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A B S T R A C T   

Neutrophil extracellular traps (NETs) have been considered a significant unfavorable factor for wound healing in 
diabetes, but the mechanisms remain unclear. The therapeutic application of small extracellular vesicles (sEVs) 
derived from mesenchymal stem cells (MSCs) has received considerable attention for their properties. Hypoxic 
preconditioning is reported to enhance the therapeutic potential of MSC-derived sEVs in regenerative medicine. 
Therefore, the aim of this study is to illustrate the detailed mechanism of NETs in impairment of diabetic wound 
healing and develop a promising NET-targeting treatment based on hypoxic pretreated MSC-derived sEVs (Hypo- 
sEVs). Excessive NETs were found in diabetic wounds and in high glucose (HG)-induced neutrophils. Further 
research showed that high concentration of NETs impaired the function of fibroblasts through activating 
endoplasmic reticulum (ER) stress. Hypo-sEVs efficiently promoted diabetic wound healing and reduced the 
excessive NET formation by transferring miR-17–5p. Bioinformatic analysis and RNA interference experiment 
revealed that miR-17–5p in Hypo-sEVs obstructed the NET formation by targeting TLR4/ROS/MAPK pathway. 
Additionally, miR-17–5p overexpression decreased NET formation and overcame NET-induced impairment in 
fibroblasts, similar to the effects of Hypo-sEVs. Overall, we identify a previously unrecognized NET-related 
mechanism in diabetic wounds and provide a promising NET-targeting strategy for wound treatment.   
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1. Introduction 

Diabetes is a sort of metabolic disorder diseases characterized by 
hyperglycemia [1]. Chronic non-healing wounds is one of the major 
complications of diabetes, accounting for 19–34% of diabetes patients 
[2]. Neutrophils, the most abundant type of circulating immune cells, 
are among the first to be recruited to the wound sites to participate in the 
early stage of wound healing [3]. The functions of neutrophils include 
phagocytosis, degranulation, and the formation of neutrophil extracel-
lular traps (NETs). NETs were first described by Brinkmann in 2004 and 
regarded as framework that could bind and kill bacteria [4]. NETs are 
web-like structure composed of chromatin filaments decorated with 
granule proteins. During normal wound healing, low concentrations of 
NET could promote proliferation of epidermal keratinocytes [5]. 
Recently, excessive NET formation was found in diabetic wounds, sug-
gesting a critical role of NETs in delayed wound healing [6]. However, 
little is known about the mechanisms responsible for the action of NETs 
on wound regeneration, and no NET-targeting treatment is currently 
approved for diabetic wound healing. 

Currently, synthetic biomaterials, such as electrospinning [7] and 
hydrogels [8,9] were developed for diabetic wound healing. However, 
these materials lack the ability to modulate the wound microenviron-
ments and cell behaviors around the wound. Recently, stem cells have 
been verified to promote wound healing and the performance of them 
after transplantation has increasingly been attributed to their exocrine 
function-producing derivatives such as small extracellular vesicles 
(sEVs) [10]. SEVs are nano-sized bilayer membrane structures carrying 
lipids, microRNAs (miRNAs), and proteins which act as therapeutic 
agents for the treatment of diseases. Compared with their parental cells, 
sEVs have many advantages including higher stability, absence of im-
mune reactions, fewer ethical issues, and low possibility of embolism 
formation and carcinogenicity [11–13]. Additionally, sEVs display bet-
ter histocompatibility, higher permeability, stronger biodegradability 
and lower cytotoxicity in comparison to those synthetic biomaterials 
[14,15]. At present, mesenchymal stem cells (MSCs) are the most 
common donor cells for sEVs. Recently, sEVs derived from human um-
bilical cord MSCs (hucMSCs) have received considerable attention for 
their use in cutaneous wounds [16]. Our latest research found that sEVs 
derived from hucMSCs could accelerate diabetic wound healing [17]. 
Although the role of sEVs in the development of many NET-associated 
diseases has been described [18–20], sEVs as therapeutic agents for 
treatment of NET-associated diseases have never been explored. 

Current obstacles to the large-scale clinical applications of sEVs 
include low yield and inadequate therapeutic effect. Hypoxic pre-
conditioning is reported not only to improve the yield of sEVs [21], but 
also to enhance the therapeutic effect of sEVs. For example, hypoxic 
pretreated adipose stem cell-derived sEVs were found to improve the 
healing of diabetic wounds via activating PI3K/AKT pathway in fibro-
blasts [22]. MiRNAs in sEVs are reported to be transferred into targeted 
cells, functioning by inhibiting the expression of their target genes. 
Moreover, several studies demonstrated that donor cells could respond 
to hypoxia by altering the molecular profile in sEVs. The miRNA profile 
in sEVs after hypoxic preconditioning has been investigated [23]. An 
exosomal miRNA analysis revealed that miR-17–5p was maximally 
enriched in sEVs derived from human bone marrow mesenchymal stem 
cells (BM-MSCs) challenged with hypoxia [24]. Furthermore, our pre-
vious study showed that miR-17–5p had the highest abundance in sEVs 
derived from hucMSCs cultured under normoxia [17]. However, the 
effect of hypoxia on the expression of miR-17–5p in hucMSC-sEVs has 
not been investigated, and whether hucMSC-derived sEVs miR-17–5p 
can regulate NET formation in diabetic wounds needs to be identified. 

In this study, we first explored the NET-related mechanisms involved 
in impairment of diabetic wound healing and then identified Hypo-sEVs 
as a promising NET-targeting treatment. The results showed that 
excessive NET formation in neutrophils hindered diabetic wound heal-
ing via affecting the function of fibroblasts regulated by ER stress. Hypo- 

sEVs obstructed the excessive NET formation by transferring miR-17–5p 
to target TLR4/ROS/MAPK pathway, thereby enhancing the diabetic 
wound healing. Our work demonstrates a promising treatment strategy 
for the development of regenerative therapies for diabetic wound 
healing, and also provides potential for its application in treating NET- 
related diseases. 

2. Materials and methods 

2.1. Cell lines 

The hucMSCs and human fibroblasts were purchased from the Chi-
nese Academy of Sciences’ cell bank and maintained in Dulbecco’s 
modified Eagle’s medium/F12 (DMEM/F12, Gibco, USA) supplemented 
with 10% fetal bovine serum (FBS, Gibco, USA) at 37 ◦C with 5% CO2. 
The concentration of glucose to induce high glucose (HG)-fibroblasts is 
35 mM and the treatment lasted for 2 months. 

2.2. Normoxia and hypoxia preconditioning protocols 

MSCs were cultured to 70% confluence and then cultured under 
ambient atmospheric conditions of 21% O2 and 5% CO2 (normoxia) or in 
a hypoxic incubator with 1% O2 (hypoxia) at 37 ◦C for 48 h. 

2.3. SEVs isolation and characterization 

The isolation of sEVs from MSCs was performed by ultracentrifuga-
tion as described previously [22]. Briefly, after 2–3 passages, when the 
cell reached 70% confluence, the complete culture medium of MSCs was 
replaced with DMEM/F12 containing 10% sEV-depleted FBS (SBI, USA). 
Forty-eight hours later, the culture medium was collected, centrifuged at 
2000×g for 10 min and 10,000×g for 30 min at 4 ◦C to remove dead 
cells, cellular debris and apoptotic bodies. Then the supernatants were 
passed through a 0.22 μm membrane filters (Millipore, SLGP033RB) and 
centrifuged at 100,000×g for 75 min. Subsequently, the supernatants 
were discarded, and the pellet was resuspended in phosphate-buffered 
saline (PBS). The resuspensions were centrifuged again at 100,000×g 
for 75 min, and the deposition was resuspended with PBS for following 
application or stored at − 80 ◦C. 

Nanoparticle tracking analyzer (NTA) (Particle Metrix GmbH, Ger-
many) and transmission electron microscope (TEM) (Hitachi, Japan) 
were used to measure the particle size and concentration of sEVs. 
Expression of the sEVs markers was determined by Western blot, 
including CD63, CD9, tumor susceptibility gene 101 (TSG101) and 
Calnexin. 

2.4. Uptake of sEVs 

Dil solution (Molecular Probes, Eugene, OR, USA) was applied to 
label sEVs fluorescently to track internalization according to the man-
ufacturer’s protocol. In short, we incubated sEVs (2 × 109 particles 
mL− 1) with Dil solution for 15 min at room temperature. The labeled 
sEVs were centrifuged at 100,000×g for 75 min at 4 ◦C and then 
resuspended with PBS. Next, neutrophils and Dil-labeled sEVs were co- 
cultured for 12 h at 37 ◦C, then the cells were washed with PBS and fixed 
with 4% paraformaldehyde. Nuclei was stained with DAPI (Thermo 
Fisher, USA) for 10 min. The image was observed by a laser confocal 
microscopy (Leica, Germany). 

2.5. Human neutrophil isolation 

Human neutrophils were isolated from peripheral blood of healthy 
donors by using human peripheral blood neutrophil separation kit 
(TianJinHaoYang Biological Manufacture Co.). May-Grunwald-Giemsa 
staining (40751ES02, Yeasen) was used to determine the purity of the 
isolated neutrophils. Neutrophils were cultured in RPMI-1640 medium 
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(Gibco, Shanghai, China) with 10% FBS at 37 ◦C with 5% CO2. 

2.6. In vitro NET analysis 

Neutrophils (2 × 105 cells) attached on coverslips coated with poly-L- 
lysine (P4707, Sigma) in 24-well plates were preincubated with or 
without sEVs (2 × 109 particles mL− 1) for 24 h at 37 ◦C. After that, the 
neutrophils were stimulated with 20 nM PMA (Sigma) or different 
concentrations of glucose for 3 h. Next, neutrophils were fixed with 4% 
paraformaldehyde for 30 min at room temperature. Then neutrophils 
were washed with PBS and permeabilized with 0.2% Triton X-100 for 
10 min. Subsequently, cells were blocked in PBS with 5% BSA for 30 min 
at room temperature and then incubated with citrullinated histone H3 
(H3Cit, 1:200, Abcam, ab5103) and myeloperoxidase (MPO, 10 μg 
mL− 1, R&D, AF3667) in blocking buffer overnight at 4 ◦C. After washing 
with PBS, cells were incubated with Alexa-Fluor-conjugated secondary 
antibodies (A21206, A21447; Invitrogen) for 1 h at room temperature. 
DAPI (Thermo Fisher, USA) was used to counterstain the nuclei for 
confocal laser scanning microscopy. The NETs areas were analyzed as 
the percentage of the positive H3Cit signal areas divided by total DNA 
areas in each field by using Imaris Microscopy Image Analysis software. 

2.7. Purification of NETs 

NETs were isolated from human neutrophils according to a previous 
reported method [25]. In brief, neutrophils were incubated with PMA 
(500 nM) for 4 h at 37 ◦C. After discarding of supernatant, NETs adhered 
to the bottom of plate were resuspended with cold D-PBS (without cal-
cium, magnesium and phenol red). The resuspensions were centrifuged 
at 450×g for 10 min and the supernatants containing NETs were 
collected. After centrifugation at 18,000×g for 10 min at 4 ◦C, the 
deposition (NETs) was resuspended with D-PBS for further study or 
stored at − 80 ◦C. The DNA concentration of NETs was calculated by 
spectrophotometry. 

2.8. MiRNA/siRNA transfection 

Small interfering RNAs (TLR4 siRNAs), miR-17–5p mimics, and miR- 
17–5p inhibitors as well as their corresponding control oligonucleotides 
were purchased from GenePharma. Transfection was carried out by 
using Lipofectamine 2000 reagent (Invitrogen) based on the manufac-
turer’s instructions. The oligonucleotide sequences of TLR4 siRNAs are 
listed in Table S1. Then the cells were collected for further study. 

2.9. Lentivirus vector constructs and transfection 

Lentiviral vectors containing miR-17–5p mimic (miR-17OE), miR- 
17–5p inhibitor (miR-17KD) as well as their corresponding negative 
control were purchased from GenePharma. 

2.10. RNA isolation and RT-qPCR 

Total RNA was isolated via using TRIzol reagent (Takara, Japan) 
according to the manufacturer’s protocol. Reverse transcription was 
performed by application of PrimeScript RT Reagent Kit (Takara, Japan) 
and miRNA RT Reagent kit (Accurate Biology, China). Real-time PCR 
was performed with Accurate Taq PCR reagent kit (Accurate Biology, 
China) on an ABIPRISMVR 7300 Sequence Detection System (Applied 
Biosystems). The specific primers are listed in Table S2. 

2.11. Luciferase reporter assay 

The binding site between miRNAs and target genes was examined by 
the use of dual-luciferase reporter assay as previously described [26]. 
Briefly, PsiCHECK2 (IGE Biotech, China) vector included firefly lucif-
erase gene (hLuc+) and renilla luciferase gene (hRluc) was used in this 

assay. Luciferase reporter assay was performed to explore whether TLR4 
was the direct target of miR-17–5p. The 3′ UTR sequence of TLR4 was 
cloned into the vectors (PsiCHECK2-WT-TLR4 and 
PsiCHECK2-MUT-TLR4). According to the manufacturer’s instructions, 
TLR4 vector was co-transfected with NC or miR-17–5p mimics. The 
relative value of luciferase was measured by Centro LB960 XS3 (Bert-
hold, German). 

2.12. NETs stimulation 

Fibroblasts were preincubated with or without ER stress inhibitor (4- 
phenylbutyrate, 4-PBA, 5 μM, HY-A0281, MedChem Express) for 1.5 h. 
Subsequently, different concentrations of NETs were added into the 
supernatant for 24 h at 37 ◦C. For degradation of NETs, the culture 
media contained NETs was treated with DNase I (2 U mL− 1, 89836, 
ThermoFisher Scientific) for 1 h at 37 ◦C. 

2.13. Immunoblotting 

Cells were collected and lysed with RIPA buffer containing protein-
ase inhibitor. The protein concentration was measured with BCA 
method (Solarbio, China). Proteins were separated on SDS-PAGE and 
electro-transferred to nitrocellulose membranes (Millipore). After 
blockage, the membranes were incubated at 4 ◦C overnight with primary 
antibodies including CD63 (1:1000, ProteinTech, 25682-1-AP), CD9 
(1:1000, ProteinTech, 20597-1-AP), TSG101 (1:1000, ProteinTech, 
28283-1-AP), Calnexin (1:1000, ProteinTech, 10427-1-AP), TLR4 
(1:1000, ProteinTech, 19811-1-AP), p-ERK (1:1000, CST, 4370), p-JNK 
(1:1000, CST, 4668), p-p38 (1:1000, CST, 4511), PERK (1:1000, CST, 
5683), p-PERK (1:1000, CST, 3179), EIF2α (1:1000, ProteinTech, 
11170-1-AP), p- EIF2α (1:1000, ProteinTech, 28740-1-AP), ATF4 
(1:1000, ProteinTech, 10835-1-AP), CHOP (1:1000, CST, 2895), Cas-
pase 12 (1:1000, ProteinTech, 55238-1-AP), cleaved caspase 3 (1:1000, 
Abcam, ab32042) or β-actin (1:1000, Abcam, ab8226). Peroxidase- 
conjugated (HRP)-linked secondary antibody (CST) was used to incu-
bate with these membranes for 1 h at room temperature. The anti-
gen–antibody reaction was visualized via an ECL kit (ECL, Thermo) and 
imaged by UVITEC Alliance MINI HD9 system (UVITEC, Britain). 

2.14. Edu assay 

Fibroblasts were seeded in 24-well plates and cultured for 24 h 
before the administration of Edu assay kit (Beyotime Biotechnology, 
China). Subsequently, cells were fixed, permeabilized and stained ac-
cording to the manufacturer’s instructions. Images and analysis were 
acquired by using a fluorescence microscope. 

2.15. Cell counting kit-8 proliferation assay 

Cells’ proliferation ability was measured by cell counting kit-8 
(CCK8) assay (APExBIO, Houston, USA). Cells (1000 cells per well) in 
the logarithmic growth phase were seeded into 96-well plates and CCK8 
(10 μL per well) solution was added into the medium (100 μL per well), 
followed by an incubation at 37 ◦C for 2 h. The absorbance was spec-
trophotometrically measured at the wavelength of 450 nm for 3 times by 
an enzyme immunoassay analyzer (Bio-Rad 680, Hercules, USA). 

2.16. Cell migration assay 

Scratch and transwell assay were used to evaluate the migration 
ability of fibroblasts. For scratch assay, fibroblasts were seeded into 6- 
well plates and cultured to 90% confluence. Then the cells were 
scratched with a pipette tip. Images of the cells were obtained at 0, 12 
and 24 h via a microscope. Migration areas was measured by ImageJ 
software. For transwell assay, cell suspensions (1 × 104 cells) were 
diluted in 0.2 mL of serum-free medium and seeded into the upper 
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chamber of 24-well plates with 8.0 μm polycarbonate membrane 
(Corning). Lower chambers were added with complete medium. After 
24 h, upper membrane cells were removed and the migrated cells on the 
lower surface were stained with crystal violet (Beyotime, China). After 
washing with PBS, the stained cells were counted through an optical 
microscope. 

2.17. Measurement of ROS production 

To measure the level of ROS in each group, according to the manu-
facturer’s instructions, neutrophils pretreated with or without stimula-
tions were incubated with 10 μM DCFH-DA (Beyotime Biotechnology, 
China) at 37 ◦C for 20 min, then washed with PBS and re-suspended in 
200 μL PBS for detection. Total ROS production was measured by 
fluorescence spectrophotometer and visualized by fluorescence micro-
scope (Nikon Eclipse 80i, Japan). 

2.18. Animals 

Eight-weeks-old male (BKS-Dock Leprem2Cd479, db/db) diabetic mice 
were purchased from SPF (Beijing, China) Biotechnology Co., Ltd. and 
used for diabetic wound healing evaluation. The animal studies were 
approved by the Animal Research Committee of PLA General Hospital in 
Beijing, China. All mice were fed under standard laboratory condition 
free of specific pathogens. Full-thickness skin wounds with a diameter of 
10 mm were produced on the back of each mouse. Then all mice were 
randomly divided into sEVs groups and control groups (n = 6). PBS (100 
μL), Normo-sEVs (100 μL, 2 × 1010 particles mL− 1), Hypo-sEVs (100 μL, 
2 × 1010 particles mL− 1), miR-NCOE-sEVs (100 μL, 2 × 1010 particles 
mL− 1), miR-17OE-sEVs (100 μL, 2 × 1010 particles mL− 1), miR-NCKD- 
sEVs (100 μL, 2 × 1010 particles mL− 1) or miR-17KD-sEVs (100 μL, 2 ×
1010 particles mL− 1) were subcutaneously injected around the wounds 
at 4 sites (25 μL per site) every other day. The wounds were photo-
graphed and analyzed by Image J software on days 0, 3, 7 and 14 after 
the wound operation respectively. The mice were euthanized by using 
10% chloral hydrate. The healing wound tissues and surrounding areas 
were harvested on days 3, 7 and 14 for further study. 

2.19. Histological examination 

The obtained wound tissues were fixed with 4% paraformaldehyde 
for at least 24 h, then dehydrated through a graded series of ethanol and 
embedded in paraffin. The embedded tissues were sectioned to 5 μm 
thick sections, subsequently hematoxylin and eosin (H&E) and Masson’s 
trichrome staining were conducted. The histological images were 
analyzed as described previously [17,27]. 

2.20. Immunofluorescence 

The sections of wound tissues were deparaffinized, rehydrated and 
antigen retrieved. After blockage, the sections were incubated with 
primary antibodies against H3Cit (1:200, Abcam, ab5103) and MPO (10 
μg mL− 1, R&D, AF3667) in blocking buffer overnight at 4 ◦C, followed 
by incubation with Alexa-Fluor-conjugated secondary antibodies 
(A21206, A21447; Invitrogen) for 1 h at room temperature. DAPI 
(Thermo Fisher, USA) was used to counterstain the nuclei for confocal 
laser scanning microscopy. H3Cit+ areas in each field of view in the 
wound edges were identified as NETs areas in tissues. 

2.21. Statistical analysis 

All the results in this study were shown as the mean ± standard 
deviation of at least three independent experiments. The differences 
among multiple groups were evaluated with analysis of one-way vari-
ance (ANOVA) or Student t-test, where appropriate. P values < 0.05 was 
considered to be statistically significant. Statistical analyses were 

performed with GraphPad Prism 8.0 and R 4.2.1. 

3. Results 

3.1. Excessive NET formation hinders diabetic wound healing by affecting 
fibroblast function 

To confirm the excessive formation of NETs in diabetic wounds, we 
created full-thickness cutaneous wounds on the backs of diabetic mice. 
Citrullinated histone H3 (H3Cit) and myeloperoxidase (MPO) were used 
as the specific markers for NETs and neutrophils, respectively [28]. As 
expected, higher production of NETs with neutrophil infiltration was 
observed in diabetic wounds compared with normal wounds (Fig. 1a). 
To further confirm that NET formation was caused by hyperglycemia, 
we extracted neutrophils from peripheral blood of healthy volunteers 
and identified them with Giemsa staining (Supplementary Fig. S1). 
Subsequently, neutrophils were treated with glucose at concentrations 
of 5.5, 15, 25, and 35 mM. NETs extension was evaluated by immuno-
fluorescence staining and we observed that high concentration of 
glucose could prime neutrophils to produce NETs (a process termed 
NETosis) in a dose-dependent manner (Fig. 1b, d). Moreover, 
NET-inducer phorbol-12-myristate-13-acetate (PMA) [29] was used as a 
positive control (Fig. 1c, e). 

Although the negative effect of NETs in diabetic wound healing has 
been reported, the cellular mechanisms responsible for the effect of 
NETs remain undetermined. It’s well known that fibroblasts are crucial 
for supporting wound healing. We next investigated the effect of NETs 
on the function of fibroblasts. NETs were extracted from neutrophils 
treated with PMA for further study. Fibroblasts induced by high glucose 
(HG) were treated with different concentrations of NETs (0 ng mL− 1, 
100 ng mL− 1, and 1000 ng mL− 1) for 24 h. The results of Edu and CCK8 
assays showed that low concentration of NETs (100 ng mL− 1) signifi-
cantly increased the proliferation of fibroblasts, while fibroblasts treated 
with high concentration of NETs (1000 ng mL− 1) exhibited lower pro-
liferation ability (Fig. 1f–h). Moreover, scratch and transwell assays 
were used to assess the migration ability of fibroblasts. Similarly, NETs 
promoted fibroblast migration in the low concentration group and 
opposite effects were found in the high concentration group (Fig. 1i-l). 
These findings suggest that excessive NET formation in diabetic wounds 
inhibits the wound healing via impairing the function of fibroblasts, 
although low concentration of NETs displays an opposite effect. 

3.2. ER stress is responsible for impairment of fibroblast function induced 
by excessive NETs 

Sustained endoplasmic reticulum (ER) stress can initiate apoptosis of 
cells. A previous study reported that NETs could impair intestinal barrier 
functions in sepsis via activating ER stress which could finally induce 
intestinal epithelial cell death [30]. Another research revealed that NETs 
contributed to acute lung injury by directly driving ER stress in alveolar 
epithelial cells [31]. However, whether ER stress is responsible for 
NET-induced impairment on fibroblast function remains unclear. Fi-
broblasts were treated with a dilution series of NETs (from 0 to 1000 ng 
mL− 1) isolated from PMA-induced neutrophils for 24 h. The biomarkers 
of ER stress including p-PERK, p-EIF2α, ATF4, and CHOP were detected 
by Western blot. The results demonstrated that the expressions of these 
markers were increased by NETs in a dose-dependent manner (from 200 
to 1000 ng mL− 1), except for low concentration of NETs (100 ng mL− 1). 
Moreover, the biomarkers of apoptosis including caspase 12 and cleaved 
caspase 3 had the same performance (Fig. 2a). Next, 4-PBA (inhibitor of 
ER stress) or DNase I which could degrade NET-DNA [6] was used before 
stimulating fibroblasts with high concentration of NETs (1000 ng mL− 1). 
Expectedly, we found that the expressions of biomarkers of ER stress and 
apoptosis in fibroblasts decreased to normal level after administration of 
4-PBA or DNase I (Fig. 2b). Meanwhile, the application of 4-PBA or 
DNase I also abolished the unfavorable effect of NETs on proliferation 
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(Fig. 2c–e) and migration (Fig. 2f–i) abilities of fibroblasts. These results 
suggest that excessive production of NETs impairs fibroblast function via 
driving ER stress. 

3.3. Hypoxia-induced sEVs accelerate diabetic wound healing by reducing 
excessive NET formation in vivo 

Recent studies suggest that hypoxia-induced sEVs (Hypo-sEVs) have 

better performance than normoxia-induced sEVs (Normo-sEVs) on 
treating diseases. In this study, Normo-sEVs and Hypo-sEVs were ob-
tained from hucMSCs which had been used in our preliminary research 
[17]. To identify the characters of sEVs, nanoparticle tracking analysis 
(NTA), transmission electron microscope (TEM) and Western blot were 
applied. NTA and TEM showed that both Normo-sEVs and Hypo-sEVs 
had similar diameter size distribution (average 123.4 nm VS 121.8 
nm) and “saucer-like” ultrastructure (Fig. 3a and b). Representative 

Fig. 1. Excessive NET formation hinders diabetic wound healing by affecting fibroblast function. (a) Representative confocal images of wounds in normal and 
diabetic mice at 3 days after injury. Areas enclosed by the yellow box is magnified and shown on the right. H3Cit, Green; MPO, red; DAPI, blue. Scale bar, 100 μm. (b- 
e) After stimulating by different concentrations of glucose or PMA (20 nM) for 3 h, NET formation was observed and quantified through immunofluorescence. H3Cit, 
Green; MPO, red; DAPI, blue. Scale bar, 50 μm. (f-h) Edu and CCK8 assays were performed to evaluate proliferation of high-glucose-induced fibroblasts treated with 
or without NETs at low (100 ng mL− 1) or high (1000 ng mL− 1) concentration. Edu, red; DAPI, blue. Scale bar, 50 μm. (i, k) Migration ability of fibroblasts in different 
groups was measured by wound scratch assay. Scale bar, 100 μm. (j, l) Migration ability of fibroblasts in different groups was measured by transwell assay. Scale bar, 
50 μm *p < 0.05, **p < 0.01, ***p < 0.001. 

Z. Chu et al.                                                                                                                                                                                                                                      



Bioactive Materials 27 (2023) 257–270

262

surface markers of sEVs including CD63, CD9 and TSG101 were 
expressed in sEVs groups, while Calnexin expression was only detected 
in cell lysis group (Fig. 3c). Collectively, these results indicate that the 
isolated nanoparticles are sEVs. To further confirm that Hypo-sEVs 
might have better effect on improving diabetic wound healing than 
Normo-sEVs. Full-thickness cutaneous wounds were created and then 
treated with PBS, Normo-sEVs or Hypo-sEVs by intradermally injection 
at the wound edge every other day. Compared to control (PBS) group, 
the rate of wound healing was significantly faster following the 
administration of either Normo-sEVs or Hypo-sEVs. As expected, 
Hypo-sEVs infusion resulted in better improvement of wound healing 
compared with the Normo-sEVs group (Fig. 3d–f). Then H&E staining 
was performed to evaluate the wound length in each group and the 
tendency was consistent with the aforementioned dimensions of wound 

areas (Fig. 3g and h). Furthermore, we also observed the effect of 
Hypo-sEVs on the excessive NET formation in diabetic wounds. Notably, 
the over-produced NETs were observed in the control group and 
administration of Normo-sEVs or Hypo-sEVs significantly reduced the 
NET accumulation in diabetic wounds. In addition, Hypo-sEVs played a 
more effective role in reducing NET formation (Fig. 3i). Moreover, 
Masson staining showed that wounds treated with Hypo-sEVs had more 
extensive collagen deposition than that in the Normo-sEVs group and 
control group, and downregulation of CHOP protein level, biomarker of 
ER stress, was observed in vimentin þ dermal fibroblasts (Supplemen-
tary Figs. S2a and b). Together, these data imply that both Normo-sEVs 
and Hypo-sEVs can accelerate diabetic wound healing via inhibiting 
NET formation and NET-induced ER stress, and the effects of Hypo-sEVs 
are more obvious than Normo-sEVs. 

Fig. 2. ER stress is responsible for impairment of fibroblast function by excessive NETs. (a) Immunoblotting of ER stress and apoptosis markers in HG-induced 
fibroblasts. NETs at increasing concentrations (0–1000 ng mL− 1) were added into the culture media and incubated for 24 h. (b) The protein levels of key molecules of 
ER stress and apoptosis in HG-induced fibroblasts after NET (1000 ng mL− 1) treatment with or without pre-incubation with 4-PBA (5 μM) or DNase I (2 U mL− 1). (c-e) 
Edu and CCK8 assays were performed to evaluate proliferation of HG-induced fibroblasts following the indicated treatment with 4-PBA (5 μM) or DNase I (2 U mL− 1). 
Edu, red; DAPI, blue. Scale bar, 50 μm. (f, g) Migration ability of HG-induced fibroblasts was analyzed by wound scratch assay following the indicated treatment with 
4-PBA (5 μM) or DNase I (2 U mL− 1). Scale bar, 100 μm. (h, i) Migration ability of HG-induced fibroblasts was analyzed by transwell migration assay following the 
indicated treatment with 4-PBA (5 μM) or DNase I (2 U mL− 1). Scale bar, 50 μm. ns: no significance, ***p < 0.001. 
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3.4. Hypoxia-induced sEVs transferring miR-17–5p obstruct the NET 
formation by downregulating TLR4/ROS/MAPK pathway in vitro 

To further investigate the mechanism of Hypo-sEVs on NET forma-
tion, a series of in vitro experiments on neutrophils were performed. 
Normo-sEVs and Hypo-sEVs were labeled with Dil dye and then incu-
bated with neutrophils for 24 h. We observed that Normo-sEVs and 

Hypo-sEVs were able to be taken up by neutrophils (Fig. 4a). After 
administration of PMA (20 nM) or high concentration of glucose (35 
mM), NETosis was found to be less in Normo-sEVs and Hypo-sEVs 
groups. Furthermore, the ability of Hypo-sEVs to reduce the NETs 
areas was more powerful than that of Normo-sEVs (Fig. 4b). Our recent 
study confirmed that miR-17–5p could improve diabetic wound healing 
through enhancement of angiogenesis and miR-17–5p was the most 

Fig. 3. Hypoxia-induced sEVs accelerate diabetic wound healing by reducing excessive NET formation in vivo. (a) The size distribution and concentration of 
MSC-derived Normo-sEVs and Hypo-sEVs were measured by NTA. (b) Representative TEM photomicrographs of Normo-sEVs and Hypo-sEVs. Scale bars, 200 nm. (c) 
The expression of sEVs markers including CD63, CD9, TSG101 and Calnexin was determined by Western blot. (d) Gross view of diabetic wounds on days 0, 3, 7 and 
14 post wounding with the administration of PBS, Normo-sEVs or Hypo-sEVs. (e) Simulation plots of the wound closure areas. (f) Quantitative evaluation of the 
wound closure rate; n = 6. (g) Representative images of H&E staining of wound sections. Scale bar, 2 mm. (h) Quantitative analysis of the wound length rate; n = 6. 
(i) Immunofluorescence analysis of NETs areas in diabetic wounds on day 3 post wounding with the administration of PBS, Normo-sEVs or Hypo-sEVs. H3Cit, Green; 
MPO, red; DAPI, blue; n = 6. Scale bar, 100 μm **p < 0.01, ***p < 0.001. 
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Fig. 4. Hypoxia-induced sEVs transferring miR-17–5p obstruct the NET formation by downregulating TLR4/ROS/MAPK pathway in vitro. (a) Uptake of Dil- 
labeled sEVs into neutrophils. Dil, red; DAPI, blue. Scale bar, 50 μm. (b) Representative immunofluorescence images of H3Cit, MPO and DAPI staining of neutrophils 
incubated with or without sEVs for 24 h in the presence of PMA (20 nM) or high concentration of glucose (35 mM). H3Cit, Green; MPO, red; DAPI, blue. Scale bar, 50 
μm. (c) Expression level of miR-17–5p in Normo-sEVs and Hypo-sEVs was measured by RT-qPCR. (d) Expression level of miR-17–5p in neutrophils, measured by RT- 
qPCR, after incubation with Normo-sEVs or Hypo-sEVs for 24 h. (e) Target genes of miR-17–5p were predicted by using ENCORI, miRWalk and TargetScan database. 
According to the Venn diagram, 917 genes were screened out by using R software. (f) Predicted binding site between miR-17–5p and TLR4. (g) Interaction between 
miR-17–5p and TLR4 was confirmed by luciferase reporter assay. (h) Expression level of miR-17–5p in neutrophils after transfection of miR-17–5p mimic or inhibitor 
assayed by RT-qPCR. (i) TLR4 mRNA expression level in neutrophils after transfection of miR-17–5p mimic or inhibitor assayed by RT-qPCR. (j) TLR4 protein 
expression level in neutrophils after transfection of miR-17–5p mimic or inhibitor measured by Western blot. (k) Western blot analysis of TLR4 protein expression 
level in neutrophils after administration of Normo-sEVs or Hypo-sEVs. (l) KEGG pathway analysis showed that MAPK signaling pathway was involved in the 
downstream of miR-17–5p. (m) ROS generation in neutrophils was performed by using DCFH-DA after incubation with or without sEVs. Scale bar, 200 μm. (n) The 
protein level of p-ERK, p-JNK and p-p38 were detected in different groups by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001. 

Z. Chu et al.                                                                                                                                                                                                                                      



Bioactive Materials 27 (2023) 257–270

265

abundant miRNA in Normo-sEVs according to a miRNA microarray 
[17]. Additionally, miR-17–5p expression in sEVs derived from bone 
marrow mesenchymal stem cells (BM-MSCs) can be enhanced by hyp-
oxic precondition [24]. In our study, we also observed a higher 
expression level of miR-17–5p in Hypo-sEVs (Fig. 4c) and in neutrophils 
treated with Hypo-sEVs (Fig. 4d). These results indicated that 
Hypo-sEVs can transport more miR-17–5p into neutrophils. 

To address the mechanism of Hypo-sEVs miR-17–5p in NETosis, we 
predicted the target genes of miR-17–5p by using ENCORI, miRWalk and 
TargetScan database. According to the Venn diagram, we screened out 
917 genes by using R software (Fig. 4e). Combined with the 

bioinformatic analysis and literature study, TLR4 was predicted as a 
target of miR-17–5p (Fig. 4f). To further confirm this hypothesis, lucif-
erase assay was applied to identify the interaction between miR-17–5p 
and TLR4. Wild-type (WT) or mutant (Mut) 3′ UTR sequences of TLR4 
based on the potential binding sites was cloned into the luciferase re-
porter plasmid and co-transfected with miR-17–5p mimic or miR-NC 
mimic into 293T cells. The result showed that miR-17–5p over-
expression significantly suppressed the luciferase reporter activity of the 
vector including the WT binding site but not the mutant binding site 
(Fig. 4g). Next, RT-qPCR was performed to confirm the transfection ef-
ficiency of miR-17–5p mimic and inhibitor in neutrophils (Fig. 4h). 

Fig. 5. MiR-17–5p overexpression in sEVs downregulates TLR4/ROS/MAPK pathway and inhibits NET formation. (a) Expression level of miR-17–5p, 
measured by RT-qPCR, in engineered hucMSCs. (b) Expression level of miR-17–5p, measured by RT-qPCR, in engineered sEVs. (c) Expression level of miR-17–5p, 
measured by RT-qPCR, in neutrophils after incubation with engineered sEVs for 24 h. (d) The protein level of TLR4 was detected in different groups by Western blot. 
(e, f) ROS level was examined by using DCFH-DA in neutrophils after incubation with engineered sEVs for 24 h. Scale bar, 200 μm. (g, h) Changes of MAPK pathway 
in neutrophils after incubation with engineered sEVs for 24 h were detected by Western blot. (i, j) Immunofluorescence analyses of NET formation in neutrophils 
treated with PMA (20 nM) or high concentration of glucose (35 mM) after incubation with engineered sEVs for 24 h. H3Cit, Green; MPO, red; DAPI, blue. Scale bar, 
50 μm **p < 0.01, ***p < 0.001. 
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Subsequently, TLR4 mRNA and protein expression level in neutrophils 
were found to be inhibited by overexpression of miR-17–5p, and 
knockdown of miR-17–5p led to elevation of TLR4 (Fig. 4i and j). 
Furthermore, Western blot analysis showed that both Normo-sEVs and 
Hypo-sEVs significantly downregulated TLR4 expression and Hypo-sEVs 
exhibited better efficacy (Fig. 4k). These findings demonstrate that TLR4 
is a target gene of miR-17–5p. 

Upon activation, TLR4 can trigger the release of reactive oxygen 
species (ROS) to control NET formation [32]. Increasing evidences have 
demonstrated that initiation of ROS burst in neutrophils played an 
important role in NETosis through regulating the phosphorylation of 
three branch cascade factors of mitogen-activated protein kinase 
(MAPK) pathway, including c-JUN N-terminal Kinase (JNK), extracel-
lular regulated protein kinases (ERK) and p38 [33–36]. KEGG pathway 
enrichment analyses also revealed that MAPK signaling pathway might 
be regulated by miR-17–5p (Fig. 4l). Hence, we detected the ROS pro-
duction and the expressions of p-JNK, p-ERK, and p-p38 in neutrophils 
after treatment with sEVs. The results showed that ROS level was 
significantly downregulated by Normo-sEVs or Hypo-sEVs, and 
Hypo-sEVs had better performance than Normo-sEVs (Fig. 4m). Like-
wise, both Normo-sEVs and Hypo-sEVs inhibited the phosphorylation of 

JNK, ERK and p38, and lower protein expression level was found in 
Hypo-sEVs group (Fig. 4n). These results suggest that downregulation of 
ROS-MAPK signaling pathway may be responsible for Hypo-sEVs 
induced inhibition on NET formation. 

3.5. miR-17–5p overexpression in sEVs downregulates TLR4/ROS/ 
MAPK pathway and inhibits NET formation 

To determine the direct effect of miR-17–5p on NET formation, 
lentiviral was used to infect hucMSCs to build miR-17–5p over-
expression (miR-17OE), miR-17–5p knockdown (miR-17KD) hucMSCs 
and the corresponding negative controls (miR-NCOE and miR-NCKD). 
The transfection efficiency was verified by RT-qPCR (Fig. 5a). Where-
after, sEVs were extracted from these engineered hucMSCs and named as 
miR-17OE-sEVs, miR-NCOE-sEVs, miR-17KD-sEVs and miR-NCKD-sEVs, 
respectively. NTA, TEM and Western blot were used to identify the 
characters of these engineered sEVs (Supplementary Figs. S3a–c), 
Additionally, expression level of miR-17–5p in sEVs was detected and 
the data revealed a similar trend of that in MSCs (Fig. 5b). Then we 
confirmed that these sEVs could also be taken up by neutrophils (Sup-
plementary Fig. S3d). After treatment with these sEVs, miR-17–5p 

Fig. 6. Knockdown of TLR4 can partially rescue the effect of miR-17–5p on NET formation. (a) Representative confocal images of immunofluorescence of NET 
formation from different groups in rescue experiment. H3Cit, Green; MPO, red; DAPI, blue. Scale bar, 50 μm. (b) Quantification of the percentage of NETs areas. (c, 
d) ROS level from different groups in rescue experiment was measured by using DCFH-DA. Scale bar, 200 μm. (e) Western blot analysis of the expression level of 
MAPK signaling pathway in neutrophils under different treatments. *p < 0.05, **p < 0.01, ***p < 0.001. 
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expression level in neutrophils was significantly upregulated in miR- 
17OE-sEVs group compared with miR-NCOE-sEVs group. Addition of 
miR-17KD-sEVs resulted in a significant decrease of miR-17–5p 
compared to that in miR-NCKD-sEVs group (Fig. 5c). In addition, over-
expression of miR-17–5p in neutrophils reduced the expression of TLR4 
and opposite effect was found in miR-17KD-sEVs group (Fig. 5d). Next, 
the production of ROS and the activity of MAPK signaling pathway were 

evaluated in neutrophils after administration of these engineered sEVs. 
We observed that overexpression of miR-17–5p significantly inhibited 
the ROS production and the expression of p-ERK, p-JNK and p-p38. 
While the production of ROS and the expression of p-ERK, p-JNK and p- 
p38 were elevated in miR-17KD-sEVs group in comparison to miR-NCKD- 
sEVs group (Fig. 5e–h). Consistent with the above findings, upregulation 
of miR-17–5p decreased NETosis induced by PMA or high concentration 

Fig. 7. MiR-17–5p in sEVs promotes diabetic wound healing via inhibiting NET-induced impairment on fibroblasts. (a) Gross view of diabetic wounds on 
days 0, 3, 7 and 14 post wounding with the administration of engineered sEVs. (b) Simulation plots of the wound closure areas. (c) Quantitative evaluation of the 
wound closure rate; n = 6. (d) Representative images of H&E staining of wound sections. Scale bar. 2 mm. (e) Quantitative analysis of the wound length rate; n = 6. 
(f) Representative confocal images of NETs areas in diabetic wounds on day 3 after injury. H3Cit, Green; MPO, red; DAPI, blue. Scale bar, 100 μm. (g) Representative 
images of Masson staining of wound sections. Scale bar, 100 μm. (h) Immunofluorescence analysis of ER stress marker, CHOP, in diabetic wound sections. Vimentin, 
Green; CHOP, red; DAPI, blue. Scale bar, 100 μm. ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001. 
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of glucose (Fig. 5i and j). These results indicate that sEVs miR-17–5p can 
simulate the effect of Hypo-sEVs on inhibiting ROS/MAPK activity and 
NET formation. 

To further investigate the mechanism of sEVs miR-17–5p on inhib-
iting NET formation via targeting TLR4, we performed a rescue exper-
iment. We found that knockdown of TLR4 could eliminate the effect of 
miR-17KD-sEVs on NET formation (Fig. 6a and b and Supplementary 
Figs. S4a and b). We also observed that ROS production induced by miR- 
17KD-sEVs was significantly downregulated by TLR4 silencing (Fig. 6c 
and d). Moreover, Western blot was performed to reveal that TLR4 
siRNA could partially rescue the effect of sEVs miR-17–5p on regulation 
of MAPK signaling pathway (Fig. 6e). These results suggest that sEVs 
miR-17–5p can suppress the formation of NETs by downregulating 
TLR4/ROS/MAPK axis. 

3.6. SEVs miR-17–5p promotes diabetic wound healing via inhibiting 
NET-induced impairment on fibroblasts 

To better determine the role of sEVs miR-17–5p in the regulation of 
ER stress-induced NETs in vivo, miR-NCOE-sEVs, miR-17OE-sEVs, miR- 
NCKD-sEVs or miR-17KD-sEVs were injected intradermally at the diabetic 
wound edge every other day. Compared to control groups, almost all 
diabetic wounds in miR-17OE-sEVs group were completely healed on day 
14. In contrast, administration of miR-17KD-sEVs eliminated the pro-
tective effects seen with miR-NCKD-sEVs (Fig. 7a–e). Immunofluores-
cence staining showed that lower H3Cit expression was detected, 
presenting less NET formation, in the wounds treated with miR-17OE- 
sEVs compared to the miR-NCOE-sEVs group on day 3. While enhanced 
NETosis was found in miR-17KD-sEVs group in comparison to miR-NCKD- 
sEVs group (Fig. 7f). These results recapitulate our in vitro observations 
and further support the positive role of sEVs miR-17–5p in NET-induced 
delay of diabetic wound repair. 

Additionally, Masson staining was performed to show that the 
wounds treated with miR-17OE-sEVs had more extensive collagen 
deposition than that in the control group. The opposite result was found 
following miR-17KD-sEVs administration (Fig. 7g). Furthermore, 
expression level of CHOP was analyzed in the wound tissues following 
sEVs treatment. As shown in Fig. 7h, decreased protein levels of CHOP 
was observed in vimentin þ skin fibroblasts by treatment with miR- 
17OE-sEVs, and utilization of miR-17KD-sEVs obviously induced upre-
gulated CHOP expression level compared to its control group. Collec-
tively, these results indicate that miR-17–5p overexpression in sEVs can 
promote diabetic wound healing via improving the impaired function of 
fibroblasts caused by NET-induced ER stress. 

4. Discussion 

In the present study, we report a previously unrecognized NET- 
related mechanisms in diabetic wounds and develop a promising NET- 
targeting treatment based on Hypo-sEVs. Our works demonstrate that 
there are excessive NETs in diabetic wounds. High concentration of 
NETs impairs the fibroblast function by activating ER stress. Hypo-sEVs 
transferring miR-17–5p can block the formation of NETs and promote 
the diabetic wound healing by targeting TLR4/ROS/MAPK pathway 
(Supplementary Fig. S5). MiR-17–5p overexpression in engineered sEVs 
improves the impaired function of fibroblasts and decreases ER stress 
induced by NET formation, thereby enhancing diabetic wound healing. 

In diabetic wound, NETs are abnormally accumulated. Several 
studies showed that excessive NETs released from neutrophils contribute 
to the pathogenesis of a growing number of diseases including cancer 
cell metastasis [37], autoimmune diseases [38], venous thromboembo-
lism [39] and COVID-19 [40]. What’s more, excessive NETs were also 
confirmed as a vital negative factor for regeneration of diabetic wounds 
[41]. However, these reports had not yet fully explained how NETs 
affected diabetic wound tissues. Several studies suggested that compo-
nents of NETs, such as neutrophil elastase (NE), could lead to 

degradation of the wound matrix [42]. Moreover, an emerging role of 
NE was reported to induce ER stress by promoting ROS production in 
airway epithelial cells [43]. Extracellular histones and DNA, the main 
components of NETs, were also found to activate ER stress-mediated 
apoptosis via TLR receptors including TLR2, TLR4 and TLR9 [30,44]. 
It is well known that function of fibroblasts is essential for wound 
healing. In this study, our data revealed that high concentration of NETs 
significantly potentiated ER stress and apoptosis of fibroblasts in vitro 
and in vivo. The mechanisms of them might be explained by the effects 
of NET-derived DNA backbone which could activate ER stress through 
the aforementioned TLR receptors since the administration of DNase I 
could abolish the effect of NETs on ER stress. Furthermore, we also 
found that low concentration of NETs promoted the proliferation and 
migration of fibroblasts and also exhibited an inhibition on ER stress. A 
recent study showed that the transmembrane protein coiled-coil domain 
containing protein 25 (CCDC25) was confirmed as a NET-DNA receptor 
which can activate Integrin-linked kinase (ILK) [37]. Interestingly, ILK 
has been reported to activate PI3K/AKT pathway to promote cutaneous 
wound healing [45], and activation of PI3K/AKT signaling pathway 
could restrain ER stress and inhibit cell apoptosis [46,47]. These studies 
are consistent with our demonstration that low concentration of NETs 
(100 ng mL− 1) can inhibit ER stress. Similarly, a study by Stelvio et al. 
[5] revealed that low concentration of NETs increased HaCaT prolifer-
ation, while administration of higher concentration of NETs started to 
reduce keratinocytes proliferation. Hence, we hypothesize that activa-
tion of CCDC25/ILK/PI3K/AKT pathway may explain the role of low 
concentration of NETs on favoring fibroblast proliferation and migra-
tion. In summary, previous studies and present results together suggest 
that NETs are excessively accumulated under the diabetic microenvi-
ronment and are more prone to activate ER stress and apoptosis. 

In diabetes, impaired wound healing is a major complication and 
seriously affects the health and prognosis of patients [48]. The emerging 
field of treating diseases with MSCs or MSC-derived sEVs is one of the 
most exciting frontiers in biomedical research. Recent studies have 
described that MSCs functioned in each phase of the diabetic wound 
repair process, such as enhancement of angiogenesis, improving gran-
ulation, facilitating re-epithelialization, and regulating inflammatory 
leukocytes-neutrophils and macrophages [49–51]. However, these 
positive effects of MSCs in the process seem to be mediated mainly by 
paracrine secretion. For example, sEVs derived from epidermal stem 
cells have been suggested to promote diabetic wound healing [52]. 
However, sEVs per se are not sufficient for rapid wound healing. Hence, 
modulating the compositions of sEVs possesses a better application 
prospect. Considering that hypoxia precondition can affect the secretion 
level and composition of sEVs [21], we pre-treated hucMSCs under 
hypoxic environment before extraction of sEVs. Here, we revealed that 
Hypo-sEVs secreted from MSCs played an essential role in inhibiting 
NET formation. Compared with Normo-sEVs, Hypo-sEVs exhibited 
increased abilities to promote wound healing in diabetic mice. MiRNAs 
are short RNA molecules that play vital role in multiple biological pro-
cesses by regulating stability or translational efficiency of target genes 
[53]. When miRNAs are secreted into sEVs, the biological membrane of 
sEVs can protect the miRNAs from degradation by the external envi-
ronment [54]. Previous studies demonstrated that miRNAs contained in 
sEVs had the potential to exert therapeutic effects. A significant upre-
gulation of miR-20b-5p was found in sEVs from diabetes and knocking 
out miR-20b-5p significantly enhanced diabetic wound healing [55]. 
Our prior studies have indicated that miR-17–5p was upregulated in 
hucMSC-sEVs and overexpression of miR-17–5p accelerated diabetic 
wound healing partially through triggering angiogenesis [17]. Inter-
estingly, higher abundance of miR-17–5p in Hypo-sEVs and recipient 
neutrophils was observed compared to that in Normo-sEVs, indicating 
that Hypo-sEVs miR-17–5p could be a new approach for treating dia-
betic wounds. 

By using bioinformatic tools, combined with the overexpression of 
miR-17–5p in Hypo-sEVs and recipient neutrophils, we found that 
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MAPK signaling pathway was a downstream of miR-17–5p. Several 
studies revealed that various TLRs, including TLR2, TLR4, TLR6, TLR7, 
TLR8 and TLR9, could regulate NET formation [18,32,56–59]. The 
toll-like receptor 4 (TLR4), verified as a potential target of miR-17–5p 
based on database prediction and dual-luciferase reporter gene assay, 
was selected for further study. When miR-17–5p was overexpressed, 
mRNA and protein level of TLR4 were significantly decreased in neu-
trophils. A study showed that TLR4 contributed to the formation of NETs 
through regulating ROS production in neutrophils [32], and a key up-
stream regulatory channel of NET formation is MAPK signaling 
pathway, which is primarily orchestrated by ROS from NADPH oxidase 
[60]. Hence, the present results highlighted the role of miR-17–5p in 
NET activation. In addition, we observed downregulated ROS produc-
tion and phosphorylation level of MAPK pathway under administration 
of Hypo-sEVs, suggesting that miR-17–5p was involved in the inactiva-
tion of MAPK pathway. Subsequently, we found that knockdown of 
miR-17–5p in MSC-sEVs abolished the effect of sEVs in inhibiting 
ROS/MAPK axis and NET formation. By utilizing a series of rescue ex-
periments, our results revealed that silencing of TLR4 reversed the 
negative effect of miR-17–5p knockdown in sEVs. Collectively, these 
data indicate that Hypo-sEVs derived from hucMSCs effectively suppress 
NET formation partially through miR-17-5p-mediated suppressing of 
TLR4/ROS/MAPK pathway, thus improving diabetic wound healing. 

5. Conclusion 

In summary, our findings indicate that sEVs from hypoxic hucMSCs 
can suppress the formation of NETs in diabetic wounds by delivering 
miR-17–5p, and this effect occurs through targeting TLR4 and inhibition 
of MAPK signaling pathway. In addition, ER stress activation is revealed 
to play the predominant role in NET-induced delay of diabetic wound 
healing. Our work not only refines the understanding of NETs in dia-
betes, but also provides a promising strategy for the treatment of dia-
betic wound. 
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