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Abstract

Objective: We explore the effects of endothelial progenitor cell (EPC)-derived exosomes (EPCexos) and of astragaloside IV (ASIV)-
stimulated EPCexos (ASIV-EPCexos) on type I diabetic-wound healing, and determine the basic molecular mechanisms of action. Meth-
ods: EPCs were exposed to different concentrations of ASIV to generate ASIV-EPCexos. A chronic-wound healing model involving
streptozotocin-stimulated diabetic rats was established. These rats were treated with EPCexos, ASIV-EPCexos, rapamycin, and wort-
mannin. Wound healing was evaluated by direct photographic observation, hematoxylin and eosin staining, and Masson’s trichrome
staining. Results: ASIV treatment increased the abilities of EPCs (e.g., proliferation), as well as exosome secretion. EPCexo showed a
“cup holder” like structure. Treatment with ASIV-EPCexos increased the wound-healing rate, collagen-deposition area, bromodeoxyuri-
dine uptake, VEGF expression, and the number of CD31- and αSMA- positive cells, whereas decreased epidermal thickness and CD45
expression. The expression of the PI3K/AKT/mTOR pathway increased, whereas the expression of inflammatory factor decreased. How-
ever, rapamycin and wortmannin reversed these changes. Conclusions: ASIV-EPCexos may accelerate type I diabetic-wound healing
via the PI3K/AKT/mTOR pathway. This study may lay the foundation for new clinical treatment options for patients with type I diabetic
wounds.
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1. Introduction
The delayed and prolonged healing of diabetic wounds

is a major challenge for healthcare providers worldwide
[1]. Presently, typical clinical treatments for patients with
chronic wounds are the dressing care of local ulcer wounds
and repeated debridement of necrotic tissue [2,3]. These
dressings include preservatives, antioxidants, growth fac-
tors, and analgesics [4]. However, the treatment effects are
inadequate.

Exosomes, with diameters ranging from 30 to 200 nm,
are extracellular vesicles originating from the endosome
and contain a wide range of substances, including proteins,
DNA, lipids, and metabolites [5]. The process of exosome
biosynthesis includes the double inward folding of the cell
membrane and the creation of intracellular multivesicular
bodies (MVBs) that contain intraluminal vesicles (ILVs).
These MVBs can then either be degraded through fusion
with lysosomes or autophagic vesicles or release ILVs as
exosomes [5,6]. Exosomes are crucial in various physiolog-
ical and pathological processes via cellular communication,

such as immune response, tissue repair, and cancer progres-
sion [5,7,8]. For instance, mesenchymal stem cell (MSC)-
derived exosomes (MSCexo) promote the growth of en-
dothelial cells and skin fibroblasts to accelerate the repair of
skin wounds [9]. Fibroblast proliferation and endothelial-
cell angiogenesis are the salient features of diabetic-wound
healing [10]. Endothelial progenitor cells (EPCs) foster
the regeneration of endothelial cells by secreting exosomes
instead of self-differentiating into mature endothelial cells
[11]. EPC-derived exosomes (EPCexos) can appreciably
promote the vitality and angiogenesis of rat aortic endothe-
lial cells [12]. Therefore, we speculate that EPCexos may
be effective as a potential treatment for promoting diabetic-
wound healing.

The decoction made from astragalus root is called “as-
tragalus” and is widely used in traditional Chinese medicine
to treat viral and bacterial infections, inflammation, and
cancers. Astragaloside IV (ASIV) is one of the main ac-
tive ingredients in the aqueous extract of astragalus [13].
ASIV has various pharmacological effects through multiple
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pathways, including anti-inflammatory, antifibrotic, antiox-
idative stress, antiasthma, antidiabetic, immunological, and
cardioprotective [14]. Therefore, ASIV effectively protects
against focal cerebral ischemia, liver fibrosis, cancer, dia-
betes, and cardiovascular diseases [15]. After myocardial
infarction, ASIV exerts angiogenesis and cardioprotective
effects via the PTEN/PI3K/AKT pathway [16]. Our pre-
vious studies have also shown that ASIV promotes the se-
cretion of EPCexos [17]. However, the effects of ASIV-
stimulated EPCexos (ASIV-EPCexos) on diabetic-wound
healing have not yet been explored.

PI3K is important in mitosis, survival, differentia-
tion, cytoskeleton configuration and remodeling, angio-
genesis, glucose transport regulation, and cyst transport
[18]. PI3K catalyzes the formation of phosphatidylinosi-
tol triphosphate (PIP3), which binds to the PH domain of
3-phosphoinositide-dependent protein kinase 1 (PDK1) to
activate AKT [19]. The PI3K/AKT/mTOR pathway mod-
ulates cell growth, survival, metabolism, and immunity
[20,21]. Activation of the PI3K/AKT/mTOR pathway in-
creases the expression of VEGF and stimulates angiogene-
sis [22]. The AKT/eNOS pathway can regulate angiogen-
esis and tissue repair [23]. We speculate that ASIV could
promote EPCexo secretion and diabetic-wound healing via
the PI3K/AKT pathway.

In the present study, animal experiments were con-
ducted to explore the effects of ASIV-EPCexos on type
I diabetic-wound healing, and determine the underlying
mechanism of action.

2. Materials and Methods

2.1 Separation, Identification, and Treatment of Cells
This study was approved by the Ethics Commit-

tee of the First Hospital of Hunan University of Chinese
Medicine (NO.HN-LL-KY-2020-013-01). All experiments
were performed strictly in accordance with the Declaration
of Helsinki, and informed consent was obtained from all the
participants.

Umbilical-cord blood from healthy, full-term new-
borns was obtained from the Obstetrics and Gynecology
Department of the First Hospital, Hunan University of Chi-
nese Medicine, Changsha, China. Heparin (20 U/mL) was
added to the cord blood for anticoagulation. The isolated
cord blood mononuclear cells were resuspended in DMEM
(D5796, Sigma, Saint Louis, MO,USA)with 10%FCS (04-
001-1ACS, Gibco, Carlsbad, CA, USA). The cell suspen-
sion (3 × 106/mL) was inoculated into a plate with slides
and cultured in an incubator (DH-160I, Shanghai Santeng,
Shanghai, China) at 37 °C with 5% CO2 and saturated
humidity. The cells were identified using flow cytome-
try and immunofluorescence (IF) staining. Afterward, the
EPCs were treated with the corresponding concentrations
of ASIV (0, 50, 100, and 200 mg/L) for 72 h. As previ-
ously described [24], the exosomes were harvested by cen-

trifugation at 200,000×g for 60 min, and treated and exam-
ined by transmission electronmicroscope (TEM, JEM1400,
Jeol, Beijing, China).

2.2 Animal Model
Male, 8-week-old Sprague-Dawley rats (n = 96)

weighing 250–300 g were purchased from Hunan SJA Lab-
oratory Animal Co., Ltd. (Changsha, Hunan, China). The
experimental protocol was approved by the Animal Experi-
mentation Ethics Committee of the First Hospital of Hunan
University of Chinese Medicine (NO. ZYFY20201018-2).
Rats were housed alone and exposed to a 12/12-h light/dark
cycle at 22–24 °C and with ad libitum access to food and
water. One week later, they were divided into control (n =
12) and diabetic (n = 84) groups. After fasting for 12–16
h, rats in the diabetic group were given a single intraperi-
toneal injection of streptozotocin (STZ) solution (65 mg/kg
body weight, in 0.1 M citrate buffer, pH = 4.5, S0130,
Sigma-Aldrich, Saint Louis, State of Missouri, USA) to
induce a type I diabetes model [25,26]. Blood glucose
levels were randomly monitored daily after the first 72 h.
When three consecutive random blood-glucose concentra-
tions were more than 16.7 mmol/L, a successful model of
diabetes was considered to have been established. After 14
d, rats in the control and diabetic groups were anesthetized
and shaved. The dorsal skin of the rats was disinfected,
and four pieces of 1.5 × 1.5-cm2 full-layer skin were re-
moved from the deep fascia on both sides of the rat spine.
All the rats were injected intraperitoneally with 100 mg/kg
bromodeoxyuridine (BrdU, Sigma, St. Louis, MO, USA).
STZ, rapamycin, and wortmannin were purchased from
Sigma. Rats in the diabetic group were randomly divided
into the following groups: an EPCexo group, a low dose
of ASIV-EPCexos group (low-ASIV-EPCexo), a medium
dose of ASIV-EPCexos group (mid-ASIV-EPCexo), a high
dose of ASIV-EPCexos group (hi-ASIV-EPCexo), a hi-
ASIV-EPCexo + rapamycin group, and a hi-ASIV-EPCexo
+ wortmannin group. Rats in the EPCexo group were in-
jected with 500 mg/L EPCexos. The low-, mid-, and hi-
ASIV-EPCexo groups were treated with ASIV-EPCexos
at different concentrations (250, 500, and 1000 mg/L).
Rats in the hi-ASIV-EPCexo + rapamycin and hi-ASIV-
EPCexo + wortmannin groups were treated with rapamycin
(37 nM, mTOR blocker, ab120224, AbcamCam-bridge,
Cambridgeshire, UK) or wortmannin (15 µg/kg, PI3K
blocker, ab120148, AbcamCam-bridge, Cambridgeshire,
UK), respectively, following treatment with 1000 mg/L
ASIV-EPCexos. EPCexos were locally injected around the
wounds [27,28]. Wound photographs were recorded at 0,
3, 7, 10, and 14 d, and the percentage of wound healing
area was calculated using the Image-Pro Plus image analy-
sis system following skin resection. Rats were euthanized
at 14 d, and the skin was excised and preserved for further
analysis.
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2.3 Flow Cytometry
The expression of the surface markers CD31 (+),

CD34 (+), CD45 (–), and CD133 (+) of EPCs was eval-
uated using flow cytometry. After approximately 12 d
of subculture, cells were obtained. The resuspended cells
were precipitated with 100 µL of 0.5% BSA-PBS. Subse-
quently, 2 µL CD34-FITC (bs-0646R-FITC, Bioss, Bei-
jing, China), 1 µL CD133-FITC (bs-0209R-FITC, Bioss,
Beijing, China), 3 µL CD31-FITC (bs-0195R-FITC, Bioss,
Beijing, China), and 1 µL CD45-FITC (bs-0522R-FITC,
Bioss, Beijing, China) antibodies were incubated with the
cells at 37 °C in the dark for 30 min. After washing and
centrifugation, the cells were analyzed by flow cytometry
(A00-1-1102, Beckman, Brea, California, USA).

2.4 IF Staining
The expression of CD34 and VEGF receptor 2

(VEGFR2) of EPCs was detected using IF staining. IF
staining was used to evaluate the expression of CD31,
αSMA, CD45, BrdU, and VEGF in the skin tissue.
Paraffin-embedded skin tissue blocks were cut into 4-
µm sections. These were dewaxed and rehydrated us-
ing xylene and ethanol and subsequently immersed in
citrate buffer (pH 6.0) and heated to retrieve the anti-
gens. The sections were stained with sodium borohy-
dride solution and Sudan black and rinsed with distilled
water. The slides and sections were placed in 5% BSA
and incubated for 60 min. Slides and sections were in-
cubated overnight at 4 °C with diluted primary antibodies
against CD34 (ab81289, 1:50, Abcam, Cambridge, Cam-
bridgeshire, UK), VEGFR2 (ab39378, 1:50, Abcam, Cam-
bridge, Cambridgeshire, UK), CD31 (11265-1-AP, 1:100,
PTG, Wuhan, Hubei, China), αSMA (55135-1-AP, 1:100,
PTG, Wuhan, Hubei, China), CD45 (ab33923, 1:100, Ab-
cam, Cambridge, Cambridgeshire, UK), BrdU (#5292,
1:100, CST, Danvers, Massachusetts, USA), and VEGF
(ab46154, 1:100, Abcam, Cambridge, Cambridgeshire,
UK). The next day, the slides and sections were incubated at
37 °C for 90min with anti-rabbit or mouse IgG (SA00013-4
or SA00013-1, 1:200, Proteintech, Chicago, Illinois, USA).
Slides and sections were incubated with 4′,6-diamidino-
2-phenylindole and observed using a fluorescence micro-
scope.

2.5 Cell Counting kit-8 (CCK-8)
Following treatment of EPCs with ASIV for 24 h, the

medium was removed, discarded, and replaced with 100
µL medium containing 10% CCK8 (NU679, Dojindo, Ku-
mamoto, Japan). The absorbance was measured at 450 nm
using a microplate reader (MB-530, HEALES, Shenzhen,
Guangdong, China).

2.6 Transwell Assay
Intervention EPCs were hydrolyzed into single cells.

A cell suspension, prepared in a serum-free basal medium
(1 × 105/mL), was added to the upper Transwell chamber

(33318035, Corning, Corning, NY, USA). A medium with
10% FBS was then added to the lower chamber. After 48 h,
the medium was discarded, and the cells in the upper com-
partment were cleaned. The cells in the lower compartment
were fixedwith a 1:1 acetone–methanol solution for 20min.
The cells were stained and subsequently photographed us-
ing an inverted microscope (DSZ2000X, Cnmicro, Beijing,
China).

2.7 Tube Formation Assay

Corning Matrigel Basement Membrane Matrix
(356234, BD Biosciences, Franklin Lakes, NJ, USA) was
added to each well of a 48-well plate until the wells were
evenly covered without bubbles. The 48-well plates were
then incubated at 37 °C for 1 h. Cells were digested with
0.25% trypsin and suspended before the addition of 7.5 ×
104 cells/well to the 48-well plate. Photographs were taken
(100× magnification) after incubation at 37 °C for 6 h.

2.8 Enzyme-Linked Immunosorbent Assay (ELISA)

An ExoQuantTM Overall Exosome Capture and
Quantification Assay Kit (#K1201-100, Biovision, San
Francisco, CA, USA) was used for quantitative analysis of
exosomes. All procedures were carried out following the
guidelines. The absorbance was obtained at 450 nm. The
concentration of the exosomes was calculated after plotting
a standard curve.

2.9 Western Blotting (WB)

A 30 µg sample of denatured protein was added to
each well of the gel. Samples were electrophoresed for
130 min at a constant voltage of 75 V. Target proteins
were transferred from the gel to a nitrocellulose (NC)
membrane at a constant current of 300 mA. Following
the transfer process, the NC membrane was subjected to
blocking. The primary antibodies against CD63 (25682-
1-AP), CD9 (20597-1-AP), CD81 (66866-1-Ig), mTOR
(66888-1-Ig), ras homolog enriched in brain (Rheb, 15924-
1-AP), PI3K (67071-1-Ig), AKT (10176-2-AP), PIP3
(17552-1-AP), PDK1 (10026-1-AP), and β-actin (60008-
1-Ig) were purchased from Proteintech (Chicago, Illinois,
USA), whereas those against VEGFa (ab46154), VEGFb
(ab185696), VEGFc (ab9546), fibroblast growth factor
(FGF, ab208687), and angiotensin-1 (Ang-1, ab183701), p-
mTOR (ab109268), eNOS (ab76198), and tuberous sclero-
sis 2 (TSC2, ab32554) were purchased from Abcam (Cam-
bridge, Cambridgeshire, UK). The primary antibody was
incubated overnight at 4 °C. The NC membrane was incu-
bated with anti-mouse/rabbit IgG (SA00001-1 or SA00001-
2, Proteintech, Chicago, Illinois, USA) for 90 min. Pro-
tein bands were visualized by SuperECL Plus hypersensi-
tive luminescent solution (K-12045-D50, Advansta, Bei-
jing, China). Photographs were taken using a ChemiScope
6100 chemiluminescence imaging system (CLINX, Shang-
hai, China).
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2.10 Hematoxylin and Eosin (HE) Staining

HE staining was used to observe the morphological
changes in rat skin. Paraffin-embedded rat-skin tissue sam-
ples were cut into 4-µm-thick sections using a slicer. The
sections were dewaxed and rehydrated using xylene and
ethanol and stained with HE. The sections were exam-
ined under a microscope (BA210T, Motic, Xiamen, Fujian,
China).

2.11 Masson’s Trichrome (MT) Staining

Paraffin-embedded rat skin tissues were cut, dewaxed,
and rehydrated. The sections were incubated with hema-
toxylin solution, rinsed with distilled water, and stained
with acid fuchsin solution. Next, the sections were then
incubated with 1% phosphomolybdic acid and blue aniline
solutions for 5 min. The samples were examined under a
microscope.

2.12 Reverse Transcription-Quantitative PCR (RT-qPCR)

Total RNAwas extracted, and the cDNAwas obtained
by reverse transcription (CW2569, Beijing CWBIO Co.,
Ltd., Beijing, China). The primer sequences for the tar-
get genes are presented in Table 1. Primers were synthe-
sized by Shanghai Sangon Biotech. A PCR system contain-
ing the fluorescent dye UltraSYBRMixture (CW2601, Bei-
jing CWBIO Co., Ltd., Beijing, China) was prepared, and
the reaction was performed with QuantStudio1 (Thermo,
Waltham, Massachusetts, USA). The fluorescence signal
was monitored in real time, and the internal reference was
β-actin. The gene levels were calculated (2−∆∆Ct method).

2.13 Statistical Analysis

Statistical analyses were conducted using GraphPad
Prism 8.0.1 (GraphPad Software, Inc., San Diego, CA,
USA), and the data were expressed as mean± standard de-
viation. The differences between the two groups were an-
alyzed utilizing the Student’s t-test. For comparing differ-
ences among multiple groups, a one-way analysis of vari-
ance (ANOVA) was performed, followed by a Tukey post-
hoc test. Statistical significance was set at p < 0.05.

3. Results
3.1 ASIV Promotes EPCs Proliferation, Migration, and
Tube-Formation Abilities

EPCs were identified using flow cytometry and IF
staining. The expression of CD31, CD34, and CD133 was
positive, but the expression of CD45 was negative, indi-
cating that the endothelial cells were successfully extracted
(Supplementary Fig. 1). As depicted in Fig. 1A, the via-
bility of EPCs in the 50, 100, and 200 mg/L groups exhib-
ited a substantial enhancement in comparison to the control
group. The cell migration and tube-formation abilities of
EPCs in the 50, 100, and 200mg/L groups were appreciably
improved (Fig. 1B,C). EPCs in the 100 mg/L group showed

Table 1. Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) primer sequences.

Gene Sequences (5′-3′)

VEGFa
F: GGGAGCAGAAAGCCCATGAA
R: GCTGGCTTTGGTGAGGTTTG

VEGFb
F: GTGGTCAAACAACTCGTGCC
R: CTGGGGCTGTCTGGCTTC

VEGFc
F: AACCTCCATGTGTGTCCGTC
R: TGCTGAGGTAACCTGTGCTG

FGF
F: ACACCACGGACAAAGAAATTGAGG
R: CCCGATAGAATTACCCGCCAAGCA

Ang-1
F: ACATCCCGTCTTGAAATCCAAC
R: TGTCCAGCTCTTCCTTGTGT

mTOR
F: AGAACCAATTATACTCGCTCCCT
R: GCAACCTCAAAGCAGTCCCC

Rheb
F: GGACCTGCATATGGAAAGGGT
R: CATCACCGAGCACGAAGACT

eNOS
F: GTTGACCAAGGCAAACCACC
R: GCTGACTCCCTCCCAGTCTA

PI3K
F: AGCCACAGATCCACTTAACCC
R: CTTGCTGTCCCCACTTTACTGA

AKT
F: GTCACCTCTGAGACCGACACC
R: GCCTCCGTTCACTGTCCAC

PDK1
F: CGCCTCTATGCACAGTACTTCCAG
R: CGTCAGCCTCGTGGTTGGTTC

TSC2
F: TACCCCTGAGAAGGACAAGTT
R: CAAGCTGGCACTGGTAAGAGA

PIP3
F: GCAGTTTGAACCCAAAGCCC
R: AAGCGCATTCCTTTCCGTTG

IL-6
F: TCACTATGAGGTCTACTCGG
R: CATATTGCCAGTTCTTCGTA

IL-1β
F: CAGCAGCATCTCGACAAGAG
R: AAAGAAGGTGCTTGGGTCCT

β-actin
F: ACCCTGAAGTACCCCATCGAG
R: AGCACAGCCTGGATAGCAAC

optimal ability. Therefore, ASIV promotes the progress of
EPCs, and a concentration of 100 mg/L exhibited the opti-
mal effect.

3.2 ASIV Promotes EPCexo Secretion
We next examined the effect of ASIV on EPCexo se-

cretion. The EPCexo characteristic markers CD9, CD63,
and CD81 levels were detected [17]. The expression of
those markers was positive in all the groups (Fig. 2A), in-
dicating the successful extraction of EPCexos. In TEM,
EPCexos showed a “cup holder” structure in the four
groups (Fig. 2B). EPCexos were quantified using ELISA.
As shown in Fig. 2C, the concentration of EPCexos was
appreciably higher in the 50, 100, and 200 mg/L groups
than in the control group, with the highest concentration ob-
served in the 100 mg/L group. These findings indicate that
ASIV facilitates EPCexo secretion, with the optimal effect
observed at a concentration of 100 mg/L.
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Fig. 1. ASIV promotes EPCprogress. (A) Representative graphs of CCK-8 showing cell viability. (B) Representative light micrographs
and graphs showing cell migration by Transwell assay. (C) Representative light micrographs and graphs of tube formation assay revealing
the tube formation ability. *p < 0.05 vs the control group. Magnification = 100×, scale bar = 100 µm. ASIV, astragaloside IV; EPC,
endothelial progenitor cell; CCK-8, cell counting kit-8.

3.3 ASIV-EPCexos Promote Type I Diabetic-Wound
Healing

The chronic-wound model in STZ-stimulated diabetic
rats was used to investigate whether ASIV-EPCexos pro-
mote type I diabetic-wound healing. The EPCexo group
exhibited a higher rate of wound healing compared to
the model group (Fig. 3A,B). After ASIV-EPCexo treat-
ment, wound healing rates in the low-, mid-, and hi-
ASIV-EPCexo groups were substantially higher than in the
EPCexo group, and the hi-ASIV-EPCexo group exhibited
optimal healing. As opposed to the model group, the pos-
itive staining rates of BrdU and VEGF were substantially
raised in the EPCexo group (Fig. 3C–E). Moreover, the
low-, mid- and hi-ASIV-EPCexo groups exhibited stronger
positive staining for BrdU and VEGF compared to the
EPCexo group, and the hi-ASIV-EPCexo group demon-

strated the highest staining intensity. Granulation tissue for-
mation, epithelial reformation, collagen deposition, fibrob-
last proliferation, and angiogenesis are hallmarks of wound
healing [29]. In contrast to the model group, the epider-
mal thickness in the EPCexo and low-, mid-, and hi-ASIV-
EPCexo groups gradually decreased. The collagen area was
higher in the low-, mid-, and hi-ASIV-EPCexo groups than
in the model group (Fig. 4A–C). IF staining results revealed
that the number (No.) of CD31 and αSMA positive cells
were raised in the EPCexo and low-, mid-, and hi-ASIV-
EPCexo groups (Fig. 4D–G). Rapamycin and wortmannin
reversed the above changes in the hi-ASIV-EPCexo group.
In conclusion, ASIV-EPCexo accelerated skin-wound heal-
ing in diabetic rats, with 1000mg/LASIV-EPCexo showing
an optimal effect.
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Fig. 2. ASIV promotes EPCexo secretion. (A) The WB analysis of shows the expression of EPCexo characteristic markers CD9,
CD63, and CD81. (B) Representative micrographs of EPCexo morphology were obtained via TEM. Scale bar = 60 nm. (C) Comparison
of EPCexo content via ELISA in the different groups. *p < 0.05 vs the control group. EPCexo, EPC-derived exosomes; WB, western
blotting; ELISA, enzyme-linked immunosorbent assay; TEM, transmission electron microscope.

3.4 ASIV-EPCexos Promote Angiogenesis via the
PI3K/AKT/mTOR Pathway in Diabetic-Wounds

To study the mechanism by which ASIV-EPCexos ac-
celerate type I diabetic wound healing, we analyzed the
changes in skin tissue at the molecular level. The expres-
sion levels related to vascular growth (VEGFa, VEGFb,
VEGFc, FGF, and Ang-1) in the EPCexo group were higher
than in the model group. These expression levels were fur-
ther increased following ASIV-EPCexo treatment. Com-
pared to the hi-ASIV-EPCexo group, these expression lev-
els in the hi-ASIV-EPCexo + rapamycin and hi-ASIV-
EPCexo + wortmannin groups were substantially decreased
(Fig. 5A,B). We then examined the expression levels of the
pathway proteins and genes in the samples. In terms of
the model group, the expression levels of p-mTOR, mTOR,
p-mTOR/mTOR, Rheb, eNOS, PI3K, AKT, PIP3, PDK1,
and TSC2 in the EPCexo group were raised (Fig. 5C–F),
although several of them were not substantially different.
In addition, the expression levels of genes and proteins
related to these pathways were higher in the low-, mid-
, and hi-ASIV-EPCexo groups than in the EPCexo group.
However, the expression of these genes and proteins de-
creased in the hi-ASIV-EPCexo + rapamycin and hi-ASIV-
EPCexo + wortmannin groups. The results suggest that
ASIV-EPCexos may activate the PI3K/AKT/mTOR path-
way, thereby promoting angiogenesis.

3.5 ASIV-EPCexos Inhibit Inflammation via the
PI3K/AKT/mTOR Pathway in Diabetic-Wounds

Interleukin (IL)-1β-dependent inflammation and im-
munity have important healing effects in diabetic wounds
[30,31]. Therefore, we next investigated the expression of
inflammatory factors and immune cells in the skin of di-

abetic wounds. As shown in Fig. 6A, the expression lev-
els of the IL-6 and IL-1β genes were lower in the EPCexo
group than in the model group. Furthermore, their expres-
sion in the low-, mid-, and hi-ASIV-EPCexo groups was
even lower than in the EPCexo group. However, their ex-
pression was higher in the hi-ASIV-EPCexo + rapamycin
and hi-ASIV-EPCexo + wortmannin groups than in the hi-
ASIV-EPCexo group. IF staining analysis revealed that the
number of CD45 immune cells was lower in the EPCexo
group than in the model group (Fig. 6B,C). The CD45 im-
mune cell content was lower in the low-, mid-, and hi-ASIV-
EPCexo groups compared to the EPCexo group, whereas
the rapamycin and wortmannin inhibitors reversed this ef-
fect. These results suggest that ASIV-EPCexos inhibit in-
flammation in skin wounds through the PI3K/AKT/mTOR
pathway.

4. Discussion

The present work found that ASIV-EPCexos promoted
type I diabetic-wound healing, which could be blocked
by the mTOR- and PI3K- specific inhibitors, rapamycin,
and wortmannin. We found that ASIV-EPCexos pro-
moted type I diabetic wound healing by activating the
PI3K/AKT/mTOR pathway. Our earlier study only demon-
strated that ASIV could stimulate human EPCs to secrete
exosomes [17], whereas the present study examined the ef-
fects of ASIV-EPCexos on wound healing in type I diabetic
rats. We established a type I diabetic rat model with skin
wounds and treated with EPCexos or with low-, mid-, or
high-ASIV-EPCexos. Photographs of the wound healing
at different time points showed all of these treatments pro-
moted the healing of diabetic wounds. Following treatment
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Fig. 3. ASIV-EPCexosmay promote type I diabetic-wound healing via facilitating BrdU andVEGF expression. (A) Representative
images of the diabetic wounds of rat skin at different time points. (B) Comparison of wound healing rate of rat skin at different time points.
(C) Representative micrographs of IF staining showing the expression of BrdU and VEGF. (D,E) Statistical analysis of the expression
of BrdU and VEGF. *p < 0.05 vs the model group. #p < 0.05 vs the EPCexo group. &p < 0.05 vs the hi-ASIV-EPCexo group.
Magnification = 400×, scale bar = 25 µm. n = 12 rats/group. IF, immunofluorescence; BrdU, bromodeoxyuridine; hi-ASIV-EPCexo, a
high dose of ASIV-EPCexos.

with EPCexos or ASIV-EPCexos, the expression of inflam-
matory factors decreased, the levels of VEGF, BrdU, CD31,
and αSMA increased, and the VEGF/PI3K/AKT/mTOR
pathway was activated. In addition, IF staining showed that
treatment with EPCexos or ASIV-EPCexos reduced the ex-
pression of CD45. However, rapamycin and wortmannin
were able to reverse these changes. In summary, ASIV-
EPCexo treatment promoted diabetic-wound healing by ac-
tivating the PI3K/AKT/mTOR pathway.

The growth factor VEGF has important angiogenic ac-
tivity that promotes mitosis and inhibits apoptosis of en-
dothelial cells, as well as promoting vascular permeabil-
ity and cell migration [32]. ASIV enhances the expres-
sion of VEGF, thereby promoting angiogenesis in wound
tissues [33]. CD31 is involved in immune regulation and
angiogenesis [34]. The downregulation of miR-126-3p in

parathyroid tumors promotes endothelial cell transition to
the αSMA mesenchymal phenotype and increases VEGFA
expression, thereby affecting angiogenesis [35]. Xu et al.
[36] reported that miR-221-3p in EPCexo can accelerate
skin-wound healing in diabetic mice. The present study
used histological and molecular experiments to show that
ASIV-EPCexos promoted diabetic-wound healing, consis-
tent with the results of previous studies.

FGF regulates cell fate, angiogenesis, immunity, and
metabolism via its receptors FGFR1, FGFR2, FGFR3, and
FGFR4 [37]. Ang-1 plays a regulatory role in processes
associated with proliferation, inflammation, vascular fibro-
sis, and remodeling [38]. We found that ASIV-EPCexos
increased the expression of genes and proteins related to
blood-vessel growth (VEGFa, VEGFb, VEGFc, FGF, and
Ang-1), which could explain their ability to promote an-
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Fig. 4. ASIV-EPCexos may promote type I diabetic-wound healing via modulating CD31 and αSMA expression. (A) Representa-
tive micrographs of HE staining. (B) Representative micrographs of MT staining. (C) Statistical analysis of (A,B). (D,E) Representative
micrographs of IF staining showing CD31 and αSMA expression. (F,G) Statistical analysis of (D,E). *p < 0.05 vs the model group. #p
< 0.05 vs the EPCexo group. &p < 0.05 vs the hi-ASIV-EPCexo group. Magnification = 100× or 400×, scale bar = 100 µm or 25 µm.
n = 12 rats/group. HE, hematoxylin and eosin; MT, masson’s trichrome.
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Fig. 5. ASIV-EPCexos promote angiogenesis via the PI3K/AKT/mTOR pathway in diabetic wounds. (A) Representative graphs of
RT-qPCR showing the relative mRNA expression of VEGFa, VEGFb, VEGFc, FGF, and Ang-1. (B) The WB analysis shows the protein
expression of VEGFa, VEGFb, VEGFc, FGF, and Ang-1. (C,D) Representative graphs of RT-qPCR showing the expression of mTOR,
Rheb, eNOS, PI3K, AKT, PIP3, PDK1, and TSC2. (E) The WB analysis shows the protein expression of mTOR and p-mTOR. (F) The
WB analysis shows the protein expression of Rheb, eNOS, PI3K, AKT, PIP3, PDK1, and TSC2. *p< 0.05 vs the model group. #p< 0.05
vs the EPCexo group. &p < 0.05 vs the hi-ASIV-EPCexo group. n = 12 rats/group. FGF, fibroblast growth factor; Ang-1, angiotensin-
1; Rheb, ras homolog enriched in brain; PIP3, phosphatidylinositol triphosphate; PDK1, PH domain of 3-phosphoinositide-dependent
protein kinase 1; TSC2, tuberous sclerosis 2.
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Fig. 6. ASIV-EPCexos inhibit inflammation via the PI3K/AKT/mTOR pathway in type I diabetic-wound healing. (A) Represen-
tative graphs of RT-qPCR showing the mRNA expression of IL-6 and IL-1β. (B,C) Representative micrographs and statistical analysis
of CD45 immune cells. *p < 0.05 vs the model group. #p < 0.05 vs the EPCexo group. &p < 0.05 vs the hi-ASIV-EPCexo group.
Magnification = 400×, scale bar = 25 µm. n = 12 rats/group.
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giogenesis in diabetic wounds. Many substances regulate
the proliferation, migration, and tube-forming abilities of
EPCs via the PI3K/AKT pathway, including naringin [39].
AKT-dependent TSC2 phosphorylation promotes RHEB-
mTORC1 [40]. TSC2/Rheb mediates extracellular signal-
regulated, kinase-dependent regulation of mTORC1 activ-
ity in C2C12 myoblasts [41]. Downstream targets of the
PI3K/AKT pathway, mTOR and eNOS, can increase VEGF
expression and promote angiogenesis [42,43]. The current
study found that the expression of genes and proteins re-
lated to the PI3K/AKT/mTOR pathway was significantly
increased following treatment with ASIV-EPCexos, and
this was reversed by rapamycin and wortmannin. In short,
our results indicate that ASIV-EPCexos can activate the
PI3K/AKT/mTOR pathway and promote angiogenesis at
the wound surface by targeting mTOR and eNOS in en-
dothelial cells.

Chronic, unresolved inflammation is a hallmark of
non-healing wounds and adversely affects the wound-
healing process [44]. The pro-inflammatory cytokines IL-
6 and IL-1β are key mediators in the disrupted patho-
physiology of osteoarthritis [45]. CD45 cells contribute
to the inflammatory response by expressing granulocyte-
macrophage colony-stimulating factors, key inflammatory
cytokines, and transcription factors [46]. Zhou et al. [47]
showed that ASIV could effectively reduce placental ox-
idative stress and inflammatory-cytokine production in ges-
tational diabetes. In the present study, treatment of a rat
model with ASIV-EPCexos decreased the levels of IL-6, IL-
1β, and CD45 cells in the skin tissue, with rapamycin and
wortmannin reversing these effects. The current findings
suggest that ASIV-EPCexos activate the PI3K/AKT/mTOR
pathway, thereby inhibiting the inflammatory response in
diabetic wounds.

Type I diabetes mellitus (TIDM) is an autoimmune
disease in which the immune systemmistakenly attacks and
destroys insulin-producing β-cells in the pancreas, lead-
ing to an absolute insulin deficiency, resulting in hyper-
glycemia [48]. Currently, the etiology of TIDM is believed
to be associated with genetic and environmental (e.g., vi-
ral infections) factors [48,49]. Type II diabetes mellitus
(TIIDM), a metabolic disease, is characterized by elevated
blood glucose levels caused by either insulin resistance or
insufficient insulin secretion. The resulting hyperglycemia
puts additional pressure on β-cells to compensate for the
increased demand for insulin secretion. Consequently, this
may deplete β-cells, resulting in a gradual decline in β-cell
function and leading to insulin deficiency, ultimately caus-
ing diabetes [50]. The development of TIIDM is commonly
associated with genetics, lifestyle, and insulin resistance,
such as a sedentary lifestyle, poor diet, and obesity [51].
The objective of this study was to examine the impact of
ASIV-EPCexos on wound healing in TIDM and explore the
underlying mechanisms of action.

Diabetic foot ulcers (DFU) are a significant and grave
complication of diabetes. They are characterized by im-
paired blood supply to the feet caused by neuropathy or
vascular disease, which subsequently leads to ulceration,
infection, and a range of other complications [52]. DFU has
emerged as a global public health concern with serious im-
plications for humanwell-being due to its unfavorable prog-
nosis, ultimately increasing the risk of ulceration, amputa-
tion, and even mortality [52,53]. DFU primarily occurs in
adults with TIIDM but can also occur in adult patients with
TIDM [54–56]. For example, a retrospective study by Ras-
mussen et al. [54] reported that out of 5640 adult patients
with TIDM, 255 developed DFU. Among 6953 adult pa-
tients with TIIDM, 310 developed DFU in a specialty hos-
pital in Denmark during 2001–2014. In a prospective clin-
ical study, among 31 adult patients diagnosed with DFU,
14 were caused by TIDM [56]. There are also a number
of studies focusing on wound healing in TIDM [31,57,58].
For example, Liu et al. [31] found that neutrophil extra-
cellular traps (NETs) contribute to NLRP3 inflammasome
activation and sustained inflammatory responses in type I
diabetic wounds. Costa et al. [57] revealed that xantho-
humol effectively regulates inflammation, oxidative stress,
and angiogenesis in the process of cutaneous wound healing
in rats with TIDM. White et al. [58] conducted a study to
investigate the efficacy of combination therapies involving
various growth factors in promoting wound healing using
a mouse model of type I diabetic wounds. Their findings
showed that triple therapy was highly effective [58]. This
study aimed to investigate the effects and potential mecha-
nisms of ASIV-EPCexos on a rat model of type I diabetic-
wound healing. After skin excision, we performed HE,MT,
and IF staining (VEGF, BrdU, CD31, αSMA, and CD45).
The expression levels of VEGFa, VEGFb, VEGFc, FGF,
Ang-1, p-mTOR, mTOR, p-mTOR/mTOR, Rheb, eNOS,
PI3K, AKT, PIP3, PDK1, and TSC2 were detected by RT-
qPCR andWB. In addition, we also detected the expression
of IL-6 and IL-1β. The current results illustrated that in rats,
ASIV-EPCexos accelerated type I diabetic-wound healing
via the PI3K/AKT/mTOR pathway. This study may lay
the foundation for the development of new potential clin-
ical therapeutic agents for TIDM patients with DFU.

There are similarities in the underlying causes of im-
paired and delayed wound healing in patients with TIDM
and TIIDM. Chronic hyperglycemia, a key common factor,
leads to a persistent state of inflammation that disrupts the
natural progression of inflammation, repair, and regenera-
tion during wound healing [57,59,60]. Additionally, com-
promised immune function in patients with TIDM and TI-
IDM increases the vulnerability of wounds to infections and
elongates the healing process. Notably, the dysfunction of
immune cells and foot neuropathy contributes to the forma-
tion of DFU and further hinder the healing process [59–61].
In the current study, the expression levels of the IL-6 and
IL-1β genes in the EPCexo groupwere decreased compared

11

https://www.imrpress.com


with the model group. IF staining analysis revealed that
the number of CD45 immune cells in the EPCexo group
was lower than that in the model group. The inhibitors
rapamycin and wortmannin reversed the effects (Fig. 6).
These results suggest that ASIV-EPCexos inhibit inflam-
mation in wounded skin through the PI3K/AKT/mTOR
pathway. Therefore, we speculated that ASIV-EPCexos
might also be a potential drug to alleviate wound healing in
TIIDM. However, the effect of ASIV-EPCexos on wound
healing in TIIDM and its mechanism have not been ex-
plored in depth, which is a limitation of the current study.
In future studies, we anticipate investigating the effects and
mechanisms of ASIV-EPCexos on wound healing in TI-
IDM by constructing a rat model.

Several cell types, such as MSCs, fibroblasts,
macrophages, and EPCs, have been reported to play roles
in wound healing [10,62–65]. For example, MSCs or
MSCexos can promote wound healing [62,63]. Fibroblast
proliferation and endothelial cell angiogenesis are promi-
nent features of diabetic wound healing [10]. Our previous
studies have demonstrated that ASIV has the potential to en-
hance the secretion of exosomes from EPCs. This was de-
termined by comparing themass concentration of exosomes
secreted by EPCs in both the control group and the group
treated with ASIV [17]. EPCs possess remarkable migra-
tory capacity and the ability to differentiate into endothelial
cells, making them crucial in neovascularization, tissue re-
generation, and wound healing processes [65]. Huang et
al. [66] reported that ASIV-treated EPCs had a positive im-
pact on angiogenesis and wound healing. EPCs promote
endothelial cell regeneration by the secretion of exosomes
[11]. Specifically, ASIV-EPCexos have been observed to
appreciably enhance the proliferation, migration, and an-
giogenesis of rat aortic endothelial cells [12]. Therefore,
ASIV-EPCexos were chosen as the focus of the study.

Exosomes contain various biologically active com-
ponents, including proteins, lipids, and RNA. Multiple
mechanisms may be responsible for mediating the thera-
peutic effects of exosomes. The proangiogenic and anti-
inflammatory effects of the active components of EPCexos
remain unclear, and a future goal should be to identify these
molecules.

5. Conclusions
The current study confirms the stimulatory ef-

fect of ASIV on EPCexo secretion. ASIV-EPCexos
promote diabetic-wound healing by activating the
PI3K/AKT/mTOR pathway. These results may provide
novel therapeutic options for the clinical treatment of
diabetic wounds.
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