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Background: Diabetic wounds are a common and challenging complication of diabetes, characterized by delayed healing and
increased risk of infection. Current treatment methods are limited and often ineffective in promoting wound repair. Mesenchymal stem
cell (MSC)-derived exosomes have shown promise in regenerative medicine, but enhancing their therapeutic potential remains a key
area of research.

Methods: In this study, MSCs were pretreated with empagliflozin (EMPA), and exosomes were isolated using ultracentrifugation. The
morphology, size, and protein markers of EMPA-Exos were characterized. Their effects on human umbilical vein endothelial cells
(HUVECs) were assessed using EdU assays, CCK-8 assays, scratch assays, Transwell assays, and Matrigel tube formation assays. The
PTEN/AKT/VEGEF signaling pathway was analyzed through Western blotting. In vivo, diabetic mouse wound models were used to
evaluate the healing efficacy of EMPA-Exos.

Results: EMPA pretreatment enhanced the functional properties of MSC-derived exosomes, significantly improving HUVECs’
proliferation, migration, invasion, and angiogenesis compared to non-pretreated exosomes (P < 0.05). Transcriptomic analysis and
pathway activation studies revealed that EMPA-Exos promoted angiogenesis through the PTEN/AKT/VEGF signaling pathway. In
vivo experiments demonstrated accelerated wound healing and increased vascularization in diabetic mice treated with EMPA-Exos (P
< 0.05).

Conclusion: EMPA -pretreated MSC-derived exosomes effectively enhance angiogenesis and accelerate diabetic wound healing by
activating the PTEN/AKT/VEGF signaling pathway. This strategy offers a promising approach for improving diabetic wound repair
and provides a potential new therapeutic avenue in regenerative medicine.
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Introduction

Diabetes wound is a prevalent chronic metabolic disease. In recent years, the incidence of diabetes has been rising
annually due to increased aging, higher obesity rates, and the impact of unhealthy lifestyles. The prevalence of diabetes
has escalated from an estimated 4% in 1995 to 6.1% in 2021,' with an annual increase rate of 3.73 per 100,000.> The
International Diabetes Federation (IDF) projects that by 2045, approximately 783 million people worldwide will have
diabetes. With the growing number of diabetic patients, diabetes-related complications, particularly diabetic wounds, are
increasingly becoming a global public health issue.’
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Current conventional treatments for diabetic wounds include debridement, infection control, dietary management, and
skin grafting. However, traditional treatment methods often have low cure rates, high recurrence rates, and are less
effective in preventing amputations and restoring skin integrity.*” Studies indicate that more than 20% of diabetic
patients suffer from chronic, non-healing diabetic wounds throughout their lives, and the mortality associated with
diabetic wounds is significantly higher compared to those without diabetic wounds.®” This not only severely impacts
patients’ physical and mental health but also places a considerable burden on families and society.® Therefore, further
research into diabetic wound treatment is necessary to explore new mechanisms and therapies. Successful diabetic wound
repair is closely related to local angiogenesis, which effectively promotes nutrient and oxygen supply to the wound area,
thereby facilitating key processes such as fibroblast proliferation, collagen synthesis, and re-epithelialization.” '
Consequently, novel angiogenesis-targeting treatments hold significant promise for diabetic wound care and have
broad clinical application potential.

Adipose-derived mesenchymal stem cells (Ad-MSCs) are pluripotent stem cells obtained from adipose tissue, known
for their self-renewal and multi-directional differentiation capabilities. They are widely used in tissue engineering and
regenerative medicine.'>'> Previous studies have shown that Ad-MSCs can promote the repair of various tissues and
organs by secreting growth factors and other substances. Recent research suggests that Ad-MSCs primarily exert their
biological effects through the secretion of exosomes via paracrine signaling.'*'> Exosomes, extracellular vesicles with
diameters of 30—150 nm, are synthesized within cells and transported to the extracellular environment through the
endoplasmic reticulum and Golgi apparatus. They contain various bioactive molecules such as proteins, nucleic acids,
and lipids. Ad-MSCs can regulate target cell physiological processes by transferring these exosomes to target cells.'®
Exosomes play crucial roles in intercellular communication, immune regulation, and tissue repair. Compared to Ad-
MSCs, exosomes offer advantages such as better stability, fewer immune rejection responses, convenient administration,
and ease of internalization into recipient cells.'” Research shows that exosomes have a wide range of applications in
various fields, including disease diagnosis, treatment, and prognosis.'®2°

However, there are still several challenges in the research and clinical translation of Ad-MSCs, such as issues
with immune compatibility, stability, heterogeneity, differentiation, and migration capacity, which limit their
widespread application.”' To overcome these research bottlenecks, studies have found that regulating Ad-MSCs
with small molecules, hypoxia, or structural stimuli can enhance their functionality, survival, and therapeutic
effects.” 2* To better replicate the microenvironment in which MSCs exist in the human body, hypoxia is
commonly used as an intervention for MSCs. Studies have shown that exosomes secreted by hypoxia-treated Ad-
MSCs contain a higher concentration of protective microRNAs (eg, miR-125b, miR-612, miR-126), which play
a significant role in the repair of various conditions, including myocardial infarction, bone healing, and angiogen-
esis. The identification of these microRNAs provides new insights into the clinical application of MSCs in
regenerative medicine.”>**¢

Empagliflozin (EMPA), a sodium-glucose co-transporter 2 (SGLT2) inhibitor, reduces glucose reabsorption and
lowers blood glucose levels, making it a crucial therapeutic agent for diabetes management. Beyond its hypoglycemic
effects, EMPA has been shown to offer multiple additional benefits, particularly in cardiovascular health. Research
indicates that EMPA can mitigate mitochondrial oxidative stress, protect the endothelial barrier function of cardiac
microvascular endothelial cells, prevent cellular senescence, promote endothelial cell migration, and enhance
angiogenesis.”’ 2’ Given EMPA’s potential in improving diabetes-related complications and mitigating endothelial cell
damage, this study further explores its application in diabetic wound healing.

This study aims to investigate the effects of EMPA pre-treatment on the exosomes secreted by Ad-MSCs on the
biological functions of human umbilical vein endothelial cells (HUVECs) under hyperglycemic conditions. It examines
how these exosomes enhance HUVECs proliferation, migration, invasion, and tube formation, thereby promoting
angiogenesis in diabetic wounds and accelerating wound healing. Additionally, the study explores the impact of
empagliflozin-treated exosomes (EMPA-Exos) on the PTEN/AKT/VEGF signaling pathway in diabetic wounds. The
findings of this research are expected to improve the quality of life for diabetic patients and provide new insights and

methods for wound healing research.
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Methods

Cell Culture and EMPA Pretreatment

All experiments were approved by the Ethics Committee of Nanjing University Affiliated Drum Tower Hospital. Ad-
MSCs were obtained from discarded adipose tissue during surgery. Briefly, type I collagenase solution (Beyotime, China)
was added to chopped adipose tissue and digested on a shaker at 37°C for 20 minutes until no visible particles remained.
The digestion solution was then centrifuged at 1000 rpm for 5 minutes, and the pellet was resuspended in 5% FBS ECM
medium (Sciencell, USA). After 24 hours, the medium was replaced to remove non-adherent cells. HUVECs were
purchased from the Chinese Academy of Sciences Cell Bank (Shanghai, China) and cultured in complete medium
containing 5% fetal bovine serum (Gibco, USA). The high glucose (HG) group had a glucose concentration of 35 mmol/
L, while the low glucose control group (LG/Con) had a glucose concentration of 5.6 mmol/L.

Exosome Isolation and Characterization

Ad-MSCs were pre-treated with 500 nM EMPA in 10% exosome-free FBS complete medium for 48 hours. Subsequently,
cell supernatants were collected and filtered through a 0.22 pym membrane. Exosomes were isolated from the supernatant
by ultracentrifugation: 300 g for 10 minutes, 2000 g for 10 minutes, 10000 g for 30 minutes, and 100000 g for
70 minutes. The obtained exosomes were dissolved in PBS and stored at —80° for subsequent use. Exosome morphology
was observed using transmission electron microscopy (TEM), exosome markers (CD9 and Alix) were detected by
Western blot, and nanoparticle tracking analysis (NTA) was used to measure the size distribution of the exosomes. The
bicinchoninic acid (BCA) assay was used to quantify exosomal protein content, thereby reflecting the concentration of

€X0Somes.

Exosome Uptake

Exosomes were labeled with the red fluorescent dye PKH26 (Sigma-Aldrich, USA). PKH26-labeled exosomes were co-
cultured with HUVECs for 10 hours. After co-culture, HUVECs were washed twice with PBS and fixed with 4%
paraformaldehyde for 15 minutes. The cytoplasm was stained with Actin-Tracker (Beyotime, China) for 30 minutes, and
the nucleus was stained with DAPI. After washing with PBS, fluorescence was observed using a laser scanning confocal
microscope (Nikon Al, Japan).

Transwell Assay

The Transwell assay was used to evaluate cell invasion. Cell suspensions without serum were placed in the upper
chamber, while complete medium was placed in the lower chamber. After incubation at 37°C for 48 hours, cells in the
upper chamber were removed with a cotton swab. The remaining cells were fixed with formaldehyde and stained with
crystal violet. Cells were then observed under an optical microscope, and the number of cells was quantified using
Imagel.

CCK-8 Assay

Cell viability of HUVECs was assessed using the CCK-8 assay. HUVECs were seeded into 96-well plates and treated
with LG, HG, HG + Exos (100 pg/mL), and HG + EMPA-Exos (100 pg/mL). After 24 hours, 100 pL of CCK-8 solution
was added to each well. The plate was incubated at 37°C for 1 hour, and absorbance at 450 nm was measured using
a spectrophotometer (BioTek, USA).

EDU Assay

The EDU assay was used to assess HUVEC proliferation. HUVECs were seeded into 24-well plates and treated with LG,
HG, HG + Exos (100 pug/mL), and HG + EMPA-Exos (100 pg/mL). Cells were co-incubated with EDU reagent for
12 hours, then fixed and stained with formaldehyde. Fluorescence was observed using a laser scanning confocal
microscope (Nikon Al, Japan).
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Tube Formation Assay

Tube formation was assessed using Matrigel (Corning, USA). Matrigel was added to each well of a pre-chilled 96-well
plate and allowed to solidify on ice. HUVECs were seeded into the Matrigel-coated wells and treated with LG, HG,
HG + Exos (100 pg/mL), and HG + EMPA-Exos (100 pg/mL). After incubation at 37°C for 6 hours, tube formation
was observed under an optical microscope (Olympus, Japan) and the number of capillaries was quantified using
Imagel.

Wound Healing Assay

The wound healing assay was used to assess HUVEC migration. HUVECs were seeded into 96-well plates and treated
with LG, HG, HG + Exos (100 ug/mL), and HG + EMPA-Exos (100 pg/mL). When cells reached 90% confluence,
wounds were created using a 1 mL pipette tip. After washing with PBS to remove suspended cells, images were taken at
0 hours and 24 hours. Wound healing was quantified using Imagel.

Protein Extraction

Cells were seeded into 6-well plates and treated with LG, HG, HG + Exos (100 pg/mL), and HG + EMPA-Exos (100 pg/
mL). Cells were washed twice with PBS, and 1 mL of RIPA buffer was added to each well. Protein extracts were
centrifuged at 12000 rpm at 4°C for 15 minutes. The supernatant (80 puL) was mixed with 20 uL of 5x SDS loading
buffer and heated at 100°C for 10 minutes.

Western Blot Analysis

Western blotting was performed to detect exosome expression and mechanisms. Protein extracts were separated by gel
electrophoresis and transferred to a polyvinylidene fluoride (PVDF) membrane. The membrane was blocked with 5%
BSA solution, incubated overnight at 4°C with primary antibodies, and then washed. Secondary antibodies were
incubated at room temperature for 1 hour. Bands were visualized using chemiluminescent detection and quantified
with Imagel] software. As a loading control, GAPDH and B-actin were used to ensure equal protein loading across all
samples. Bands were visualized using chemiluminescent detection and quantified using ImageJ software. The intensity of
the bands was measured and normalized to GAPDH and B-actin levels to ensure consistency and reproducibility across
different experimental runs. Catalog Numbers for Antibodies Used: PTEN (Rabbit origin, CAT#ET1606-43, HUABIO);
VEGF (Rabbit origin, CAT#ER30607, HUABIO); AKT (Rabbit origin, CAT#9272, Cell Signaling Technology); P-AKT
(Rabbit origin, CAT#4060T, Cell Signaling Technology); GAPDH (Mouse origin, CAT#AC002, ABclonal); B-Actin
(Rabbit origin, CAT#ACO026, ABclonal); CD9 (Rabbit origin, CAT#ab236630, Abcam); Alix (Rabbit origin,
CAT#ab275377, Abcam); PageRuler™ Marker (CAT#26616, Thermo Fisher Scientific); p-PI3K (Rabbit origin,
CAT#HA721672, HUABIO); PI3K (Rabbit origin, CAT#4292, Cell Signaling Technology); HIF-1a (Rabbit origin,
CAT#10006421, Cayman); Calnexin (Rabbit origin, CAT#ER1803-42, HUABIO).

Animal Model

Wound healing studies were conducted using 6—8 week old C57BL/6 and db/db mice. Animal experiments were
permitted by the Medical School for Animal Use and Care Committee of Nanjing Drum Tower (Ethics Approval
Number: 2024-749-01) and were performed according to the guidelines of NIH (USA). Hair was shaved from the dorsal
area of the mice using a razor, followed by depilatory cream and cleaning with water. The next day, mice were
anesthetized with isoflurane, and a 1 cm diameter wound was created using a puncher, followed by disinfection with
iodine. db/db mice were injected with 100 uL PBS, 100 pL exosomes (100 pg exosomes in 100 uL. PBS), or 100 pL
EMPA-Exos (100 ug EMPA-Exos in 100 pL PBS). Each group consisted of 5 mice. Mice were housed in SPF
conditions, and images were taken at days 0, 3, 7, 10, and 14 using a smartphone. Wound healing was analyzed using
ImagelJ. On day 14, mice were euthanized, and tissues were collected, fixed in formaldehyde, embedded in paraffin, and
sectioned for further analysis.
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Histology, Immunohistochemistry, and Immunofluorescence Analysis
Paraffin blocks were sectioned into 5 pum thick slices. Hematoxylin and eosin (H&E) staining was used to observe wound
healing length, while Masson’s trichrome staining was used to assess collagen synthesis and deposition.

Paraffin sections were deparaffinized in water, subjected to antigen retrieval to restore antigen activity, and incubated
overnight at 4°C with VEGF antibody. Sections were then incubated with secondary antibodies and ABC complex to
enhance signals. Brown precipitates were visualized using DAB substrate, and sections were observed under
a microscope.

For immunofluorescence, paraffin sections were deparaffinized in water and blocked with 1.5% goat serum in the
darkroom to prevent non-specific binding. Sections were incubated with CD31 and a-smooth muscle actin (a-SMA)
antibodies, followed by treatment with Alexa Fluor 488 and Cy3-conjugated secondary antibodies for visualization.
Fluorescence images were observed using a fluorescence microscope in the darkroom to determine the location and
expression levels of target proteins.

Transcriptomic Analysis

HUVEC were allocated into three groups—Control, HG, and HG+EMPA-Exos—with three biological replicates per
group. After culturing under defined conditions, total RNA was extracted using Trizol, followed by DNase I treatment
and magnetic bead purification. Only samples with an RNA concentration >200 ng/puL. and an RNA Integrity Number
(RIN) >8.0 were processed further. mRNA was enriched using Oligo (dT) magnetic beads and subsequently fragmented
prior to cDNA library construction. Library quality was assessed with an Agilent 2100 bioanalyzer before sequencing on
an [llumina platform at BGI. Raw sequencing data were subjected to quality control with FastQC to remove low-quality
reads, and gene expression was quantified in transcripts per million (TPM) using RSEM. Differentially expressed genes
(DEGs) were identified using edgeR (p < 0.05) and further analyzed via GO and KEGG enrichment analyses.

Statistical Analysis

Statistical analyses were conducted using data from at least three independent experiments. For each dataset, means and
standard deviations were reported. Data were analyzed using GraphPad Prism software (GraphPad Software Inc., La
Jolla, CA). Differences between two groups were assessed using Student’s #-test. For comparisons involving more than
two groups, one-way ANOVA was performed followed by Tukey’s multiple comparisons test. A p-value < 0.05 was
considered statistically significant.

Results

Characterization of Ad-MSCs-Derived Exosomes

To investigate the role of EMPA-Exos in promoting diabetic wound healing (Figure 1), we first isolated Ad-MSCs. Ad-
MSCs exhibited fibroblast-like morphology in culture. Immunofluorescence analysis confirmed the presence of surface
markers CD29, CD44, CD75, and CD105, while CD34 was absent (Figure 2A). To determine the optimal concentration
of EMPA for treating mesenchymal stem cells, we assessed MSC viability using the CCK-8 assay after 24 and 48 hours
of treatment. The results indicated that MSCs showed the best viability at 500 nM EMPA after 48 hours compared to
other concentrations and controls (Supplementary Figure 1). Consequently, we used 500 nM EMPA for 48 hours as the

standard condition for subsequent in vitro experiments, consistent with previous studies.**

To investigate the effect of EMPA-Exosomes on diabetic wound healing, exosomes were isolated from both untreated
and EMPA-treated Ad-MSCs via ultracentrifugation. TEM revealed that both exosomes and EMPA-Exosomes had
a characteristic cup-shaped, double-layered membrane structure (Figure 2B). Western blotting confirmed the presence
of exosome positive markers CD9 and Alix, as well as the negative markers Calnexin and GAPDH in both Ad-MSC-
derived exosomes and EMPA-Exosomes (Figure 2C). NTA showed that the size distribution of exosomes and EMPA-
Exosomes was predominantly between 50 and 150 nm (Figure 2D). These findings indicate that Ad-MSC-derived
exosomes and EMPA-Exosomes are similar in morphology, surface markers, and particle size, with EMPA pretreatment
not altering these characteristics. To assess if HUVECs could internalize exosomes, PKH26-labeled exosomes and
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EMPA-Exosomes were co-cultured with HUVECs for 10 hours. Both exosomes and EMPA-Exosomes were found to be
internalized by HUVECs (Figure 2E).

EMPA-Exosomes Enhance HUVECs Proliferation, Migration, Invasion, and

Angiogenesis Induced by High Glucose

To explore whether EMPA-Exosomes promote diabetic wound healing by enhancing HUVEC functions, we first
evaluated their effect on HUVEC proliferation using the EdU assay. Compared to the HG group, the number of EdU-
positive cells was higher in both exosome and EMPA-Exosome groups, with EMPA-Exosomes showing the highest
number of positive cells (Figure 3A). Additionally, CCK-8 assays demonstrated that HG conditions inhibited HUVEC
survival, while both exosomes and EMPA-Exosomes provided protective effects, with EMPA-Exosomes showing the
most significant protection (Figure 3B). Scratch assays assessed the effect of EMPA-Exosomes on HUVEC migration,
revealing that both exosomes and EMPA-Exosomes improved migration under high glucose conditions, with EMPA-
Exosomes exhibiting a stronger effect (Figure 3C and D). Transwell assays further showed that EMPA-Exosomes
enhanced HUVECs invasion under high glucose conditions. Tube formation assays on Matrigel evaluated the ability
of HUVECs to form capillary networks. Results indicated that while exosomes improved tube formation under high
glucose conditions, EMPA-Exosomes showed the most pronounced improvement (Figure 3E). These results collectively
demonstrate that EMPA-Exosomes effectively restore proliferation, migration, and angiogenic capacity of HUVECs
impaired by high glucose.

EMPA-Exosomes Enhance HUVECs Angiogenesis Through the PTEN/AKT/VEGF
Pathway

To elucidate the mechanism by which EMPA-Exosomes promote angiogenesis in HUVECs, transcriptomic analysis was
performed on HUVECS, high glucose-treated HUVECs, and EMPA-Exosome-treated HUVECs. The results are shown in
Figure 4A. Intersection analysis of differentially expressed genes between the control and high glucose groups, and
between the high glucose and EMPA-Exosome-treated groups, followed by GO and KEGG analysis, revealed that
differential genes primarily activated lipid metabolism, angiogenesis, and inflammatory responses in HUVECs
(Figure 4B). KEGG analysis suggested that these genes might act through pathways such as TNF, NF-kB, and AKT
(Figure 4C). To verify if EMPA-Exosomes promote angiogenesis through the AKT signaling pathway, we analyzed the
expression of PTEN/AKT/VEGF pathway-related proteins using Western blotting. The results showed that HG reduced
the expression of phosphorylated AKT (p-AKT), PI3K (p-PI3K), HIF-1a and VEGF, whereas both exosomes and EMPA-
Exosomes increased their expression, with EMPA-Exosomes demonstrating the most substantial effect. Additionally,
high glucose increased PTEN expression, which was significantly reduced by both exosomes and EMPA-Exosomes, with
EMPA-Exosomes showing the strongest inhibitory effect (Figure 4D and E). These results indicate that EMPA-Exosomes
enhance HUVECs angiogenesis by activating the PTEN/AKT/VEGF pathway.

LY294002 Inhibits HUVECs Angiogenesis by Suppressing the PTEN/AKT/VEGF

Pathway

To further investigate the role of the PTEN/AKT/VEGF pathway in EMPA-Exosome-induced HUVEC angiogenesis,
we used the PI3K inhibitor LY294002. The EdU and CCK-8 assays showed that LY294002 inhibited the protective
effect of EMPA-Exosomes on HUVEC proliferation under high glucose conditions (Figure 5A and B). Scratch
assays and Transwell migration experiments indicated that LY294002 partially suppressed the migration and
invasion enhancement induced by EMPA-Exosomes (Figure 5C and D). Additionally, the angiogenesis assays
demonstrated that LY294002 inhibited the improvement in vascular formation promoted by EMPA-Exosomes
(Figure 5E). Western blotting results showed that LY294002 significantly reduced the expression of phosphorylated
AKT, PI3K, HIF-lo and VEGF proteins, while increasing PTEN expression (Figure 6A and B). Overall, these
results suggest that LY294002 inhibits EMPA-Exosome-induced HUVEC angiogenesis, highlighting the critical role
of the PTEN/AKT/VEGF pathway in the process.
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EMPA-Exosomes Promote in vivo Wound Healing in Diabetic Mice

To further evaluate the therapeutic effect of EMPA-Exosomes on diabetic wound healing, full-thickness skin defects were
created on the backs of C57BL/6 and db/db diabetic mice. Subcutaneous injections revealed that the exosome-treated
group accelerated wound closure compared to the model group, with the most significant effects observed on days 7, 10,
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and 14 post-surgery (Figure 7A and B). Histological analysis with HE staining showed improved epithelial regeneration
and wound healing in the EMPA-Exosome-treated group compared to both the exosome-only and model groups
(Figure 7C and D). Masson’s trichrome staining indicated more extensive collagen deposition in the EMPA-Exosome
group, suggesting superior matrix remodeling (Figure 7E and F). Immunofluorescence staining for CD31 (endothelial
cells) and a-SMA (smooth muscle cells) showed more mature blood vessels in the EMPA-Exosome-treated diabetic
wounds (Figure 7G and H). Additionally, immunohistochemistry results indicated that EMPA-Exosomes significantly
enhanced collagen I and III synthesis (Figure 8A—-D) and increased VEGF expression (Figure 8E and F). Collectively,
these results demonstrate that EMPA-Exosomes accelerate diabetic wound healing by enhancing angiogenesis.
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Figure 7 EMPA-Exos promote diabetic wound healing. (A) Representative images of full-thickness skin wounds on the backs of C57BL/6 and db/db mice receiving multiple
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assess CD31 and a-SMA expression in wounds; Data are presented as means + SD from five independent experiments; *P < 0.05, **P < 0.01 versus the control (Con) group.
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Figure 8 Immunohistochemical analysis of post-surgical wounds. (A and B) Immunohistochemical staining for collagen | expression in wounds; (C and D)
Immunohistochemical staining for collagen lll expression in wounds; (E and F) Immunohistochemical staining for VEGF expression in wounds; Data are presented as
means + SD from five independent experiments; *P < 0.05, **P < 0.01 versus the control (Con) group.

Discussion

Diabetic wound are a common complication in diabetic patients, characterized by slow healing, susceptibility to
infection, and frequent recurrence. These issues not only cause significant patient suffering but also increase the
healthcare burden.*'**? Current treatments, including wound debridement, antibiotic therapy, and topical applications,
often fail to effectively promote wound healing and are associated with side effects and limitations.*® Thus, exploring
new strategies to enhance diabetic wound healing is of considerable practical and clinical significance.

One major limiting factor in diabetic wound healing is impaired angiogenesis. Increasing evidence indicates that
endothelial cell dysfunction caused by hyperglycemia is a primary cause of vascular problems, leading to diabetic
complications.''** High glucose environments activate inflammatory signaling pathways, leading to endothelial cell
apoptosis and dysfunction, which in turn contributes to diabetic vascular complications.*>® In this study, we found that
high glucose conditions inhibited HUVEC vitality and proliferation, leading to cellular dysfunction and limiting their
migration, angiogenesis, and wound healing capabilities.

Recent advancements in regenerative medicine have provided new hope for treating various refractory clinical
diseases. Ad-MSCs have become a focus of regenerative medicine research due to their unique abilities for self-

International Journal of Nanomedicine 2025:20 hetps: 5131



Wang et al

renewal, differentiation, and immune modulation.***! MSCs, sourced from adipose tissue, bone marrow, umbilical cord,
and other tissues, can differentiate into various cell types including osteoblasts, chondrocytes, and adipocytes. Besides
direct tissue repair, MSCs can also promote tissue regeneration through the secretion of various bioactive molecules.***
This paracrine effect offers a promising new approach for treating chronic wounds such as diabetic ulcers.

Exosomes, nanometer-sized membrane vesicles secreted by cells, contain a variety of bioactive molecules including
proteins, RNAs, and lipids. Studies have shown that MSC-derived exosomes can transfer information between cells and
regulate the physiological functions of recipient cells. Utilizing MSC-derived exosomes in diabetic wounds offers
significant biological functionality while avoiding the immune responses and rejection issues associated with direct
MSC application.***” However, research on exosomes has encountered some challenges. Recent studies have found that
small molecule compounds, hypoxia, structural stimuli, or engineering modifications can enhance their functionality. For
example, Muyu et al demonstrated that atorvastatin-pretreated MSC-derived exosomes (ATV-Exos) significantly pro-
moted diabetic wound healing and angiogenesis through AKT/eNOS pathway activation and upregulation of miR-221-
3p.?? Hypoxia-preconditioned MSC-derived extracellular vesicles, by transferring miR-612, inhibit TP53 and activate
HIF-1a-VEGF signaling pathways, significantly promoting angiogenesis and showing potential for treating ischemic
diseases.” Liu et al used engineering methods to incorporate superparamagnetic nanoparticles into exosomes to enhance
their cardiac targeting efficiency, thus improving the therapeutic effects of exosomes.>*

EMPA is a SGLT2 inhibitor that primarily lowers blood glucose levels by inhibiting renal glucose reabsorption.**>°
It is widely used for treating type 2 diabetes and has been found to have cardiovascular and renal protective effects
beyond glucose lowering, possibly through mechanisms such as improving endothelial function, reducing inflammation,
and oxidative stress.”' > Recent studies have explored combining drug pre-treatment with stem cell therapy to enhance
the therapeutic effects of exosomes.*>® Pre-treating MSCs with EMPA may enhance their exosome secretion and
biological activity by modulating intracellular signaling pathways, potentially providing a new strategy for diabetic
wound treatment.

In this study, we pretreated MSCs with EMPA. After exposing MSCs to an appropriate concentration of EMPA for 2
days, we isolated and extracted exosomes using ultracentrifugation. To ensure the purity and quality of the exosomes, we
characterized their morphology and size using transmission electron microscopy and nanoparticle tracking analysis,
confirming no significant changes before and after EMPA treatment. Tracing experiments showed that EMPA-pretreated
exosomes, like untreated exosomes, could be internalized by cells and exert their effects. In vitro experiments demon-
strated that EMPA-Exosomes significantly enhanced HUVEC proliferation, invasion, migration, and angiogenesis.
Transcriptomic analysis revealed significant enrichment of several signaling pathways in the EMPA-treated group,
particularly those related to angiogenesis. Activation of the PTEN/AKT/VEGF pathway is crucial for stimulating
angiogenesis, including HUVEC vitality and tube formation. PTEN indirectly inhibits VEGF-mediated angiogenesis
by suppressing AKT phosphorylation, while AKT phosphorylation directly promotes VEGF-mediated angiogenesis.
Regulation of this pathway is significant for angiogenesis and treatment of related diseases.”’ >’

To further validate the key role of the PTEN/AKT/VEGF signaling pathway in the enhanced functionality of EMPA-
pretreated exosomes, we used the AKT pathway inhibitor LY294002. Adding L'Y294002 to HUVECs revealed its impact
on EMPA-pretreated exosome-induced angiogenesis. LY294002 significantly inhibited the proliferation, migration, and
angiogenesis induced by EMPA-pretreated exosomes, confirming the critical role of the PTEN/AKT/VEGF pathway in
the enhanced functionality of these exosomes. VEGF promotes angiogenesis by specifically binding to cell surface
receptors with tyrosine kinase activity.’> °' In vivo experiments using a diabetic mouse wound model demonstrated that
local injection of EMPA-pretreated exosomes significantly accelerated wound healing compared to the control group.
Histological analyses, including HE staining, Masson’s trichrome staining, CD31 and a-SMA immunofluorescence
staining, and collagen I and III, as well as VEGF immunohistochemistry, supported these findings. The results showed
increased mature blood vessels, richer granulation tissue, and more uniform and orderly collagen deposition in the
treatment group. Immunohistochemistry analysis indicated a significant upregulation of VEGF expression in the treat-
ment group, further supporting that EMPA-pretreated exosomes promote angiogenesis through the PTEN/AKT/VEGF
signaling pathway.
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When comparing EMPA-preconditioned exosomes to other exosome preconditioning methods (such as hypoxia,
small molecules, or metal particle stimulation), EMPA demonstrates significant advantages. Firstly, EMPA, as an
SGLT2 inhibitor widely used in clinical practice, exhibits low cellular stress and high safety, avoiding the cellular
damage and long-term stability issues often associated with hypoxia and other methods. Secondly, EMPA not only
promotes angiogenesis but also provides a more comprehensive biological effect by improving endothelial
function, reducing inflammation, and mitigating oxidative stress. In contrast to other methods, EMPA precondi-
tioning is more clinically translatable, with simpler, more standardized protocols, making it better suited to support
the widespread application of exosome-based therapies. Therefore, EMPA preconditioning offers a unique advan-
tage in enhancing exosome-mediated angiogenesis and wound healing potential.

Exosomes, as a promising drug delivery system, offer advantages such as low immunogenicity and efficient
crossing of biological barriers, making them widely applicable in clinical treatments. The key to large-scale
production of exosomes lies in optimizing the production process. While traditional ultracentrifugation is commonly
used for exosome isolation, it has limitations in terms of efficiency and yield. Therefore, the use of chromatography
and filtration technologies has emerged as an alternative, significantly improving production efficiency while
minimizing damage to exosome functionality.®> In addition, optimizing cell sources and culture conditions during
production is crucial. By adjusting cell culture media, increasing cell density, and utilizing optimized transfection
techniques, the yield and quality of exosomes can be further enhanced. To ensure the stability of exosomes, it is
recommended to store them at —80°C for long-term storage, effectively preserving their structure and biological
activity. For short-term storage, 4°C is feasible, but long-term storage may lead to changes in exosome size and
reduced bioactivity. To minimize damage during freezing and thawing, it is advised to reduce the number of freeze-
thaw cycles and use stabilizers (such as trehalose or DMSO) for protection.®*** Furthermore, storing exosomes in
natural biological fluids (such as serum) has been shown to maintain better stability compared to purified buffer
solutions. However, despite exosomes’ naturally low immunogenicity, engineered exosomes may still induce
immune responses during clinical applications, and further research is needed to ensure their immunological
safety.®® Therefore, optimizing exosome production, storage, and immunogenicity remains a critical focus for future
research.

While the study yielded positive results, several limitations should be noted. First, the in vivo wound healing
experiments were conducted over 14 days, which were sufficient for evaluating healing rates and histological changes.
However, a longer follow-up (eg, 28 days) would provide better insight into long-term processes like collagen remodel-
ing and scar formation. Additionally, evaluating pro-inflammatory and anti-inflammatory markers in the wound environ-
ment could offer a more comprehensive understanding of healing. The relatively small sample size (n=5 per group) is
another limitation, and future studies could benefit from power calculations to optimize sample size for detecting subtle
biological effects. Furthermore, while we focused on the PTEN/AKT/VEGF pathway, other signaling pathways (eg, IL-
17, TNF, NF-kB) identified in transcriptomic analysis were not fully explored. Future studies should incorporate genetic
knockdown approaches to assess these pathways’ roles in EMPA-Exos’ effects. Although we confirmed that HUVECs
internalize EMPA-Exos via PKH26 labeling, the exact mechanism of internalization (eg, receptor-mediated endocytosis
or direct fusion) was not investigated. This should be explored in future research to better understand their therapeutic
potential.

Conclusion

This study demonstrates that empagliflozin-pretreated MSC-derived exosomes significantly enhance angiogenesis and
accelerate diabetic wound healing by activating the PTEN/AKT/VEGF signaling pathway. This approach shows promise
as a novel and effective strategy for improving wound repair in diabetic patients, offering potential benefits over current
treatments and advancing regenerative medicine. Given the clinical approval of empaglifiozin, this strategy holds
significant translational potential, with clinical trials potentially starting within 2-3 years following further comprehen-
sive studies. Future research should focus on optimizing exosome dosage and exploring additional downstream targets

and mechanistic.
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