
OR I G I N A L R E S E A R C H

miRNA-221-3p in Endothelial Progenitor

Cell-Derived Exosomes Accelerates Skin Wound

Healing in Diabetic Mice
This article was published in the following Dove Press journal:

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy

Juan Xu1,*

Suwen Bai2,*

Yadi Cao1

Lei Liu1

Yang Fang2

Juan Du2

Li Luo1

Mingwei Chen1

Bing Shen 2

Qiu Zhang1

1Department of Endocrinology, The First

Affiliated Hospital of Anhui Medical

University, Hefei, Anhui 230022, People’s
Republic of China; 2School of Basic

Medical Sciences, Anhui Medical

University, Hefei, Anhui 230032, People’s
Republic of China

*These authors contributed equally to

this work

Background: Patients with diabetic cutaneous ulcers experience financial burden and

a lower quality of life and life expectancy. Endothelial progenitor cell (EPC)-derived exo-

somes facilitate skin wound healing by positively modulating vascular endothelial cell

function. Exosomes play their important regulatory role through microRNA (miRNA). We

explored the potential role and molecular mechanisms of miRNA in EPC-derived exosome

healing of diabetic skin wounds.

Methods: Exosomes were isolated from the media of EPCs derived from mice bone

marrow. High-throughput sequencing was used to detect the expression of exosome

miRNA, and miRNA target genes were predicted using online databases. A diabetic mouse

skin wound model was established, and wounds were treated with exosomes, miRNA-221-

3p, or phosphate-buffered saline.

Results: Exosomes from EPCs accelerated skin wound healing in both control and diabetic

mice. High-throughput sequencing showed that miRNA-221-3p was highly expressed in EPC-

derived exosomes. Skin wound healing in control and diabetic mice was significantly enhanced

by EPC-derived exosomes and miRNA-221-3p administration. Immunohistochemical analyses

showed that EPC-derived exosomes and miRNA-221-3p increased protein expression levels of

the angiogenesis-related factors VEGF, CD31 and cell proliferationmarker Ki67. Bioinformatics

analyses indicated that miRNA-221-3p may be involved in the AGE-RAGE signaling pathway

in diabetic complications, cell cycle, and the p53 signaling pathway.

Conclusion: We concluded that miRNA-221-3p is one of the high-expressed miRNAs in

EPC-derived exosomes and promoted skin wound healing in diabetic mice. The finding

uncovers the molecular mechanism of EPC-derived exosomes and provides a potential novel

approach to the clinical treatment of diabetic skin wounds.
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Introduction
Diabetes is a group of chronic metabolic diseases affecting more than 340 million

people, and approximately 20% of patients develop diabetic wounds. Leg or foot ulcers

are the most common type of wounds in patients with diabetes.1 Diabetic cutaneous

ulcers are the result of a combination of vascular diseases, neuropathy, and infection.2

Among them, vascular diseases can lead to microvascular injuries or microcirculation

disorders to varying degrees, which further cause distal ischemia and severe tissue

damage. Because of the breakdown of the skin, diabetic cutaneous ulcer is difficult to

treat and heal; thus, patients with such ulcers experience financial burdens and have
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a significantly lower quality of life and life expectancy.

Therefore, efficient treatments and therapies are urgently

needed for this condition.

Endothelial progenitor cells (EPCs) are the precursor

cells of vascular endothelial cells, which can be directed to

the site of ischemic injury and form new blood vessels

through their own differentiation and proliferation, thus

improving the ischemic state of limbs.3 However, the high-

sugar environment and inflammatory response of

a diabetic wound can lead to a decrease in the number of

EPCs, weaken their proliferation, adhesion, and migration

to assist in the synthesis of blood vessels, and inhibit the

function of blood vessels.4 At the same time, advanced

glycation end products (AGEs) in the blood vessel wall

also reduce EPC activity, thus blocking wound angiogen-

esis and reducing wound healing.4

Exosomes are important carriers of cell autocrine and

paracrine information. Exosomes fuse with target cells and

transport encapsulated substances, such as proteins, lipids,

or RNA, to target cells to mediate the exchange of informa-

tion between cells and regulate the physiological and patho-

logical functions of target cells.5,6 Previous studies have

shown that exosomes secreted by EPCs regulate the func-

tions of endothelial cells and play an important role in the

repair of vascular endothelial injury.7 However, the specific

mechanisms underlying those roles remain unclear.

MicroRNA (miRNA) is non-coding small RNA that can

inhibit target gene expression by binding to the 3′-

untranslated region of target mRNA, resulting in either

mRNA degradation or inhibition of translation to protein.8

Exosomes contain a large number of miRNAs, which have

important regulatory functions, including participating in

wound healing and angiogenesis.9 For example, the expres-

sion of miRNA-203 is increased in skin wound tissues, and

miRNA-203 modulated wound healing and scar formation

via suppressing Hes1 expression in epidermal stem cells.10

Exosomes secreted by human adipose-derived mesenchy-

mal stem cells have been shown to transfer miRNA-125a to

endothelial cells and to promote angiogenesis by repressing

Delta-like 4 (DLL4) expression.11 Exosomes have also

been found to regulate the function of vascular endothelial

cells through miRNAs in studies examining diabetes and

various complications. For example, miRNAs, such as

miRNA-320a, are enriched in exosomes derived from dia-

betic cardiomyocytes, leading to enhanced production of

vascular endothelial cells.6 However, the relationship

between miRNAs in EPC-derived exosomes and skin

wound healing is still largely unknown.

Thus, the aims of the present study were to characterize

the miRNAs in EPC-derived exosomes and determine the

effect of endothelial progenitor exosomes on skin wound

healing in diabetic mice. We also specifically aimed to

clarify the role of miRNA-221-3p in regulating the healing

of diabetic skin wounds to determine whether it would be

a potential new approach for clinical treatment.

Materials and Methods
Culture and Identification of C57BL/6

Mouse EPCs
This study was approved by the ethics committee of Anhui

Medical University. All animal experiments were conducted

in accordance with the National Institutes of Health Guide

For The Care And Use Of Laboratory Animals (NIH

Publication No. 8023, revised 1978). Male C57BL/6 mice

were humanely killed by carbon dioxide inhalation. The

muscles and connective tissues from the mouse bones were

removed under aseptic conditions, and the ends of the tibia

and fibula were removed. The bone marrow was extracted

with a syringe and then mixed with phosphate-buffered sal-

ine (PBS) to form a bone marrow stem cell suspension. The

cell suspension was inoculated into a 6-well plate pretreated

with human fibronectin, and EGM-2MVmedium was added

for continuous culture in a 37°C incubator. After the cells had

adhered, themediumwas changed once every 2 days, and the

EPCs were obtained after approximately 1 week.

Immunofluorescence was used to identify characteristic

EPC antigens, as described in Section 2.2.

Immunofluorescence
Endothelial progenitor cells were incubated on glass slides

in the 12-well plate. After the cells attached to the glass,

PBS was used to wash the cells for 3 times with an interval

of 15 min. Next, the cells were fixed with 4% paraformal-

dehyde for 10 min and washed with PBS for 3 times.

Subsequently, 0.2% Triton x-100 was used for cell per-

meation and 5% BSA was used for unspecific antigen

blocking at room temperature for 1 h. Then, cells were

washed with PBS for 3 times again, and incubated with

different primary antibodies (1:50 diluted) at 4°C over-

night. The next day, the cells were washed with PBS for 3

times, and incubated with Alexa Fluor 488 fluorescence

secondary antibody (1:200 diluted, green fluorescence,

Invitrogen) for 1 h in dark at room temperature. Photos

were finally taken with a fluorescence microscope.
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Separation and Identification of

EPC-Derived Exosomes
The EPCs were cultured in Dulbecco’s Modified Eagle

Medium without fetal bovine serum. After 24 h, the medium

was collected and centrifuged at 2000 × g for 30 min. The

supernatant was added to an exosome separation solution,

mixed, and allowed to separate at 4°C overnight. Finally, the

supernatant was centrifuged at 10,000 × g for 1 h at 4°C. The

resulting precipitate was the EPC-derived exosomes.12 The

concentration of the EPC-derived exosomes was determined

using a BCA protein concentration assay. Isolated exosomes

were stored at −80°C for 1 month.

Transmission Electron Microscopy
The exosome solution (10 μL) was aliquoted, added to

a copper grid, and deposited for 2 min. Filter paper was

then used to remove any remaining water. Then, 10 μL of

2% uranyl acetate was added to the copper net for 2 min.

The retained moisture was waved away using filter paper,

and the residual was dried at room temperature for several

Figure 1 Identification of EPCs and EPC-derived exosomes. (A) EPC morphology was observed under an optical microscope. (B) Images of the EPC surface-specific

proteins CD133 and Flk-1 were captured by immunofluorescence microscopy, with DAPI (4′,6-diamidino-2-phenylindole) used to visualize cell nuclei. (C) EPC-derived

exosomes were identified by their morphological features under an electron microscope, and the diameters were measured (magnification, 200×). The vesicles shaped like

a cupholder are exosomes, as indicated by the red arrows.
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minutes. The exosomes were observed using a transmission

electron microscope at a working voltage of 80 kV.

Diabetic Mouse Skin Wound Model

Establishment and Treatment
A diabetic mouse model was created using streptozotocin

as previously described.13 Male C57BL/6 mice (30–35 g)

were intraperitoneally injected with streptozotocin (Sigma-

Aldrich, St. Louis, MO, USA) at a dose of 45 mg/kg. After

2 weeks, mice with fasting blood glucose levels higher

than 11.1 mmol/L were selected for further study. Mice

were anesthetized with an intraperitoneal injection of 1%

pentobarbital at 40 mg/kg, and their back hair was shaved.

Two full-thickness skin excision wounds with a diameter

of 6 mm each were created. The skin wounds were treated

with an equal volume of PBS (control group) or EPC-

derived exosomes (0.1 μg/μL) applied directly to the

wound twice daily for 12 consecutive days. ImageJ

(National Institutes of Health, Bethesda, MD, USA) was

used to measure the wound area shown on the images at

days 0, 3, 6, 9, and 12. Wound healing rate was calculated

using the following formula: wound healing rate (%) =

[(A0 − At)/A0] × 100%, where A0 is the initial wound area

and At is the wound area on day 3, 6, 9 or 12. The

miRNA-221-3p was diluted to 0.5 μmol/L using OPTI-

MEM and then used to treat skin wounds in normal and

diabetic mice.

Immunohistochemical Analysis
Skin wound specimens from normal and diabetic mice were

fixed with 4% paraformaldehyde and embedded in paraffin

as previously described by our group.14 The specimens were

cut into 5-μm-thick sections, dewaxed, and blocked. The

endogenous peroxidases were inactivated with 0.3% hydro-

gen peroxide (H2O2). The non-specific binding sites in the

tissues were blocked with normal goat serum and allowed to

stand at room temperature for 30 min. Then, the primary

antibody (1:50) was added and incubated overnight at 4°C.

The next day, the horseradish peroxidase–labeled secondary

antibody (1:100) was incubated for 1 h, and the ABC com-

plex was added dropwise and incubated at room temperature

for 1 h. Finally, 3ʹ-diaminobenzidine-H2O2 was used for

color development, and hematoxylin was used to stain cell

nuclei. Images of stained sections were captured using a light

microscope and analyzed with Image Pro Plus, version 5.1

(Media Cybernetics, Rockville, MD, USA), software.

miRNA Analysis, Target Gene Prediction,

and Functional Enrichment
The miRNA sequencing was performed on the extracted

EPC exosomes. FastQC (version 0.11.5) software was

used for quality inspection of the original data.

Sequencing reads that passed quality control were mapped

to the mouse reference genome (MMU10) available from

Ensembl genome browser 94 using the miRDeep2 (version

0.0.7) package. The mapper.pl module of the miRDeep2

Figure 2 EPC-derived exosomes promote skin wound healing in normal and

diabetic mice. Wound area changes (A) and wound healing rate (B) with treatment

of EPC-derived exosomes (EPC-Exo) or with PBS (control) for 9 days in normal

mice. Values represent the mean ± SE (n = 3); *P < 0.05. Wound area changes (C)

and wound healing rate (D) with treatment of EPC-derived exosomes or with PBS

for 12 days in diabetic mice. Values represent the mean ± SE (n = 5); *P < 0.05.
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tool was run with the following parameters: -c -j -m -q -p

-s -t -v. This process generated non-redundant readings

using a count of mapped readings, source, and genome

locations. The mature and hairpin miRNA sequences were

obtained from miRBase release 18 (http://www.mirbase.

org). Finally, the resulting FASTQ files were processed by

miRDeep2.pl script, and the read count was extracted for

each miRNA. The miRNA target genes were predicted

online using RNA22-HAS (https://cm.jefferson.edu/

rna22/), miRDB (http://mirdb.org/), and TargetScan

(http://www.targetscan.org/mamm_31/), and the intersec-

tion of the three results was taken. Kyoto Encyclopedia

of Genes and Genomes (KEGG) enrichment analysis was

conducted online using Metascape (http://metascape.org)

to predict the signaling pathways in which miRNA may

participate.15

Statistical Analysis
All statistical analyses were performed using GraphPad

Prism software (version 7.04). Unless otherwise stated, data

are expressed as the mean ± standard error (SE). TheMann–

Whitney test (two-tailed) and two-way analysis of variance

(ANOVA) were used to compare the results between groups.

P values < 0.05 were considered statistically significant.

Results
Identification of EPCs and EPC-Derived

Exosomes
We separated EPCs by inducing differentiation of mouse bone

marrowmonocytes and detecting the expression of the surface-

specific proteins CD133 and Flk-1 on EPCs by using immuno-

fluorescence. The results showed that the EPCs were typically

Figure 3 Immunohistochemical staining of skin wound tissue treated with EPC-derived exosomes in normal mice. Representative immunohistochemical images (A) and

summary data (B) of immunostaining in skin wound tissue obtained from normal mice treated with EPC-derived exosomes or PBS (control), expressed as integrated optical

density/total area (OC) (magnification, 200×). All values are presented as means and standard deviations (n = 3). Statistically significant differences are indicated by *P < 0.05,

***P < 0.001, compared with the control group.
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linearly distributed (Figure 1A) and that both CD133 and Flk-1

were strongly expressed (Figure 1B).5 EPC-derived exosomes

were identified by their morphological features under an elec-

tron microscope, and the diameter of the exosomes was mea-

sured. As shown in Figure 1C, exosomes were typically

“cupholder”-shaped, with diameters ranging from 40 to 100

nm, indicating successful isolation of EPC-derived exosomes.

EPC-Derived Exosomes Promote Wound

Healing in Diabetic Mice
We applied isolated EPC-derived exosomes (0.1 μg/μL) or
PBS (as a control) directly to skin wounds of normal and

diabetic mice. As shown in Figure 2, both normal mice

and diabetic mice treated with EPC-derived exosomes

showed accelerated wound closure compared with that in

PBS-treated mice. In addition, we used immunohistochem-

ical analysis to evaluate the expression levels of the angio-

genesis-related factors VEGF, CD31 and cell proliferation

marker Ki67 in mouse skin tissue. The results showed that

the expression levels of VEGF, CD31, and Ki67 were

significantly increased in the skin tissue treated with the

EPC-derived exosomes compared with that following

treatment of PBS (the control group) in both normal

mice (Figure 3) and diabetic mice (Figure 4), suggesting

that EPC-derived exosomes may accelerate wound healing

by promoting angiogenesis.

High-Throughput Sequencing of miRNAs

in EPC-Derived Exosomes
EPC-derived exosomes contain multiple regulatory sub-

stances, including miRNAs, which have been shown to be

involved in angiogenesis. To determine whether miRNAs in

EPC-derived exosomes play an important role in wound

healing, we used high-throughput sequencing to character-

ize the miRNA abundance. As shown in Figure 5A, all the

base position masses were above a quality score of 30,

which indicated that we obtained high-quality reads that

could be used for further analyses. R language was used to

Figure 4 Immunohistochemical staining of skin wound tissue treated with EPC-derived exosomes in diabetic mice. Representative immunohistochemical images (A) and

summary data (B) of immunostaining in skin wound tissue obtained from diabetic mice treated with EPC-derived exosomes or PBS (control), expressed as integrated optical

density/total area (OC) (magnification, 200×). All values are presented as means and standard deviations (n = 3). Statistically significant differences are indicated by *P < 0.05

and **P < 0.01, compared with the control group.
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cluster the miRNA expression profile, and the results

showed that the miRNA expression pattern in the endothe-

lial EPC group was similar (Figure 5B). In addition, we

sequenced the expression levels of the EPC exosome

miRNAs and listed the top 10 miRNAs of those totally

expressed. The results showed that miRNA-21a-

5p, miRNA-222-3p, and miRNA-221-3p were highly

expressed in EPC-derived exosomes (Figure 5C).

miRNA-221-3p Promotes Wound

Healing in Diabetic Mice
We used the top three miRNAs expressed in EPC exo-

somes to treat normal and diabetic mouse skin wounds.

Although miRNA-21a-5p (Supplementary Figure 1A) and

miRNA-222-3p (Supplementary Figure 1B) had no signif-

icant effect on skin wound healing in mice, when miRNA-

221-3p at a dose of 0.5 μmol/L was applied directly to the

wounds of normal or diabetic mice, the healing rates of

both normal and diabetic mice were significantly increased

and wound scab formation occurred sooner (Figure 6). The

results of immunohistochemistry showed that the expres-

sion levels of the angiogenesis-related factors VEGF,

CD31 and cell proliferation marker Ki67 were also sig-

nificantly increased in the miRNA-221-3p–treated groups

of normal (Figure 7) and diabetic (Figure 8) mice. These

data indicated that miRNA-221-3p promotes wound heal-

ing in mice and contributes to the regulation of angiogen-

esis by EPC-derived exosomes.

Figure 5 High-throughput sequencing of miRNAs in EPC-derived exosomes. (A) Sequencing quality. A block diagram showing the quality of four sample read sequences.

The X-axis is the base position of each reading. The Y-axis is the sequence quality score. A median value of the sequencing quality score less than 20 indicates poor

sequencing quality, and a value higher than 30 indicates better sequencing quality. (B) Cluster analysis of miRNA expression profiles. Red represents high expression, purple

represents low expression. (C) The top 10 miRNAs expressed in endothelial progenitor exosomes. MiRNA-221-3p was indicated by red circle.
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Target Gene Prediction and KEGG

Pathway Analysis of miRNA-221-3p
We predicted the target genes of miRNA-221-3p by using

bioinformatic tools, and we performed a KEGG analysis

to predict the potential signaling pathways related to

miRNA-221-3p. The results showed that the target

genes of miRNA-221-3p may be involved in the AGE-

RAGE signaling pathway in diabetic complications, cell

cycle, p53-signaling pathway, and MAPK signaling path-

way, among others (Figure 9A). These results indicated

that miRNA-221-3p has a potential to downregulate the

expression levels of p27, caspase-3, E-selectin, c-Jun

N-terminal kinase, and other proteins involved in the

AGE-RAGE signaling pathway. Our analysis suggested

that miRNA-221-3p likely antagonizes AGE-induced cell

hypertrophy, apoptosis, inflammatory response, and

vascular dysfunction (Supplementary Figure 2A). In addi-

tion, miRNA-221-3p might also downregulate the expres-

sion of the cyclin-dependent kinase inhibitors p27 and

p57 in the cell cycle signaling pathway (Supplementary

Figure 2B), which could promote cell proliferation as

a result. These data suggested that miRNA-221-3p may

play an important role in the regulatory function of EPC-

derived exosomes.

Discussion
Diabetic cutaneous ulcer (DCU), a common chronic com-

plication of diabetes, causes severe disability.16,17 The spe-

cific mechanism of difficult healing of diabetic wounds is

still not fully understood. In recent years, research has

found that it may be related to the special microenvironment

of the skin of diabetic patients, the reduction of angiogen-

esis, the change in the number of related inflammatory

factors and the dysfunction of immune response.2 Among

them, microvascular and microcirculatory disorders of dif-

ferent degrees caused by vascular diseases are the main

causes of distal ischemia and tissue damage.18 Studies

have shown that under the influence of high-glucose envir-

onment and ROS in vivo, inflammatory cells such as macro-

phages can continuously generate a large number of

inflammatory precursor factors, maintain the occurrence

of inflammatory reactions, inhibit wound healing, and inhi-

bit the formation and function of new blood vessels.4,19

Long-term chronic inflammatory response can also inhibit

angiogenesis by down-regulating the expression of vascular

endothelial growth factor (VEGF) and angiogenin-1 (ANG-

1) and their receptors, inhibiting their ability to promote the

proliferation and adhesion of EPCs.20

Restoration of blood flow to injured tissue facilitates

the oxygen and nutrient supply to support the growth of

reparative cells that promote wound healing.21,22 Previous

studies have shown that EPC-derived exosomes (EPC-

Exos) can regulate the function of endothelial cells and

play an important role in the repair of injured vascular

endothelium.23–26 Li et al demonstrated in animal experi-

ments that EPC-Exos can accelerate the early reendothe-

lialization after carotid artery endothelial injury in rats,

thus promoting vascular repair. In vitro experiments,

endothelial progenitor cell exosomes were also found to

enhance the proliferation and migration of endothelial

Figure 6 MiRNA-221-3p promotes skin wound healing in normal and diabetic

mice. Skin wound area changes (A) and wound healing rate (B) in normal mice

treated with miRNA-221-3p (0.5 μmol/L) or OPTI-MEM (control) for 9 days. Values

represent the mean ± SE (n = 5); **P < 0.01. Skin wound area changes (C) and

wound healing rate (D) in diabetic mice treated with miRNA-221-3p or OPTI-MEM

for 12 days. Values represent the mean ± SE (n = 5); *P < 0.05.
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cells and increase the expression of angiogenic-related

molecules.5 Zhang et al showed that EPC-Exos can stimu-

late the angiogenic activity of endothelial cells by activat-

ing Erk1/2 signal transduction, and ultimately promote

skin wound repair and regeneration.27 In the current inves-

tigation, we found that exosomes derived from endothelial

progenitor cells promoted skin wound healing and expres-

sion of angiogenesis-related molecules in diabetic mice,

which is consistent with the report.

It has been reported in the studies on diabetes and its

complications that exosomes can regulate vascular

endothelial cells through miRNA.28,29 For example,

miRNA-221 targets and binds to significant genes and

key factors in the insulin/insulin-like growth factor-1 sig-

naling pathway, and has been previously shown to be

related to metabolic syndrome as well as to diabetes and

its complications.30 Previous studies have shown that

miRNA-221 expression is increased in the high-glucose

state, while c-kit expression is decreased. The miRNA-

221–c-kit pathway may damage the migration of endothe-

lial cells, leading to vascular dysfunction in patients with

diabetes.31 A recent clinical study showed that miRNA-

221 was significantly increased as the severity of diabetic

retinopathy increased, suggesting that miRNA-221 could

be used as a potential biomarker for diabetic retinopathy.32

However, no studies have, to our knowledge, investigated

the role of miRNA-221-3p in skin wound healing.

In this study, we explored an emerging role of miRNA-

221-3p in the healing of diabetic skin wounds by using

transcriptomics, animal experiments, and bioinformatics ana-

lyses. Our data showed, for the first time, that treatment with

miRNA-221-3p accelerated skin wound healing in both nor-

mal and diabetic mice. VEGF is one of the most potent

known angiogenic cytokines in the skin, and the amount of

VEGF present in a wound affects healing and supports the

rate-limiting steps of vasculogenesis and angiogenesis.1,33

Figure 7 Immunohistochemical staining of miRNA-221-3p–treated skin wound tissue in normal mice. Representative immunohistochemical images (A) and summary data

(B) showing immunostaining of the skin wound tissue from normal mice treated with miRNA-221-3p (expressed as integrated optical density/total area; OC) (magnification,

200×). All values are presented as means and standard deviations (n = 3). Statistically significant differences are indicated by *P < 0.05,**P < 0.01, ***P < 0.001, compared

with the control group treated with PBS.
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Our immunohistochemical results suggested that miRNA-

221-3p increased the protein expression levels of VEGF,

further suggesting that miRNA-221-3p can promote

angiogenesis and thereby improve blood perfusion and the

metabolism of injured tissue. The presence of Ki67 is a good

indicator of cell proliferation, and it plays an important role

in the initiation of cell proliferation.34 Our results also

showed that miRNA-221-3p increased the expression levels

of Ki67 in the skin tissue of diabetic mice. Taken together,

these data suggest that angiogenesis and cell proliferation are

enhanced in miRNA-221-3p–treated mice.

AGEs and their receptors (RAGE) are involved in and

mediate various signaling pathways of oxidative stress, indu-

cing the generation of reactive oxygen species and activating

nuclear factor-kappa B (NF-kB), thereby leading to inflam-

matory reactions, cell apoptosis, and microvascular

diseases.35 Therefore, it is an important strategy for the

prevention and treatment of type 2 diabetes mellitus and its

complications to effectively inhibit the AGE-RAGE pathway

and reduce the reaction of the NF-kB pathway, thus

Figure 8 Immunohistochemical staining of miRNA-221-3p–treated skin wound tissue in diabetic mice. Representative immunohistochemical images (A) and summary data

(B) showing immunostaining in the skin wound tissue from diabetic mice treated with miRNA-221-3p (expressed as integrated optical density/total area; OC) (magnification,

200×). All values are presented as means and standard deviations (n = 3). Statistically significant differences are indicated by *P < 0.05 and **P < 0.01, compared with the

control group treated with PBS.

Figure 9 Target gene prediction and KEGG signal analysis of miRNA-221-3p. The

miRNA-221-3p target genes were predicted online using RNA22-HAS, miRDB, and

TargetScan. The KEGG enrichment analysis was conducted online using Metascape

to predict the signaling pathways in which miRNA-221-3p may participate.
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contributing to the reduction of oxidative stress injury.36 Our

KEGG analyses showed that miRNA-221-3p may downre-

gulate the expression levels of key proteins in the AGE-

RAGE signaling pathway. In addition, our results showed

that miRNA-221-3p could downregulate the expression of

p27 and p57 proteins in the cell cycle signaling pathway.

Cyclin-dependent kinase inhibitors are negative regulatory

factors during cell cycle progression.37 Therefore, we spec-

ulate that miRNA-221-3p promotes the proliferation of vas-

cular cells by inhibiting the negative regulators of the cell

cycle. However, this speculation and the specific mechanism

of miRNA-221-3p will require further study.

Our results may have potential clinical implications. Our

study showed that EPC-derived exosomes expressed a high

level of miRNA-221-3p and that treating skin wounds of mice

with EPC-derived exosomes had an effect similar to that

observed after administration of miRNA-221-3p. However,

treatment with EPC-derived exosomes is more feasible and

less difficult in clinical practice than the administration of

miRNA, which would require the use of transfection reagents.

Different routes of exosome administration have been

described, such as systematic administration,38 intranasal

administration,39 or subcutaneous injection.25 Although

applying exosomes by directly spreading them onto wound

sites has been seldomly described, it was the most convenient

and practical method for use in themousemodel in the present

study. Thus, additional studies are warranted to determine

whether this route of administration would be effective in

clinical practice, which would expand exosome-based thera-

peutics to a large extent.

Despite the mechanistic strength, we admit that our study

has some limitations that should be addressed in the future.

First, our immunofluorescence experiments in relation to exo-

somal markers can be substantiated by qPCR experiments.

Similarly, due to some constraints, we could not study altera-

tions in transcriptional signatures of cytokines and growth

factors in relation to wound healing as these could be direct

or indirect targets of miRNA-221-3p. As our KEGG analyses

showed that miRNA-221-3p may downregulate the expres-

sion levels of key proteins in the AGE-RAGE signaling path-

way, we also emphasize that future studies are warranted to

demonstrate the extent of transcriptional levels of certain

AGE-RAGE signatures in the wound healing model.

Conclusions
In conclusion, we demonstrated that miRNA-221-3p is

highly expressed in EPC-derived exosomes, and promoted

skin wound healing in normal and diabetic mice. This

finding reveals the molecular mechanism of EPC-derived

exosomes and provides a potential novel target and

method for clinical treatment of diabetic skin wounds.
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