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Exosomes from adipose-derived stem cells
overexpressing Nrf2 accelerate cutaneous
wound healing by promoting
vascularization in a diabetic foot ulcer rat
model
Xue Li1,2, Xiaoyun Xie1,2, Weishuai Lian1,2, Rongfeng Shi1,2, Shilong Han1,2, Haijun Zhang2,3, Ligong Lu2,4 and
Maoquan Li 1,2

Abstract
Diabetic foot ulcers (DFU) increase the risks of infection and amputation in patients with diabetes mellitus (DM). The
impaired function and senescence of endothelial progenitor cells (EPCs) and high glucose-induced ROS likely
exacerbate DFUs. We assessed EPCs in 60 patients with DM in a hospital or primary care setting. We also evaluated the
therapeutic effects of exosomes secreted from adipose-derived stem cells (ADSCs) on stress-mediated senescence of
EPCs induced by high glucose. Additionally, the effects of exosomes and Nrf2 overexpression in ADSCs were
investigated in vitro and in vivo in a diabetic rat model. We found that ADSCs that secreted exosomes promoted
proliferation and angiopoiesis in EPCs in a high glucose environment and that overexpression of Nrf2 increased this
protective effect. Wounds in the feet of diabetic rats had a significantly reduced ulcerated area when treated with
exosomes from ADSCs overexpressing Nrf2. Increased granulation tissue formation, angiogenesis, and levels of growth
factor expression as well as reduced levels of inflammation and oxidative stress-related proteins were detected in
wound beds. Our data suggest that exosomes from ADSCs can potentially promote wound healing, particularly when
overexpressing Nrf2 and therefore that the transplantation of exosomes may be suitable for clinical application in the
treatment of DFUs.

Introduction
Diabetic foot ulcers (DFU) are accompanied by a major

risk of infection and amputation in patients with diabetes
mellitus (DM)1,2 and can increase the risk of 5-year
mortality to 80%3,4. Alterations in protein and lipid
metabolism combined with peripheral neuropathy in DM

impede the normal process of wound healing by delaying
the formation of mature granulation tissue with a simul-
taneous reduction in wound tensile strength4–7.
Hyperglycemia-induced metabolic abnormalities increase
the activity of the enzymes aldose reductase and sorbitol
dehydrogenase to convert intracellular glucose to sorbitol
and fructose. An accumulation of these sugar products
restricts the synthesis of nerve cell myoinositol to prevent
nerve conduction and reduces levels of nicotinamide
adenine dinucleotide phosphate used in the detoxification
of reactive oxygen species (ROS) and the synthesis of
nitric oxide6. This combination of events results in neu-
ropathy that causes anatomic foot deformities and
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consequently the breakdown of skin leading to skin
ulceration8.
Hyperglycemia is associated with endothelial dysfunc-

tion and reduced blood vessel growth; therefore, angio-
genesis is often compromised in patients with diabetes9.
In angiogenesis, proteolysis of the extracellular matrix
occurs through proteolytic systems such as matrix
metalloproteinases. Endothelial cells then migrate toward
the angiogenic stimulus at which they proliferate to form
tubular structures and blood vessels. Insufficient angio-
genesis and impaired wound healing occur when inflam-
matory cells are limited and the supply of oxygen and
nutrients in the wound space is poor. A direct association
is found between poor angiogenesis and high glucose
levels10. Clinical trials show that the senescence of EPCs is
promoted and their function impaired under high
glucose-induced ROS and inflammation conditions11.
Furthermore, senescence marker protein 30 (SMP30) is
down regulated in patients with diabetic nephropathy12.
SMP30 is a 34 kDa cytosolic aging marker protein, also
known as regucalcin, which is involved in intracellular Ca2
+ homeostasis, ascorbic acid biosynthesis, and the reg-
ulation of oxidative stress13. Consequently, a deficiency of
SMP30 exacerbates oxidative stress and impairs angio-
genic activity14.
The transcription factor nuclear factor-E2-related factor

2 (Nrf2) has a protective role against oxidative stress and
has demonstrated potential therapeutic effects in a dia-
betic nephropathy animal model15. Under normal condi-
tions, Nrf2 associates with Kelch-like ECH-associated
protein 1 (KEAP1) in the cytoplasm and remains inactive.
On exposure to oxidative stress, Nrf2 is released by KEAP
and translocates into the nucleus and then regulates
expression of antioxidant response element (ARE)-medi-
ated expression of antioxidant enzymes and the cystine/
glutamate transporter involved in glutathione biosynth-
esis16,17. Loss of Nrf2/ARE activity increases oxidative
stress, which can aggravate the endothelial dysfunction
and abnormal angiogenesis that occurs in diabetes18.
Furthermore, patients with Nrf2 genetic variants are more
susceptible to complications in diabetes, including per-
ipheral neuropathy, nephropathy, retinopathy, foot ulcers,
and microangiopathy19.
Adipose-derived stem cells (ADSCs) have the capacity

to mediate wound healing through mitochondrial transfer
and the secretion of paracrine factors and exosomes20–22.
Furthermore, exosomes from ADSCs are internalized by
fibroblasts to stimulate cell migration, proliferation, and
collagen synthesis in a dose-dependent manner to sig-
nificantly accelerate cutaneous wound healing23. In this
work, we evaluated the therapeutic effect of exosomes
secreted by ADSCs overexpressing Nrf2 on the high
glucose-induced senescence of EPCs in a diabetic rat
model of DFUs.

Materials and methods
Reagents
Antibodies against KDR, CD29, CD133, vWF, CD14,

CD34, GAPDH, NOX1, NOX4, VEGFR2, pVEGFR2,
SMP30, VEGF, Nrf2, and 2′,7′-dichlorofluorescein diace-
tate (DCF-DA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dulbecco’s modified eagle medium
(DMEM, high glucose), serum-free endothelial basal
medium (EBM), and fetal bovine serum were from Nego
(Shanghai, China). Cell lysis buffer (10×) was obtained
from Cell Signaling Technology (Danvers, MA, USA). The
RT-PCR and ELISA kits were purchased from TOYOBO
(Shanghai, China). Other reagents included DAPI (Roche,
Basel, Switzerland), hematoxylin and eosin (H&E; Tor-
onto Chemicals, Toronto, Canada), trypsin and Masson
trichrome (Sigma-Aldrich). Shenggong Biotechnology
(Shanghai, China) synthesized all pairs of real-time PCR
primers. Other chemicals and reagents were of analytical
grade.

Clinical specimen collection and ethics statement
Peripheral blood samples were obtained from 60

patients with DM and from 30 healthy volunteers

Table 1 Comparison between demographic and
laboratory characteristics of diabetic patients and controls

Clinical parameter Control Diabetic

No. of patients 30 60

Age (years) 52.39 ± 17.4 57.74 ± 13.32

Sex (male/female) 17/13 31/29

Body mass index (kg/m2) 22.98 ± 2.40 25.88 ± 4.55

Duration of diabetes (years) 0 9.96 ± 8.55

HbA1c (%) 5.2 ± 0.43 7.88 ± 2.13***

FPG (mg/dl) 4.6 ± 0.67 7.44 ± 1.38***

TC (mg/dl) 4.33 ± 0.66 4.46 ± 0.96

TG (mg/dl) 1.96 ± 0.64 2.27 ± 1.3

DBP (mmHg) 108.24 ± 15.07 115.42 ± 16.62

CRP (mg/l) 3.56 ± 1.37 4.05 ± 1.58

VEGF (pg/ml) 63.27 ± 9.28 124.22 ± 22.33***

SMP30 (pg/ml) 107.24 ± 19.33 42.51 ± 7.52***

IL-6 (pg/ml) 28.21 ± 3.24 58.24 ± 3.35***

IL-1β (pg/ml) 58.28 ± 15.17 125.37 ± 31.52***

TNF-α (pg/ml) 25.22 ± 17.28 67.68 ± 8.32***

HbA1c whole blood glycated hemoglobin FPG fasting plasma glucose, TC total
cholesterol, TG triglycerides, DBP diastolic blood pressure, CRP plasma C-reactive
protein, VEGF vascular endothelial growth factor, SMP30 senescence marker
protein-30.
Data are expressed as mean ± SD. **P < 0.01, ***P < 0.001 against the control
values
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(Table 1). A standard format elaborated by the principal
investigator with clinical features was included for age,
sex, body mass index and relative growth factors and
inflammatory factors. Samples were obtained from all
90 subjects. All specimens were frozen in liquid nitrogen
immediately. Permission to use the samples for research
purposes was obtained and approved by the Ethics
Committee of the Shanghai Tenth People’s Hospital of
China, China, and a written consent form was obtained
from all patients.

Isolation and characterization of EPCs
EPCs were cultured from peripheral blood, as described

in previous reports24,25. Peripheral blood taken from
patients was diluted in PBS (2×) and layered over 4 ml of
lymphocyte separation liquid (Sigma-Aldrich) for cen-
trifugation (800 × g, 30 min at 4 °C). The periphery blood
mononuclear cells (PBMCs) in the interface layer were
transferred to a new tube and washed with PBS buffer by
centrifugation (400 × g for 5 min at 4 °C). EPCs were then
cultured from PBMCs in endothelial cell basal medium-2
(Lonza, Walkersville, MD, USA) on a 24-well plate (5 ×
106 cells/well). Cells were cultured continuously for
10 days for coculture studies. EPCs were then selected
using CD133-coupled magnetic microbeads (Miltenyi
Biotech, Bergisch Gladbach, Germany) following the
manufacturer’s instructions. After isolation, CD133+ cells
were expanded in DMEM medium. Immunophenotypic
analysis was performed staining 5 × 105 isolated and
expanded EPCs. The cells were incubated with conjugated
monoclonal antibodies against CD34, KDR, CD133, and
CD14 (Sigma-Aldrich). Isotype-identical antibodies were
the controls (PharMingen). For analysis of CD34, KDR,
CD133 and CD14, the cells were further incubated with a
horse biotinylated anti-rat IgG (H1L) antibody (Vector
Laboratories) and with FITC-conjugated streptavidin
(Caltag, San Francisco, CA, USA). After treatment, the
cells were fixed in 1% paraformaldehyde. Quantitative
analyses were performed using a FACSCalibur flow cyt-
ometer and FlowJo software (Flowjo, Ashland, OR, USA).

ELISA for soluble inflammatory cytokines
IL-6, IL-1β, and TNF-α in the supernatants of EPCs or

sera from subjects with/without diabetes or from mice
with/without exosome treatment were measured using
commercially available ELISA kits (Sen-Xiong Company).
In accordance with the manufacturer’s instructions,
supernatants were stored at −80 °C before measurement,
and both standards and samples were run in triplicate.
OD450 was calculated by subtracting the background, and
standard curves were plotted.

Evaluation of oxidative stress levels
ROS production in EPCs and skin tissue samples was

measured using DCF-DA. EPCs (1 × 106 cells) were see-
ded in 100 mm culture dishes and pretreated with DAPI
for 30–60min. Cells were then incubated with DCF-DA
(20mM) for 10min at 37 °C in the dark. After a 10-min
incubation under hypoxia or normoxia conditions, ROS
production in cells was assessed using an ECLIPSE E600
fluorescence microscope (Nikon). Additionally, the
fluorescence intensity of DCF-DA was measured and
calculated using flow cytometry (BD Biosciences, San Jose,
CA, USA). ROS production was quantified in vivo
immediately after removal of skin tissue from mice.

Immunohistochemistry and immunofluorescence
Skin tissue samples were fixed in 10% formalin solution

and embedded in paraffin. Sections, 5 μm, were stained
with H&E and Masson’s trichrome. CD31 staining was
performed to evaluate histopathological changes in
angiogenesis. Sections were examined using an Axiophot
light microscope (Zeiss, Oberkochen, Germany) or a
fluorescence microscope (Nikon, Tokyo, Japan) and
photographed with a digital camera.

Flow cytometry
Flow cytometry was used to determine the rate of

apoptosis of EPCs. Apoptotic cells were differentiated
from viable or necrotic cells by the combined application
of annexin-V (AV)-FITC and propidium iodide (PI). Cells
were washed twice and adjusted to a concentration of 1 ×
106 cells/ml with cold D-Hanks buffer. Then, AV-FITC
(10 μl) and PI (10 μl) were added to 100 μl of cell sus-
pension and incubated for 15min at room temperature in
the dark. Finally, 400 μl of binding buffer was added to
each sample without washing and analyzed using flow
cytometry. Each experiment was performed in triplicate.

Tubule formation assay
In vitro neovascularization assays were performed in

human fibrin matrices. In brief, EPCs from different
treatments were serum-starved and seeded onto a
Matrigel-coated plate (BD Bioscience) in EBM medium
and incubated at 37 °C for 12 h. Tubular structures of
EPCs in the Matrigel were analyzed by phase-contrast
microscopy. To quantify the length of newly formed
tubes, six random phase-contrast photomicrographs were
taken per well.

Coculture of EPCs and ADSCs
ADSCs were prepared as described in supplementary

information. EPCs and ADSCs were cocultured using a
Transwell system with a 0.4-μm porous membrane
(Costar, Corning, NY, USA) as previously described26.
The EPCs were first planted and grown to an appropriate
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density in the lower wells, and then ADSCs were planted
in the upper wells. Before ADSCs were cocultured with
EPCs, they were pretreated with 2.5 μM GW4869 (Sigma-
Aldrich) for 8 h to reduce the release of exosomes. All
cells were cultured under high glucose (30 mM, glucose)
or normal (5.5 mM, glucose) conditions.

Exosome labeling and uptake
Exosomes were labeled with a Dil fluorescent labeling

kit (Sigma-Aldrich). Dil (400 μl) was added to the exo-
some suspension and incubated for 5 min at room tem-
perature. The reaction was stopped by the addition of an
equal volume of exosome-depleted bovine serum albu-
min, and then the exosomes were washed twice with PBS
to remove any unbound dye. Subsequently, the Dil-
labeled or denatured exosomes were incubated with EPCs
for 24 h. The cells were then fixed and stained with DAPI.
Images were obtained on a confocal microscope.

Isolation and identification of human ADSC-derived
exosomes
At 80–90% confluence, ADSCs were rinsed with PBS

and cultured in EGM-2MV media deprived of FBS and
then supplemented with 1× serum replacement solution
(PeproTech, Rocky Hill, NJ, USA) for an additional 24 h.
ADSCs in conditioned media were centrifuged at 300 × g
for 10 min and 2000 × g for 10 min to remove dead cells
and cellular debris. Then, ~10ml of supernatant was
mixed with 5 ml of ExoQuick Exosome Precipitation
Solution (SBI, CA, USA) and incubated at 4 °C for 12 h.
The ExoQuick/supernatant mixture was centrifuged at
1500 × g for 30 min to obtain a pellet containing exo-
somes, which was then resuspended in 250 µl of nuclease-
free water. Total RNA and protein from exosomes were
extracted using TRIzol-LS (Invitrogen, Carlsbad, CA,
USA) and an Exosomal Protein Extraction kit (Invitro-
gen), following the manufacturer’s instructions, respec-
tively. Exosomes were stored at −80 °C or used for
downstream experiments. Transmission electron micro-
scopy (TEM) and western blotting were used to identify
the collected exosomes. The size of vesicles was deter-
mined by a dynamic light scattering technique using a
Zetasizer Nano ZS analysis system (Zetasizer version 6.12;
Malvern Instruments, UK). The x-axis on a size dis-
tribution plot shows the estimated distribution of particle
radii (nm), with the y-axis showing the relative
percentages.

Diabetic skin wound animal model and treatment
Adult female Sprague Dawley rats (4–6 weeks, 150–200

g, grade: clean, license: SCXK 2013-0005) were purchased
from SLAC Laboratory Animal Co., Ltd (Shanghai, China)
and used to establish a rat model for diabetes as described
previously27. All animal experiments were conducted in

accordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals and approved
by the Biological Research Ethics Committee of the Chi-
nese Academy of Sciences. Rats were maintained on a 12
h light cycle in the animal facility of the Shanghai Tenth
People’s Hospital of China. Streptozotocin was injected
intraperitoneally (100 mg/kg in 0.01M sodium citrate, pH
4.3) to induce diabetes. Blood glucose level was main-
tained between 16.7 and 33.3 mmol/l by 6–18 units/day of
insulin (Wan-Bang Biochemical Medicine Co. Ltd, Xuz-
hou, China). After 4 weeks, a model of DFUs was created
in rats anesthetized with isoflurane inhalation. A single
round full-thickness skin wound was created with a 5-mm
disposable skin biopsy punch and Westcott scissors on
the dorsum of hind feet of the diabetic rats.

Measurement of ulceration contraction rate
Before harvesting, the size of the wounded area on each

rat’s foot was measured with a ruler and recorded on
parfocal digital photographs taken at Day 0, 7, and 15 after
injecting PBS as a control or EPCs, EPCs combined with
exosomes from ADSCs or Nrf2 overexpression ADSCs.
Images were taken with a digital camera (DMC-LX5GK;
Panasonic, Japan), and the ulcerated area was analyzed by
Image-Pro Plus 4.5 software.

Western blot analysis
Western blot analysis was conducted using cell lysates

in urea buffer (8M urea, 1M thiourea, 0.5% CHAPS, 50
mM dithiothreitol, 24 mM spermine). Cytoplasmic and
nuclear protein fractions were prepared using either NE-
PER nuclear or cytoplasmic extraction reagents (Pierce,
Rockford, IL, USA), respectively, following manufacturer’s
protocols. β-tubulin was used as a loading control for the
cytoplasmic fraction, whereas GAPDH was used as a
loading control. Samples (40 μg of total protein) were
separated on SDS-PAGE and transferred to nitrocellulose
membranes (Millipore, Jaffrey, NH, USA). After blocking
in 5% nonfat milk for 1 h, the membranes were incubated
with primary antibodies against SMP30 (1:1000), VEGF
(1:200), p-VEGFR2 (1:200), VEGFR2 (1:200), ASPP2
(1:400), E-cadherin (1:300), N-cadherin (1:400), GSK3β
(1:200), NOX1 (1:200), NOX4 (1:500), CD63 (1:400),
TSC101 (1:400), CD9 (1:200), β-actin (1:200), and
GAPDH (1:2000) at 4 °C overnight. After washing, the
membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies for 1 h at room tem-
perature. Signals were detected using an ECL detection
system (GE Healthcare, Aurora, OH, USA) and analyzed
by ImageJ 1.42q software (National Institutes of Health).

Transmission electron microscopy
TEM was used to identify the morphology of exosomes.

Briefly, ADSC exosomes were fixed in 3% glutaraldehyde
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for 2 h and washed with PBS two times. The exosomes
were negatively stained with 2% uranyl acetate for 30 sec
and applied to a continuous carbon grid. Exosomes were
visualized on a Hitachi H-7650 TEM (Hitachi, Tokyo,
Japan), and images were captured using a digital camera
(Olympus, Tokyo, Japan).

Statistical analyses
Results are expressed as the mean ± standard deviation

(SD). Statistical significance was evaluated by analysis of
variance followed by Tukey–Kramer multiple compar-
isons test and by Student’s t-test. P < 0.05 denotes statis-
tical significance.

Results
High glucose accelerates stress-induced premature
senescence in EPCs
Demographic and laboratory characteristics of patients

with diabetes were compared to subjects without diabetes
(Table 1). In patients with diabetes, levels of fasting glu-
cose, whole blood glycated hemoglobin, vascular endo-
thelial growth factor (VEGF), and the inflammatory factors
interleukin (IL)-6, IL-1β, and tumor necrosis factor alpha
(TNF-α) were significantly elevated. By contrast, levels of
SMP30 were significantly reduced in patients with diabetes
(P < 0.001). EPCs were cultured from the peripheral blood
of patients with diabetes and confirmed by confocal
microscopy (Fig. 1a,b) and flow cytometry using EPC
surface markers (CD34, KDR, CD133, and CD14; Fig. 1c).
SMP30 and VEGFR2 were further assessed, in addition

to the oxidative stress-related proteins NOX1 and NOX4,

in circulating CD34-positive cells of DM patients and
healthy controls. In western blot assessments, the levels of
SMP30 and VEGFR2 were reduced in DM patients (P <
0.001 vs. control group; Fig. 2a,b), whereas those of NOX1
and NOX4 increased significantly (P < 0.001 vs. control
group; Fig. 2c). These results indicate that senescence and
oxidative stress increased in patients with DM. The tube
formation capability of EPCs in DM patients was mea-
sured using a Matrigel-based assay, and results indicate
that the tube formation capability of EPCs from patients
with DM decreased (Fig. 2d).
EPCs from subjects without DM were incubated with

increasing concentrations of glucose for 24–72 h, and cell
viability was measured by MTT assay (Fig. 3a). High
glucose levels (30 mM) significantly reduced cell viability
compared with that in normal glucose (5.5 mM) after 48
(P < 0.05) and 72 h (P < 0.01). The intracellular ROS level
of EPCs was determined by immunofluorescence using
DCH-DA staining after exposure to high glucose for dif-
ferent lengths of time. Immunofluorescence images and
superoxide anion measurements of fluorescent intensity
with dihydroethidium (DHE) indicated gradually
increasing levels of ROS, which peaked at 72 h (Fig. 3b,c)
(P < 0.001 vs. normal glucose). Western blot analysis was
used to measure protein expression levels of SMP30,
VEGF, VEGFR2, and NOX1/4 under high glucose con-
ditions. Levels of SMP30 and VEGFR2 phosphorylation
significantly decreased, whereas levels of VEGF, NOX1,
and NOX4 significantly increased, indicating an increase
in senescence and levels of ROS (Fig. 3d). Relative protein
levels are shown in Fig. 3e–i. Apoptosis determined by

Fig. 1 Characterization of endothelial progenitor cells (EPCs) by confocal microscopy and flow cytometric analysis. a EPCs have a typical
cobblestone-like morphology. b EPCs were stained with FITC-labeled or DiI-labeled UEA-1 and Ac-LDL and then detected using a confocal
microscope. Scale bar, 20 μm. c Flow cytometric analysis of EPC surface markers (CD34, KDR, CD133, and CD14). The results presented are typical of
those obtained from three separate experiments
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Annexin-V/PI staining confirmed an increase in senes-
cence in EPCs under a condition of high glucose (Fig. 3j).
Inflammatory cytokine levels (IL-1β, IL-6, and TNF-α)
measured with ELISA were also significantly higher in
EPCs grown under high glucose conditions (Fig. 3k–m)
than those under normal glucose.
Overall, these results confirm that hyperglycemia pro-

motes the premature senescence of EPCs and increases
levels of ROS and inflammation.

Exosomes derived from ADSCs reduce glucose-induced
EPC senescence
We determined the glucose-induced apoptosis rate of

EPCs cocultured with ADSCs with or without GW4869, a
neutral sphingomyelinase inhibitor that blocks exosome
generation, by Annexin-V/PI staining. The method for
preparing ADSCs can be found in supplementary infor-
mation (Supplemental S1). The percentage of apoptotic
cells was significantly reduced when EPCs were cocul-
tured with ADSCs, but no difference in apoptotic rate was
observed with the addition of GW4869 (Fig. 4a,b).
Moreover, tube formation capability increased in EPCs
stimulated with ADSCs, but these effects decreased when
ADSCs were pretreated with GW4869 (Fig. 4c). The

observations were similar for intracellular ROS levels
determined by immunofluorescence using DCH-DA stain
and measuring the fluorescence intensity of DHE (Fig. 4d,
e). The presence of ADSCs reduced glucose-induced ROS
levels in EPCs, but these benefits were reversed by the
addition of the exosome blocker GW4869. Protein
expression levels of SMP30, VEGF, VEGFR2, NOX1, and
NOX4 were measured by western blot (Fig. 4f), and
relative protein levels are shown in Fig. 4g–k. Levels of
SMP30 and VEGF were significantly reduced in EPCs
cocultured with ADSCs but not when ADSCs were pre-
treated with GW4869. By contrast, levels of VEGFR2
phosphorylation, NOX1 and NOX4 were reduced in the
presence of ADSCs, but no difference was observed when
ADSCs were pretreated with GW4869. Similarly, inflam-
matory cytokine levels of IL-1β, IL-6, and TNF-α mea-
sured with ELISA in EPCs were reduced significantly by
the presence of ADSCs (P < 0.001), but no difference was
observed when ADSCs were pretreated with GW4869
(Fig. 4l–n).
TEM was used to isolate and identify exosomes from

the ADSC culture medium. Figure 5a shows the ultra-
structure of ADSC-derived exosomes with a diameter of
approximately 100 nm. The size distribution was slightly

Fig. 2 Expression of SMP30 and oxidative stress-related proteins on circulating CD34-positive cells of patients with diabetes mellitus (DM)
and healthy controls. a Expression of senescence marker protein 30 (SMP30) was measured by western blot. GAPDH served as an internal control.
The relative protein levels were analyzed, and data are presented as the mean ± SD (n= 3). ***P < 0.001 vs. normal group. b Phosphorylation of
VEGFR2 was measured by western blot. GAPDH served as an internal control. The relative protein levels were analyzed, and data are presented as the
mean ± SD (n= 3). ***P < 0.001 vs. normal group. c Levels of the ROS-related proteins NOX1 and NOX4 were measured by western blot. GAPDH
served as an internal control. The relative protein levels were analyzed, and data are presented as the mean ± SD (n= 3). ***P < 0.001 vs. normal
group. d The tube formation capability of endothelial progenitor cells (EPCs) from DM patients or subjects without DM was measured. The results
show that the tube formation capability of EPCs decreased in DM patients
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Fig. 3 (See legend on next page.)
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<100 nm based on dynamic light scattering (Fig. 5b).
Expression of the exosome markers CD4, CD63, and
TSG101 was confirmed in the exosome lysis fraction,
whereas no markers were observed in the cell lysate
(Fig. 5c). Figure 5d shows representative micrographs of
EPCs containing positively stained Dil-labeled exosomes
and the absence of staining in EPCs when exosomes were
denatured by boiling.
These results indicate that high glucose-induced stress

in EPCs is alleviated by the presence of ADSCs. However,
when exosomes are inhibited, the ADSCs have little effect,
which suggests that exosomes could be involved in the
decrease of EPC senescence under hyperglycemic
conditions.

Exosomes derived from Nrf2 overexpressing ADSCs inhibit
ROS and inflammatory cytokine expression
We next assessed whether the protective effects of

ADSCs could be increased by the overexpression of Nrf2.
Details of the Nrf2 construction and sequence can be
found in supplementary information (Supplemental S2).
Then, we isolated the exosomes from ADSCs or Nrf2
overexpression ADSCs. Western detection showed that
expression of Nrf2 in exosomes from Nrf2 overexpression
ADSCs increased compared with that in exosomes that
originated from wild-type ADSCs (Fig. 6a,b). Proliferation
of EPCs was analyzed by the MTT assay with different
concentrations of exosomes from ADSCs or ADSCs
overexpressing Nrf2 after exposure to high glucose (30
mM) for 48 h (Fig. 6c). The cell viability in EPCs increased
significantly when cultured with ADSCs and exosomes.
Furthermore, as quantities of exosomes increased, the
increase was elevated. The highest level of viability
occurred when ADSCs overexpressing Nrf2 were cultured
with EPCs at the highest concentration (50 µg/ml). Tube
formation also increased when EPCs were cultured with
exosomes from ADSCs overexpressing Nrf2 (Fig. 6d). We
evaluated the protein expression levels of SMP30, VEGF,
VEGFR, and NOX1/4 after stimulation with ADSC exo-
somes or Nrf2-ADSC exosomes for 12 h in high glucose

(Fig. 6e). The exosomes derived from ADSCs over-
expressing Nrf2 improved levels of SMP30 and VEGF and
increased VEGFR2 phosphorylation, whereas levels of
NOX1 and NOX4 were significantly reduced (Fig. 6f–j; P
< 0.001 vs. normal glucose). A similar pattern occurred
with the inflammatory cytokine levels of IL-1β, IL-6, and
TNF-α, which were all further reduced by the over-
expression of Nrf2 (Fig. 6k–m).
These results indicate that overexpression of Nrf2

accentuates the role of ADSC exosomes in preventing the
glucose-induced senescence of EPCs, possibly by inhibit-
ing ROS and inflammatory cytokine expression.

Cutaneous wound healing is accelerated by EPCs
combined with exosomes derived from Nrf2
overexpressing ADSCs
We next compared the effects of the EPCs combined

with or without exosome treatments in vitro using a
diabetic rat model. After 14 days, full-thickness skin
defects in the rats had a significantly reduced ulcerated
area when treated with EPCs combined with exosomes,
particularly with EPCs combined with exosomes from
ADSCs overexpressing Nrf2. Cutaneous wound healing
also improved after treatment with EPCs compared with
that of an untreated control (Fig. 7a). Granulation tissues
in the different treatment groups were measured in H&E
stained sections, whereas Masson Trichrome staining was
used to assess collagen deposition and tissue fibrosis
(Fig. 7b,c). Intracellular ROS levels were determined by
immunofluorescence using DCH-DA stain (Fig. 7d).
Increased granulation tissue formation, angiogenesis,
increased levels of growth factor expression and reduced
levels of inflammation and oxidative stress-related pro-
teins were detected in wound beds of rats treated with
EPCs combined with exosomes derived from ADSCs and
ADSCs overexpressing Nrf2. Immunofluorescence show-
ing microvascular formation confirmed that relative blood
vessel density improved following treatment with EPCs
combined with exosomes derived from ADSCs and with
the highest improvement found in rats treated with EPCs

(see figure on previous page)
Fig. 3 High glucose (HG) accelerates stress-induced premature senescence in endothelial progenitor cells (EPCs). a EPCs from healthy
subjects incubated with increasing concentrations of glucose (15 and 30mM) for 24–72 h. Cell viability was measured by the MTT assay. The
percentage of viable cells was analyzed, and data are presented as the mean ± SD (n= 3). *P < 0.05, **P < 0.01 vs. normal glucose (NG, 5.5 mM). b The
intracellular ROS level of EPCs was determined by immunofluorescence using DCH-DA stain after exposure to HG (30 mM) for different lengths of
time. Representative immunofluorescence images of ROS formation (red fluorescence) and DAPI (blue fluorescence) in EPCs. (Magnification ×200).
Scale bar, 40 μm. c The average fluorescence intensity of DHE in each group. n= 5, **P < 0.01, ***P < 0.001 vs. NG. d–i Western blot analysis shows
the protein expression levels of SMP30, VEGF, VEGFR2, and NOX1/4. GAPDH served as an internal control. The relative protein levels were analyzed,
and data are presented as the mean ± SD (n= 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. NG group. j Apoptosis was determined by Annexin-V/PI
staining after induction with 30 mM HG for 24–72 h. Percentage of apoptotic cells was measured, and data are presented as the mean ± SD (n= 3).
***P < 0.001 vs. NG glucose. k–m Inflammatory cytokine levels of IL-1β, IL-6, and TNF-α were measured by ELISA. The relative protein levels were
analyzed, and data are presented as the mean ± SD (n= 3). ***P < 0.001 vs. NG group
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Fig. 4 (See legend on next page.)
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combined with exosomes from ADSCs overexpressing
Nrf2 (Fig. 7e).
Our results demonstrate that exosomes could possibly

be used to alleviate the progression of DFUs in patients
with diabetes by preventing the senescence of EPCs and
inhibiting ROS and inflammatory cytokine expression to
reduce inflammation, which would assist wound healing
through improved vascularization as observed in our
diabetic rat model.

Discussion
The impaired function and senescence of EPCs in

hyperglycemic conditions contribute to increased ROS
and impede the healing of DFUs, which are largely caused
by peripheral neuropathy associated with DM4,28. We

assessed physiological characteristics in patients with
diabetes and found significantly elevated levels of fasting
glucose, whole blood glycated hemoglobin, VEGF and the
inflammatory factors NOX1 and NOX4. By contrast,
SMP30 and VEGFR2 were significantly reduced. In this
study, we measured the expression levels of SMP30 and
phosphorylation of VEGFR2 in EPCs from patients with
diabetes and under conditions of high glucose. Stimula-
tion of VEGFR2 by tyrosine kinase activity, in turn, acti-
vates endothelial nitric oxide synthase to increase the
release of nitric oxide and to extend and increase the
blood vessel permeability that is required for angiogen-
esis29. We found that levels of SMP30 and VEGFR2
phosphorylation were significantly reduced in response to
high glucose, whereas intracellular ROS and inflammatory

(see figure on previous page)
Fig. 4 Exosomes derived from adipose-derived stem cells (ADSCs) decreased endothelial progenitor cell (EPC) senescence under high
glucose (HG) conditions. a The apoptosis rate of EPCs was determined by Annexin-V/PI staining after 24 h induction with HG (30mM) with or
without GW4869 (2.5 μM) pretreatment for 8 h. b The percentage of apoptotic cells was measured, and data are presented as the mean ± SD (n= 3).
***P < 0.001 vs. HG; ###P < 0.001 vs. HG+ ADSCs. c The tube formation capability increased in EPCs stimulated with ADSCs, but the promoted effects
decreased after pretreatment with GW4869 (2.5 μM) for 8 h. d The intracellular ROS levels were determined by immunofluorescence using DCH-DA
stain. (×200). Scale bar, 20 μm. e The average fluorescence intensity of DHE in each group. n= 5, ***P < 0.001 vs. HG; ###P < 0.001 vs. HG+ ADSCs. f–k
Western blot analysis shows the protein expression levels of SMP30, VEGF, VEGFR2, NOX1, and NOX4. GAPDH served as an internal control. The
relative protein level was analyzed, and data are presented as the mean ± SD (n= 3). ***P < 0.001 vs. HG; ###P < 0.001 vs. HG+ ADSCs. l–n
Inflammatory cytokine levels of IL-1β, IL-6, and TNF-α were measured by ELISA. The relative protein levels were analyzed, and data are presented as
the mean ± SD (n= 3). ***P < 0.001 vs. HG; ###P < 0.001 vs. HG+ ADSCs

Fig. 5 Isolation and identification of exosomes from adipose-derived stem cell (ADSC) culture medium. a The ultrastructure of ADSC-derived
exosomes by transmission electron microscopy. Scale bar, 100 nm. b Size distribution of Exo-ADSCs determined by dynamic light scattering. c
Expression of the exosome markers CD4, CD63, and TSG101 and β-actin confirmed by immunoblotting. Exosome lysate was loaded into the left lane
and cell lysate into the right. d Representative micrographs of EPCs or EPCs incubated with Dil-labeled Exo (+ExoDil) or with Dil-labeled EVs
denatured by boiling (+dExo-Dil). Scale bar, 10 μm
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Fig. 6 Exosomes (Exos) derived from adipose-derived stem cells (ADSCs) overexpressing Nrf2 prevent high glucose (HG)-induced
senescence by inhibiting ROS and inflammatory cytokine expression. a,b The level of Nrf2 in exosomes secreted from ADSCs with or without
Nrf2 overexpression. c Proliferation of EPC cells was analyzed by the MTT assay with different concentrations of Exos from ADSCs (ADSC-Exo) or Nrf2
overexpression ADSCs (Nrf2-ADSC-Exo) after exposure to high glucose (HG, 30 mM) for 48 h. d Tube formation capability detected in endothelial
progenitor cells (EPCs) stimulated with 50 μg/ml ADSC-Exo or Nrf2-ADSC-Exo for 12 h under HG (30mM) condition. e–j Western blot analysis and
protein expression levels of SMP30, VEGF, VEGFR, and NOX1/4 after stimulation with ADSC-Exo or Nrf2-ADSC-Exo for 12 h under HG (30mM)
condition. GAPDH served as an internal control. The relative protein levels were analyzed, and data are presented as the mean ± SD (n= 3). ***P <
0.001 vs. normal group. k–m Inflammatory cytokine levels of IL-1β, IL-6, and TNF-α were measured by ELISA. The relative protein levels were analyzed,
and data are presented as the mean ± SD (n= 3). *P < 0.05, **P < 0.01, ***P < 0.001 vs. NG group
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cytokine levels significantly increased. Our results indicate
that senescence and oxidative stress increased in patients
with DM and are consistent with similar findings in other
studies that hyperglycemia promotes the premature

senescence of EPCs and increases levels of ROS and
inflammation11,30–32. We also found that the tube for-
mation capability of EPCs from patients with DM
decreased.

Fig. 7 Comparison between treatments by EPCs combined with or without exosomes from adipose-derived stem cells (ADSCs) and Nrf2-
ADSCs. a Representative images of full-thickness skin defects in a diabetic rat model treated with EPCs alone or combined with exosomes derived
from ADSCs (ADSCs-Exos) or ADSCs overexpressing Nrf2 (Nrf2-ADSCs-Exo) for 0, 7, and 14 days postoperatively. Scale bar: 10 mm. Percentage wound
closure of different groups. *P < 0.05 compared with control. b Granulation tissues in the different treatment groups were measured with H&E stain. c
Collagen deposition and tissue fibrosis were assessed with Masson Trichrome staining. d Intracellular ROS levels were determined by
immunofluorescence using DCH-DA stain. Scale bar, 40 μm. e Immunofluorescence with CD31 staining shows microvascular formation. Scale bar, 40
μm. The relative protein levels were analyzed, and data are presented as the mean ± SD (n= 6). *P < 0.05, **P < 0.01, ***P < 0.001 vs. PBS; #P < 0.05,
###P < 0.001 vs. EPCs
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Exosomes from human umbilical cord blood-derived
EPCs accelerate wound healing in streptozotocin-induced
diabetic rats by promoting angiogenesis through Erk1/
2 signaling33. Similarly, exosomes derived from platelet-
rich plasma in a diabetic rat model promote re-
epithelization of chronic cutaneous wounds through YAP
activation, a protein involved in maintaining the survival of
senescent cells34,35. Recent clinical trials using platelet-rich
plasma in the treatment of DFUs report promising
results36. Furthermore, rats with DFUs have been suc-
cessfully treated with dressings incorporating exosomes
from synovium mesenchymal stem cells overexpressing
miR-126-3p37. We evaluated the therapeutic effects of
exosomes secreted from ADSCs on stress-mediated
senescence of EPCs induced by high glucose. Apoptosis,
glucose-induced ROS levels, and inflammatory cytokine
levels were reduced and tube formation capability
increased when EPCs were cocultured with ADSCs, but no
difference was observed with the addition of the exosome
inhibitor GW4869. The protein expression levels of SMP30
and VEGFR2 phosphorylation increased, whereas levels of
NOX1 and NOX4 were reduced in EPCs cocultured with
ADSCs but not when ADSCs were pretreated with
GW4869. Our results indicate that high glucose-induced
stress in EPCs is alleviated by the presence of ADSCs, but
when exosomes are inhibited, the ADSCs have little effect,
suggesting that exosomes could be involved in the decrease
of EPC senescence under hyperglycemic conditions.
Nrf2 regulates multiple adaptive responses to oxidative

stress and is also involved in cell migration, proliferation,
apoptosis, and differentiation16,38. Furthermore, Nrf2 has
therapeutic effects in rat models of diabetic nephro-
pathy39,40. We assessed whether the protective effects of
ADSCs could be increased by the overexpression of Nrf2.
A significant increase in cell viability occurred in EPCs
when cultured with ADSC-derived exosomes, and viability
further increased when Nrf2 was overexpressed. Tube
formation also increased when EPCs were cultured with
exosomes from ADSCs overexpressing Nrf2. Exosomes
derived from ADSCs overexpressing Nrf2 improved levels
of SMP30 and VEGF and increased VEGFR2 phosphor-
ylation, whereas levels of ROS and inflammatory cytokine
levels were significantly reduced. These results indicate
that overexpression of Nrf2 in ADSC exosomes further
prevents the glucose-induced senescence of EPCs, possibly
by inhibiting ROS and inflammatory cytokine expression.
We found that ADSCs secreting exosomes promoted

proliferation and angiopoiesis in EPCs in a high glucose
environment and that overexpression of Nrf2 increased
this protective effect. The use of exosomes from ADSCs
overexpressing Nrf2 in a diabetic rat model significantly
reduced the ulcerated area. Wound healing also improved
after treatment with ADSCs compared with that in an
untreated control, with increased granulation tissue

formation, angiogenesis, increased levels of growth factor
expression and reduced levels of inflammation and oxi-
dative stress-related proteins detected in wound beds of
rats treated with exosomes derived from ADSCs over-
expressing Nrf2. Relative blood vessel density also
improved following treatment with the exosomes.
To conclude, our results demonstrate that exosomes

could possibly be used to alleviate the progression of DFUs
in patients with diabetes by preventing senescence of EPCs
and inhibiting ROS and inflammatory cytokine expression
to reduce inflammation and thereby assist wound healing
by improved vascularization as observed in our
streptozotocin-induced diabetic rat model. Our data sug-
gest that exosomes from ADSCs can potentially promote
wound healing, particularly when overexpressing Nrf2 and
therefore that transplantation of exosomes may be suitable
for clinical application in the treatment of DFUs.
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