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Purpose: Inhibition of cellular adaptation to hypoxia can cause persistent inflammation, thereby
increasing tissue damage and complicating wound healing in diabetes patients. Regulating cellular
adaptation to hypoxic environments can help in effective wound repair. Hypoxia-inducible factor
(HIF)-1a is a key regulator of cell hypoxia. Extracellular vesicles (EVs) regulate wound repair. This
study investigated the mechanism of HIF-1a overexpression in adipose-derived stem cell extra-
cellular vesicles (ADSCs-hEVs) in the repair of diabetic wounds.

Materials and Methods: HIF-1a expression in diabetes patients and healthy participants
was studied. High-throughput sequencing, GO, and KEGG analysis revealed that ADSCs
small extracellular vesicle hypoxia environments may increase HIF-1a expression by affect-
ing cell metabolism, differentiation, and TGF-B secretion, or by altering the PI3K/AKT
pathway. Effect of addition of ADSCs-hEVs on cell proliferation and migration was inves-
tigated using Western blotting, EdU assay, transwell assay, and migration. In vivo, after 7,
14, and 21 days, important factors for diabetic wound healing were evaluated by immuno-
histochemistry, qRT-PCR, Masson staining, and H&E staining.

Results: HIF-1a expression decreased in the skin of diabetes patients; interleukin (IL)-6
expression increased, and growth factor-related indexes decreased. ADSCs-hEVs signifi-
cantly increased the expression and secretion of growth factors, compared with ADSCs-EVs.
In vivo, ADSC-hEV treatment accelerated the healing rate and improved the healing quality
of diabetic wounds compared with ADSCs-EVs.

Conclusion: Speed and quality of wound healing increased significantly in the ADSCs-
hEVs group, which could inhibit early inflammation while promoting the secretion and
expression of growth factors and extracellular matrix-related indexes.
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Introduction

Diabetes is a common disease; oxidative stress, inflammation, or glycolipid toxic
pancreatic B cell dysfunction play a key role in diabetes.' Wound healing in diabetes
patients is typically extremely slow; some wounds do not even heal completely, with
infection further complicating treatment; however, there is no effective treatment.* New
methods for treating wounds in diabetes patients have been reported, such as the
application of carbon monoxide and phototherapy; however, these methods are not

widely used and the treatment is not sufficiently thorough. Thus, further research and
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Graphical Abstract

Schematic illustration of ADSCs-hEVs therefore accelerates the healing rate of diabetic wounds and improves healing quality by

inhibiting inflammation and regulating extracellular matrix secretion. ADSCs-hEVs can promote the proliferation and migration of

fibroblasts through the PI3K/AKT signaling pathway and increase the secretion of related vascular factors, growth factors, and the

extracellular matrix.
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understanding of wound healing in diabetes patients are
needed. ™ Here, through a study of hypoxia in diabetic
wounds, we found that hypoxia-inducible factor (HIF)-1a
may be effective in promoting refractory wound healing.
HIF-1a. decomposes rapidly in hypoxic environments and
rapidly mediates cellular adaptation to hypoxia under hypoxic
conditions. HIF-1a is an important factor for cell metabolism,
inflammation,  fibrosis,  vascular = remodeling, and
angiogenesis.”® More than 200 target proteins were reported
to be directly regulated by HIF-10.” HIF-1a also regulates
several processes required for wound repair. Hypoxia is
a prognostic determinant of wound repair, and HIF-1a med-
iates cellular adaptation to hypoxia and contributes to wound
healing. Chronic hypoxia in the skin can lead to delayed
healing, as well as a gradual decrease in HIF-1a levels.' "2
New evidence suggests that cells can communicate by
secreting extracellular vesicles that are typically stored in the
cavity, thereby affecting cell activity and growth.'® Adipose-
derived stem cell (ADSCs) paracrine mechanisms, particu-
larly extracellular vesicle secretion, can prevent apoptosis in

rat ischemic myocardium and play a critical role in.'*

Extracellular vesicles can directly fuse with receptor cells
and transport proteins, nucleic acids, and other molecules in
these cells to regulate their activity.'> Compared with ADSCs
adjuvant therapy, the “cell-free therapy” using extracellular
vesicles effectively mimics the ability of primordial cells to
avoid limited cell survival, immune-mediated rejection, and
the possibility of malignant transformation, thus enhancing
their potential to play an unprecedented mediating role in
cell-cell communication.'®

Generally, delayed healing or non-healing wounds are
caused by the low oxygen utilization rate of the damaged
area. Combined transplantation of ADSCs and extracellular
vesicles (ADSCs-EVs) in a hypoxic environment can promote
wound healing in diabetes patients; however, the specific
mechanism of action remains to be elucidated.'” HIF-la
plays an important role in improving the cell hypoxia state.
Therefore, we can enhance HIF-1a expression in extracellular
vesicles to improve blood perfusion, reduce inflammatory cell
numbers, improve the quality and speed of wound healing, and
achieve the goal of complete treatment of refractory diabetic

wounds.
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In this study, we speculated that HIF-1a plays a key reg-
ulatory role in the healing process of diabetic wounds. To
verify this hypothesis, we first analyzed differences in the
expression of skin tissue-related factors between the tissues
of diabetes patients and normal skin tissues. Then, we evalu-
ated the effect of ADSCs-EVs on cells using high-throughput
sequencing. Furthermore, we evaluated the effects of ADSCs-
hEVs on fibroblast proliferation, migration, chemokine frac-
tion, and extracellular matrix secretion in vitro. We also inves-
tigated the in vivo effects of ADSCs-hEVs on inflammation,
growth factors, and extracellular matrix secretion in diabetic
wound healing.

Materials and Methods
Cell Culture

Adipose tissue and skin tissue samples was harvested from
the Second Affiliated Hospital of Harbin Medical
University. All patients signed the informed consent
form. All study was approved by the ethics committee of
the hospital. First, we conducted primary culture of human
adipose stem cells (hADSCs) and finally cultured in
a humidified 5% CO, atmosphere at 37°C. Similarly, we
conducted primary cultures of human fibroblasts (HF). The
skin tissue of diabetic patients and normal people was
immediately —80°C preserved for qRT-PCR detection.

Cell Extraction and ldentification
hADSCs were
extracted. hADSCs were immunolabeled with

Third-generation = mesenchymal

Table | Primer Sequences of the Study

antibodies against CD44, CD34, CDI14, CD29, and
CD105 (Abcam, Cambridge, UK) and analyzed using
a flow cytometer (BD Biosciences, San Jose, CA,
USA). HADSCs were seeded in 6-well plates and
incubated in an adipogenic medium for 7 days.
Adipogenic differentiation was determined by Oil red
O (Sigma-Aldrich) staining. Homoplastically, hADSCs
were seeded in 6-well plates and incubated in an
osteogenic medium for 21 days. Osteogenesis differ-
entiation was determined by Alizarin Red (Sigma-
Aldrich) staining.

Cell Transfection

HIF-la-overexpressing vector (pLVX-HIF-1a-GFP
-3FLAG-ZsGreen—puromycin) and controls (pLVX-
GFP-3FLAG-ZsGreen-puromycin) were provided by
Hanheng gene (HANBIO, Shanghai, China). When
hADSCs reached 50% confluency (passage 3), lenti-
viral vectors were transfected into them and incubated
for 8 h (multiplicity of infection = 120). Non-
transfected cells were eliminated with puromycin.

QRT- PCR

RNA was extracted from the exosome-treated cells and
wound tissue. Next, cDNA was reverse transcribed from
the extracted RNA. Real-time PCR was performed using
a 10-fold dilution of the cDNA template (ABI, CA, USA).
Primer sequences are listed in Table 1.

hADSCs Genes Forward Primer 5'—3’ Reverse Primer 5'—3’
Actin-Mouse CACTGTCGAGTCGCGTCC TCATCCATGGCGAACTGGTG
Actin-Human TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAA
HIF1-a-Human ATTACAGCAGCCAGACGATCA ATTGATTGCCCCAGCAGTCT
MMPI-Human AGAGCAGATGTGGACCATGC TTGTCCCGATGATCTCCCCT
PDGF-Human AGGATTCTTTGGACACCAGC AGATCAGGAAGTTGGCGGAC
SDF-1-Human GCCCTTCAGATTGTAGCCCG GTAAGGGTTCCTCAGGCGTC
bFGF-Human AAGAGCGACCCTCACATCAA ACGGTTAGCACACACTCCTT
EGF-Human TCCAAGTGCATCAACACCGA GGGTGGAGTAGAGTCAAGACA
TGF-B-Human GTGAGCTAGATCGGTTGCTT CTTGCTAGATGGGAACTGAGAC
VEGF-Human GGCGAAGAGAAGAGACACATT TTCAATGGTGTGAGGACATAGG
IL-6-Human CCTAGAGTACCTCCAGAACAGA CAGGAACTGGATCAGGACTTT
Col I-Human GAGGGCAACAGCAGGTTCACTTA TCAGCACCACCGATGTCCA
TGF-B-Mouse CGAAGCGGACTACTATGCTAAA TCCCGAATGTCTGACGTATTG
bFGF-Mouse CTTACCGGTCACGGAAATACTC AGCTCTTAGCAGACATTGGAAG
Col I-Mouse GAGGGCAACAGCAGGTTCACTTA TCAGCACCACCGATGTCCA
VEGF-Mouse AGGCTGCTGTAACGATGAAG TCTCCTATGTGCTGGCTTTG
PDGF-Mouse TAACACCAGCAGCGTCAAGT TTCCCTACGCCTTCCTGTCT
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Identification and Treatment with
ADSCs-hEVs

HADSCs (HIF-1a overexpression, HIF-1a overexpression
control, and control groups) at 90% confluence were cul-
tured in a medium containing 10% serum without extra-
cellular vesicles (SBI, California, USA, EXO-FBS-50A-1)
for an additional 24 h. The cell supernatant was then
collected and centrifuged at 300 g for 10 min, and then
at 2000 g for 10 min. Then, the cell supernatant was
filtered with a 0.22-um sterile filter (sterile micropores,
Burlington). We followed the manufacturer’s instructions
to add the ExoQuick-TC reagent (SBI, EXOTC10A-1)
overnight at 4°C. After centrifugation at 1500 g for 30
min, the cell supernatant was discarded and the extracel-
lular vesicle pellet was resuspended in PBS, and the extra-
cellular vesicle protein concentrations were measured
using a BCA Protein Assay Kit (Beyotime, P0010-1).
Extracellular vesicles were either stored at —80°C or used

immediately for the downstream experiments.

Identification of Extracellular Vesicles

We analyzed the size distribution of the purified extracellular
vesicles by nanoparticle tracking analysis (Malvern’s
NanoSight NS300), and the Western blot assay was performed
to assess the levels of the proteins CD63, TSG101, and CD9 to
identify the purified extracellular vesicles (Abcam, UK). In
addition, we followed the manufacturer’s instructions to label
ADSCs-EVs using PKH26 Red Fluorescent Cell Linker Kits
(Sigma, USA), and examined the ultrastructure of vesicles by
transmission electron microscopy (Libra 120 instrument,
Zeiss). Next, ADSCs-EVs, ADSCs-hEVs, negative control
of adipose stem cell extracellular vesicles (ADSCs-cEVs)
(100 pg/mL), or PBS were added to 80-90% confluent
human fibroblasts and incubated in an incubator for 24
h with the PI3K/AKT inhibitor LY294002 (50 nM,
Monmouth Junction, NJ, USA) or for 48 h for the Edu assays
(cell proliferation ELISA, Roche Diagnostics).

miRNA Sequence Analysis of the

Extracellular Vesicles

Extracellular vesicles were extracted from cells and the
miRNAs
Verification and sequence analysis were performed to

from extracellular vesicles were isolated.
ensure that the miRNA samples met the requirements.
Thermal graph quality analysis was performed for the

genes in extracellular vesicles and GO and KEGG

analyses were performed for the related differentially
expressed miRNAs.

Protein Extraction and Western Blotting

The lysed cells were analyzed by Western blotting with the
following rabbit primary antibodies: anti-GAPDH (ab181602,
Abcam), anti-HIF-1laa (WL01607, WanleiBio), anti-type
I collagen (COL I) (ab34710, Abcam), anti-type III collagen
(COL III) (ab184993, Abcam), anti-P-AKT (13038, Cell
Signaling Technology), anti-AKT (9272, Cell Signaling
Technology), anti-VEGF  (ab52917,  Abcam).
Horseradish peroxidase-conjugated goat anti-rabbit IgG

and

(1:8000, Abcam) was used as the secondary antibody.
A chemical discharge imaging system was used for the visua-
lization of the blots (MageQuant LAS 4000 mini

machine, GE).

Scratch Assay

After 90% cell growth in the 6-well plate, a 100-pL pipette
head was used to draw a smooth line vertically in the
center of the plate. Extracellular vesicles were added to
serum-free medium, followed by culturing. The cell
migration area was calculated by examining the plate
under a microscope.

Transwell Assay

We inoculated 5000 cells in the upper compartment of
Transwells and cultured them in serum-free medium, while
extracellular vesicles were added to the lower compartment.
After 24 h of culture, the upper chamber was resuspended
with clean water, and the cells at the bottom were wiped off
with a cotton ball. After staining with crystal violet for 30
min, photographs were captured for analysis.

Surgical Procedure and Treatment

Nude BALB/c (4-5-week-old) mice were fed a high-fat diet
for 3—4 weeks till they weighed 20 g. To establish a diabetes
mouse model, the mice were injected with streptozotocin
35 mg/kg in 0.1 M citrate-buffered saline. All animals were
obtained from the Second Affiliated Hospital of Harbin
Medical University (Harbin, Heilongjiang, China). All ani-
mal experimental protocols were approved by the IACUC
(approval number: 2014116).

After a week, the changes in blood glucose were evalu-
ated to verify the establishment of the model (blood glucose
levels > 16.7 mM for up to a week). Next, we performed
a surgical operation and excised the same amount of skin
from the back as in the wound model (0.8 x 0.8 cm). Nude
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mice were administered EVs (2 mg in 100 pL. PBS) or only
100 pL PBS subcutaneously at four points of the wound edge
using a 1-mL syringe. After feeding on days 0, 3, 7, and 14,
the wound tissues were photographed and analyzed of wound
healing. The following groups were assessed: control, no
wound in mice with diabetes; DM + PBS, nude mice with
diabetes treated with PBS; DM + EVs, nude mice with
diabetes treated with ADSCs-EVs; DM + hEVs, nude mice
with diabetes treated with ADSCs-hEVs; DM + cEVs, nude
mice with diabetes treated with ADSCs-cEVs.

Histopathological and

Immunohistochemical Analyses

The skin tissue samples from the diabetes nude mouse
model were fixed in 4% polyformaldehyde and processed
to obtain tissue sections. Then, they were incubated over-
night at 4°C with primary antibodies against f-actin, IL-6,
a-SMA, COLIII, and transforming growth factor (TGF)-p.
On the next day, they were incubated with secondary
antibodies against COLI and IL-10. We performed immu-
nofluorescence staining, H&E, and Mason trichrome stain-
ing using using standard protocols. Images were obtained
using a Leica microscope, and five different fields were
randomly assessed. The skin tissue excised from the mice
with diabetes were stored at —80°C for qRT-PCR analysis

to determine the expression levels of COLI, TGF-p,
PDGE, bFGF, VEGF (Table 1).

Statistical Analyses

All values are expressed as the mean + SD. The data were
analyzed using GraphPad Prism 9.0 software, and the
images were analyzed using Image]. Quantitative data
across all groups were analyzed using one-way ANOVA
and t-test. A P value less than 0.05 indicated statistical
significance.

Results
Characterization of hADSCs and

ADSCs-EVs

We identified hADSCs that were CD44, CD29, and CD105
positive and CD14 and CD34 negative (Figure 1A). Alizarin
red staining revealed that hADSCs showed calcified nodules
after 21 days of differentiation, indicating osteogenic differ-
entiation (Figure 1B). Oil red O-stained hADSCs showed
lipid droplets after 7 days of adipogenic differentiation
(Figure 1C). HIF-lo. expression was upregulated in
ADSCs (H-ADSCs) after lentivirus transfection. The protein
levels of HIF-1a were significantly higher in H-ADSCs than
in N-ADSCs and C-ADSCs (Figure 1D). As shown in
Figure 2, the EVs microstructure demonstrates a mean size

] comp-FrcA- Comp-FITC-A+ Comp-FITC-A- Comp-FITC-A+ *1FITC-A-
99.6 0.36 99.0 0.97

FITC-A+ PE-A- PE-A+ FITC-A- FITC-A+
98.7 - 99.4

osteogenic

Figure | Identification of hRADSCs. (A) Flow cytometry revealed immunophenotypic characteristics of hADSCs. (B) Calcium nodules were detected by alizarin red staining
(100 x). (C) Lipid clusters were detected by oil red O staining. (D) Protein levels of HIF-1a in different groups of hADSCs as analyzed by Western blot. Bars, 25 pm.
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Figure 2 Characterization of ADSCs-EVs. (A) Morphology observed under transmission electron microscope. Bars, 200 um. (B) Particle size distribution. (C) Western blot
was used to detect EVs surface markers. (D) Fluorescent microscopy analysis of PKH26-labeled ADSCs-EVs internalization . Bars, 100 pum.

110 nm. High expression levels of CD63, TSG101, and CD9
were found in fibroblasts using Western blotting. After
labeling EVs with the PKH26 red dye, we discovered that
ADSCs-EVs were internalized by fibroblasts.

HIF-1a Expression in Tissues of Diabetes
Patients and High-Throughput Sequencing

and KEGG and GO Analyses of the Effect

of Extracellular Vesicles on Cells
HIF-1a is a key factor that regulates cellular adaptation to
hypoxia and promotes wound healing."® To determine whether
the expression of inflammatory factors and HIF-1a differed
between the skin tissue of diabetes patients and healthy indi-
viduals, we analyzed the skin tissue of diabetes patients and
healthy individuals (N = 6) using qRT-PCR (Figure 3;
P < 0.05). The mRNA levels of bFGF, SDF-1, IL-6, VEGF,
PDGEF, and HIF-1a were lower in diabetes patients than in
healthy individuals (Figure 3A). Studies have demonstrated
reduced anti-inflammatory response in the skin tissue and
cellular adaptation to hypoxia in diabetes patients. Thus, the
healing of wounds in diabetes patients is delayed.

We also performed high-throughput sequencing of

ADSCs-EVs and hypoxic ADSCs-EVs. The results

showed that 584 miRNAs were differentially expressed.
KEGG and GO analyses showed that extracellular vesicles
in a hypoxic environment may enhance the ability to
produce cells via the PI3K/AKT pathway and significantly
promote cell metabolism and differentiation, thus suggest-
ing that cell function can be regulated through HIF-10-
overexpressed extracellular vesicles (Figure 3B).

Cell Proliferation, Migration, and

Extracellular Matrix Formation
We first explored the effects of ADSCs-hEVs on fibro-
blasts by evaluating their effects on fibroblast prolifera-
tion. The scratch and transwell assays showed significantly
increased proliferation and migration of cells after treat-
ment of fibroblasts with ADSCs-hEVs (Figure 4A). In the
ADSCs-hEVs group, COL I, COL III, and VEGF protein
expression levels were significantly increased (Figure 4B).
Fibroblasts can secrete a variety of chemokines and
facilitate extracellular matrix formation to accelerate
wound repair and improve wound healing quality.'’
We also observed the effects of ADSCs-hEVs-related
factors on fibroblasts. qRT-PCR showed that the
expression levels of the VEGF, TGF-B, EGF, and
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Figure 3 The differential levels of mMRNA levels between normal human skin samples and Diabetic skin samples. (A) QRT-PCR analysis of mRNA levels, including HIF-10, bFGF, IL-6,
PDGF, VEGF, SDF-1. (B) GO and KEGG enrichment of differentially expressed miRNAs. Significant terms in KEGG pathways. n=5. Data are represented as mean + SD.

MMP1 genes in fibroblasts were significantly increased
(Figure 5A). Moreover, we found that ADSCs-hEVs
significantly enhanced fibroblast proliferation
(Figure 5B). Thus, ADSCs-hEVs can regulate the pro-
duction of extracellular proteins and chemokines in
fibroblasts
angiogenesis.

and exert potential effects to promote

ADSCs-hEVs Regulated Fibroblast
Proliferation and Extracellular Matrix
Formation by Activating the PI3K/AKT

Pathway
The PI3K/AKT pathway plays an important role in
increasing cell proliferation and migration and promoting
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wound healing. Functionally, after inhibiting PI3K/AKT
signaling, western spot detection showed that ADSCs-
hEVs significantly improved p-AKT protein levels in HF
in a dose-dependent manner (Figure 5C). This finding
suggests that the regulation of the externally dependent
proliferation and migration of ADSCs-hEVs may occur
through the PI3K/AKT signaling pathway. To further
investigate the regulatory effects of this signaling pathway
on fibroblasts, we pretreated fibroblasts with the signal

inhibitor LY294002. Subsequently, Edu analysis showed
that the effect of ADSCs-hEVs on fibroblast proliferation
was significantly attenuated (Figure 6A). Simultaneously,
the signal inhibitor significantly inhibited the increase in
AKT phosphorylation and the important factor COL
I induced by ADSCs-hEVs expression (Figure 5C). This
suggests that the regulation of the externally dependent
proliferation and migration of ADSCs-hEVs occurs
through the PI3K/AKT signaling pathway.
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and growth factors in HF. (A) QRT-PCR analysis of mRNA levels, including bFGF,

MMPI, VEGF, TGF-. (B) The proliferation of cells by Edu assays. *, vs ADSCs-EVs; #, vs Ctrl; (C) Western-blot analysis of protein levels of p-akt induced by different
concentrations of control, ADSCs-EVs, ADSCs-hEVs and ADSCs-cEVs. LY294002 inhibit the activation of PI3K/ AKT induced by control, ADSCs-EVs, ADSCs-hEVs and
ADSCs-cEVs. Data are represented as mean # SD. *, vs ADSCs-hEVs+Ly; #, vs ADSCs-EVs+Ly; +, vs ADSCs-cEVs+Ly; n = 3. *P < 0.05, **P < 0.01, ***P < 0.0001, *P <

0.05,P < 0.001, *#P < 0.0001, *P < 0.05.

ADSCs-Hexo Significantly Increased the
Healing Effect of Diabetic Wounds

Extracellular vesicles were injected into the subcutaneous
wounds of diabetic nude mice to observe and study wound
healing. From the images taken on days 0, 3, 7, and 14, the size
of the ADSCs-hEVs-treated wounds was smaller than that of
the ADSCs-EVs and control-treated wounds (Figure 6C).
Next, we also found that the ADSC-hEVs wounds closed

on day 14. An analysis of the wound closure rates confirmed
that ADSCs-hexo-treated wounds contracted much faster than
ADSCs-EVs-treated wounds on days 7 and 14. From the
general observations of H&E staining (Figure 7A) and
Masson-stained sections, ADSCs-hEVs-treated skin wounds
exhibited complete re-epithelialization and cuticle covering of
the epidermis and continuous tissue arrangement. After

Masson’s trichrome staining, the skin fibers appeared blue
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Figure 6 ADSCs-hEVs promote the proliferation and migration of cells via the PI3K/AKT. (A) Edu assay showed that ADSCs-hEVs-treated HF proliferation was suppressed
by inhibitors LY294002, compared with ADSCs-EVs. *, vs ADSCs-hEVs+Ly; #, vs ADSCs-EVs+Ly; +, vs ADSCs-cEVs+Ly; (B) QRT-PCR analysis of wound tissue mRNA level
14 days after operation, including bFGF, COLI, PDGF, VEGF, TGF-p. (C) After ADSCs-hEVs-treated 0, 3, 7 and 14 days were taken. Data are represented as mean + SD. *, vs
DW+EVs; #, vs DW+PBS; ns, vs DW+PBS; n = 3. *P < 0.05, *P < 0.01, **P < 0.0001, #P < 0.05, *P < 0.01, "*p < 0,00001, ***P < 0.0001. Bars, 100um.

(Figure 7A and B). In contrast, skin wounds treated with
ADSCs-EVs exhibited low re-epithelialization.

ADSCs-hEVs Regulate Inflammation in
the Early Stages of Diabetic VWound
Healing and Promote Fibroblast
Proliferation and Extracellular Matrix

Synthesis
To evaluate the effects of ADSCs-hEVs on wound healing
in bare diabetic nude mice, we determined the levels of

wound-related inflammatory factors and chemokines as
well as collagen proteogenesis. The increase in TGF-f,
bFGF, PDGF, COL I, and VEGF gene expression in
wound tissue indicated that ADSCs-hEVs promoted col-
lagen and growth factor expression in skin tissue cells to
accelerate wound healing (Figure 6B). We also investi-
gated the effects of ADSCs-hEVs on TGF-B, a-SMA,
COL I, and COLIII and the inflammatory factors IL-6
and IL-10 in diabetic wounds. TGF-B, IL-10, a-SMA,
COL I, and COLIII expression was upregulated in the
ADSCs-hEVs treatment group at week 1 and 2, whereas
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Figure 7 Observation of wound healing quality and velocity after operation. (A) HE and Masson staining of tissue wounds 14 days after operation and expression of IL-6 and IL-10 in
wound tissue was observed 7 days after operation. Expression of 0-SMA, TGF-B, COLI, COLIII in wound tissue was observed 21 days after operation. n=3. (B and C) Masson,

immunofluorescence and immunohistochemical statistical analysis. Data are represented as mean % SD. ¥, vs DW+EVs; #, vs DW+PBS; n = 6. %P < 0,001, *=P < 0.0001, *P < 0.05, P <
0.001, P < 0,0001. Bars, 100um.
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IL-6 expression was downregulated (Figure 7A and C),
compared to the expression levels in the control group.
These findings indicate that ADSCs-hEVs can signifi-
cantly inhibit the inflammatory production of diabetic
wounds, promote angiogenesis, and promote high-quality
wound healing in diabetic nude mice.

Discussion

Refractory diabetic wounds are a common health concern
worldwide and require effective treatment. Healing of
wounds, burns, or diabetic ulcers present on the skin and
their softening after recurrence are extremely slow and
difficult to manage.”® The metabolic abnormalities in dia-
betic patients can further complicate the wound healing
process due to hyperglycemia, which may also cause
chronic wound stagnation. Hypoxia is an extremely impor-
tant prognostic determinant for wound healing. Inhibition
of cell adaptation to hypoxia makes it difficult for cells to
multiply and migrate in hypoxic environments. Cellular
adaptation to hypoxia is mediated by HIF-1a, which can
increase the quality and speed of wound healing.
Accumulating evidence suggests that extracellular vesicles
play a regulatory role in wound healing mechanisms.*'
Although this study presents some important results
related to wound healing, an effective treatment remains
elusive at present. In this study, we found that ADSCs-
hEVs can accelerate high-quality healing of diabetic
wounds by activating the PI3K/AKT pathway to promote
fibroblast proliferation and migration.

Adaptation of trauma cells to a hypoxic environment, the
inflammatory response, and the expression of collagen pro-
teins affect the process of late wound healing.>** It has been
shown that insufficient tissue or cellular oxygen supply is
a common feature of multiple diseases, such as cancer,
obesity, diabetes, and ischemic diseases. In diabetic diseases,
elevated blood glucose can degrade the stability of HIF-1a
through related proteins, which affects genes dependent on
HIF-1 o regulation. Meanwhile, the decreased binding of
HIF-1a to coactivator P300 due to high glucose response
can also lead to slow or even non-healing of diabetic
wounds.>* New reports also suggest reduced expression
levels of chemokines, such as VEGF, due to defects in the
traumatic tissues of HIF-1a transactivation.'® Therefore, we
initially evaluated the differences in epidermal gene expres-
sion between patients with diabetes and healthy individuals.
We found that the expression of anti-inflammatory factors
PDGF, bFGF, SDF-1, VEGF, and HIF-1a decreased com-
pared to that in normal skin, but the expression of IL-6 was

upregulated in diabetic skin tissue. PDGF released by plate-
lets binds to fibroblast surface receptors to promotes wound
healing through fibroblast proliferation,? and SDF-1 is typi-
cally secreted by fibroblasts during the late stage of wound
healing.?® Several studies have shown that HIF-la is an
important adaptive gene that regulates the hypoxic environ-
ment of cells.'® Through high-throughput sequencing, GO,
and KEGG analyses, we found that hADSCs extracellular
vesicles under hypoxia may increase HIF-1a expression by
affecting cell metabolism, differentiation, and TGF-f secre-
tion or through the PI3K/AKT signaling pathway. These
findings may provide insights for future research.

In this study, ADSCs-hEVs promoted fibroblast prolif-
eration and migration through the PI3K/AKT pathway and
increased the production of extracellular matrix components
and multiple growth factors. Fibroblasts are important cells
for wound healing because they release a variety of growth
factors and extracellular matrix for scar formation. Type
I and III collagen are two important components of the
extracellular matrix that are secreted by HF and are contri-
bute to the structural and mechanical properties of newly
formed tissues.”” Thus, the proliferation and migration of
HF determine the speed of wound healing. Studies have
shown that the growth factor TGF-§ can promote fibroblast
proliferation and can coordinate with bFGF to stimulate
fibroblast proliferation in normal rats.*® Moreover, MMPs
participate in extracellular matrix remodeling, and EGF is
a chemokine that promotes fibroblast proliferation and
migration.”” EVs are important transmitters between cells
and have tremendous potential for the healing of chronic

30,31

diabetic wounds, as they have been reported to promote

cell proliferation and migration and wound healing.***
Notably, because HIF-1a can target VEGF expression, it is
an important factor for promoting angiogenesis.** The VEGF
protein level increased after EVs treatment, promoting the
wound healing process and increasing angiogenesis.>> EVs
can activate the phosphorylation of survival pathways, espe-
cially the PI3K/AKT signaling pathway.’*>” As a result,
ADSCs-hEVs induce HF proliferation and migration,
thereby promoting wound healing. This is an important find-
ing in the study of diabetic wound treatment.

Studies in diabetic nude mouse wounds revealed that
ADSCs-hEVs can accelerate the healing rate of diabetic
wounds by increasing the secretion of COLI/II, IL-10,
TGF-B, 0-SMA, and VEGF and reducing the expression
of IL-6 inflammatory factors. Previous studies analyzing
factors related to extracellular matrix secretion during
wound healing have shown that the secretion of COLI
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and COL III is an important factor that facilitates rapid
wound healing.*®**° The anti-inflammatory factors IL-6
and IL-10 are involved in wound healing and angiogenesis
in the surrounding tissues.’**' HIF-la is an important
regulator of inflammatory cells that is capable of regulat-
ing macrophage motility,** and its high expression pro-
motes blood flow, angiogenesis, and tissue healing by
regulating VEGF and SDF-1 expression in hypoxic
wound tissue.*® Based on the above findings, we deduced
that ADSCs-hEVs treatment can accelerate diabetic wound
healing and contribute to high-quality wound healing. The
present study thus provides strong evidence supporting the
utility of ADSCs-hEVs in clinical treatment.

The following limitations of study should be noted.
We did not study the specific effects of ADSCs-hEVs on
the proliferation and migration of fibroblasts. Future
studies should investigate these effects as well as the
involvement of other pathways in ADSC-hEVs-mediated
wound healing. Similarly, future studies exploring the
treatment applications of ADSCs-hEVs should deter-
mine accurate injection doses to achieve the best ther-
apeutic effect.

Conclusions

In summary, this study shows that ADSCs-hEVs can
increase HF proliferation and migration through the
PI3K/AKT signaling pathway and increase the secretion
of related vascular factors, growth factors, inflammatory
factors, and the extracellular matrix. ADSCs-hEVs can
therefore accelerate the healing rate of diabetic wounds
and improve healing quality by inhibiting inflammation
and regulating extracellular matrix secretion. These studies
provide more possibilities for ADSCs-hEVs in diabetic
wound repair.
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