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Introduction: Diabetes foot ulcer (DFU) is a serious complication of diabetes characterized with chronic foot ulceration, poor wound 
healing (WH), and persistent inflammation. MiR-221-3p, as microRNA, has been shown to accelerate WH in previous study, but the 
underlying mechanisms are poorly understood.
Methods: In this study, we aimed to determine how miR-221-3p influences WH by targeting THBS1. The effect of miRNA-221-3p 
on wound healing of diabetes by epidermal injection of miRNA-221-3p agomir. In vitro generated human immortalized keratinocytes 
(HaCaT cells) were transfected with miR-mimics and negative control with high glucose treatment. The effects of miRNA-221-3p on 
cell apoptosis and angiogenesis using cell apoptosis assay and the tube formation assay, respectively. Direct target interaction of miR- 
221-3p and predicted target sites in 3’UTR of THBS1 were examined by luciferase reporter gene assay. Breeding miRNA-221 
knockout mice for experimental verification.
Results: We found that miRNA-221-3p overexpression at the wound edge of normal mice and diabetes mice can promote WH. As 
contrast, WH of miR-221 knockout mice delayed with increased epithelial apoptosis and reduced angiogenesis in the dermis. miR- 
221-3p was found to inhibit apoptosis in HaCaT cells, and enhanced angiogenesis in human umbilical vein endothelial cells 
(HUVECs) that were co-cultured. Bioinformatics analysis as well as the dual-luciferase reporter assay revealed miR-221-3p to target 
3ʹ untranslated region of THBS1.
Conclusion: Our findings suggested miR-221-3p might exert an essential impact on diabetes WH via inhibition of THBS1 and lack of 
miR-221-3p possibly results in impaired healing in chronic wounds of type 2 diabetes. Therefore, developing medicine such as 
chemically modified analogs of miR-221-3p in future could benefit patients with DFU.
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Introduction
Foot ulcer is the main complication of diabetes, with high morbidity and mortality, and consumes a lot of medical 
resources.1 Foot ulcer is caused by a variety of factors, and its treatment is challenging. Even if the treatment is 
successful, the risk of recurrence is extremely high, with a recurrence rate of more than 50% after 3 years.2 Therefore, 
diabetic foot ulcer (DFU) brings a great burden to patients, medical system, and society. The diabetic environment causes 
the normal wound healing (WH) process to be disrupted and prolonged, resulting in chronic non-healing wounds.3 In 
order to treat foot ulcers, various interventions have been studied and used in clinical practice.4 The best treatment 
strategies are still being developed, despite of various attempts aiming to promote WH.
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Thrombospondin-1 (THBS1) is an endogenous anti-angiogenic factor, which is mainly produced by innate immune 
cells, vascular smooth muscle cells, endothelial cells, and epithelial cells.5 It is a key molecule in controlling skin 
angiogenesis and is particularly important in maintaining skin vascular homeostasis.6 In addition, more and more studies 
have revealed other functions of THBS1, including the regulation of cell migration, apoptosis, and adhesion.7 Previous 
studies have shown that high glucose (HG) environment significantly affected THBS1 expression.8,9

As the number of diabetic patients increases, more and more studies have been conducted on miRNAs as therapeutic 
targets for diabetic WH.10 As demonstrated by previous studies, miRNAs such as miR-132, miR-126 and miR-21 
promote diabetic WH by participating in multiple links such as inflammatory response, angiogenesis, collagen recombi-
nation and re-epithelialization.11–13 Results of our previous study proved that in diabetic mice, miR-221-3p enriched in 
exosomes derived from endothelial progenitor cells has a potential in accelerating the healing of skin WH.14

In this study, we proved that THBS1 was miRNA-221-3p’s target gene based on bioinformatics analysis. In order to 
clarify the mechanism of miR-221-3p promoting diabetic WH, miRNA-221-3p overexpression, as well as addition of 
THBS1 exogenous protein were used to elucidate the influence of THBS1 on the function of cells. Meanwhile, miR-221 
knockout (KO) mice were bred to verify Mir-221-3p’s significance in diabetic WH, elucidating mechanisms through 
which Mir-221-3p enhanced WH via targeting THBS1, providing a novel target for DFU treatment.

Materials and Methods
Animal Experiments
All animal experiments were approved by the local authorities and performed in accordance with the guidelines of the Animal 
Care and Use Committee of Anhui Medical University (LLSC20190426). The C57BL/6 wildtype (WT) mice together with 
Mir221 KO mice were produced and purchased by GemPharmatech (Jiangsu, China). Exon 1 of Mir221-201 transcript 
(ENSMUST00000083488.3) was used as the knockout region. The Mir221 gene was modified by CRISPR/Cas9 technology. 
Simply put, CRISPR/Cas9 system was expressed in C57BL/6JGpt mice eggs. F0 positive mice were obtained by fertilized egg 
transfer, and verified through PCR & sequencing. Besides, a stable model of F1 mice was established through mating the 
positive F0 mice with C57BL/6JGpt mice. Besides, genotype identification of KO mice based on specific primer PCR reaction 
(forward: GTCTAACTCTCAGAAGGATTAGGGTGC; reverse: AGAAGTGGTTAGATTCGTTGGATCA).

C57BL/6 mice (male, 8–12 weeks old) were accommodated in a controlled habitat and provided with water and rodent 
food. Every 5 mice were placed in a stainless steel cage lined with corncobs at a room temperature of 22°C, with a light -dark 
cycle of 12:12. The animals were familiarized to their habitat for 1 week and used to prepare diabetes models by 
intraperitoneal injection of streptozocin (STZ). The injection was measured at 50mg/kg body weight for 5 consecutive 
days. From the 12th day after STZ injection, the fasting blood glucose was measured twice a week by tail cutting blood 
sampling method for 2 weeks. When the blood glucose ≥250 mg/dl (16.7 mmol/L) twice in a row, diabetes was diagnosed.

The hair on the back of the mouse was shaved. To create excisional wounds, two full-thickness dermectomy wounds 
were symmetrically generated near the dorsal midline using a 6mm biopsy punch. The mice were divided into normal 
control group (Ctrl), diabetic control group (DM-Ctrl) and diabetic miR-221-3p agomir group (DM-miR-221-3p). The 
indicated amount of miR-221-3p agomir (100 nmol/kg)/miRNA mimic NC were injected subcutaneously around the 
wound edge every other day after injury. Before the injection of RNA analogues, the size of the wound area was 
photographed and measured every other day. A ruler is placed around the wound as a reference to allow for correction of 
the distance between the camera and the animal. The wound area was calculated in pixels with ImageJ (1.8.0) (National 
Institutes of Health, Bethesda, Maryland, USA). Wound closure was calculated into a percentage based on this formula: 
WH (%) = [(initial wound area − final wound area)/initial wound area] ×100%.

Terminal Deoxynucleotidyltransferase-Mediated Nick End Labelling Assay (TUNEL)
Apoptosis was assessed in skin tissue sections from the various groups using a TUNEL assay kit on paraffin-embedded 
samples (C1088, Beyotime Biotechnology, China) complying with the instructions provided by the manufacturer. In brief, 
mouse skin tissue samples were fixed in a 4% paraformaldehydes solution, dehydrated, and embedded in paraffin. 
Subsequently, the specimens were placed onto slides, and then counterstained by 4′,6-diamidino-2-phenylindole (DAPI) to 
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facilitate visualization and localization of the nuclei. Cells were visualized using fluorescence microscopy, with apoptotic 
cells identified by dual staining in both green (representing fragmented DNA) and blue (representing nuclear DNA) channels. 
Percentage of apoptotic cells = number of TUNEL-positive cells/number of DAPI. Images were merged via the super-
imposition of images from different channels using a confocal laser scanning microscope (LSM 880, Leica, Germany).

Immunohistochemistry
For immunohistochemical assay, samples of skin tissue obtained from both C57BL/6 WT mice and Mir221 KO mice 
were excised, followed by fixation in paraformaldehyde (4%). Samples were then paraffin-embedded and sliced into 
sections (5 μm in thickness), which were then mounted on slides. After deparaffinization, the slides were stained with 
CD31 (NB100-2284, Novus, USA), followed by incubation with a secondary antibody conjugated with a horseradish 
peroxidase (HRP). Subsequently, slices were colored with substrate solution of 3.3’-diaminobenzidine (DAB). Images 
were obtained using a light microscope and further analyzed with ImageJ.

Cell Culture
HaCaT cells that purchased from Pricell (Wuhan, China) and HUVEC cells that purchased from Guandao 
Biological Engineering (Shanghai, China) were cultured with Roswell Park Memorial Institute (RPMI) 1640 
medium (BasalMedia, Shanghai, China) containing 10% phosphate buffered saline (PBS) as well as 1% penicil-
lin/streptomycin. After reaching 50–70% confluence, cells were put into 6-well plates, followed by exposure to 3 
levels of glucose (5.5, 35  or 50 mmol/L). After 24 hours of glucose treatment, HaCaT cells were then transfected 
by 100 nM of miR-221-3p mimics (GenePharma, China), siTHBS1 (100 nM, Tsingke Biotechnology, China) 
(forward: GGAGUUCAGUACAGAAAUAdTdT; reverse: UAUUUCUGUACUGAACUCCdTdT), siRNA NC 
(Tsingke Biotechnology, China) via Lipofectamine 3000 (L3000015, Thermo Fisher Scientific, USA) or mimic 
NC (100 nM, GenePharma, China) complying with the protocol provided by the manufacturer. Cells supernatant 
was collected to measure cytokine content while cells were harvested, preparing for subsequent analysis.

Flow Cytometry
The apoptosis assays were run and analyzed with the help of Annexin V-FITC/PI Double Staining apoptosis detection kit 
(BB-4101, Bestbio, China). HaCaT cells were obtained using trypsinization 48 hours after intervention. Cells were then 
resuspended in binding buffer (1 × 106 cells/mL). Complying with the instructions of the manufacturer, cells were 
double-stained with FITC-Annexin V as well as propidium iodide (PI). Fluorescence intensity was measured using 
CytoFlex Analysis Flow Cytometer (Beckman Coulter) to detect early and late apoptosis of cells.

In vitro Co-Culture Experiment
A co-culture transwell chamber (0.4-μm in pore size) was adopted to evaluate the influence of supernatant of HaCaT cells 
after different intervention on HUVECs in vitro. HaCaT cells were seeded into the medium of RPMI 1640 with FBS (10%) at 
the lower chamber and interfered by HG, miRNA-221-3p mimic or siTHBS1. HUVECs were seeded in the upper 
compartment 24 hours after the intervention. Samples were collected after 24 h culture, preparing for subsequent experiments.

Tube Formation Assay
Harvested from co-culturing with HaCaT for a period of 24h, HUVECs were put into 96-well plates which were 
precoated with Matrigel Basement Membrane Matrix (354,234, BD, USA). Subsequently, they were left to solidify 
at 37°C for 8h. Then, the tube formation was detected using a microscope, with the results analyzed by ImageJ.

Luciferase Reporter Assay
Firefly luciferase reporter plasmids with 3′-UTR of THBS1 gene were constructed, along with an empty luciferase vector 
for use as a control. Corresponding to the region in the WT THBS1, sequences predicted to bind to miR-221-3p, as well 
as a mutated sequence that cannot bind to miR-221-3p, were cloned into different plasmids, respectively, followed by 
transfection into HEK-293T cells using Lipofectamine 3000. A Dual-Luciferase Reporter Gene Detection kit (E1910, 
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Promega, USA) was adopted to detect the activity of luciferase complying with the manual provided by the manufacturer 
48 hours following co-transfection. Absorbance values were measured with a microplate reader (BioTek Synergy 2, 
USA). Each experiment was repeated three times.

Quantitative Real-Time PCR (qRT-PCR)
Complying with the instructions provided by the manufacturer, extraction of total RNA from HaCaT with Trizol reagent 
was conducted (15,596–026, Invitrogen, USA), and RNA concentrations were determined with a spectrophotometer 
(Thermo Fisher Scientific, MA, USA). Subsequently, RNA (1 μg) was used to synthesize cDNA. To determine THBS1 
(forward: TTGTCTTTGGAACCACACCA; reverse: CTGGACAGCTCATCACAGGA) mRNA levels, NovoStart SYBR 
qPCR kits (11202ES08, Yeasen Company) were adopted. We used β-Actin (forward: CATGTACGTTGCTATCCAGGC, 
reverse: CTCCTTAATGTCACGCACGAT) as an endogenous control for normalization. qRT-PCR were carried out 
complying with the manual based on the ABI 7500 Fast PCR system. The 2−ΔΔCt method was applied to quantify the 
expression levels of mRNA relative to the endogenous control genes.

Western Blot Analysis
With the application of radioimmunoprecipitation assay (RIPA) buffer (P0013B, Beyotime Biotechnology, China), 
extraction of total protein from cells were conducted. The obtained proteins were measured using a BCA Protein 
Assay Kit (P0010, Beyotime Biotechnology). Protein lysates (30μg) were separated by sodium dodecyl sulfate (SDS)- 
polyacrylamide gel electrophoresis (PAGE), and then transferred onto membranes of polyvinylidene fluoride (Millipore, 
USA), which was subsequently blocked in 5% skim milk diluted using PBS with Tween-20 for 1 h, followed by 
incubation with primary antibodies rabbit antiTHBS1 (37879S, Cell Signaling Technology, USA) as well as rabbit anti-β- 
tubulin (AF7011, Affinity, China) at 4 diluted in foregoing blocking buffer. After extensively washed in Tris-buffered 
saline with 0.1% Tween® 20 detergent, membranes were further incubated with secondary antibodies (E-AB-1003, 
Elabscience, China) at room temperature for a period of 2 h. After triply washing of membranes, an enhanced 
chemiluminescence (CL) detection system was applied to detect the proteins on them (Bio-Rad Laboratories, Inc.). 
Luminescence intensity was analyzed using ImageJ, with resulting values normalized to β-tubulin densitometric values.

Elisa
To detect secretion of THBS1 protein from HaCaT in the supernatant, we plated cells in 6-well plates and subjected them 
to various treatments. Following HG-stimulation or transfection, supernatants were collected, and THBS1 release was 
measured by ELISA kits according to the manufacturer’s instructions (E-EL-H1589c, Elabscience, China). Values are 
presented either as concentration in ng/mL.

Statistical Analysis
GraphPad Prism (Inc. La Jolla, California) was adopted for statistical analysis. All measurable data were described with 
mean ± standard error of the mean (SEM). To compare data between 2 groups, unpaired Student’s t-tests were performed. 
In addition, to compare data in ≥3 groups, one-way/two-way analysis of variance (ANOVA) was conducted. A P value 
less than 0.05 was indicative of statistical significance.

Results
Role of miR-221-3p in WH Among Diabetes Mice
MiR-221-3p agomir was injected into the edges of an excisional wound in healthy mice and diabetic mice (mice injected 
with streptozotocin to induce a mouse model of diabetes) to elucidate the impact of miR-221-3p on WH among mice. 
WH was significantly delayed in diabetic mice compared to healthy mice, but accelerated in diabetic mice after 
application of miR-221-3p agomir compared to a miRNA mimic negative control (Ctrl) (Figure 1a and b).

Abnormal apoptosis can affect the healing process of specific wound surface. To evaluate the influence of miR-221-3p 
on skin epithelial layer’s apoptosis at the edge of wound induced by diabetes, we used Tunel staining to find more 
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Figure 1 Effects of miR-221-3p on wound healing in diabetic mice. Representative photomicrographs (a) and summary data (b) showing changes in the area of excisional 
wounds on days 0, 2, 4 and 8 in diabetes mice injected with either miRNA mimic negative control (Ctrl) or miR-221-3p agomir (miR-221-3p) (n = 4). Data are presented as 
mean ± SEM, n = 4. *P < 0.05, **P < 0.01 for Ctrl vs DM-Ctrl. #P < 0.01 for DM-Ctrl vs DM-miR-221-3p.
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TUNEL+ apoptotic cells in the wound region in diabetes mice compared with healthy mice, but fewer apoptotic cells in the 
group administered with miR-221-3p agomir in contrast to Ctrl group both with diabetes on day 7 (Figure 2a and c). One of 
the reasons for the damage of WH in diabetes is the reduction of angiogenesis. Angiogenic evaluation of diabetic mouse 
wound skins was performed using immunohistochemistry staining for CD31. Immunohistochemical staining found blood 
vessel’s number decreased in diabetes mice with statistical significance in contrast to healthy mice from day 1 to day 7, and 
increased in the group administered with miR-221-3p agomir in contrast to the Ctrl group on days 3, and 7, but not on day 1, 
after treatment (Figure 2b and d).

The above findings suggested that diabetes reduced the WH rate, while miR-221-3p treatment promoted excisional 
WH in diabetic mice, miR-221-3p may reduce cell apoptosis in epithelial layer and promote angiogenesis in the dermis in 
excisional skin wounds of diabetes mice.

Impact of HG on THBS1 and Cell Function
To explore the effect of HG on THBS1 in human immortalized keratinocyte cell line (HaCaT) cells, we treated these 
human cells for 72 h with normal glucose (NG, 5.5 mM) or HG (35 and 50mM). Results of qRT-qPCR as well as Western 
blot revealed that in contrast to the NG group, mRNA and protein levels in the THBS1 were upregulated in the HG group 
with statistical significance (Figure 3a). Furthermore, enzyme-linked immunosorbent assays (ELISAs) indicated that 
compared to the NG group, the protein levels that secreted by THBS1 into the culture medium were significantly 
increased in the HG group with statistical significance (Figure 3a).

Because THBS1 expression was increased in HG cultures, we performed an apoptosis experiment and a tube 
formation assay to clarify the influence of THBS1 on epithelial/endothelial cell’s function. HaCaT cells were cultured 
with NG medium (NG-Ctrl), NG but added with exogenous THBS1 protein (NG+THBS1) and HG medium (HG-Ctrl). 
The apoptotic rate was detected using flow cytometry, and results revealed that total apoptotic rate was upregulated 
among HaCaT cells interfered by exogenous THBS1 protein or HG compared with NG-Ctrl group with statistical 
significance. We further made statistics on the early apoptosis of cells (cells in Q3 quadrant), and the results were 
consistent with total apoptosis. (Figure 3b). The tube formation assay was conducted using human umbilical vein 
endothelial cells (HUVECs) co-cultured with the conditioned supernatant of HaCaT cells from the groups of NG-Ctrl, 
NG+THBS1 and HG-Ctrl. Results showed that compared to those from NG culture conditions, conditioned supernatant 
from the culture conditions of NG+THBS1 or HG blocked cell tube formation with statistical significance (Figure 3c). 
These findings indicated that HG significantly increase the expression of THBS1, induce the apoptosis of HaCaT cells 
and damage the cell tube formation of HUVEC.

Role of miR-221-3p in THBS1 as Well as Cell Function Interfered by HG
The molecular mechanisms underlying miR-221-3p’s effect on diabetic WH was further investigated. Three bioinformatics 
tools (TargetScan, miRDB, and Encyclopedia of RNA Interactomes [ENCORI]) were applied to search potential targets of 
miR-221-3p, which could regulate THBS1 and has been reported to induce apoptosis and inhibit angiogenesis. Upon sequence 
comparison, seed regions were identified in the 3ʹ untranslated region (3ʹ-UTR) of THBS1 mRNA, with potential base-pairing 
with miR-221-3p (Figure 4a). Based on a luciferase reporter assay, the functional interaction was determined. Transient 
transfection of THBS1 wild-type (WT) 3ʹ-UTR construct with miR-221-3p mimic into 293T cells resulted in a big reduction of 
the activity of luciferase in contrast to control groups with statistical significance. MiR-221-3p, on the other hand, showed no 
influence on the activity of luciferase of the mutated construct (Figure 4b). Further, Figure 4c reveals that THBS1 expression 
decreased at mRNA and protein levels by miR-221-3p over-expression among HaCaT cells with statistical significance. The 
above findings suggested that miR-221-3p might be potential to bind to the 3ʹ-UTR of THBS1 directly, thereby inhibiting its 
synthesis and expression. In addition, to facilitate the exploration of the influence of THBS1 on cell function, HaCaT cells 
were transfected with the THBS1-specific siRNA to suppress the expression of THBS1, the knockdown efficacy was 
confirmed by RT-qPCR, WB, and ELISA (Figure 4d).

To extend our results of the anti-apoptosis and pro-angiogenic impact of miR-221-3p observed in an animal model, HaCaT 
cells interfered with HG were transfected with a NC, miRNA-221-3p mimic (Mimic) or small interfering RNA of THBS1 
(siTHBS1). Cell apoptosis assay showed that early and total apoptosis rate of cells after transfection were significantly reduced 
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Figure 2 Effects of miR-221-3p on apoptosis and angiogenesis in diabetic mice. The TUNEL assay was performed to examine the role of diabetes and miR-221-3p 
overexpression on the apoptosis of epithelial layer at the edge of the wound (a and c). TUNEL-positive cells are shown in green and the nuclei are labeled with DAPI (blue). 
Scale bar is 50 µm. Angiogenesis analysis by immunohistochemistry staining of CD31 in dorsal skin sections from normal mice and diabetes mice injected with either Ctrl or 
miR-221-3p, quantified by the number of blood vessels per unit area (b and d). Scale bars, 50 μm. Data are presented as mean ± SEM, n = 3–5. *P < 0.05, **P < 0.01 for Ctrl 
vs DM-Ctrl. #P < 0.01 for DM-Ctrl vs DM-miR-221-3p.
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compared with HG control (Figure 4e). HUVEC co-cultured with conditioned supernatant of HaCaT cells from different 
conditions were collected for the tube formation assay. Results showed that tube formation of HUVECs was significantly 
enhanced in supernatant from HaCaT cells following the transfection of miR-221-3p mimic/siTHBS1 under HG (Figure 4f). 
Based on the above findings, it could be inferred that despite damage caused by HG, miR-221-3p blocked the expression of 
THBS1, significantly reduced HaCaT cells apoptosis and increased HUVEC cell tube formation.

Effect of miR-221 Knockout on WH in Diabetes Mice
To elucidate miR-221-3p’s impact on WH in vivo, miR-221 was knocked out in mice and constructed diabetes and skin 
wound models. Wound closure was delayed in miR-221 KO mice in contrast to WT mice with statistical significance 
(Figure 5a and b). Regarding the apoptosis of wound tissues, TUNEL+ apoptotic cells were significantly increased in the 
epithelial layer at the edge of wound from miR-221 KO mice compared with WT mice (Figure 5c and f). To detect the 
blood vessels in the newly formed skins, immunohistochemistry staining with CD31 labelling was performed. Semi- 
quantitative immunostaining found the number of blood vessels to be decreased among the epidermal tissues of the 
wound on the 11th day after the excisional wounds were created in miR-221 KO mice compared with WT mice 

Figure 3 Effects of high glucose on THBS1. (a) Representative image and summary data showing relative THBS1 mRNA and protein expression levels in HaCaT cells treated 
with normal glucose (NG, 5.5 mM) or high glucose (HG, 35 mM or 50mM) (n = 3), and summary data of protein concentrations of THBS1 secreted into the medium from 
HaCaT cells cultured in NG or HG medium (n = 4). (b) Examination of total and early apoptosis cells in HaCAT treated with normal medium (NG-Ctrl), NG and added with 
exogenous THBS1 protein (NG+THBS1) or high glucose medium (HG-Ctrl). Representative image and summary data of the apoptosis cells was assessed by flow cytometry 
(n = 6). (c) Representative image and summary data of the tube formation assay on HUVECs co-cultured with the conditioned supernatant of HaCaT. Scale bar is 100 µm. 
Data are described with mean ± SEM, n = 3. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with Ctrl.
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(Figure 5d and g). In addition, THBS1 protein expression levels were also markedly increased in the epidermal tissues of 
the wound in miR-221 KO mice compared with WT mice (Figure 5e and h). These results suggest that miR-221 KO 
impaired WH, increased the apoptosis and reduced the vascularization in wounds of diabetic mice.

Figure 4 Effect of miR-221-3p on THBS1 and cell function under the intervention of high glucose. (a) Sequence alignment of the wild-type (WT) 3′-untranslated region (3′- 
UTR) of THBS1 containing putative miR-221-3p-binding sites and the miR-221-3p sequence. Mutated (mut) 3ʹ-UTR of THBS1 without the putative miR-221-3p-binding site. 
(b) Relative activities of luciferase of plasmids carrying WT / mutant THBS1 3ʹ-UTR among HEK293T cells co-transfected with Ctrl / miR-221-3p mimic (n = 3) were 
determined using the Luciferase Dual Reporter gene assay detection system. (c) Representative image and summary data showing relative mRNA and showing protein 
expression levels of THBS1 transfected with Ctrl or miR-221-3p mimic (n = 4–6). ACTB was used as the mRNA internal reference. Protein band intensities were normalized 
to β-tubulin. (d) Representative image and summary data showing THBS1’s mRNA and protein expression levels among HaCaT cells transfected with negative control 
(siNC) / siTHBS1 were measured by rt-qPCR, Western blot, and ELISA (n = 4–6). (e) Examination of total and early apoptosis cells in HaCaT treated with high glucose 
medium transfected with negative control (HG-Ctrl), miRNA-221-3p mimic (Mimic) or small interfering RNA of THBS1 (siTHBS1). Representative image and summary data 
of the apoptosis cells was assessed by flow cytometry (n = 6). (f) Representative image and summary data of the tube formation assay on HUVECs co-cultured with the 
conditioned supernatant of HaCaT. Scale bar is 100 µm. Data are presented as mean ± SEM, n = 3. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with Ctrl.
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Figure 5 Effect of miR-221 knockout on wound healing in diabetes mice. Representative photomicrographs (a) and summary data (b) showing wound area changes on days 
0, 4, 8, and 11 in wild type (WT) and Mir-221 knockout (KO) diabetes mice (DM). Data are described as mean ± SEM, n = 8. The TUNEL assay was conducted to examine 
the role of Mir-221 knockout on the apoptosis of epithelial layer at the edge of the wound (c and f). TUNEL-positive cells are shown in green while the nuclei are shown with 
DAPI (blue). Scale bar is 50 µm. Angiogenesis analysis based on immunohistochemistry (IHC) staining of CD31 in dorsal skin sections from DM-WT & DM-KO mice, 
quantified by the number of blood vessels per unit area (d and g). Scale bars, 50 μm. IHC staining of THBS1 in dorsal skin sections from DM-WT & DM-KO mice (e and h). 
Scale bars, 50 μm. Data are presented as mean ± SEM, n = 3–4. *P < 0.05 and **P < 0.01 for DM-WT vs DM-KO.
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Discussion
DFU is a prevalent chronic complication of diabetes and a serious public health problem due to the need for 
hospitalization and amputation.15,16 Based on the results of our previous studies, miR-221-3p carried by EPCs exosomes 
promotes skin WH in mice, and this study further found that (1) HG promoted THBS1 expression at the wound edge 
among keratinocytes; (2) THBS1 promoted keratinocyte apoptosis and inhibited endothelial cell angiogenesis; (3) miR- 
221-3p targets THBS1, inhibited the synthesis and secretion of THBS1 induced by HG, inhibits epithelial cell apoptosis 
and promotes endothelial cell angiogenesis; (4) miR-221 knockout diabetic mice showed delayed WH, increased 
expression of THBS1 in the upper cortex, increased apoptosis, and decreased angiogenesis in the dermis. These key 
findings suggest that High glucose leads to increased THBS1 expression in wound skin, miR-221-3p may exert a pivotal 
impact on the regulation of the apoptosis & angiogenesis of endothelial cells by directly inhibiting THBS1 expression, 
promoting WH of diabetic skins and providing new ideas for the treatment of diabetic WH.

The process of WH is complex, involving multiple stages such as hemostasis, inflammation, neovascularization, re- 
epithelialization, and remodeling. Various cell types with different roles are involved.17 As the main epithelial cells in the skin, 
keratinocytes are related with multiple processes of WH to preserve the structure and function of the epidermis.18 Diabetes 
mellitus disrupts keratinocyte physiological function, causing a variety of cellular dysfunction, including impaired cell 
migration/proliferation, abnormal gap connectivity, chronic inflammation/infection, reduced angiogenesis, oxidative stress, 
as well as abnormal expression of matrix metalloproteinases. Research has indicated that physiological dysfunction of 
keratinocytes represents a significant contributing factor to the inadequate WH commonly observed in patients with chronic 
diabetes mellitus.19–21 As an antiangiogenic factor, THBS1 participates in different cellular functions, including angiogenesis, 
apoptosis and inflammation.22,23 The role of THBS1 in WH has been reported, mouse models with overexpression of THBS1 
in keratinocytes showed slower WH.24 In normal human skin, THBS1 is produced by basal epidermal keratinocytes and 
subsequently deposited in the basal membrane region. In this study, it was found that in diabetic mice, THBS1 expression was 
found to be obviously elevated in the upper skin layer of the wound edge, leading to increased cell apoptosis, decreased dermal 
angiogenesis, as well as a marked reduction in WH rate. In vitro experiments confirmed HG’s influence on THBS1. Synthesis/ 
secretion of THBS1 in HaCaT cells treated with HG increased significantly. This is consistent with previous findings that HG 
significantly affected THBS1 expression and secretion.25 Cell function experiments showed that both HG and THBS1 
exogenous protein could increase HaCaT cell’s apoptotic rate and inhibit the angiogenesis of HUVECs co-cultured with 
HaCaT cells. Taken together, we hypothesized that hyperglucose-induced cellular dysfunction may be caused by the 
upregulation of THBS1 expression, which could serve as a promising therapeutic target for diabetic WH.

At present, the treatment of DFU is mainly to control blood glucose, promote lower limb blood supply and 
angiogenesis, improve local oxidative stress and control infection.26 As demonstrated by several studies, miRNAs are 
instrumental in the regulation of the complex process of WH and serve as viable targets for therapeutic intervention in 
cases of non-healing wounds.27 In this study, dual luciferase reporter (DLR) assay found THBS1 to be the target gene of 
miRNA-221-3p, and in vitro experiments verified that miRNA-221-3p overexpression significantly blocked the synthesis 
and secretion of THBS1 induced by HG. As previous reported, miRNA-221-3p participated in the regulation of various 
cellular functions, including proliferation, inflammation, apoptosis as well as angiogenesis.28–30 Results of in vivo 
experiments demonstrated that local miR-221-3p overexpression in diabetic mice could reduce the expression of 
THBS1 in the wound edge skin epithelium, reduce the apoptosis of epithelial cells, and increase the number of dermal 
neovascularization. Cell function assay showed that transfection of miR-221-3p or knockdown of THBS1 in HaCaT cells 
damaged by HG downregulated HacaT cell’s apoptotic rate and improved the tube formation ability of HUVECs co- 
cultured with HacaT cells. miR-221 KO mice were generated to further verify the importance of miR-221 in WH. The 
results showed that compared with WT diabetic mice, miR-221 KO diabetic mice had delayed WH, increased THBS1 
expression and apoptosis in the epithelial layer, and reduced neovascularization in the dermis. Previous studies have 
shown that THBS1 induces apoptosis by activating caspase-8 and caspase-9 dependent pathways by binding to CD36 
receptors,31 and THBS1 inhibits the recruitment of pro-angiogenic downstream signaling proteins by dephosphorylating 
VEGFR2.7 The intrinsic signaling pathway of THBS1 regulating apoptosis and angiogenesis in this study has not been 
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addressed. The specific molecular mechanism underlying diabetic WH by miR-221-3p/THBS1 remains unclear and 
warrants further investigation.

Our study may suggest that the development of miR-221-3p analogs which keeps stable in vivo or topical dressings 
that directly cover wounds may contribute to future clinical applications. Due to the limitations of the small sample size 
and the large difference between mice and humans, a larger sample size and clinical experiments are still needed to verify 
the results of this study in the future.

Conclusions
We suggest that miR-221-3p improves diabetic skin WH by inhibiting the effects of HG on apoptosis and angiogenesis 
by targeting THBS1, and that miRNA-221-3p represents a candidate for novel therapies to improve diabetic WH.
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