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Macrophage-derived exosomes accelerate wound healing through their
anti-inflammation effects in a diabetic rat model
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ABSTRACT
Chronic, subclinical inflammation was often observed in the diabetic wound area, causing inadequate
and delayed wound-healing effects by failing to initiate cell migration, proliferation, and extracellular
matrix deposition. Therefore, we presented macrophage-derived exosomes (Exos) and explored their
potential for inhibiting inflammation and accelerating diabetic wound healing in a skin defect, diabetic
rat model. A thorough investigation demonstrated that Exos exerted anti-inflammatory effects by inhib-
iting the secretion of pro-inflammatory enzymes and cytokines. Furthermore, they accelerated the
wound-healing process by inducing endothelial cell proliferation and migration to improve angiogen-
esis and re-epithelialization in diabetic wounds.
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Introduction

Diabetic wound dysfunction is a serious, chronic complication
of diabetes. Nearly 15% of 150 million diabetic patients
worldwide suffer diabetic wound injury, which accounts for
50% of cases necessitating amputation treatment [1,2]. Given
its high incidence of morbidity and mortality, diabetic wound
damage brings a heavy burden to patients and society.
Therefore, determining the pathogenesis and enhancing
therapeutic efficacy of diabetic wound disease have become
a main focus in diabetes research.

Diabetic chronic wounds, characterized by a persistent
inflammatory response, exhibit a pathologically delayed heal-
ing process by altering angiogenesis, ultimately delaying
epithelialization and inducing imbalanced secretion in prote-
ase [3].

With the extension of the inflammatory phase in the dia-
betic wound-healing process, inflammatory cells were gener-
ally activated, thus delaying the switch from inflammatory
phase to proliferative phase [4]. A large amount of inflamma-
tory mediators, such as tumor necrosis factor (TNF)-a and
interleukin (IL)-6, secreted by cells were released into the
wound site and subsequently prevented the cell proliferation
and migration required for diabetic wound healing [5].
Furthermore, over-activation of inflammation increased matrix
metalloproteinase (MMP)-9 expression [6,7], which resulted in
rapid degradation of native collagen, fibronectin, and elastin,
thus delaying the diabetic wound-healing process [8].

Exosomes are bilayer nanovesicles secreted by most
embryonic cells and take charge of cell-to-cell communica-
tion by delivering lipids, proteins, and nucleic acids to neigh-
boring cells [9–12]. Given their low malignant potential,
cellular/tissue specificity and potent immunomodulatory
effects, exosomes have been widely applied to accelerate
wound healing and demonstrated promising results [13–15].

Increasing data indicate that macrophages may create an
optimal microenvironment for reducing inflammation
through a paracrine mechanism [16–18], and exosomes
secreted by macrophages play an important role in commu-
nicating with neighboring cells via regulating levels of cyto-
kines and miRNAs to ameliorate the inflammatory response
in recipient cells [19,20]. It has been reported that macro-
phage-derived exosomes attenuated thermal hyperalgesia in
a murine model of inflammatory pain, suggesting their role
in dysregulated inflammation [21].

In this study, we hypothesized that exosomes derived
from macrophages (Exos) can prevent inflammatory activa-
tion at the diabetic wound site, which contribute to rapid
diabetic wound healing. We observed that macrophage-
derived exosomes significantly attenuated the secretion of
pro-inflammatory cytokine and promoted proliferation and
migration of endothelial cells to improve angiogenesis and
re-epithelialization in diabetic wounds. It demonstrated that
given their heightened anti-inflammatory potential, Exos are
a promising approach for accelerating diabetic wound heal-
ing in future clinical applications.
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Materials and methods

Cells and cell culture

RAW 264.7 cells (ATCCVR TIB-71TM; American Type Culture
Collection [ATCC], Manassas, VA, USA) were purchased from
the Cell Bank of the Chinese Academy of Sciences (Shanghai,
China). RAW 264.7 cells (ATCCVR TIB-71TM) were maintained in
complete media (1� DMEM, 10% heat-inactivated fetal
bovine serum [FBS]). Human umbilical vein endothelial cells
(HUVECs, Cell Bank of the Chinese Academy of Sciences,
Shanghai, China) were cultured in F12 medium (Gibco BRL)
containing 10% FBS (Gibco BRL). In order to mimic diabetic
environment in vitro, high glucose cultured HUVECs (HG-
HUVECs) had confirmed to be often employed and obtained
by using high glucose (HG;40mM) to treat HUVECs for 72 h
(the media were changed every 24 h), as previously described
[22,23]. To further explore Exos-induced anti-inflammation
effects in the cells, lipopolysaccharide (LPS) was used as an
activator of the inflammatory response to induce enhanced
inflammation and combined with Exos to treat cells [24].

Preparation and purification of macrophage-
derived exosomes

For exosomes collection, RAW 264.7 cells (1� 107) were
plated in 150mm dishes with complete culture media. After
24 h of culturing, the media was replaced with exosome-
depleted media (1� DMEM, 10% heat-inactivated FBS
depleted of exosomes by ultracentrifugation). The cell culture
medium was collected and centrifuged at 15,000 rpm for
30min to remove cell debris and macromolecular proteins,
which was followed by filtration through a 0.22 lm filter.
Finally, after centrifugation with an ultracentrifuge at
57,000 rpm for 1 h, the supernatant was removed and the
transparent precipitate from the bottom of the centrifuge
tube was collected to obtain macrophage-derived exosomes
(Exos). The morphology and shape of Exos were determined
by means of transmission electron microscope (JEM-1200EX;
JEOL, Tokyo, Japan). Particle size and surface charge of the
exosomes were measured using Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). To explore the identification of
Exos, western blot assay was performed to detect CD63 and
Alix (known as exosomal markers), which were enriched in
the exosome pellet fraction.

Cell proliferation determination

The effects of Exos on the proliferation of HG-HUVECs were
investigated using a cell viability assay (Cell Counting Kit-8
[CCK-8]; Dojindo Molecular Technologies, Inc., Kumamoto,
Japan). HG-HUVECs at a density of 5� 104/mL were seeded
into the 96-well plate (100lL each well) and incubated for
24 h at 37 �C under 5% CO2. The medium was replaced by
serum-free medium in the presence of low Exos concentra-
tions (Exos low, 50lg/mL), high Exos concentrations (Exos
high, 500lg/mL), and the combination of Exos at 500lg/mL
and LPS at 100 ng/mL (Exos highþ LPS), respectively. After
48 h, 20 lL of CCK-8 solution and 180 lL of fresh culture

medium were added to each well at each time point and
incubated for 1 h at 37 �C. Then, the absorbance was meas-
ured at 450 nm using a microplate reader (Synery-2; BioTek,
Winooski, VT, USA). All experiments were performed thrice.

Tube formation assay

A total of 200 mL of matrigel was pipetted into each well of a
24-well plate and incubated at 37 �C and 5% CO2 for 30min
to solidify. HG-HUVECs (80 lL/well, approximately 1� 105

cells/well) were seeded into each well loaded with matrigel
on the bottom, followed by the addition of Exos, and they
were continuously incubated for 8 h. The total branching
points and total tube length of HG-HUVECs were observed
and analyzed using a confocal microscope (Leica DMI6000B;
Leica Microsystems, Wetzlar, Germany) and imaged at 100�
magnification.

Scratch wound assay

For the scratch wound assay, HG-HUVECs were cultured in
F12 and DMEM supplemented with 10% FBS and seeded into
a 24-well tissue culture plate until they reached 100% conflu-
ence as a monolayer. A new 200 lL pipette tip was used to
gently and slowly scratch a straight line into the monolayer
across the center of the well. After scratching, wells were
washed twice with medium to remove the detached cells,
followed by replenishing the wells with fresh medium. The
different concentrations of Exos were added into the wells
and co-incubated with cells at 37 �C. At different time inter-
vals, the cells were washed twice with PBS, and the gap dis-
tance was observed and quantitatively evaluated under
the microscope.

Transwell assay

HG-HUVECs in logarithmic growth phase were trypsinized
and seeded into the transwell insert precoated with base-
ment membrane matrigel followed by the addition of Exos.
Complete medium (containing 10% FBS) was placed in the
lower chamber. After 12 h, cells were fixed by submerging
the insert in 4% paraformaldehyde for 20min and stained
with 1% crystal violet for 30min. Cells were removed from
the unmigrated (top) side by gently scraping this side with a
wet Q-tip/cotton swab. Migration was determined by count-
ing cells on the lower surface of the filter and the level of
migration was observed under an optical microscope (Leica
DMI6000B; Leica Microsystems).

Establishment of diabetic rat wound models
and treatment

All procedures were approved by the Animal Research
Committee of Jinzhou Medical University. Streptozotocin
(STZ; Sigma-Aldrich Co., St. Louis, MO, USA) was injected into
Sprague–Dawley (SD) rats intraperitoneally at a dosage of
100mg/kg/body weight once per day for 4 consecutive days
until the animals’ blood glucose levels were >300mg/dL.
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This proved that a hyperglycemic phenotype was formed,
and that type 1 diabetes was induced in the SD rats. The rats
were anesthetized with 2% isoflurane and round, full-thick-
ness excision skin wounds with a diameter of 1.5 cm were
produced on the backs of the rats. On the day when the
wounds were produced (day 0), the diabetic wound sites
were treated with 1ml PBS, 1ml of low-concentration Exos
(100lg/mL), high-concentration Exos (1mg/mL) and the
combination of high-concentration Exos (1mg/mL) and LPS
(10lg/mL), respectively, per wound by subcutaneous injec-
tion. Wound area-reducing curves were determined by calcu-
lating the ratio of the initial wound area to the wound area
at different times. The reduction of wound size was calcu-
lated using the following mathematical equation:

Wound size reduction ð%Þ ¼ ðA0–AtÞ=A0� 100% (1)

Where A0 is the initial wound area and At is the wound
area at days 7, 14, and 21 post-operation. On days 7 and 14,
the muscle and skin around the wound were excised and
fixed in 10% buffered formalin. The tissue was embedded in
paraffin and sectioned vertically at 5 lm for staining.

H&E staining

Paraffin sections of skin were dewaxed in water; then, the
sections were incubated with hematoxylin for 5min. After
hydrochloric acid color separation for 2 s, the sections were
rinsed (using running water) for 30min. Next, the sections
were incubated with eosin for 3min. After several rinses, the
sections were dehydrated in gradient alcohol, transparented
with xylene, and sealed using neutral gum. Images were col-
lected under a microscope and quantified using Image-Pro
Plus 6.0 analysis software.

Masson’s trichrome staining

Masson’s trichrome assay was applied to evaluate the degree
of collagen maturity. Sections were deparaffinized and rehy-
drated. Masson staining was performed according to the
manufacturer’s instructions. Images were collected under a
microscope and quantified using Image-Pro Plus 6.0 ana-
lysis software.

Immunohistochemistry staining and
immunofluorescence staining analysis

Sections were dewaxed in xylene and rehydrated using gradi-
ent alcohol solutions. Then, the sections were treated with
3% hydrogen peroxide (H2O2) for 10min, and antigen
retrieval was performed by incubation in citrate buffer (pH
6.0) at high pressure for 3min. After rinsing with PBS, the
sections were blocked with goat serum for 20min for immu-
nohistochemistry staining and immunofluorescence stain-
ing analysis.

Statistical analysis

All data are presented as the means ± standard deviations
(SD). Independent-samples t-tests were used to compare the
means between two different groups. One-way analysis of
variance (ANOVA) was used to determine the level of signifi-
cance with GraphPad Prism software (GraphPad, La Jolla, CA,
USA), and p values <.05 were considered statistically
significant.

Results

Characterization of exos

RAW 264.7 cells were cultured and then Exos were isolated
from the culture supernatants of RAW 264.7 cells by ultracen-
trifugation. Typical exosomal structures were observed by
TEM and characterized as homogeneous and spherical
vesicles, with a mean particle diameter of 95 ± 9.9 nm for
Exos (Figure 1). Western blot analysis showed that CD63 and
Alix (known exosomal markers) were enriched in the Exos
pellet fraction, whereas they were not obviously detected in
the supernatant, indicating that Exos had been fully collected
from the culture medium.

Exos improved angiogenesis in HG-HUVECs in vitro

As angiogenesis is a vital process for skin wound healing
and contributes to the formation and remodeling of new
blood vessels, we investigated whether Exos could influ-
ence the angiogenic responses in HG-HUVECs. It was found
that as shown in Figure 2(A–C), when compared to
untreated HG-HUVECs as the control, Exos at low

Figure 1. Characterization of Exos: (A) Morphology of Exos observed by TEM. The scale bar is 100 nm. (B) Particle size and distribution analysis of Exos. (C) Western
blotting of Exos surface markers.
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concentration of 50 lg/mL and high concentration of
500lg/mL significantly increased the number of migrating
cells and reduced the scratched area in a dose-dependent
manner. The growth of Exos-treated HG-HUVECs, as meas-
ured by the CCK8 assay, had been significantly increased
and their proliferation rates were enhanced by 1.9-fold and
2.8-fold for the group treated with Exos at low and high
concentrations as compared to the control, respectively,
within 48 h (Figure 2(D)). Matrigel tube formation results
(Figure 2(B,C)) also demonstrated that when compared to
the control group, tube formation in the presence of Exos
was significantly accelerated, and the branch numbers of
connected cells and the numbers of tubes formed in

randomly selected fields were significantly increased.
Lipopolysaccharides (LPS) as an activator of the inflamma-
tory response to induce inflammation [25], was combined
with Exos to treat HG-HUVECs for investigating the inflam-
mation-induced angiogenic response. After being treated
with a combination of Exos at 500 lg/mL and LPS at
100 ng/mL, cell proliferation, the number of migrated cells,
and tube formation were significantly decreased and the
scratched area was bigger as compared to that of Exos
alone at 500 lg/mL (p< .05). All these data demonstrated
that Exos contributed to promotion of HG-HUVECs migra-
tion and tube formation and the addition of LPS abolished
Exos-induced angiogenesis.

Figure 2. When low Exos concentrations (50lg/mL) (Exos low) and high Exos concentrations (500 lg/mL) (Exos high) and the combination of high Exos
(500 lg/mL) and LPS (100 ng/mL) concentrations (Exos highþ LPS) were used to treat HG-HUVECs, Exos induced pro-angiogenic effects. untreated HG-HUVECs was
used as the control group. (A) Exospromoted HG-HUVEC migration, as analyzed by scratch wound assay; this effect was reduced by Exosþ LPS. (B) The migrating
images of HG-HUVECs receiving different treatments were further confirmed by the transwell assay. Representative images of HG-HUVEC tube formation in different
treatment groups. (C) Quantitative analysis of the scratch wound assay, transwell assay, and the tube-formation assay. The data are represented as the means ± SD
(n¼ 3), #p<.05, compared untreated HG-HUVECs (control) with high Exos levels (500lg/mL).�p< .05. (D) Cell viability was analyzed by CCK-8 assay with different
treatments. The data are represented as the means ± SD (n¼ 3), �p< .05.
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Exos promoted cell migration and proliferation in HG-
HUVECs via anti-inflammation

In order to further confirm Exos-induced angiogenesis and
proliferation via inhibiting the inflammatory response, some
angiogenesis related proteins and inflammatory factors were
determined by western blot. As shown in Figure 3, when
compared to untreated HG-HUVECs as the control, Exos at
low concentration of 50lg/mL and high concentration of
500lg/mL significantly decreased the expression of some
inflammatory factors, such as tumor necrosis factor (TNF)-a,
interleukin (IL)-6, indicating that Exos induced anti-inflamma-
tory effects in HG-HUVECs. Furthermore, Exos also signifi-
cantly enhanced the expression phosphorylated AKT and
vascular endothelial growth (VEGF), indicating that AKT/VEGF
signaling was activated in HG-HUVECs. Compared with Exos
alone, the combination of Exos and LPS strengthened the
inflammation by increasing TNF-a production from HG-
HUVECs and counteracted Exos induced enhanced expression
levels of AKT phosphorylation and VEGF. All western blot
results revealed that Exos promoted angiogenesis in HG-
HUVECs by inhibiting inflammation.

Evaluation of wound healing treated with Exos in type 1
diabetic rats

The wound-healing role of Exos in diabetic wounds was
investigated by calculating the ratio of the initial wound area
and the wound area at different times. As shown in Figure
4(A,C), when compared with the phosphate buffered saline
(PBS) group, diabetic wound size reduction rate was
enhanced by the application of Exos; thus the wound size

reduction were 18% for PBS, 64% for Exos at a low concen-
tration of 100 lg/mL, and 81% for Exos at high a concentra-
tion of 1mg/mL within 7 days. On day 14, the wounds were
completely healed after being treated by Exos either at low
or at high concentrations; the wound size reduction in both
groups were over 94%. However, the wounds treated with
PBS were still closing and had not yet been covered by new
skin after 21 days, and the wound size reduction were 80%
and 85% on the 14th and 21st day, respectively. The
obtained results had fully validated the idea that Exos con-
tributed to the wound-healing process by enhancing the
wound size reduction. To determine whether Exos-mediated
wound healing was related to regulation of the inflammatory
process at the diabetic wound site in vivo, a combination of
Exos at 1mg/mL and LPS at 10 lg/mL was applied to treat
the wound via subcutaneous injection. It was found that LPS
induced the inflammatory response at the wound site and
actually reduced the wound-healing effects generated by
Exos. The wound size reduction for the combination of Exos
and LPS had been significantly reduced to 63% on day 7,
and to 85% on day 14.

Light micrographs of hematoxylin and eosin (H&E)-stained
sections indicated the level of wound contraction, which was
defined as the length of the wound treated with PBS, Exos,
and the combination of Exos and LPS. The equation below
was used to calculate the wound contraction rate (E%): E% ¼
LN/LO �100%. In the equation, LO indicates the primitive
wound length and LN indicates the length of new epithelium
[26]. As shown in Figure 4(B,D)), after 7 days, the Exos group
significantly accelerated wound contraction over the wound-
edge distance in the diabetic wound and the length of the
wound was significantly reduced in the presence of Exos at

Figure 3. Detection of TNF-a, IL-6, AKT, P-AKT, and VEGF levels by Western blotting. The data are represented as the means ± SD (n¼ 3), #p<.05, compared
untreated HG-HUVECs (control) with high Exos levels (500 lg/mL).�p< .05.
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high concentrations of (1mg/mL), particularly when com-
pared with the PBS control. The presence of LPS significantly
reduced the wound contraction rate, and the wound length
treated with the combination of Exos and LPS was longer
than that of the wound treated with Exos alone at day 7.

H&E staining analysis

To assess the healing effects of Exos at the diabetic wound
site on SD rats, histopathological alterations in the wound
were evaluated by H&E staining. Histological observations

(Figure 5) revealed that after 7 days of treatment, Exos signifi-
cantly reduced the number of infiltrating inflammatory cells
including neutrophils and macrophages when compared to
the PBS control in diabetic wounds. After 14 days, a great
number of inflammatory cells were still observed in the PBS
control, while there was no obvious inflammatory infiltration
found in diabetic wounds treated with Exos. It indicated that
Exos significantly inhibited chronic inflammation in diabetic
wound. Meanwhile, the Exos group promoted the formation
of granulation tissue at the wound site, which featured
increasing numbers of new blood vessels found within
7 days. Of note, the combination of Exos and LPS enhanced

Figure 4. (A) Representative images of full-thickness skin defects in a diabetic rat model untreated (PBS) or treated with low Exos (100 lg/mL), high Exos
(1mg/mL), or high Exos (1mg/mL) þ LPS (10lg/mL) at 0 days, 7 days, 14 days, and 21 days after operation. The scale bar in all Figure 4(A) is 5mm. (B) Transmitted
light images of H&E-stained sections of the untreated defects (PBS) and defects treated with low Exos, high Exos, or high Exosþ LPS at day 7 after operation. (C)
The wound size reduction in wounds receiving different treatments based on representative images of full-thickness skin defects in a diabetic rat model. The data
are represented as the means ± SD (n¼ 3), #p<.05, compared PBS group with high Exos levels (1mg/mL), �p< .05. (D) Determination of wound contraction rate
based on transmitted light images of H&E-stained sections. The data are represented as the means ± SD (n¼ 3), �p< .05.
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the infiltration of inflammatory cells and decreased the for-
mation of new blood vessels, suggesting that LPS-induced
local inflammation weakened the Exos-mediated wound-heal-
ing effects.

Masson staining analysis

The effect of Exos on wound extracellular matrix (ECM) pro-
duction was analyzed by masson staining, and the results in
Figure 6 showed that when compared with PBS as the con-
trol group, organized and dense collagen were deposited
and a large number of sparse and scattered collagen fibers
were found in the wounds treated with Exos. On the con-
trary, the combination of Exos and LPS exacerbated the local
inflammation, thus reducing the production of collagen
when compared with the treatment of Exos alone. Therefore,
the results demonstrated that Exos treatments enhanced the
collagen deposition and re-epithelialization for further accel-
erating wound healing.

Exos enhanced angiogenesis at the wound sites of SD
rats with type 1 diabetes

We then asked whether the transplantation of Exos could
enhance angiogenesis in the wound area. To evaluate the
effects of Exos on the generation of newly formed blood ves-
sels in the dermal defect, CD31 as an important indicator of
neovascularization was stained for reflecting the formation of
new blood vessels in the diabetic wound via immunofluores-
cence staining. As shown in Figure 7(A), the expression of
CD31 in the Exos-treated group was highest on day 7. It was
also statistically determined that Exos significantly enhanced
the expression of CD31 in a dose-dependent manner (Figure
7(B)). On the contrary, the combination of Exos and LPS sig-
nificantly reduced the expression of CD31 when compared
with the treatment of Exos alone. Being consistent with the

results we obtained above, Exos enhanced neovascularization
at the wound sites of SD rats with type 1 diabetes.

Immunohistochemistry staining

To evaluate the degree of inflammation variation in diabetic
wounds treated with PBS, Exos, and the combination of Exos
and LPS, immunohistochemical (IHC) analysis was used to
determine the levels of TNF-a and IL-6 as markers of inflam-
mation in the diabetic wound tissues. According to Figure 8,
a great deal of TNF-a and IL-6 staining, indicative of inflam-
mation, were observed in the tissue sections treated with
PBS. Moreover, Exos treatment substantially reduced the
expression levels of TNF-a and IL-6 in the wound tissues.
Meanwhile, when LPS as the activator of inflammation was
combined with Exos to treat diabetic wound, local inflamma-
tion was significantly triggered by increasing the levels of IL-
6 and TNF-a when compared with the treatment of Exos
alone. All data proved that Exos exerted its anti-inflammatory
effects as a direct result of the inhibition of pro-inflammatory
enzymes and cytokines, such as IL-6 and TNF-a.

Western blot analysis in wound tissues

The effect of Exos on inflammatory inhibition and angiogen-
esis was further determined by western blot. According to
Figure 9, Exos treatment significantly reduced the expression
of TNF-a and IL-6 at the diabetic wound site as compared to
that in PBS treated group. Furthermore, with the mediation
of Exos and LPS as the activator of inflammation, levels of IL-
6 and TNF-a also restored to be increased. To determine
whether Exos could activate cell proliferation signaling path-
ways, western blotting was carried out to assess the protein
levels of AKT and p-AKT in diabetic wound tissues following
treatment with PBS, Exos, and the combination of Exos and
LPS. The western blotting results revealed that Exos induced

Figure 5. H&E staining of tissue sections treated with PBS, low Exos concentrations (100 lg/mL), high Exos concentrations (1mg/mL), or high Exos (1mg/mL) þ
LPS (10lg/mL) concentrations on days 7 and 14. The scale bar in figure is 50 lm.
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significant increases in the phosphorylation of AKT (P-AKT),
but LPS (as an inflammation activator) markedly reversed its
upregulation of p-AKT induced by Exos. We also evaluated
the protein level of MMP-9 and determined whether Exos
could improve wound healing by inhibiting the expression of
local MMP-9. The results indicated that when compared to
the PBS group, Exos could effectively downregulate the
expression levels of MMP-9 in the local diabetic wound, thus
improving the pathophysiological status of diabetic wounds
and accelerating the wound-healing process of diabetic rats.

Discussion

At present, many studies have reported that the process of
diabetic wound healing was affected by intense and pro-
longed inflammation; thus, a treatment strategy preventing
inflammation shows promising potential for promoting dia-
betic wound healing [27,28]. A previous study demonstrates
that exosomes secreted by macrophage cells influenced
inflammatory pathways and contributed to the resolution of
inflammation in the recipient cells [29–31]. Therefore, in the
present study, we assessed the possible mechanism of the
anti-inflammatory effects of Exos for improving diabetic
wound repair. Based on our results, we provided evidence
that Exos improved the diabetic wound-healing effects medi-
ated, at least in part, by the inhibition of the inflammatory
signaling pathway. Exos obviously accelerated the diabetic
wound healing rate and enhanced the quality of wound heal-
ing, as demonstrated by accelerated re-epithelization, angio-
genesis promotion, and the weakened infiltration of
inflammatory cells. Meanwhile, Exos significantly inhibited
the inflammatory response by decreasing the secretion of

TNF-a and IL-6 [32]. As vascular endothelial cells contributed
to vascularization in a skin wound [33], we first focused on
the biological response of vascular endothelial cells induced
by Exos. When diabetic wound injury was occurred, vascular
endothelial cells exposed to high glucose (HG) conditions,
thus resulting in endothelial dysfunction characterized by sig-
nificantly decreasing migration and proliferation as compared
to that in normal glucose condition (control), impairing
wound healing in patients with diabetes. Therefore, we
employed high glucose cultured HUVECs (HG-HUVECs) to
mimic diabetic environment in vitro. It was found that Exos
played a positive role in promoting the angiogenic effects in
HG-HUVECs. The western blot results also confirmed that
Exos induced the inhibition of inflammation by reducing the
production of TNF-a and IL-6. Secondly, we evaluated
diabetic wound healing effects following treatment with Exos
in vivo. In a full-thickness excisional diabetic wound model,
Exos were subcutaneously injected into the diabetic wound
site; we then investigated the neovascularization, re-epitheli-
alization, and granulation tissue formation during the dia-
betic wound-healing process. It was found that Exos
contributed to the wound-healing process by remarkably
enhancing the wound size reduction. The infiltration of
inflammatory cells in diabetic wounds was reduced and the
granulation tissue that contained more congested blood ves-
sels was rapidly formed, indicating that Exos induced inflam-
mation inhibition and neo-angiogenesis. Masson’s trichrome
staining results showed that Exos boosted collagen depos-
ition and re-epithelialization for accelerating wound healing.

In western blot experiments of wound tissues, we found
that Exos effectively inhibited inflammatory signal transduc-
tion in vivo and revealed significant inhibitory effects by

Figure 6. Masson’s trichrome staining of wound sections treated with PBS, low Exos concentrations (100lg/mL), high Exos concentrations (1mg/mL), or high Exos
(1mg/mL) þ LPS (10 lg/mL) concentrations at days 7 and 14. The data are presented as the means ± SD (n¼ 3); �p< .05. The scale bar in all figure is 200 lm. The
relative pigmentation area (%) was determined by calculating the ratio of area of the blue stain (collagen fibers) to the whole selected area.

3800 M. LI ET AL.



reducing the production of TNF-a and IL-6. Furthermore, the
P-AKT was significantly activated and the MMP-9 level was
sharply reduced following the injection of Exos, partly contri-
buting to the faster wound-healing rate.

In order to further confirm our hypothesis that Exos-
induced angiogenesis-promoting and proliferation effects
were mediated by the inhibition of inflammation, we used
LPS to stimulate the strong inflammatory response and

further investigated whether the variation of inflammation
was related with Exos induced angiogenesis and LPS induced
inflammation abolished the angiogenesis effects of Exos. It
was found that in contrast with treatment of Exos alone,
treatment with the combination of Exos and LPS significantly
reversed the Exos induced angiogenesis-promoting effects
and anti-inflammatory response, thus attenuating Exos-medi-
ated wound-healing acceleration effects.

Figure 7. (A) Immunofluorescence staining of CD31. Newly formed blood vessels were identified by positive CD31 staining at postoperative day 7. The scale bar in
figure 7 A is 50 lm. (B) Quantitative analysis of the number of blood vessels. The data are represented as the means ± SD (n¼ 3), �p< .05.
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Conclusions

In summary, the present study confirmed that Exos exerted
anti-inflammatory effects via inhibiting the secretion of proin-
flammatory enzymes and cytokines, and contributed to the

success of diabetic wound treatment by significantly acceler-
ating angiogenesis and improving repair quality. Our findings
suggest that exosomes derived from macrophage may repre-
sent a novel therapeutic strategy in the treatment of diabetic
wound damage.

Figure 8. Immunohistochemistry analysis of IL-6 expression and TNF-a expression in diabetic wound sites treated with PBS, low concentrations of Exos, high con-
centrations of Exos, and high Exosþ LPS concentrations at days 7 and 14; quantitative analysis of IL-6 expression and TNF-a expression. The data are presented as
the means ± SD (n¼ 3); �p< .05.

Figure 9. Detection of the levels of AKT, P-AKT, TNF-a, IL-6 and MMP-9 by Western blotting; the data are presented as the means ± SD (n¼ 3); #p<.05, compared
PBS group with high Exos levels (1mg/mL), �p< .05.
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