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Introductions: Diabetic foot ulcers (DFU) are notoriously difficult to heal, however, its underlying molecular mechanisms are 
unknown. MicroRNA-139-5p participates in various biological processes, including cancer and vascular endothelial injury, while its 
role in diabetic wound healing has not been reported.
Methods: Sprague-Dawley (SD) rats were intraperitoneally injected with streptozotocin and a 1.0 cm full-layer dorsal skin wound 
was made to establish a diabetic wound model. On days 1, 4, 7, and 10 after the wound was made, a solution containing microRNA- 
139-5p antagomir or control was injected along the dorsal edge of the wound. Wound healing was analyzed using Image J, histological 
analysis and molecular analysis. Skin tissues from 4 diabetic and 4 matched non-diabetic ulcer patients were obtained to detect 
microRNA-139-5p expression. In vitro, human skin fibroblasts were transfected with microRNA-139-5p inhibitors/mimics, the 
function of the fibroblasts was evaluated by CCK-8 assay and scratch assay, and AP-1 (c-Fos/c-Jun) was detected.
Results: Obviously elevated microRNA-139-5p expression was detected in the wound tissue of the rats with diabetes and patients 
with DFUs, and the microRNA-139-5p antagonist-treated diabetic wounds had faster healing rates. The pace of diabetic wound re- 
epithelialization and angiogenesis was accelerated, and the expression of AP-1 family members (c-Fos/c-Jun), and VEGF, PDGF was 
upregulated in the wound tissue of diabetic rats treated with topical microRNA-139-5p antagomir. In vitro, the expression of 
microRNA-139-5p was up-regulated in human skin fibroblasts induced by high glucose treatment, while the function of the cell 
proliferation and migration was promoted and the level of AP-1 (c-Fos/c-Jun) was increased after transfected with the microRNA-139- 
5p inhibitor, and vice versa. Our study further verified that microRNA-139-5p regulated the migration of human skin fibroblasts by 
modulating c-Fos.
Conclusion: Inhibiting microRNA-139-5p improves fibroblasts viability and promotes diabetic wound healing, suggesting that this 
may be a therapeutic strategy for diabetic foot ulcer.
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Introduction
Diabetic foot ulcer (DFU), a paradigmatic example of chronic non-healing wounds, constitutes one of the most severe 
and debilitating complications of diabetes.1 About 25% of individuals with diabetes will experience foot ulceration at 
some point during their lifetime, with a staggering rate of reoccurrence (40% in 1 year and 65% in 5 years),2–4 and 
limited options to improve DFU healing.5 Persistent hyperglycemia,6 chronic inflammation,7 peripheral neuropathy, 
impaired angiogenesis8 and decreased fibroblasts activity,9 in diabetes patients are factors influencing the wound healing 
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process.10 However, since the pathophysiology of diabetic wounds is complex, the molecular mechanism underlying the 
wound-healing process in diabetes remains largely obscure.

MicroRNAs (miRNAs) have been shown to directly bind to target mRNA to regulate post-transcriptional gene expression.11 

Many researchers have corroborated the involvement of miRNAs in the pathogenesis of wound healing processes. For instance, 
miR-155 inhibition could accelerate diabetic wound healing by decreasing inflammatory cells accumulation and enhancing 
vascularization and collagen formation.12 The downregulation of the miR-99 family boosted the proliferation and migration of 
keratinocytes, promoting wound closure.13 Recently, microRNA-139-5p (miR-139-5p) was considered as a potential genomic 
driver of diabetic pathogenesis in bone marrow-derived Lin-/VEGF-R2+ endothelial progenitor cells, as evidenced by micro
array experiment.14 Our previous research found that miR-139-5p upregulation is related to vascular endothelium dysfunction in 
diabetes, and downregulation of miR-139-5p promotes Endothelial Colony Forming Cells (ECFCs)-mediated angiogenesis.15 In 
the Gene Ontology analysis of human retinal microvascular endothelial cells induced by VEGF mediated angiogenesis, miR- 
139-5p has also been linked to angiogenesis and cell migration.16 Moreover, the dysregulated expression of miR-139-5p is 
frequently demonstrated in diverse cancers,17,18 and diseases, including neurodegeneration19 and obesity.20 Overall, miR-139-5p 
could serve as a significant biological marker for human diseases, including diabetes. Therefore, we tried to determine whether 
miR-139-5p was associated with poor wound healing in diabetes.

The transcription factor complex, activating protein-1 (AP-1), is a transcription factor complex composing c-Jun and 
c-Fos proteins and has been identified as a target gene subject to modulation by miR-139-5p.15,21 Research has indicated 
that AP-1 exerts a pivotal regulatory influence on the transcription of a multitude of genes during the wound healing 
process.22,23 Fibroblasts are essential cells involved in the process of wound repair. The dysfunction of fibroblasts during 
wound healing can exert a profound impact on multiple aspects, encompassing angiogenic progression, immune 
response, and extracellular matrix deposition, thereby hindering the normal transition from the inflammatory phase to 
the proliferative phase. This dysfunction is a significant factor in the development of refractory wounds, especially in the 
context of diabetic foot ulcers.24–26 However, it remains unclear whether the inhibition of miR-139-5p can activate 
human skin fibroblasts through AP-1 and promote wound healing.

This paper confirmed that miR-139-5p was highly expressed in the wound tissue of diabetic patients with foot ulcers 
and diabetic rats. We further explored the roles of miR-139-5p/AP-1 in regulating fibroblast function and the affection of 
miR-139-5p antagomir on wound healing in diabetic rats. These findings may provide a new way to promote diabetic 
wound healing.

Graphical Abstract
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Materials and Methods
Animals Model for Diabetic Wound Healing
A total of 24 Sprague-Dawley (SD) rats (8–10 weeks, 200–300g) were purchased from Hunan SJA Laboratory Animal 
Co. Ltd. located in Changsha, China. At the Department of Laboratory Animals of Central South University (CSU), 
water and food were sourced from a pathogen-free facility. The rats were then housed in an environment with 
a temperature range of 22–24°C, and maintained in accordance with the Guide for Care and Use of Laboratory 
Animals and the Animal Welfare Act. Experiments were performed with the approval of the Institutional Animal Care 
Committee of Central South University. (Ethical Approval Number: CSU-2024-0155). After the adaptive feeding period 
(a two-week period), the rats were subjected to intraperitoneal injection of 40 mg/kg streptozotocin (STZ) (from Sigma, 
USA) (100 mm citrate-buffered saline solution, pH 4.5). The induction of diabetes was confirmed through weekly blood 
glucose measurements exceeding 16.7 mmol/L and the presence of polyuria and polydipsia symptoms. Six months later, 
diabetic animals were used for wound-healing experiments.

The dorsal hair of diabetic and normal rats is shaved off with a razor and hair removal cream, and rats are 
anaesthetized with isoflurane for gas. A 1.0 cm full-thickness dorsal skin wound is created using a biopsy punch. 
Then, the rats wound, which are randomized into three groups (n=8 each group) with different interventions.

MiR-139-5p Antagomir Administration at the Wound Site
SD rats were randomly assigned into 3 groups, including a normal control group (NC), a model control group (DM), and 
a miR-139-5p antagomir group (DM+miR-139-5p antagomir). On the second day after the wound was induced, each wound 
was subjected to a subcutaneous injection of a total of 200 µL of a solution at four different sites along the dorsal wound edge. 
This injection was administered on days 1, 4, 7, and 10 to ensure consistent treatment. To silence the expression of miR-139- 
5p, a chemically synthesized antagonist called miR-139-5p antagomir (RIBOBIO, Guangzhou, China), at a concentration of 
20μg/100μL was used. Additionally, the negative control of miR-139-5p (called mir-NC) was injected subcutaneously, which 
is a random miRNA sequence and has been confirmed to have no recognizable effect on miR-139-5p. For the normal control 
group wounds, an equal amount of an injection containing saline was administered.

Estimation of Wound Closure Rate
The wound was photographed immediately after the surgery was performed. To document the progress of wound healing, 
high-resolution images were captured using a Canon G9 camera every two days after wound establishment. These images 
were then analyzed using Image J version 1.46 (American NIH Image). The wound healing rate was calculated using the 
formula: wound healing rate (%) = (Day 0 wound area - Day N wound area) / Day 0 wound area × 100%.

Histologic and Immunofluorescence Analysis
On the 8th day of wound treatment, wounds and surrounding healthy tissues from the experimental and control groups 
were collected immediately after euthanizing the rats with isoflurane in an airtight chamber. Specimens riveted with 4% 
paraformaldehyde (Sigma Aldrich, St. Louts, USA), and formed paraffin-embedded wound tissue. Sectioned at 5 µm 
thickness the tissue samples were stained using hematoxylin and eosin. This staining technique allowed for the 
visualization of the tissue structure under an inverted microscope. The healing process of the skin tissue, known as 
epithelization, was measured and documented.

Sections from the central region of the wound were prepared for immunofluorescence analysis. The sections under
went deparaffinized, rehydration, and twice PBS (Gibco, USA) washes, followed by a 15-minute incubation with H2O2. 
After washing twice again with PBST (Gibco, USA), the slices were incubated overnight at 4°C with primary antibodies 
against CD31, which is a marker for endothelial cells. Subsequently, the specimens were applied HRP-polymer goat anti- 
rabbit secondary antibodies after washes and followed by counterstaining with DAPI. All antibodies were obtained from 
Proteintech (Wuhan, China). Finally, 3 fields of view were randomly taken from each group of sections under 200x 
microscope. The number of positive staining in each field was counted, and the results were expressed as number/mm2.
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Cell Culture, Treatment, and Transfection
Human skin fibroblasts (from Central Laboratory of the Third Xiangya Hospital, Changsha, China) were used for the 
experiments. These fibroblasts were cultured in a high-glucose DMEM medium with 10% fetal bovine serum (Gibco, 
USA) incubating at 37 °C, with 5% CO2 and 95% humidity. To detach the cells, 0.25% trypsin digestion was performed. 
6-well plates were seeded 1×105 cells/well and incubated for 24 hours. After the initial incubation, the cells were exposed 
to either high glucose (33.0 mM) or a high osmotic control group, which supplemented with 27.5 mM mannitol while 
adding 5.5 mM glucose, for a duration of 72 hours. The next step involved transfection of the human skin fibroblasts. 
Human skin fibroblasts were cultivated in 6-well plates (3 × 104 cells/well) until achieving 30–50% confluence. Then, 
these cells were transfected using either miR-139-5p mimic or inhibitor (RIBOBIO, Guangzhou, China), as well as their 
respective negative controls, all at a concentration of 50 nM. The transfection was performed using Lipofectamine 3000 
from Invitrogen (Invitrogen, Thermo Fisher Scientific, USA). Forty-eight hours after the transfection, TRIzol (Invitrogen, 
USA) was added to the cells for RNA extraction. The extracted RNA was then used for qRT-PCR detection. At 72 hours 
after transfection, protein lysate was collected to extract the protein and perform Western blot analysis.

Cell Counting Kit-8 (CCK-8) Test
Following the above transfection methods, miR-139-5p mimics or inhibitors (RIBOBIO, Guangzhou, China) were introduced 
into human skin fibroblasts after 48 hours. To carry out this process, the intervened cells were plated onto 96-well plates with 
a proper density of 3000 cells/well and allowed to adhere for 24 hours. Next, 10μL CCK-8 reagent (Dojindo, Japan) was added 
to serum-free medium and followed by a 1–4 hour incubation period, and the absorbance value will be set to 450nm.

Cell Migration Test
Human skin fibroblasts were cultivated and then transfected with either a 50 nM miR-139-5p inhibitor or miR-139-5p 
mimic for 48h. Once the cell layers had reached confluence, a sterile monolayer was created and a wound was made by 
scratching the surface using a 10-μL pipette. The degree of cell migration was examined under an inverted microscope, 
and photographs of the cell migration were taken at 0 and 24 hours. Calculating the migration area was conducted by 
Image J.

Tissue Collection and RNA Extraction
In order to establish a wound model, skin wound tissue was obtained from diabetes rats and normal rats and stored in −80°C 
refrigerator. Foot ulcer tissues from four diabetic patients (n=4; age range: 36–73 years; 3 males, 1 female; HbA1c levels: 
7.1% −10.4%) and tissues of damaged skin wounds from four patients without diabetes (n=4; age range: 21–60 years; all 
males) were collected. All procedures of this work were performed in compliance with The Code of Ethics of the World 
Medical Association (Declaration of Helsinki) and has been approved by Ethics Committee of the Third Xiangya Hospital. 
(Ethical Approval Number: fast-24461) Informed consent was obtained for experimentation with human subjects.

On the 8th day after the wound intervention, the wound tissue was obtained and divided into three parts to facilitate 
subsequent analysis. One part of the tissue (50 to 100mg) was homogenized using a polytron homogenizer and 1 mL TRIzol 
(Sigma Aldrich, USA). Afterwards, the RNA in the homogenized tissue was purified in accordance with the instructions 
provided by the manufacturer. The extracted RNA pellets would be dissolved in 20 µL of DEPC water (phygene, Wuhan, 
China). Then the NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA), which was employed to 
determine RNA concentration and purity. The extracted RNA specimens were kept at −80°C for further tests.

Western Blot Analysis
The wound tissues of both the experimental and control groups were lysed with RIPA lysis buffer (Sigma Aldrich, 
St. Louts, USA), including PMSF (Sigma Aldrich, St. Louts, USA). The lysate was centrifuged at 4°C for 10 min at 
12000 g, and the resulting supernatant was then boiled for 10 min. The tissue protein was transferred to the PVDF 
membrane (Millipore, USA) after being subjected to SDS-PAGE for 1.5 h. The membrane was blocked with 5% skim 
milk in TBST for approximately 1 h, followed by an overnight incubation with initial antibodies against AP-1 (c-Jun/ 
c-Fos), VEGF, and PDGFA. All initial antibodies were from Santa Cruz Biotechnology Inc. (United States). Then the 
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membrane and the secondary antibodies corresponding to different antibodies were incubated again for 1 h and then 
soaked in ECL luminous solution (Advansta, USA) completely, the chemiluminescence instrument examined the protein 
bands, and the software calculated the grey value.

Real-Time Quantitative Reverse Transcription PCR (qRT-PCR)
In this work, we extracted the total RNA by TRIzol reagent (Invitrogen, USA) and reverse transcribed that into c-DNA of 
miR-139-5p and U6 by RT reverse transcription kit (Thermo Fisher Scientific, USA). qRT-PCR has been conducted using 
SYBR green real-time PCR master mix kit (Toyobo, Japan) under 95°C for 5s, 60°C for 15s, 72°C for 15s for 45 cycles, 
and collecting data at 72°C. The 2−ΔΔCt design was adopted to calculate miR-139-5p against U6 gene expression. The 
miR-139-5p and U6 primers used in PCR were extracted with Ribobio (RIBOBIO, Guangzhou, China) (Table 1).

Statistical Analysis
The differences between the two groups were analyzed using a two-tailed Student’s t-test, while a single-factor analysis of 
variance (ANOVA) was employed for comparing three or more groups. Data are presented as mean±SD, with statistical 
significance set at P<0.05.

Results
The Expression of miR-139-5p Was Upregulated in Diabetes Wound Tissues, as Well 
as Fibroblasts Under High Glucose (HG) Concentration
To elucidate the putative association between miR-139-5p and impaired wound healing in individuals with diabetes, the 
expression profiles of miR-139-5p in wound tissues from diabetic patients and diabetes-induced rats. The results revealed 
a significant upregulation of miR-139-5p expression, with 1.6- and 4.8-fold increases relative to the control group, respectively 
(Figure 1A and B). Furthermore, our experiments demonstrated a remarkable elevation in miR-139-5p expression when 
fibroblasts were exposed to a high glucose (HG) concentration of 33.0 mM (Figure 1C). Those results indicated that the miR- 
139-5p up-regulation may contribute to the poor healing of DFUs.

Table 1 RT-PCR Primer Sequences

Primer Sequence

miR-139-5p Forward: 5′-ACACTCCAGCTGGGTCTACAGTGCACGTGTC-3′
Reverse: 5′-TGGTGTCGTGGAGTCG-3′

U6 Forward: 5-CTCGCTTCGGCAGCACA-3′
Reverse: 5-AACGCTTCACGAATTTGCGT-3′

Figure 1 Relative expression levels of miR-139-5p in wound tissues and fibroblasts. (A) qRT-PCR analysis revealed that the relative expression levels of miR-139-5p in wound tissue 
from diabetic rats (n=4) versus normal rats (n=4), *P < 0.05; (B) MiR-139-5p levels were distinctly raised in the DFUs patients (n=4) compared to controls (n=4), *P < 0.05. (C) 
Increased expression levels of miR-139-5p in HG compared to NC (n = 3), *P < 0.05; ns P < 0.05. Values are normalized to U6 mRNA and reported as means ± SD.
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MiR-139-5p Antagomir Promotes Diabetic Wound Healing
To assess the therapeutic potential of miR-139-5p inhibition on wound healing, we locally injected the miR-139-5p antagomir or 
negative control (NC) around 1 cm diameter wounds on the backs of diabetic rats. This injection was performed on days 1, 4, 7, 
and 10 after the wounds were created. Interestingly, we found that the wounds treated with the miR-139-5p antagomir exhibited 
a significantly accelerated healing rate compared to NC-treated wounds (Figure 2A and B). Further histologic analysis revealed 

Figure 2 MiR-139-5p antagomir promotes diabetic wound healing. (A and B) Representative images showing the healing progression of wounds, and the rate of wound 
closure for corresponding days as indicated. (n=8/group, day0-8) (n=5/group, day10-12); *P < 0.05, ***P < 0.001, ****P < 0.0001, DM miR-139-5p antagomir vs DM NC; ##P < 
0.01, #P < 0.05, DM NC vs N NC. (C) Representative HE stained histological image showing changes in epidermal and dermal thickness in wound sections (100x and 200x), 
and thickness of the epithelial tissue measured in micrometers (μm) (n=3), **P < 0.01, *P < 0.05. (D and E) Representative immunofluorescence images of CD31 in wound 
sections (scale bar:100μm). Neovascular density was expressed by the number of CD31 immunofluorescence staining. (n=3), *P < 0.05. (F) Significant decrease in miR-139- 
5p levels was confirmed by qRT-PCR, following direct injection of miR-139-5p antagomir into wounds area of diabetic rats. (n=3), ***P < 0.001.
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that the epidermis and dermis were noticeably thicker in miR-139-5p antagomir-treated wounds, as observed via HE staining 
(Figure 2C). Additionally, the number of blood vessels, assessed through CD31 staining, was significantly higher in the miR- 
139-5p antagonist-treated wounds compared to those treated with the NC. (Figure 2D and E). Significant reduction in miR-139- 
5p expression were exhibited in tissues administered with miR-139-5p antagomir compared to the NC group, as verified by 
qRT-PCR of wound tissues obtained after intervention (Figure 2F). Overall, our findings suggest that the miR-139-5p antagonist 
can enhance both angiogenesis and epithelialization in diabetic rats’ wounds, leading to an accelerated healing rate.

MiR-139-5p Regulates the Function of Human Skin Fibroblast in Vitro
Since fibroblasts were fundamental to wound healing, we investigated whether miR-139-5p regulated the function of 
fibroblasts. Human skin fibroblasts were transfected with miR-139-5p inhibitor/mimic (Figure 3A). The CCK-8 test 
demonstrated that miR-139-5p inhibitor enhanced the proliferation of human skin fibroblasts, while miR-139-5p mimic 
showed the opposite effect (Figure 3B). Scratch assay also showed miR-139-5p inhibitor promoted the migration of 
fibroblasts, conversely, miR-139-5p mimic inhibited the migration of human skin fibroblasts (Figure 3C and D). In short, 
these results suggested that the miR-139-5p down-regulation could enhance the viability of human skin fibroblast.

Analysis of Downstream Target Gene of miR-139-5p
AP-1 (c-Jun/c-Fos) has been identified as a target gene of miR-139-5p based on bioinformatics analysis and previous 
literature.22,23 To further validate it as a target gene for miR-139-5p in fibroblasts, we transfected human skin fibroblasts 
with either miR-139-5p inhibitor or mimic. We observed that the expression of AP-1 (c-Jun/c-Fos) was significantly 
increased when miR-139-5p was downregulated in these fibroblasts (Figure 4B). Conversely, the upregulation of miR- 

Figure 3 miR-139-5p inhibited migration and proliferation of human skin fibroblasts in vitro. The human skin fibroblast at passage 4 was transduced with si-NC, mimic-NC, 
miR-139-5p inhibitor, and miR-139-5p mimic, respectively. (A) qRT-PCR was used to determine the expression levels of miR-139-5p. (n=3), *P < 0.05, **P < 0.01. (B) CCK8 
assays were used to assess the proliferation of fibroblasts. (n=3), **P < 0.01, ***P < 0.001. (C, D) Fibroblast migration was evaluated using scratch assays. (n=3), *P < 0.05.
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139-5p led to a decrease in AP-1 (c-Jun/c-Fos) expression. These results provide evidence that AP-1 (c-Jun/c-Fos) is 
a target gene of miR-139-5p in fibroblasts.

Furthermore, we also investigated the levels of AP-1 (c-Jun/c-Fos), VEGF, and PDGF in diabetic wounds. Compared 
to normal wound tissues, the levels of AP-1 (c-Jun/c-Fos), VEGF, and PDGF were significantly lower in diabetic wounds 
(Figure 4A). However, when treated with miR-139-5p antagomir, the levels of AP-1 (c-Jun/c-Fos), VEGF, and PDGF 
expression in diabetic wound tissues almost completely recovered. Taken together, our findings demonstrate that miR- 
139-5p plays a regulatory role in the expression of AP-1 (c-Jun/c-Fos), VEGF, and PDGF in both skin fibroblasts and 
wound tissues of diabetic rats.

MiR-139-5p Mediates the Migration of Fibroblasts by Regulating AP-1
To further determine the functional activity of miR-139-5p mediated by AP-1 in human skin fibroblasts, miR-139-5p mimics 
and/or c-Fos plasmids were used to treat human skin fibroblasts and migration ability was estimated through scratch assays. The 
results showed that the upregulation of c-Fos could rescue the inhibition of cell migration caused by the miR-139-5p mimics 
(Figure 5A–5D). On the contrary, we transfected human skin fibroblasts with miR-139-5p inhibitors and c-Fos siRNA, and 
observed that downregulation of c-Fos can counteract the promotion of cell migration by miR-139-5p inhibitors (Figure 5A–5D). 
These results suggest that miR-139-5p is capable of regulating the functional activity of skin fibroblasts by modulating the AP-1 
pathway.

Discussion
Wound healing is a complicated and finely orchestrated process that involves a multitude of molecular events, including 
the recruitment of cells, cellular proliferation24 and the deposition of the extracellular matrix,25 as well as various 
inflammatory components and growth factors26 that require appropriate and precise response. Fibroblasts serve as the 
primary effector cells in the repair of soft tissue wounds, playing an essential role in wound contraction, collagen 
production, and the overall remodeling of tissue, and as a signaling cell, it secrets the growth factors crucial for 
intercellular communication during reparative process.27 However, in diabetic conditions, persistent hyperglycemia and 
associated issues such as neuropathy, vascular disease, and oxidative stress can impede angiogenesis and disrupt normal 
fibroblast function.27 These factors culminate in hindered epithelial regeneration and delayed wound healing. DFU 
wounds expose patients to the risk of amputation and death. A comprehensive understanding of the DFU pathophysiol
ogy and the targeted pathways involved in fibroblast dysregulation is a necessary condition for developing innovative 
new treatment methods urgently needed by these patients.

MicroRNAs are essential for various cellular processes, such as growth, development, and differentiation.28 In recent 
years, there has been a growing interest among scientists and clinicians in the application of miRNA for tissue 
engineering.28,29 Specifically, researchers have found that the use of porcine acellular dermal matrix leads to a reduction in 

Figure 4 MiR-139-5p antagomir upregulates AP-1(c-Jun/c-Fos) levels and growth factor levels. (A) Protein levels of c-Jun and c-Fos, VEGF, and PDGF in the wound tissues 
were assessed using Western blot analysis. (n=3), **P < 0.01,*P < 0.05. (B) Western blot analysis confirmed the expression of c-Jun/c-Fos in human skin fibroblasts after 
transfection with miR-139-5p mimics or inhibitors (n=3). **P < 0.01,*P < 0.05.
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the expression of miR-124-3p.1/139-5p in wounds, ultimately enhancing the healing of cutaneous wounds.30 This discovery 
has sparked interest in using miR-139-5p inhibitors for soft tissue repair in tissue engineering. MiR-139-5p has been found to 
be abnormally expressed in multiple solid tumors, involving cell proliferation and apoptosis, and is associated with tumor 
growth, invasion, and metastasis.17,31 Furthermore, recent studies have found that miR-139-5p is involved in regulating 
angiogenesis. For example, the miR-139-5p-CXCR4 axis exerts pivotal effects in vascular development,32 and the activation 
of the CD44/miR-139-5p pathway is involved in hyaluronic acid promoting angiogenesis of ECFCs combined with 
mesenchymal stem cells (MSCs).33 A recent study by Mohammad R. Irhimeh et al reported that miR-139-5p may serve as 
a potential genomic driver of diabetic pathogenesis in Lin-/VEGF-R2+EPCs.14 Our previous research demonstrated that the 
upregulation of miR-139-5p is linked to diabetic endothelial cell dysfunction.15 These findings indicate that miR-139-5p may 
be a crucial effector of diabetic angiogenesis impairment. Besides, it was found that the miR-139-5p expression was increased 
in the diabetic rats’ pancreas and the inhibition of miR-139-5p facilitated the anti-apoptotic effect of liraglutide on the pancreas 
tissues and INS-1 cells of diabetic rats by targeting IRS1.34 Despite these discoveries, it remains unclear whether miR-139-5p 
is naturally present in epithelial tissue and whether its dysregulation is associated with impaired diabetic epithelial tissue repair 
and regeneration. Therefore, in this study, we collected wound tissue from diabetic foot ulcers and diabetic rats and observing 
a notable upregulation of miR-139-5p in both types of wound samples, the topical application of miR-139-5p antagomir to 
skin wounds in diabetic rats resulted in prominent regenerative effects at the wound sites. These effects included faster wound 
closure, higher re-epithelialization rates, and the formation of new blood vessels. These findings suggest its potential as a novel 
therapeutic approach for enhancing wound healing.

Figure 5 MiR-139-5p/c-Fos regulated the migration of human skin fibroblasts. All groups’ migration (A and B) were evaluated by scratch experiments (n=3) in human skin 
fibroblasts transfected with miR-139-5p mimics and/or c-Fos plasmids as well as miR-139-5p inhibitors and/or c-Fos siRNA. **P < 0.01, ****P < 0.0001. (C and D) The 
expression of c-Fos was validated by Western blot after respective transfection in each group (n=3). ****P < 0.0001, ***P < 0.001, **P < 0.01.
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Furthermore, in vitro studies, upregulation of miR-139-5p expression was observed in human skin fibroblasts induced 
by high glucose treatment, which inhibited the function of fibroblasts. The inhibition of miR-139-5p expression enhanced 
the functional characteristics of fibroblasts, including cell proliferation and migration ability, these findings indicate that 
miR-139-5p upregulation may contribute to the pathogenesis of impaired fibroblasts in diabetic wounds, and might act as 
an important mediator of poor healing outcomes in diabetic wounds. As mentioned above, the interaction between cells 
in the dermis, matrix, vascular endothelium, and immune system makes wound healing possible, and activated fibroblasts 
are the “masters” of this phenomenon.24–27 Therefore, in addition to improving endothelial function, the activation of 
fibroblasts may be the main mechanism by which miR-139-5p antagonists stimulate wound healing.

In our previous study, we verified that miR-139-5p regulates the function of vascular endothelial cells or MSCs by 
specifically targeting c-Jun or c-Fos/AP-1.15,21 Additionally, another study found that miR-139-5p expression was 
markedly decreased in the hearts of patients with hypertrophic cardiomyopathy (HCM), and it was shown to inhibit 
cardiac hypertrophy by targeting c-Jun.35 These findings highlight the importance of miR-139-5p in regulating cellular 
functions through the modulation of AP-1 activity. In this study, our results showed that miR-139-5p could regulate the 
function of skin fibroblasts by AP-1(c-Fos/c-Jun). By investigating the effects of wound healing-related factors on the 
application of miR-139-5p antagomir, we found that miR-139-5p antagomir increased the expression of AP-1 (both c-Fos 
and c-Jun), as well as VEGF and PDGF in diabetic wound healing. These factors are known to be pluripotent cytokines 
involved in maintaining skin homeostasis and promoting various wound healing processes, such as fibroblast prolifera
tion, migration, angiogenesis, and re-epithelialization.25,26,36 It is worth mentioning that AP-1, as a transcription factor, is 
pivotal in mediating the transcription of genes associated with key cellular processes, such as cell growth, differentiation, 
and cell-cell interactions.37,38 Previous studies have shown that AP-1/c-Jun specifically promotes epidermal keratinocyte 
proliferation, and knocking out the AP-1 subunit in mouse fibroblasts play an essential role in the development of 
epithelial structures.39 Additionally, both c-Fos and c-Jun have been associated with the regulation of the inflammatory 
phase and angiogenesis during wound healing.40 In a study of primary biliary cholangitis, it was found that miR-139-5p 
inhibits inflammation by targeting c-Fos.22 Furthermore, previous research has indicated that VEGF stimulates endothe
lial cell migration and proliferation by activating the AP-1.41 AP-1 activation has been recognized as one of the main 
transcriptional mechanisms that drive VEGF expression in response to various stimuli in different tumor cell lines and 
endothelial cells as well.42 Similarly, PDGF-B can also be regulated by AP-1 and plays a critical role in promoting the 
wound-healing process. We recently found that overexpression of c-Jun in human umbilical cord-derived mesenchymal 
stem cells (hUC-MSCs) enhanced the paracrine secretion of VEGF and PDGF, resulting in accelerated wound closure, 
increased re-epithelialization, and angiogenesis at the wound bed.43 Based on these findings, we propose that miR-139-5p 
antagomir can promote the wound healing process by targeting and activating AP-1, which subsequently leads to the 
upregulation of VEGF and PDGF expression.

Overall, upregulation of miR-139-5p could be induced by hyperglycemic toxicity in the diabetic wound tissue and 
fibroblasts, while inhibiting miR-139-5p improves fibroblasts viability and promotes diabetic wound healing by upregulation 
of AP-1, suggesting that inhibition of miR-139-5p holds promise as a novel therapeutic approach for treating chronic wounds 
associated with diabetes, such as diabetic foot ulcers. Upregulation of miR-139-5p may serve as a valuable indicator for 
identifying diabetic patients with a higher risk of poor wound healing outcomes.
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