotic debris, in contrast to the re-
epithelialization observed in Ctrl group (Figure 2E). Hair follicle regeneration was evident at the wound periphery in
Ctrl mice, while HFD wounds displayed a prominent layer of subcutaneous adipose tissue. H&E staining revealed
abundant mature microvessels with luminal endothelium in both the wound center and edge areas of Ctrl mice, while
HFD wounds displayed immature microvasculature. Moreover, CD31 and vWF staining of wounded skin at D15 directly
confirmed declined vascularization level in HFD mice (Figure 2F-I). The hyperglycemic and hyperlipidemic environ-
ment, coupled with the accumulation of toxic metabolites in diabetes, highly likely contributed to tissue damage,
particularly affecting vascular endothelial cells that are in direct contact with blood. Ferroptosis is driven by iron-
dependent lipid peroxidation due to the impaired antioxidant defense system. Co-staining of vascular endothelial cells
(CD31) and the lipid peroxidation product 4-hydroxynonenal (4HNE) demonstrated significant 4HNE accumulation
within the CD31" vessels, suggesting that ferroptosis occurred in vascular endothelial cells during the diabetic skin
healing process (Figure 21J).

Based on previous researches, extracellular vesicles (EVs) are cell-derived acellular entities that mediate information
exchange in the circulation, carrying a wealth of bioactive molecules. To further verify the impact of diabetes on
endothelial cell function, circulating EVs were isolated from both kinds of mice and co-cultured with endothelial cells
in vitro to mimic the microenvironment of vascular endothelial cells in vivo (Figure 3A). Both circulating EVs from Ctrl-
mice (CEVs) and HFD-mice (HEVs) displayed typical cup-shaped vesicles with a diameter of approximately 100 nm
under transmission electron microscopy (TEM) (Figure 3B). Nano flow cytometry (NanoFCM) analysis demonstrated
a particle distribution range of CEVs and HEVs from 50 to 200 nm (Figure 3C). Western blotting further confirmed the
expression of EV markers (CD63, Alix, TSG101) and absence of the negative marker (Calnexin), verifying the purity of
the isolated EVs (Figure 3D). Fluorescence microscopy demonstrated significant EVs uptake by ECs, no significance
observed between HEVs and CEVs (Figure 3E), thus simulating the real response of vascular endothelial cells in contact
with circulation in vivo. After 48 hours of co-incubation, HEVs led to a significant decrease in endothelial cell viability
(Figure 3F). An in-depth exploration revealed that HEVs exposure led to a significant increase in intracellular reactive
oxygen species (ROS) production (Figure 3G). Consistently, HEVs also increased mitochondrial ROS (mtROS) level, as
detected using the mitoSOX probe (Figure 3G). These findings suggested that HEVs induced oxidative stress damage in
ECs. To determine whether diabetes induced ferroptosis in endothelial cells, ferrostatin-1 (Fer-1), a known ferroptosis
inhibitor, was used as a negative control. Fer-1 effectively attenuated the HEVs-induced reduction in cell viability and
ROS generation in the cytoplasm and mitochondria (Figure 3F and G). Additionally, C11-BODIPY staining demon-
strated increased lipid peroxidation level in HEVs-treated ECs, which was reversed by Fer-1 (Figure 3H). These data
strongly suggested that diabetes induced EC ferroptosis.

Next, the functional consequences of HEVs exposure on ECs were further evaluated in vitro. HEVs obviously
reduced the proliferation rate of ECs, as determined by Ki-67 immunostaining (Figure 3I). The cell scratch assay
demonstrated that HEVs decreased the migration rate of ECs at different timepoints, which is an important property of
ECs during angiogenesis (Figure 3J and K). In the tube formation assay, HEVs-treated ECs formed fewer, shorter, and
less-organized tube structures compared to CEVs group (Figure 3L). The application of Fer-1 strikingly rescued the
impairment of proliferation, migration, and tube-forming ability of ECs caused by HEVs (Figure 31-L). Altogether, these
results strongly indicate that diabetes impairs angiogenesis by inducing ferroptosis of endothelial cells.
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Figure 3 Diabetes induced ferroptosis of endothelial cells in vitro. (A) Establishment of diabetic endothelial cell model in vitro. (B) Transmission Electron Microscopy (TEM)
images of Ctrl mice-derived EVs (CEVs) and HFD mice-derived EVs (HEVs). Scale bar; 50 nm. (C) Nano flow cytometry analysis of CEVs and HEVs. (D) Western blotting
analysis of surface markers in CEVs and HEVs. (E) Fluorescence images of the internalization of CEVs and HEVs by endothelial cells. Scale bar, 20 um. (F) Cell viability of
endothelial cells after EVs treatment. (G) Images and quantification of cellular ROS level and mitochondrial ROS level in endothelial cells after EVs treatment. Scale bar,
20 um. (H) Lipid peroxidation level in endothelial cells assessed by flow cytometry using C11-BODIPY. (I) Images and quantification of Ki-67 level in endothelial cells. Scale
bar, 20 um. (J) Cell migration ability of endothelial cells by cell scratch assay. (K) Quantification of scratch closure rate. (L) Images and quantitative analysis of tube formation
assay in endothelial cells. *p < 0.05, **p < 0.0] and ***p < 0.00] by one-way ANOVA.
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Isolation and Characterization of Adipose Stem Cell-Derived Apoptotic Vesicles
Adipose tissue was excised from the inguinal region of mice, and adipose tissue-derived stem cells were isolated and
cultured (Figure 4A). Flow cytometry analysis showed that the extracted cells expressed the positive markers of
mesenchymal stem cells (CD73, CD90 and CD105), while not expressing the hematopoietic lineage markers (CD45,
CD11b) (Figure 4B). Light microscopy revealed a typical fibroblast-like morphology with a long spindle shape across
multiple passages (Figure 4C, I-1II). Moreover, they had the ability to form single-cell clones (Figure 4C, IV). After
osteogenic induction, alizarin red staining revealed the formation of mineralized nodules, indicative of osteogenic
differentiation (Figure 4C, V). Similarly, adipogenic differentiation ability was also confirmed by Oil Red O staining
(Figure 4C, VI). All these results demonstrated the mesenchymal stem cell (MSC) characteristics of the isolated cells,
thus identifying them as adipose stem cells (ASCs).

To obtain apoptotic vesicles (apoVs), apoptosis of ASCs was induced in vitro using staurosporine (sts), followed by
differential centrifugation (Figure 4D). After treatment with sts for 4 h, ASCs displayed a characteristic withered branch-
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Figure 4 Isolation and characterization of adipose stem cells and apoptotic vesicles. (A) The schematic illustration of the isolation process for adipose stem cells (ASCs). (B)
The expression of ASCs surface markers was detected by flow cytometry. Positive markers: CD73, CD90, CD105. Negative markers: CD45, CD| Ib. (C) Morphology, clone
forming unit, osteogenic and adipogenic differentiation images of ASCs. Scale bar, 500 pum (I-lIl), 200 um (IV-VI). (D) Isolation of apoptotic vesicles (apoVs) from ASCs. (E)
Images of Ctrl and staurosporine (sts)-treated ASCs. Scale bar, 500 pm. (F) TUNEL staining of Ctrl and sts-treated ASCs. Scale bar, 20 pm. (G) Western blotting analysis of
Ctrl and sts-treated ASCs. (H) Transmission electron microscope (TEM) images of apoVs. Scale bar, 200 nm. () Size distribution of apoVs by dynamic light scattering
analysis. (J) Annexin V staining of apoVs. Scale bar; 10 pum.
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like morphology under light microscopy (Figure 4E). TUNEL assay confirmed 100% apoptotic rate in sts-treated ASCs.
These sts-treated ASCs exhibited typical apoptotic morphology, characterized by nuclear condensation and fragmentation
(Figure 4F). Western blotting analysis detected the cleaved caspase-3 in apoptotic ASCs, confirming the occurrence of
apoptosis (Figure 4G). TEM showed that the isolated apoVs exhibited spherical bodies with an approximate diameter of
200-300 nm (Figure 4H). Dynamic light scattering (DLS) analysis yielded a particle size distribution curve with a peak
at approximately 295 nm (Figure 4I). Annexin V staining demonstrated phosphatidylserine externalization on the
apoptotic membrane surface (Figure 4J). These results demonstrated the successful isolation and characterization of
ASCs and their secreted apoVs, preparing for further cell experiments and diabetic wound treatment.

ASC-apoVs Inhibited Ferroptosis to Reverse Dysfunction of Endothelial Cells

To verify the therapeutic potential of ASCs-apoVs on regulating endothelial cells function impaired by diabetes, apoVs
were firstly applied to endothelial cells exposed to HEVs to assess their effect on ECs ferroptosis. Cell viability assay
demonstrated the beneficial fact that apoVs notably mitigated the ferroptosis level of ECs induced by HEVs (Figure 5A).
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Figure 5 ASCs-apoVs rescued ferroptosis of endothelial cells in vitro. (A) Cell viability of diabetic endothelial cells treated with apoVs. (B) Images and quantification of
cellular ROS level and mitochondrial ROS level in diabetic endothelial cells treated with apoVs. Scale bar, 20 pm. (C) Lipid peroxidation level in diabetic endothelial cells
treated with apoVs detected using C11-BODIPY. (D) Images and quantification of Ki-67 level in diabetic endothelial cells treated with apoVs. Scale bar, 20 pm. (E) Cell
scratch assay and scratch closure rate of diabetic endothelial cells treated with apoVs. (F) Images and quantitative analysis of tube formation assay in diabetic endothelial cells
treated with apoVs. *p < 0.05, **p < 0.001 by student’s t test.
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The accumulation of cytosolic and mitochondrial ROS in ECs caused by HEVs was greatly alleviated by the application
of apoVs (Figure 5B), promoting cell survival and function. Meanwhile, ASC-apoVs significantly reduced HEVs-
induced lipid peroxidation in ECs (Figure 5C). These results indicate the protective effect of ASC-apoVs against HEVs-
induced ferroptosis in ECs.

Based on this, the effect of apoVs on angiogenic-related function of ECs was further investigated. It was noticeable
that apoVs increased the proliferation rate of HEVs-treated ECs from 36.38% to 72.12% evidenced by Ki-67 immunos-
taining (Figure 5D). Additionally, ASC-apoVs significantly enhanced the migration capacity of HEVs-treated ECs, as
demonstrated by increased wound closure rates in a scratch assay by 12.45% at 8 h, and 11.94% 24 h (Figure 5E),
respectively. The tube formation assay directly demonstrated that apoVs significantly promoted the tube forming capacity
of HEVs-treated ECs (Figure 5F). Quantitative analysis revealed significant improvements in total length, total branching
length and overall network complexity. These evidence prove that ASC-apoVs effectively mitigate ferroptosis in diabetic
endothelial cells, thereby reversing the impairment of their functions under the pathological state of diabetes, establishing

a rationale for in vivo application.

Application of ASC-apoVs Improved Vascularization and Accelerated Wound Healing
Following in vitro confirmation of ASC-apoVs efficacy in mitigating EC ferroptosis, their therapeutic efficacy in diabetic
wound healing was investigated in vivo. Skin wounds were prepared on HFD-induced diabetic mouse model with topical
treatment of apoVs on the wound at DO, D3, D6 and D9 post-wounding, with wound healing assessed until D15
(Figure 6A). The impact of ASC-apoVs on wound vascularization and EC function was initially assessed.
Immunofluorescence staining showed that apoVs significantly reduced the enrichment level of 4HNE within the
wound vasculature (Figure 6B), suggesting that apoVs effectively inhibit ferroptosis of endothelial cells in vivo.
Furthermore, apoVs also remarkably increased the density of newly formed (CD31") and mature (vWF") blood vessels
in both the center and edge areas of the wounded skin in HFD mice (Figure 6C—F), which would be conducive to diabetic
wound healing and remodeling.

Given the observed improvement in vascularization, the effects of ASC-apoVs on overall wound healing were further
investigated. Quantitative analysis of wound closure rates showed that apoVs significantly accelerated wound healing in
HFD mice by 13.13% at D5 (p*=0.036), 25.29% at D10 (p***<0.001), 3.77% at D15 (p***<0.001) (Figure 7A and B).

Histological analysis provided further evidence for the enhanced healing observed in the ASC-apoVs group. At D15,
there still remained obvious scab on the wound surface in HFD mice because the unclosed wound requires a replacement
tissue to prevent secondary damage, but apoVs promoted wound closure and epithelial barrier formation (Figure 7C).
ASC-apoVs treatment was associated with reduced subcutaneous adipose tissue and increased hair follicle density in
HFD mice (Figure 7C). Detailed histological analysis of HFD wounds revealed substantial inflammatory cell infiltration
in the transitional healing tissue in the center wound region (Figure 7D). While partial re-epithelialization was observed
at the wound edge region in HFD mice, the epithelial layer was significantly more organized and mature in the apoVs-
treated group. Intact microvascular structures were evident throughout apoVs-treated wounds, in contrast to the
numerous vessel-like structures lacking mature endothelium in wounds of HFD mice. In addition, the functional recovery
of the healed skin was assessed using specific markers. Epithelial barrier formation is critical for maintaining skin
integrity. Immunostaining for cytokeratin 14 (CK14) revealed significantly increased CK14 expression in the epithelium
of apoVs-treated wounds compared to HFD wounds (Figure 7E and F). Collagen deposition in the subcutaneous tissue is
crucial for maintaining skin biomechanical properties. Immunofluorescence staining revealed significantly increased
collagen III (COL3) expression and a more organized collagen fiber distribution in the skin after apoVs treatment, which
is the basic condition for skin elasticity and toughness (Figure 7G and H). Collectively, this study demonstrates that
adipose stem cell-derived apoptotic vesicles (ASC-apoVs) effectively mitigate lipid peroxidation and ferroptosis of
endothelial cells, thereby promoting angiogenesis and accelerating diabetic wound healing, highlighting their significant
therapeutic potential in functional wound repair (Figure 8).
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Figure 6 ASCs-apoVs inhibited ferroptosis of endothelial cells and promoted vascularization of diabetic wound in vivo. (A) The schematic illustration of apoVs treatment
regimen in diabetic wound model. (B) CD31 and 4HNE co-staining of the wounded skin. The asterisk indicates the co-location region. Scale bar, 50 um. (C and D) Images of
CD3| staining in the wounded skin at D15 and quantification of CD31" vessel area (% total area). Scale bar, 500 um (low magnification) and 100 pm (high magnification).
(E and F) Images of vWF staining in the wounded skin at D15 and quantification of VWF" vessel area (% total area). Scale bar, 500 um (low magnification) and 100 um (high
magnification). *p < 0.05, ***p < 0.001 by student’s t test.

Discussion
Diabetes, a global chronic disease, significantly impairs wound healing, thereby detrimentally affecting patients’ health
and quality of life. Although angiogenesis disorder has been identified as a critical obstacle hindering diabetic wound
healing, the lack of a core pathogenic mechanism has led to blindness in treatment strategies. Traditional studies have
primarily concentrated on the vascular damage induced by hyperglycemia and oxidative stress in the diabetes.”*** In
contrast, our previous findings indicated that, from the perspective of metabolic homeostasis and interorgan crosstalk, the
secondary damage induced by diabetes largely results from compensatory metabolic alterations following the disruption
of the primary metabolic mechanisms.** This study explored the role of ferroptosis in the angiogenesis disorders in the
context of dysregulated lipid metabolism, enriching the theoretical framework of the pathophysiological mechanisms
underlying diabetic wound healing. Ferroptosis is closely related to cellular oxidative stress damage, and has been widely
concerned in the pathological process of many diseases in recent years.***> Based on the pathological features of
diabetes, we hypothesized that oxidative stress and dyslipidemia render endothelial cells more susceptible to ferroptosis,
thus impairing angiogenesis and hindering wound healing. Our findings underscore the importance of considering both
glucose control and the impact of lipid metabolic dysfunction in the treatment of diabetic wounds.

In the diabetic environment, metabolic disturbances and compromised antioxidant defenses led to the lipid peroxida-
tion reaction in endothelial cells, ultimately triggering ferroptosis. This discovery not only deepens the understanding of

International Journal of Nanomedicine 2025:20 hetps: 9765



Zhang et al

e DO D5 e D10 e D15 150 -~ HFD -® HFD+apoVs
15 —~ 150
3 L] = - X
Y = T ] &
o ™ , I\ 4 s L@} 2 100-
L «’ RN s =
T | 8 e s
i 0 ! T s < 50
n | Distance (mm) e
> 15 c
(<) = = 3
o E 4 777N (<]
®© ) \ S o0
a R ; ; . :
™ 2 S 0 5 10 15
T — Time (da
Distance (mm) ® ( Y)
C D Wound center Wound edge
[a] [a]
[ [
T T
% »n Eaj »n
T <>3 T % 5
Q a |
© ©
+ + |
[a) [a)
[ [
T I L
a al
L [T
s| T s| T
AF: gl e
=3} =3
@ @
+ +
[a] [m]
[T [T
I T
T s s
) ©
» H 3
2 Q@ 2@
o <+ 2
Q N4
© 3 @)
+ O
[a)
2 L &
AR
OX
G <
DAPI Wound center Wound edge
o)
[T
I
2
>
[oN.
Q.
(o]
P
[a)
[T
I

Figure 7 ASCs-apoVs accelerated diabetic wound healing and functional regeneration. (A and B) Representative photographs of cutaneous wounds and quantitative analysis
of the wound healing rate in each group. (C and D) H&E and Masson staining of the wounded skin from HFD mice and HFD+apoVs mice at D15. The high-magnified images
of the dotted box area in the center and edge of the wound (C) are shown in (D). Scale bar; 500 um (C) and 100 um (D). The area between the vertical dotted line (C) is
the healing tissue that have not yet completed remodeling. Ep., epidermis; H.F, hair follicle. The asterisk indicates inflammatory cell infiltration, the black arrow indicates
small vessels, the yellow arrow indicates immature vessel-like structure. (E and F) Images of CK |4 staining in the wounded skin at D15 and quantification of CK14 level.
Scale bar, 500 pm (low magnification) and 100 pm (high magnification). (G and H) Images of COL3 staining in the wounded skin at D15 and quantification of COL3 level.
Scale bar, 500 um (low magnification) and 100 um (high magnification). *p < 0.05, **p < 0.0l and **p < 0.00| by student’s t test.

the pathological mechanism of poor diabetic wound healing, but also provides a specific target for subsequent interven-
tions. Apoptotic products, a set of substances highly conserved in biological evolution, have been implicated in
modulating inflammatory responses and cellular fate decisions.** "¢ In the context of diabetic wound healing, the
occurrence of ferroptosis in endothelial cells due to the diabetic environment, highlights the need to explore the potential
therapeutic effects of apoptotic products. Notably, we successfully isolated secretory apoptotic vesicles from adipose
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Figure 8 Schematic illustration of the mechanism by which ASC-apoVs promote diabetic wound healing.

stem cells and demonstrated their positive role in promoting diabetic wound healing. In both in vitro and in vivo
experiments, ASC-apoVs effectively inhibited ferroptosis in endothelial cells, while simultaneously enhancing their
proliferation, migration and angiogenic activities of endothelial cells, thereby promoting wound healing. Compared with
cell therapy, ASCs-apoVs, as a cell-free therapeutic approach, avoid the challenges associated with cell quality control
and cell heterogeneity. Consequently, ASC-apoVs present a safer and more stable treatment alternative with significant
clinical translational potential. Damaged cells often initiate autophagy to clear damaged organelles and misfolded
proteins, thereby facilitating repair and reestablishing cellular homeostasis.*’ Recent studies have demonstrated that
apoVs significantly enhance autophagic activity in endothelial cells to promote vascularization during dental pulp
regeneration and post-myocardial infarction tissue repair.***® The autophagy-regulating capacity of apoVs raises the
hypothesis that they may participate in regulating lipid metabolism and oxidative stress via autophagic pathways to
counteract ferroptosis in diabetic wounds, thereby promoting wound healing, which warrants further investigation.
Compared with previous studies, this study offers some unique innovations to the field. While most existing research

1649 there has been

on diabetic wound treatment has focused on growth factors and extracellular matrix components,
limited exploration of the therapeutic potential of apoptotic derivatives derived from stem cells. At the same time,
existing studies pay little attention to the relationship between ferroptosis, an emerging cell death mode, and angiogenesis
in diabetic wound healing.'®**** Our findings clarify the critical role of endothelial cell ferroptosis in impaired
angiogenesis in diabetic wounds, and elucidate the mechanism through which ASCs-apoVs promotes angiogenesis by
inhibiting ferroptosis. These insights provide an important theoretical foundation for subsequent investigations. However,
there are still limitations in this study. Firstly, the effector molecules, molecular pathways, and regulatory targets involved
in the inhibition of endothelial cell ferroptosis by ASC-apoVs warrant further investigation. Secondly, although our
findings are promising, future clinical trials are required to validate the safety and efficacy of ASC-apoVs in human
patients. While cell-free therapies like apoVs offer advantages in stability and biocompatibility, their translational
potential still requires cost-effectiveness evaluations. This includes optimizing production scalability, storage protocols,

and delivery systems to align with clinical affordability standards. Large-scale production of high-purity and bioactive
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ASC-apoVs, maintaining their stability during storage and transport, and ensuring their efficient delivery to the wound
site are critical challenges that must be addressed.

In conclusion, this study revealed that endothelial cell ferroptosis is one of the main mechanisms of diabetic vascular
damage. ASC-apoVs, as a potential cell-free therapy, open a new avenue for the treatment of diabetic wounds. In the
future, in-depth research on the molecular mechanism and preparation process is expected to promote the further
development of the field of diabetes wound treatment and bring better prospects for diabetic patients.

Conclusion

In conclusion, this study identifies endothelial cell ferroptosis as a key mechanism contributing to vascular damage and
impaired wound healing in diabetes. Adipose stem cell-derived apoptotic vesicles (ASC-apoVs) represent a promising
cell-free therapeutic strategy for treating diabetic wounds. When administered at a dose of 200 pg (protein content) via
subcutaneous injection around the wound site on days 3, 6, and 9 post-injury, ASC-apoVs mitigate lipid peroxidation-
induced endothelial cell ferroptosis, and promote angiogenesis to accelerate wound healing. This dosing regimen
significantly improved vascular density and reepithelialization rates in diabetic wound models, providing proof-of-
concept for ASC-apoVs as a viable therapeutic approach. This study provides new insights into the metabolism-
related mechanisms underlying endothelial cell damage in diabetes and offers a novel therapeutic avenue for the
development of targeted, cell-free therapies for diabetic wound treatment.

Abbreviations
HFD, high-fat diet; ASC, adipose stem cell; apoVs, apoptotic vesicles; AUC, area under curve; IPGTT, intraperitoneal
glucose tolerance test.
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