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A B S T R A C T

Diabetic lower limb ischemia is an intractable disease that leads to amputation and even death. Recently, adipose-
derived stem cell-secreted exosomes (ADSC-Exo) have been reported as a potential therapeutic approach, but its
specific mechanism of action is unknown. Studies have found that exosomes derived from stem cells can reduce
inflammation and promote tissue repair. Macrophages play an important role in the development and repair of
inflammation in lower limb ischemic tissue, but the specific regulation of ADSC-Exo in macrophages has rarely
been reported. The present study aimed to verify whether ADSC-Exo could promote angiogenesis by regulating
macrophages to reduce the level of inflammation in diabetic ischemic lower limbs. In this study, adipose-derived
stem cells (ADSCs) were obtained and identified, and ADSC-Exos were isolated using ultracentrifugation and
characterized using transmission electron microscopy, nanoparticle tracking analysis, and western blotting
analysis. The uptake of ADSC-Exos by macrophages was observed using immunofluorescence, and macrophage
polarization induced by ADSC-Exos was identified by flow cytometry, immunofluorescence and ELISA. The effects
of ADSC-Exos on the proliferation, apoptosis, migration and adhesion of macrophages were evaluated using CCK-
8 assay, flow cytometry, Transwell assay, scratch and adhesion experiments, and ELISA assay. The polarization-
related JAK/STAT6 signaling pathway was explored by using western blotting. A lower limb ischemic model of
type 2 diabetic mice was established and ADSC-Exos was intramuscularly injected into the mice. The blood flow in
the lower limbs was assessed using a laser Doppler flowmeter, while the level of angiogenesis was determined
using immunohistochemistry and immunofluorescence. The results of this study prove that ADSC-Exos induced
M2-phenotype polarization of macrophages via the JAK/STAT6 signaling pathway can promote the proliferation,
migration and adhesion of M2 macrophages, inhibit the apoptosis of macrophages, and promote the angiogenesis
and revascularization of ischemic lower limbs in type 2 diabetic mice. Thus, this study provides a theoretical and
experimental basis for the clinical treatment of diabetic lower limb ischemic disease.
1. Introduction

The development of increasingly prosperous societies has resulted in
an increase in the morbidity rate of diabetic lower limb ischemic disease,
which often leads to amputation or even death. At present, the clinical
treatment of diabetic lower limb ischemic disease mainly uses drugs and
surgical revascularization, which produce an unsatisfactory level of long-
term efficacy [1].
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Mesenchymal stem cells (MSCs) are self-renewing cell with multi-
directional differentiation potential, and are ideal seed cells for regener-
ative medicine and tissue engineering [2, 3]. Adipose-derived stem cells
(ADSCs) are MSCs with the advantages of being easy to obtain, abundant,
and of high purity. ADSCs have a strong multi-directional differentiation
potential, high time-dependent differentiation ability, and rapid rate of
proliferation, and are thus considered as ideal for the treatment of
ischemic diseases [4]. Emerging evidence has shown that MSCs mainly
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function via paracrine signaling rather than differentiation, while exo-
somes are important in intercellular communication and have been
confirmed as important paracrine factors that can regulate MSCs [5].

Exosomes are membrane-bound vesicles wrapped in a lipid bilayers
that are 30–100 nm in diameter, and are mainly involved in material
exchange and signal transduction between cells [6]. Recent studies have
demonstrated the homogeneous functions of MSC-derived exosomes in
MSC tissue repairing and regeneration, inhibition of inflammation and the
regulation of immune responses [7, 8]. Moreover, MSC-derived exosomes
have the advantages of being safe from immune rejection and are stable in
nature, the ability of passing through the blood-brain barrier and the
placental barrier, the ability to target specific organs and damaged parts
by exerting a direct effect, controllable production cost with convenience
in transportation and storage, and the ability of being genetically modified
for certain therapeutic purposes. Due to their favorable biological prop-
erties and advantages in therapeutic application, MSC-derived exosomes
have become a research focus for tissue repair [9, 10, 11].

As important effector cells of the innate immunity, macrophages play a
crucial role in the initiation, development, and resolution of inflammation.
Macrophages can be activated through different pathways and functional
states. After pathogens invade the humanbody,macrophages arepolarized
into the M1 phenotype, which play a pro-inflammatory role and can pro-
duce IL-1β, IL-6, TNF-α, and iNOS,which are inflammatory factors. TheM1
phenotype is able to kill microorganisms, remove debris, and promote
inflammatory responses, while the inflammatory factors produced induce
macrophage apoptosis. M2 macrophages play an anti-inflammatory role
and secrete VEGF, IL-10, and TGF-β, which can eliminate inflammation
and promote wound healing, tissue repair, and regeneration and angio-
genesis [12, 13]. Studies have found that MSC-derived exosomes can
induce macrophage polarization into the M2 phenotype, improve cardiac
injury following myocardial infarction, delay the formation of athero-
sclerotic plaques, and accelerate wound healing [14, 15, 16].

Diabetic patients are in a state of persistent hyperglycemia,which leads
to the accumulation of advanced glycation end products, tissue inflam-
mation and oxidative stress, resulting in impaired endothelial cell func-
tions and angiogenesis [17, 18]. Angiogenesis is a key mechanism for
vascular repair of ischemic tissues of the lower limbs. Thus, we suggest that
ADSC-derived exosomes (ADSC-Exos) induce macrophage polarization
into the M2 phenotype to eliminate inflammation, which promotes the
angiogenesis of diabetic limb ischemia. Therefore, in the present study, we
obtained and isolated ADSC-Exos, verified the induction ability of
ADSC-Exos onmacrophage polarization through the JAK/STAT6 signaling
pathway, as well as the effects of ADSC-Exos on the proliferation,
apoptosis, migration, and adhesion of M2 macrophages, and tested the
effects of ADSC-Exos on angiogenesis in the hindlimb ischemia of mice
with type 2 diabetes, which provided insights into potential therapeutic
methods for diabetic lower extremity ischemic diseases in a clinical setting.

2. Methods

2.1. Animals

Wild-type (WT) C57/BL female mice that were 6 weeks old and type 2
diabetes mellitus (T2DM) C57BL/KsJ-db/db (db/db) mice that were 12
weeks old were purchased from SLAC Laboratory Animal Co., Ltd.
(Shanghai, China) and housed under specific pathogen-free (SPF) con-
ditions. The animal experiments conducted in this study were approved
by the Ethics Committee of the First Affiliated Hospital of Bengbu Med-
ical College and were performed in accordance with the “Guide for Care
and Use of Laboratory animals” of Bengbu Medical College.

2.2. Isolation, culture, and identification of the ADSCs

Six-week-old femaleWT C57/BL6mice were sacrificed after adequate
anesthesia was administered, and adipose tissue under the groin and
armpits were obtained through aseptic operation. Then, the adipose
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tissues were fully digested using NB4 collagenase (SERVA, Germany),
and shaken in a shaker for 2 h. The homogenate and tissue fragments
were seeded onto a Petri dish, and glucose (1 g/L), 10% fetal bovine
serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptavidin sup-
plemented Dulbecco's Modified Eagle's Medium (DMEM) was added at
37 �C and in a 5% CO2 atmosphere. The third-to fifth-generation of the
ADSCs were obtained, washed with phosphate buffered saline (PBS) 3
times, and anti-mouse antibodies against CD34, CD45, CD90, CD105, and
CD106 were co-incubated with ADSCs in the dark at 4 �C for 25 min.
Isotype antibodies were used as the negative controls. Then, the cells
were washed using PBS three times and analyzed using flow cytometry.
For the identification of the ADSCs' ability of multiple differentiation,
after the induction of ADSCs, the oil red staining was performed to
identify the adipogenic differentiation and the alizarin red staining was
performed to identify the osteogenic differentiation.

2.3. Isolation and identification of the ADSC-Exos

ADSC-derived exosomes (ADSC-Exos) were isolated, as previously
reported [19]. In brief, the ADSCs and the culture medium were centri-
fuged at 300 � g for 10 min, and the supernatant collected was centri-
fuged at 2,000 � g for 10 min, and again collected the supernatant and
centrifuged it at 10,000 � g for 3 h. Finally, the pellet collected was
dissolved in PBS. Then, the exosomes obtained were subjected to
Nanoparticle Tracking Analysis (NTA) (Zeta View PMX 110, Particle
Metrix, Meerbusch, Germany) to measure their diameter. Briefly, the
sample pool was rinsed with deionized water, and the Zeta View PMX110
was calibrated with polystyrene microspheres (110 nm), then the sample
cells were dilutedwith 1�PBS buffer and subjected for detection. And the
exosomes were observed and photographed under a transmission elec-
tron microscope (TEM) for morphological identification. The expression
levels of CD63, HSP70, and TSG101, which are markers of exosomes,
were identified using western blotting, while β-actin was applied as the
internal control.

2.4. Exosome uptake by macrophages and the polarization of macrophages
treated with ADSC-Exos

The mouse macrophage cell line, RAW264.7, was purchased from the
Cell Bank of Type Culture Collection of The Chinese Academy of Sciences
(Shanghai, China). Then, at a concentration of 100 μg/mL the RAW264.7
macrophages were co-cultured with ADSC-Exos labeled with CM-Dil
(Abcam, UK) dye in high-glucose (4.5 g/L) DMEM supplemented with
10% FBS and 1% antibiotic/antimycotic solution (Gibco, USA) at 37 �C in
a 5% CO2 atmosphere for 24 h. The nuclei of the macrophages were
stained with 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride
(DAPI). Immunofluorescence microscopy was applied to confirm
phagocytosis of the ADSC-Exos by the macrophages and images of this
process were captured.

The RAW264.7 macrophages and 100 μg/mL of ADSC-Exos were co-
cultured under high glucose for 48 h at 37 �C in a 5% CO2 atmosphere.
RAW264.7 macrophages without ADSC-Exos were used as the control.
The nuclei of the macrophages were stained with DAPI, while the mac-
rophages were stainedwith antibodies of theM2 phenotype macrophage-
specific markers, CD206 (Abeam, UK), CD163 (Abeam, UK), and the M1
macrophage-specific marker, iNOS (Abeam, UK), respectively. The cells
were observed and photographed under an immunofluorescence micro-
scope, and fluorescence intensities were analyzed and compared using
ImageJ software. The expression levels of CD206, CD163, and iNOS were
determined using flow cytometry to confirm the polarization of the
macrophages.

2.5. Proliferation and apoptosis assays of the macrophages

The effect of the ADSC-Exos on the proliferation of the RAW264.7
macrophages was explored using Cell Counting Kit 8 assay (CCK-8;
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Abcam, UK). In brief, 2� 103 cells/well of RAW264.7 macrophages were
cultured in a 96-well plate under high glucose along with either an equal
volume of DMEM, 25 μg/mL ADSC-Exos, 50 μg/mL ADSC -Exos, or 100
μg/mL ADSC-Exos at 37 �C in a 5% CO2 atmosphere. Next, 10 μL of CCK-8
solution was added into each well at 0, 12, 24, and 48 h. The optical
density (OD) at a wavelength of 450 nm was analyzed using a microplate
spectrophotometer. At the same time, the optimal concentration of
ADSC-Exos that should be used to promote the proliferation of
RAW264.7 macrophages was confirmed for use in subsequent
experiments.

The effect of ADSC-Exos on the apoptosis of RAW264.7 macrophages
was detected using flow cytometry. RAW264.7 macrophages were co-
incubated under low glucose (1 g/L), high glucose (4.5 g/L) condi-
tions, or high glucose þ100 μg/mL ADSC-Exos at 37 �C in a 5% CO2
atmosphere for 48 h. The apoptosis rate of the RAW264.7 macrophages
was measured using an Annexin V-FITC/PI Apoptosis Detection Kit
(Yeasen Biotechnology Co., Ltd., Shanghai, China) and flow cytometry,
as previously described [20]. Statistical comparison of the proportion of
Annexin Vþ/PI-early apoptotic cells was conducted.

2.6. Migration and adhesion assay of macrophages

Wound-healing assay and Transwell assay were performed to verify
ADSC-Exos’ effects on the migration of RAW264.7 macrophages under
high glucose. For wound healing assay, 5 � 105 RAW264.7 macrophages
were first inoculated into a 6-well plate, streaked 12 h later with a sterile
20 μL pipette tip, then washed 3 times with sterile PBS, added with 100
μg/mL ADSC-Exos and high-glucose DMEM, observed and photographed
at 0 and 24 h using an inverted microscope. The area of wound healing
was analyzed using Image J software.

For Transwell assay, 0.2 ml of RAW264.7 macrophages at 105 cells/
ml were inoculated into Transwell chambers with Matrigel (Corning,
USA), and 0.2 ml of high-glucose DMEM containing 100 μg/mL ADSC-
Exos was added into the upper chamber. 0.7 ml DMEM was added into
the lower chamber. After culturing under 37 �C for 24 h, 1 ml of 4%
paraformaldehyde solution was added into per well and fixed for 15 min
under 25 �C; then washed twice with PBS. 1 ml of 0.5% crystal violet
solution was added into per well, washed three times with PBS after
staining for 60 min, the cells in the upper chamber were wiped off with a
cotton swab. An inverted microscope was applied to observe and take
photographs. Cell numbers were analyzed using Image J software.

Adhesion experiments were performed to verify the effect of ADSC-
Exos on the adhesion ability of RAW264.7 macrophages under high
glucose environment. 100μL of coating solution was added to per well of
the 96-well plate, and the culture plate was placed at 4 �C for 12 h, then
the coating solution was removed, and the plate was dried and washed 3
times. RAW264.7 macrophages co-cultured with ADSC-Exos under high
glucose condition for 24 h were seeded into 96-well plates at 5�104

cells/well. After incubation under 37 �C for 1 h, the medium was washed
3 times. Nuclei were stained with DAPI (Dako, Denmark) and observed
under an immunofluorescence microscope and photographed to perform
the cell number count. Each of the above experiments was performed in
three wells and repeated three times.

2.7. Western blot assay of the signaling pathway in macrophages

Western Blot assay was conducted to explore polarization-related
signaling pathways in macrophages after treated with 100 μg/mL
ADSC-Exos for 24 h under high glucose. Western blot assay was per-
formed as previously described [20]. Cell samples of the macrophages
treated with or without ADSC-Exos and with ADSCs þ GW4869 (Selleck,
China) (an exosome inhibitor) were collected and total protein was
extracted using RIPA lysate and centrifugation, and the protein concen-
tration of the extracted total protein was confirmed following electro-
phoresis, transfer, blocking, and immunoreaction with the following
antibodies: anti-JAK and P-JAK antibody, anti-STAT6 and P-STAT6
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antibody, and anti-β-actin antibody (1:500; Abcam, UK). Then, the
membrane was washed and chemiluminescence detection was performed
to test the exposure of the film. Finally, data analysis of the gray value
was performed using ImageJ software. For the verification of the inhi-
bition effect of GW4869 on ADSC-Exos, the total protein content of
exosomes extracted from the conditioned medium of both groups was
measured using the BCA protein quantification kit. BSA was a protein
standard and the operation was performed according to the kit
instructions.

2.8. Establishment of a T2DM limb ischemic mouse model and treatment
with ADSC-Exos

Twelve T2DM C57BL/KsJ-db/db male mice that were 12-weeks-old
(SLAC Laboratory Animal Co., Ltd, China) were anesthetized using 3%
isoflurane gas and anesthesia was maintained using 2% isoflurane. The
right lower extremity of the mice was shaved, sterilized, and draped. A 8-
mm incision was made from the groin until the inner thigh, and the
femoral arteries were ligated distal to the common femoral artery and
proximal to the superficial femoral artery using 8-0 sutures, under a 20�
stereo microscope. The twelve mice were randomly divided into two
groups, the ADSC-Exo group (n ¼ 6) and the DMEM control group (n ¼
6). Then, 2 mL of DMEM or DMEM with 100 μg/mL of ADSC-Exos was
injected into the gastrocnemius, gracilis, and quadricep muscles into the
ADSC-Exo group (n ¼ 6) and the DMEM control group of mice in the
ADSC-Exo group and the DMEM control group, respectively, on day 1, 2,
and 3. On the 1st, 7th, and 28th day after ADSC-Exo transplantation, the
blood flow in both the lower extremities of the two groups of mice was
detected using a laser Doppler perfusion imager.

2.9. Histological assay

The T2DM mice in both groups were sacrificed after gas anesthesia
was induced on the 28th day to perform perfusion fixation. The muscles
of both hindlimbs were completely excised and frozen sections were
created as previously described [20]. After fixing, the samples were
blocked and immunohistochemically stained using an antibody against
CD31 (Abcam, UK), and were observed and photographed under a mi-
croscope. For the immunofluorescence staining of muscle slices, the
microvessels were stained with FITC fluorescent anti-CD31 antibody
(Abcam, UK) and the nuclei were stained with DAPI (Dako, Denmark),
then observed and photographed under a fluorescence microscope.

2.10. Statistical analysis

All data are presented as mean � standard deviation (SD). SPSS
version 21.0 software (IBM Corp., USA) and GraphPad Prism version 9.0
(GraphPad, USA) were applied to analyze all statistics. Unpaired student
t-test and two-way analysis of variance (ANOVA) were applied for the
comparison of data between different groups. P< 0.05 was considered to
indicate statistical significance.

3. Results

3.1. Isolation and identification of the ADSCs

The primary generation of the ADSCs were successfully extracted
from the inguinal and axillary fat tissue of 6-week-old WT C57/BL6mice.
ADSCs of generations P3–P5 exhibited a typical spindle shape and a
fibroblast-like shape (Figure 1A). Flow cytometry analysis demonstrated
that the ADSCs were negative for CD34 and CD45 expression, while the
expression of the mesenchymal stem cell markers, CD90, CD105, and
CD106 were all strongly positive (Figure 1B, C, D, E, F). After 3 weeks of
induction of adipocytes, oil red staining showed a large number of red-
stained lipid droplets of different sizes in the cells (Figure S1A). After 3
weeks of ADSC induction into osteocytes, alizarin red staining



Figure 1. Characterization and identification of ADSCs. ADSCs of the P3–P5 generation exhibited a typical spindle shape and fibroblast-like shape (A). Flow cytometry
demonstrated that the ADSCs were negative for CD34 (B) and CD45 (C) expression, while being strongly positive for the expression of mesenchymal stem cell markers,
CD90 (D), CD105 (E), and CD106 (F). Scale bar ¼ 100 μm P3, passage 3; P5, passage 5; ADSCs, Adipose-derived stem cells.
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demonstrated a large number of scattered red calcium nodules were
observed under the microscope (Figure S1B). The above results
confirmed the high level of purity of the ADSCs obtained and were used
in consequent experiments.
3.2. Isolation and identification of the ADSC-Exos

ADSC-Exos were successfully acquired and isolated, and were found
to exhibit a typical "saucer-like" structure when observed under a TEM
(Figure 2A). NTA analysis indicated that 97.8% of the ADSC-Exos had a
diameter of 154.0 nm (Figure 2B). Western blotting and statistical
analysis showed the expression of exosomal surface markers, such as
CD63, HSP70, and TSG101 in ADSC-Exos (Figure 2C, 2D). The above
results confirmed the high-purity of the ADSC-Exos obtained for use in
consequent experiments.
3.3. Exosome uptake by macrophages and the effect of the ADSC-Exos on
the polarization of the macrophages

High glucose conditions were applied to vastly mimic the hypergly-
cemia of clinical patients with diabetic lower limb ischemia. After co-
incubating the RAW264.7 macrophages with 100 μg/mL ADSC-Exos
under high glucose conditions for 24 h, they were observed under a
fluorescence microscope. Red CM-Dil-labeled ADSC-Exos surrounded
each blue DAPI-stained macrophage nucleus, demonstrating that ADSC-
Exos were successfully phagocytosed by the macrophages (Figure 3A).

The effect of ADSC-Exos on macrophage polarization was verified
using immunofluorescence staining. After co-incubating the RAW264.7
macrophages with 100 μg/mL ADSC-Exos under high glucose for 24 h,
immunofluorescence staining was performed on the macrophages to
determine the expression of the M2 phenotype markers, CD206 and
CD163, and M1 phenotype marker iNOS. The results showed that the
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fluorescence intensity was significantly higher for iNOS (P < 0.05)
(Figure 3B, 3D). At the same time, the flow cytometry assay demon-
strated that the expression of CD206 and CD163 in macrophages treated
with ADSC-Exos were significantly higher than that of macrophages
without ADSC-Exos (M0) treatment under high glucose conditions.
However, the change in the expression of iNOS was not significant
(Figure 3C). The above results demonstrate that ADSC-Exos could induce
the polarization of macrophages into to the M2 phenotype under high
glucose conditions.
3.4. Effects of ADSC-Exos on the proliferation and apoptosis of
macrophages

CCK-8 assay was applied to examine the effect of different concen-
trations of ADSC-Exos on the proliferation of macrophages. The results of
the CCK-8 assay demonstrated that at 48 h, 100 μg/mL ADSC-Exos
exerted a significantly higher promotion effect on macrophage prolifer-
ation (P< 0.05), compared with �100 μg/mL ADSC-Exos. Therefore, the
optimum therapeutic concentration of ADSC-Exos on macrophages was
100 μg/mL under high glucose conditions (Figure 3E). Therefore, a
therapeutic ADSC-Exos concentration of 100 μg/mL was selected to be
used in subsequent in vitro and in vivo experiments.

The effect of ADSC-Exos onmacrophage apoptosis was analyzed using
flow cytometry. The apoptosis rate was calculated in early apoptotic cells
using Annexin Vþ/PI�. The results of flow cytometry analysis demon-
strated that the apoptosis rate of macrophages under high glucose con-
ditions (8.7 � 2.2%) was slightly higher, compared with low glucose
conditions (8.4 � 3.2%), but there was no statistical difference (P >

0.05), while the percentage of the apoptosis of macrophages co-cultured
with ADSC-Exos under high glucose conditions (1.3 � 0.7%) was
significantly lower than the other two groups (P < 0.01) (Figure 3F, 3G).
These results demonstrate that ADSC-Exos increased the rate of



Figure 2. Characterization and identification of the ADSC-Exos. The exosomes exhibited a typical "saucer-like" shape when viewed under a TEM (A). NTA analysis
indicated that 97.8% of the ADSC-Exos had a diameter of 154.0 nm (B). Western blotting (C) and statistical analysis (D) demonstrated the expression of exosomal
surface markers of CD63, HSP70, and TSG101, in the ADSC-Exos. Scale bar ¼ 100 μm. ADSC-Exos, Adipose-derived stem cell-derived exosomes.
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proliferation and significantly inhibited the apoptosis of macrophages
under high glucose conditions.

3.5. Effects of ADSC-Exos on the migration and adhesion of macrophages

Macrophages migrate and adhere onto damaged tissues and blood
vessels in vivo. Therefore, the effects of ADSC-Exos on the migration and
adhesion of macrophages were examined. The wound healing assay
showed that macrophages incubated with ADSC-Exos under high glucose
conditions migrated significantly faster than the control group (relative
gap area, P < 0.05) (Figure 4A, 4B), within 24 h. The results of the
Transwell assay showed that macrophages co-incubated with ADSC-Exos
under high glucose conditions showed a significant increased in numbers
compared with the control group (P < 0.05) (Figure 4C, 4D). Overall,
these results confirm the promotional effect exerted by ADSC-Exos on
macrophage migration.

For the adhesion assay, the adhered macrophages were stained with
DAPI to visualize their nuclei. Statistical analysis showed that the number
of macrophages that had adhered after co-incubated with ADSC-Exos
under high glucose conditions was significantly higher than the control
group (P < 0.01) (Figure 4E, 4F). Together these experimental results
indicated that ADSC-Exos promoted the adhesion of macrophages under
high glucose conditions.
5

3.6. Effects of ADSC-Exos on the polarization-related signaling pathway in
macrophages

The previous experiments showed that ADSC-Exos induced the po-
larization of macrophages into a M2 phenotype. Previous studies have
shown that STAT6 plays an important role in the regulation of M2
phenotype macrophage-specific target genes, such as Arg-1. STAT6 is the
most important molecule in the IL-4-mediated signaling pathway, while
the JAK/STAT6 pathway is the most important pathway involved in
signal transduction from the cell membrane to the nucleus [21]. There-
fore, in this study we explored the JAK/STAT6 signaling pathway.
Western blotting demonstrated that the phosphorylation levels of JAK
and STAT6 were significantly elevated in macrophages treated with
ADSC-Exos, compared with macrophages treated with DMEM, under
high glucose conditions (P < 0.05). Then, the exosome inhibitor,
GW4869, was added into the ADSC medium and the supernatant was
collected and ultracentrifuged, and the macrophages were treated with
the centrifuged components. However, the phosphorylation levels of JAK
and STAT6 were only slightly elevated without a statistical difference (P
> 0.05) (Figure 5A, 5B). These results confirmed that ADSC-Exos acti-
vates the JAK/STAT6 signaling pathway, which is important for macro-
phage polarization into the M2 phenotype. For the verification of the
inhibition effect of GW4869 on ADSC-Exos, the BCA method was used to



Figure 3. Exosome uptake by macrophages and the effects of ADSC-Exos on the polarization, proliferation, and apoptosis of macrophages. Red CM-Dil-labeled ADSC-
Exos surrounded each blue DAPI-stained macrophage nucleus (A). CD206 and CD163 fluorescence intensity were significantly higher than that of iNOS in the ADSC-
Exos-treated macrophages (B, D). Flow cytometry showed a higher expression of CD206 and CD163 but similar iNOS in the ADSC-Exos-treated macrophages under
high glucose conditions (C). The CCK-8 results demonstrated that at 48 h, 100 μg/mL ADSC-Exos exerted a significantly higher promotion effect on macrophage
proliferation (E). Flow cytometry demonstrated that the apoptosis of macrophages co-cultured with ADSC-Exos under high glucose conditions was significantly lower
than that of the other two groups (F, G). Scale bar ¼ 20 μm; *, P < 0.05; **, P < 0.01. ADSC-Exos, Adipose-derived stem cell-derived exosomes.
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measure the protein levels of exosomes extracted from ADSC-Exos and
ADSC-Exos þ GW4869 conditioned medium. The exosomal protein level
of the GW4869 treated group was significantly lower than that of the
ADSC-Exos control group (P < 0.05) (Figure S2).

3.7. Effects of ADSC-Exos on angiogenesis and blood perfusion in the
T2DM limb ischemic mice

A simple low-ligation model of femoral artery in T2DM mice was
successfully constructed. The advantage of this model is the low occur-
rence of acute limb ischemic necrosis, which is similar to the patho-
physiological process of clinical diabetic chronic ischemia. Laser Doppler
perfusion imager scans were performed on mice on the first day, first
week, and fourth week to assess blood perfusion in the hindlimbs
(Figure 5E). Statistical analysis showed that blood perfusion in mice of
both groups was similar on the first day after the transplantation of
ADSC-Exos or DMEM, but the difference between the two groups began
to be obvious on the seventh day. On the 28th day, the blood perfusion
ratio of the ADSC-Exos group was significantly higher than that of the
DMEM control group (P < 0.05) (Figure 5F).

Immunohistochemical staining of CD31 in the muscles of the lower
extremities of T2DM mice demonstrated that microvessel density in the
ADSC-Exo group was significantly higher than that of the DMEM control
group (P < 0.05) (Figure 5C, 5D). Immunofluorescence staining of CD31
and DAPI nuclei also demonstrated that microvessel density in the ADSC-
Exo group was significantly higher than that of the DMEM control group
(P < 0.05) (Figure 5G, 5H). The results of the in vivo experiments
demonstrated that ADSC-Exos promotes angiogenesis and blood perfu-
sion in the T2DM mouse limb chronic ischemia model.
6

4. Discussion

In this study, ADSC-Exos were steadily obtained and the positive ef-
fect of ADSC-Exos on the M2-phenotype polarization of macrophages, the
enhancement of ADSC-Exos on the viability, migration and adhesion of
macrophages under high glucose condition in vitro, and the promotion of
ADSC-Exos on angiogenesis and revascularization in the ischemic lower
extremities of the T2DM mice in vivo were verified. Furthermore, the
activation of the JAK/STAT6 pathway may be the mechanism by which
M2 polarization is induced by ADSC-Exos under high glucose conditions.

Stem cell exosome transplantation has become a hot topic in the field
of tissue engineering during recent years. As an important participant in
intercellular communication, stem cell-derived exosomes not only
contain the genetic information of stem cells (proteins, mRNAs, micro-
RNAs, etc.), but also can transfer certain molecules into target cells,
inheriting many advantages of stem cell therapy. Stem cell-derived
exosomes may be superior to ordinary cell-derived exosomes in terms
of their therapeutic effect and diversification of treatment pathways, and
are superior to pure stem cell therapy in terms of application range,
precise dose control, and avoidance of immunological rejection. Stem
cell-derived exosomes are more widely regulated and can repair or pre-
vent damages caused by diabetic complications through multiple mech-
anisms [22]. As a novel cell-free therapy, stem cell-derived exosomes
occupy a unique position and broad prospects for clinical applications.
Several studies have demonstrated that stem cell-derived exosomes play
a pivotal role in the inflammatory, angiogenesis, re-epithelialization and
remodeling stages of diabetic lower extremity ischemic disease [23].
Exosomes are usually endocytosed by target cells or fused with the cell
membrane to release internal miRNAs, proteins and other bio-functional



Figure 4. Wound healing, Transwell, and adhesion assays of the macrophages. The results of the wound healing assay showed that macrophages incubated with
ADSC-Exos under high glucose conditions migrated significantly faster than the control group (A, B). The Transwell assay showed that macrophages co-incubated with
ADSC-Exos under high glucose conditions showed a significant increase in number (C, D). The adhesion assays showed that the number of macrophages that adhered
in the group co-incubated with ADSC-Exos under high glucose conditions was significantly higher (E, F). Scale bar ¼ 100 μm; *, P < 0.05; **, P < 0.01. ADSC-Exos,
Adipose-derived stem cell-derived exosomes.
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factors. The miRNAs often bind to target mRNAs in the cytoplasm and
affect the translation process. Proteins also function primarily in the
cytoplasm. Therefore, it has less effect on the transcription process in the
nucleus. MSC-derived exosomes may contain miRNAs and proteins, such
as nuclear factor erythroid-related factor 2 (NRF2), miR-21, miR-23a,
miR-124a, miR126, lncRNAH19, let-7b, and miR132. MSC-derived exo-
somes activate targeted signaling pathways to regulate immune response,
autophagy, and angiogenesis, and plays an crucial role in promoting
tissue and cell regeneration [24, 25], but the specific mechanism by
which MSC-derived exosomes promote angiogenesis remain to be further
studied.

The main cause and feature of diabetic lower extremity ischemic
disease is chronic persistent hyperglycemia, which can lead to the
chronic inflammation of blood vessels, which gradually destroys blood
vessels, and subsequently to vascular occlusion and tissue ischemia [26].
Therefore, we focused our attention on macrophages, which are the most
important effector cells in inflammation response. Studies have shown
that ischemia can lead to the apoptosis and necrosis of tissues, and
macrophages have been shown to play an important role in apoptosis and
7

necrosis, tissue clearance, repair or reconstruction, and angiogenesis
after ischemia [27]. Macrophages perform a key role in the vascular
regeneration process and have great therapeutic potential. Macrophages
differentiate into M1 phenotype pro-inflammatory cells and M2 pheno-
type anti-inflammatory cells under different environmental stimuli [28].
In the animal models of myocardial infarction and stroke, macrophages
have been shown to be positively associated with angiogenesis [29, 30].
Macrophages play important roles in various microvascular regeneration
processes, such as local ECM modification, induction of EC migration or
proliferation. Macrophages induce angiogenesis by expressing MMPs and
degrade the capillary endothelial extracellular matrix, thereby promot-
ing endothelial cell migration. They can tunnel into the stroma, in which
endothelial progenitor cells or capillary sprouts grow. M2 phenotype
macrophages also exert anti-inflammatory effects, secrete IL-6, VEGF,
IL-10, and TGF-β, and cause effective efferocytosis to clear apoptotic
cells, which promotes wound healing, tissue repair and regeneration, and
angiogenesis. Using mouse myocardial infarction and atherosclerosis
models and rat diabetic ulcer models, it has been confirmed that
mesenchymal stem cell exosomes can promote the polarization of



Figure 5. Signaling pathway of M2 macrophage polarization in vitro, blood perfusion and histological analysis of the T2DM mouse limb ischemia model in vivo after
ADSC-Exo transplantation. Western blotting assay of the signaling pathway showed that the M2 polarization-associated JAK/STAT6 pathway had been activated (A,
B). Blood flow in hindlimbs was examined using a laser Doppler perfusion imager on days 1, 7, and 28 (E). Statistical analysis showed a significantly higher blood
perfusion rate in the ADSC-Exo group than in the DMEM control group (F). Immunohistochemistry staining of CD31 in the hindlimb muscles showed a significantly
higher vascular density in the ADSC-Exo group (C, D). Immunofluorescence staining of CD31 (green) and DAPI (blue) demonstrated a significantly higher vascular
density in the ADSC-Exo group (G, H). Scale bar ¼ 100 μm; *, P < 0.05; ADSC-Exos, Adipose-derived stem cell-derived exosomes.
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macrophages into the M2 type, but the underlying mechanisms have not
been fully elucidated [14]. At the same time, as far as we know, there
have been no reports published on the role and mechanism by which
MSC-derived exosomes promote M2 macrophage polarization in diabetic
lower extremity ischemic diseases, which has been the basis of research
and innovation in this study.

In this study, we compared between the experimental group, the
control group, and the group to which the exosome inhibitor, GW4869,
and found that ADSC-Exo could significantly activate the JAK/STAT6
signaling pathway in macrophages, which may partly explain the
mechanism by which ADSC-Exos induce the polarization of macrophages
towards the M2 phenotype. It is well known that the JAK-STAT pathway
is the canonical pathway that leads to the M2 polarization of macro-
phages. JAK1 is a member of the Janus kinase family and is associated
with components of the IL-4R complex [31]. After IL-4/IL-13 binds to
receptors located in the cell membrane, JAK1 is instantly phosphory-
lated, activating STAT6, which leads to the activation of M2-like genes,
such as YM1, Arg1, Fizz1, IL-10, and MGL1 [32,33], resulting in the
polarization of macrophages towards the M2 phenotype. It is worth
noting that there are other pathways, such as the Akt-p18-mTOR-LXR
pathway and the ABCA1-PKA pathway, which lead to the M2 pheno-
type polarization of macrophages. Therefore, it remains to be determined
whether ADSC-Exos also promotes the M2 polarization of macrophages
through these pathways and requires further validation through future
experiments.

There are two other points that are worth noting in this study. The
first is that we used a simple low ligation model of the femoral artery in
the T2DM mice, which could simulate the clinical symptoms of periph-
eral arterial disease in patients with T2DM, since in clinical practice
diabetic lower extremity ischemia is a chronic process, in which acute
lower extremity ischemia rarely occurs. Whereas the commonly used
femoral artery ligation model often results in acute critical lower ex-
tremity ischemia in mice and limb necrosis on about the seventh day. The
lower limbs suffer from complete necrosis and severe tissue loss, which is
beyond the scope of cell transplanting therapy, which make it difficult to
accurately evaluate the actual therapeutic effect of cell and exosome
transplantation. In contrast, the pathophysiological processes in the
simple low ligation model of the femoral artery mainly include vascular
bed remodeling, chronic capillary loss, neovascularization damage, and
ischemia deterioration [34, 35]. Therefore, blood perfusion in the
8

affected limb can be better assessed to determine methods that can be
used to preserve limb integrity. In our model, even on day 28, the limbs
were still affected in all three groups, but the level of blood perfusion was
completely different. Another interesting point is that blood perfusion in
the experimental group was slightly lower on the 28th day than that of the
seventh day. This difference may be due to the limited time for which
exosomes exist in vivo. Therefore, the mechanism by which we can ach-
ieve the slow release of exosomes in damaged tissues to induce a
long-lasting therapeutic role as a future direction for subsequent
research.
4.1. Limitations

This study reported on the induction of macrophage M2 phenotype
polarization by ADSC-Exos and the therapeutic effect of ADSC-Exos on
T2DM lower extremity ischemia in mice. However, this study has certain
limitations. First, this study only explored the role of the JAK/STAT6
signaling pathway in macrophage M2 polarization, but there are other
signaling pathways that also mediated macrophage M2 polarization,
which need to be explored. Second, previous studies indicate that there
are a large number of beneficial miRNAs and proteins in exosomes. Our
group has sequenced the miRNAs in ADSC-Exos and performed related
functional experiments, which will be reported in future articles. Thirdly,
it might be better if another control of exosomes from other non-ADSC
cells such as fibroblast cells could be included in the experimental
design. Finally, the mechanism through which M2macrophages promote
angiogenesis and revascularization in ischemic lower extremities is also a
research hotspot. Further research is required to explore the specific
mechanisms of the results reported in this study to create a suitable
foundation for the clinical application of ADSC-Exos.

5. Conclusion

Our research indicated that ADSC-Exos can induce macrophage M2-
phenotype polarization via the JAK/STAT6 signaling pathway, which
enhances the viability, migration, and adhesion of macrophages, and
promotes angiogenesis and blood perfusion in ischemic lower extremities
of T2DM mice, providing novel insights for the clinical treatment of
diabetic lower limb ischemic disease.
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