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Abstract 
Background: Chronic wounds, particularly diabetic ulcers, impose significant health and economic burdens globally because of their complex 
pathology and the limited availability of therapeutic approaches. Multiple microRNAs (miRNAs) play crucial roles in regulating biological processes 
in wound healing. However, single-miRNA therapies may not fully overcome the multifaceted barriers of impaired wound repair. Efforts to discover 
more effective wound therapies continue unabated. This study aims to evaluate the therapeutic potential of a multi-miRNA strategy for enhancing
diabetic wound repair.
Methods: In this study, we developed a microRNA cocktail that targets multiple critical phases of wound healing: inflammation, re-
epithelialization, granulation tissue formation, and angiogenesis. This therapeutic cocktail includes locked nucleic acid–modified mimics of miR-
19b-3p, miR-132-3p, and miR-31-5p, along with an inhibitor of miR-92a-3p, which are delivered via in vivo-jetPEI as the carrier, addressing the
multifaceted nature of wound repair mechanisms. The wound healing efficacy of the cocktail was systematically evaluated in mouse models of
acute and chronic wounds.
Results: Local application of the miRNA cocktail to wounds markedly enhanced acute wound healing in wild-type mice, outperforming the effects 
of the individual miRNAs. Moreover, the miRNA cocktail accelerated diabetic wound healing by orchestrating coordinated cellular responses at the 
wound site and significantly decreasing inflammatory cytokine expression and CD68+ macrophage migration while promoting re-epithelialization, 
angiogenesis, and granulation tissue formation. Notably, the cocktail also facilitated nerve regeneration i n the wound area at day 30 postinjury.
Conclusions: Our findings suggest that this miRNA cocktail has a potential therapeutic value for revitalizing the healing process in chronic 
wounds. Therefore, further investigations in controlled clinical trials are warranted to confirm the efficacy and applicability of this miRNA cocktail
in a clinical setting.
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Highlights 

• A novel miRNA-based therapeutic cocktail, consisting of LNA-modified mimics of miR-19b-3p, miR-31-5p, and miR-132-3p together with a miR-92a-3p inhibitor, 
was designed to coordinately modulate m ultiple phases of wound healing.

• The miRNA cocktail demonstrated superior pro-healing efficacy compared with individual miRNA therapies in acute wound models.
• In diabetic wound models, the cocktail attenuated inflammation while simultaneously enhancing re-epithelialization, angiogenesis, granulation tissue 

formation, and nerve regeneration.

Background 
Chronic wounds, defined by their inability to progress 
through the normal healing trajectory within an expected 
timeframe, represent a significant and escalating public health 
challenge. Epidemiological estimates suggest that ∼1%–2% 
of individuals in developed countries will develop at least 
one chronic wound during their lifetime. Diabetic foot ulcers 
(DFUs), venous leg u lcers (VLUs), and pressure ulcers (PUs)
are the most prevalent types of chronic wounds. Studies
indicate that ∼18.6 million people globally suffer from DFUs
annually, with ∼20% requiring lower extremity amputations
[1]. The global prevalence of DFUs is increasing, driven 

by the aging population and the ongoing global rise in 
diabetes and obesity rates, and this increase poses significant
clinical, social, and economic challenges [2]. Pathologically, 
delayed or impaired wound healing is attributable primarily 
to persistent inflammation, impaired vascularization, and 
reduced migration of skin repair cells such as keratinocytes
and fibroblasts [3, 4]. The complex nature of chronic 
wound pathology makes the development of effective 
therapies challenging. Traditional therapeutic options for 
diabetic wounds, including debridement, wound dressings, 
and negative pressure wound therapy, focus mainly on the
optimization of controllable healing factors. Despite these
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interventions, the recurrence rate of chronic wounds can reach 
as high as 78% within 3 years [1, 5, 6]. Recently, stem cell 
therapy has emerged as a promising approach for chronic 
wound management. However, its high cost underscores the
need to develop new, cost-effective treatment strategies for
chronic wound care.

Over the past two decades, numerous studies have delin-
eated the roles of microRNAs (miRNAs) in diverse physio-
logical and pathological processes. MiRNAs, a category of 
∼ 22-nt noncoding RNAs, are known to mediate the post-
transcriptional regulation of gene expression by facilitating
mRNA degradation and suppressing mRNA translation [7, 
8]. Accumulating studies have revealed that miRNAs, includ-
ing miR-21, miR-19b/miR-20a, miR-31, miR-132, miR-145, 
miR-129, and miR-92a, are dysregulated and play signifi-
cant roles in various pathophysiological stages of diabetic
wound healing [9–19]. These miRNAs modulate fundamental 
biological processes such as inflammation, angiogenesis, re-
epithelialization, and extracellular matrix remodeling, each of 
which represents a critical determinant of successful wound 
repair. Therefore, miRNAs may serve as promising therapeutic 
targets for the treatment of chronic w ounds. However, since
the repair process requires contributions from all cell lineages
within the skin and is influenced by a variety of mechanical
and chemical signals [20], targeting a single miRNA might not 
yield optimal therapeutic outcomes. The identification of the 
most effective miRNAs, or combinations thereof, for wound
healing remains an open and critical area of research.

In the present study, we aimed to develop a novel 
miRNA-targeted cocktail therapy for diabetic wounds, 
focusing on miR-19b-3p, miR-132-3p, miR-31-5p, and 
miR-92a-3p, which are involved in inflammation resolu-
tion, re-epithelialization, granulation tissue formation, and
angiogenesis during wound healing. Specifically, miR-19b-
3p downregulates TLR3-dependent activation of the NF-
κB signaling cascade, leading to diminished keratinocyte 
secretion of pro-inflammatory chemokines and cytokines
[10]. MiR-132-3p facilitates the transition from inflammation 
to proliferation, activating keratinocytes and fibroblasts and
inducing M2 macrophage polarization [13, 14, 21], whereas 
miR-31-5p promotes the proliferation and migration of 
keratinocytes, fibroblasts, and endothelial cells [11, 12, 22]. 
In addition, inhibition of miR-92a-3p promotes angiogenesis 
by increasing endothelial cell proliferation and migration [23, 
24]. Our findings demonstrate that the combination of the 
four miRNAs is more effective than single-miRNA therapies 
in promoting wound healing, highlighting the therapeutic
potential of targeting multiple miRNAs in the treatment of
chronic wounds.

Methods 
Animals 
Eight-week-old male C57BL/6JGpt mice were obtained from 
GemPharmatech (Nanjing, China), and diabetic db/db mice 
were purchased from Cyagen (Suzhou, China). All animals 
were maintained in the Laboratory Animal Center of the Hos-
pital of Dermatology, Chinese Academy of Medical Sciences 
& Peking Union Medical College, under specific pathogen-
free (SPF) conditions, in compliance with the institution’s
standard laboratory protocols. The mice were housed in
individually ventilated cages, where food and water were
accessible without restriction. Environmental conditions were

tightly regulated, including a 12-h light/dark cycle, stable
room temperature maintained between 20◦C and 22◦C, and
humidity levels controlled between 40% and 60%.

All animal experiments were performed in accordance with 
guidelines approved by the Animal Use and Care Committee 
of the Hospital of Dermatology, Chinese Academy of Medical 
Sciences & Peking Union Medical College, ensuring ethical
and humane treatment of animals during the entire study.
Ethical approval was granted by the committee following a
thorough review of the experimental protocols (2022-DW-
015).

In vivo wound models

General anesthesia was induced and maintained using 2.5% 
isoflurane (Hengfengqiang, Jiangsu, China), delivered via a 
nose cone. Before wounding, the dorsal hair was shaved with
an electronic hair remover and subsequently treated with
Veet® hair removal cream. The treated area was thoroughly 
rinsed with Phosphate Buffered Saline (PBS) to ensure the 
removal of all hair and cream residue. After anesthesia, the
mice were allowed to rest for 24 h to enable the restoration of
the skin barrier before wounding.

Sterile 8 mm biopsy punches were used to create full-
thickness skin wounds, ensuring that the wounds extended 
through the panniculus carnosus layer of the skin. This 
method is widely used in wound healing studies to model 
human skin wound healing. For the miRNA administration, 
locked nucleic acid (LNA)–miRNA mimics for mmu-miR-
19b-3p, mmu-miR-132-3p, and mmu-miR-31-5p, along with 
the LNA-inhibitor for mmu-miR-92a-3p, were obtained 
from GenePharma (Shanghai, China). The number of LNA
modifications (3 or 4) was determined based on the CG
content of each miRNA sequence. Moreover, the LNA
modifications were strategically positioned at uridine (U)
residues, distributed at both ends and the middle of the
miRNA sequences to enhance the overall stability, nuclease
resistance, and binding affinity to target genes (Table S 1, 
see online supplementary material). Each individual miRNA 
mimic or inhibitor was used at a dose of 10 μg, while for 
the miRNA cocktail group, 2.5 μg of each miRNA mimic 
and inhibitor (mmu-miR-19b-3p, mmu-miR-132-3p, mmu-
miR-31-5p, and mmu-miR-92a-3p) were combined to a total
of 10 μg. The same amount of control oligonucleotides 
was used as a negative control. Oligonucleotides were 
formulated with in vivo-jetPEI transfection reagent (Polyplus, 
France) following the manufacturer’s protocol to facilitate
efficient cellular uptake and gene silencing. Each mixture
was prepared in a total volume of 150 μl per mouse. 
Immediately after wounding, intradermal injections of the 
miRNA mimics, inhibitor, or control oligonucleotides were 
administered at four equidistant sites surrounding the wound 
edge using insulin syringes (KINDLY, China) to ensure
uniform distribution across the wound bed, which resulted
in an injection volume of 37.5 μl  per  si  te.

The area of each wound was documented via standardized 
digital photography every 2 days. A reference tape was placed 
adjacent to the wound to ensure consistent distance between 
the camera and the wound and to standardize wound mea-
surements across time points. The wound area was measured
in square millimeters (mm2) with ImageJ software (National
Institutes of Health, USA). The mice were humanely sacrificed,
and skin biopsies were collected from both the wound site and
adjacent intact skin, at designated time points postinjury.
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Wound trace map

The wound trace maps were generated using ImageJ soft-
ware (National Institutes of Health, USA). First, the colored 
images of each treatment group’s wounds were converted to 
grayscale for better contrast between the wound area and the 
background. The boundaries of the wound were traced using 
the Freehand Selection tool. The Freehand Selection tool was 
used to outline the wound area, and the selected contour was
saved in the Region of Interest (ROI) Manager. This process
was repeated for multiple images or time points, storing each
ROI for comparison. Each contour was then filled with a
different color. After aligning the contours by their centroids,
they overlapped in the same image, illustrating progression of
the wounds over time with color differentiation.

Wound healing ef ficacy scoring

We integrate multiple key wound healing parameters within 
a structured quantitative framework. Each biological param-
eter—such as inflammatory resolution, epithelial coverage, 
angiogenesis, and granulation tissue formation—was first 
quantified as a fold change (FC) relative to the control group. 
All quantitative histological parameters were analyzed by two 
blinded evaluators using standardized statistical methods, 
with final values reflecting the mean value derived from both 
evaluations. To ensure comparability across parameters, the 
FC values were normalized and standardized using a linear
transformation algorithm. The resulting scores were rounded
to the nearest integer to maintain consistency in measurement.
The composite wound healing score was then computed to
provide a comprehensive assessment of therapeutic efficacy
across treatment groups. The scoring system ranged from 1
(minimum efficacy) to 10 (maximum efficacy), with scores
assigned using the following transformation formula:

Score = 1 + 9 ×
(

Value − Min 
Max − Min

)

where Value represents the observed measurement for a given 
parameter, and Min and Max denote the minimum and max-
imum observed values, respectively. This approach enables an
objective, standardized comparison of wound healing efficacy
across experimental conditions.

RNA extraction and quantitative reverse 
transcription polymerase chain reaction (qRT-PCR)

Homogenization of frozen mouse skin samples was performed 
using a Tissuelyser (JingXin, Shanghai, China) to ensure thor-
ough disruption of the tissue. Total RNA was extracted from 
the homogenized tissue using RNAiso Plus reagent (Takara
Bio, Japan) according to the manufacturer’s guidelines. Fol-
lowing extraction, RNA yield and purity were quantified on a
NanoDrop™ One/OneC spectrophotometer (Thermo Fisher 
Scientific, USA), ensuring A260/A280 and A260/A230 ratios
within the acceptable range for high-quality RNA.

Total RNA (500 ng) was reverse-transcribed into com-
plementary DNA (cDNA) using HiScript III RT SuperMix 
(Vazyme, Nanjing, China) following the manufacturer’s pro-
tocols. qRT-PCR was conducted with the ChamQ SYBR
qPCR Master Mix (Vazyme, Nanjing, China) using a real-
time Polymerase Chain Reaction (PCR) system (LightCycler® 

96, Roche, Switzerland). Each reaction was carried out in 
triplicate to ensure the reliability and reproducibility of the 

data. Housekeeping genes Gapdh or 18S rRNA were used to
normalize the expression levels of target genes, which served
as internal controls to correct for any variations in RNA
quantity and quality between samples.

Quantification of relative mRNA levels was performed
using the 2−��Ct method, which allows for the assessment 
of target gene expression differences among experimental 
groups. All primers used in this study were designed for
optimal efficiency and specificity and are listed in Table S 2. 

3D scatter plot

The expression data for Il-6, Il-8,  and  Cxcl1 obtained from 
qRT-PCR were normalized to the miR-control group, with the 
mean expression level of the control group set to 100%. These 
data were visualized by a 3D scatter plot used Origin2024 
software (OriginLab, USA). Each dot in the plot corresponds 
to the relative expression levels of these inflammatory factors 
for an individual mouse, enabling a detailed visualization
of the variability in inflammatory response between sub-
jects. Each cube represents the mean relative expression level
of inflammatory cytokines within the corresponding group.
Additionally, error bars were included on each axis for the
treatment groups, showing the variability in expression data
across different groups.

Tissue fixation, embedding, and histological
analysis

Mouse skin and wound tissues were fixed in 4% formalde-
hyde at 4◦C for 24 h. Following fixation, the tissues were 
extensively washed with PBS to remove residual formalde-
hyde. The samples w ere then dehydrated by incubation in
75% ethanol for 24 h, followed by paraffin embedding to
facilitate sectioning. Paraffin-embedded tissue blocks were
sectioned at 4 or 10 μm thickness with a microtome and then 
mounted onto glass slides for histological analysis. Paraffin-
embedded skin sections were stained with hematoxylin and 
eosin (H&E) to visualize the tissue architecture and cellular 
morphology. The stained sections were visualized with an 
Olympus fluorescence microscope BX53 (Olympus, Japan) 
and with images captured using 4× and 10× objectives to 
provide detailed views of the wound area and surrounding 
tissues. To generate comprehensive images of the entire wound 
area, multiple images were captured and subsequently stitched
together using Photoshop2024 (Adobe, USA). This approach
ensured that a complete view of the wound was presented in
the figures. ImageJ software (National Institutes of Health,
USA) was utilized for image processing, including scaling,
annotation, and quantification of histological features. This
method allowed for accurate and detailed visualization of
tissue healing processes across treatment groups.

Immunofluorescence 
Paraffin-embedded tissue sections (10 μm thick) were cut and 
deparaffinized by sequential immersion in deparaffinization 
clearing solution (Leagene, Beijing, China) and then rehy-
drated through a graded ethanol series. Antigen retrieval 
was performed by incubating the sections in Citrate Antigen 
Retrieval Solution (Beyotime, Shanghai, China) for 25 min
at 98◦C to unmask epitopes. Following antigen retrieval, the
tissue sections were incubated in 0.3% Triton X-100 in PBS
for 15 min at room temperature to achieve permeabilization
and facilitate antibody penetration. The sections were blocked
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with 5% bovine serum albumin (BSA) in PBS for 1 h to prevent 
nonspecific binding, followed by overnight incubation at 4◦C 
with primary antibodies diluted in 1% BSA (antibody details
and dilutions listed in Table S 3). The next day, excess primary 
antibodies were removed by washing the sections three times 
in PBST (0.05% Tween-20 in PBS). Subsequently, the sec-
tions were treated with the appropriate secondary antibodies
(diluted in 1% BSA, Table S 3) for 1 h at room temperature, 
washed three times with PBST, and finally mounted with
ProLong™ Diamond Antifade Mountant containing DAPI 
(Thermo Fisher Scientific, USA) to counterstain the nuclei. 
Immunofluorescence images were acquired using a PANNO-
RAMIC MIDI slide scanner (3DHISTECH, Hungary) or an
Olympus BX53 fluorescence microscope (Olympus, Japan).

Quantification and statistical analysis

All statistical analyses were performed using GraphPad 
Prism version 9.0 (GraphPad Software Inc., California, USA). 
Depending on the experimental design, statistical significance 
was assessed using appropriate tests: two-tailed unpaired 
Student’s t-test for comparisons between two groups, one-way 
ANOVA for comparisons involving more than two groups 
with a single factor , or two-way ANOVA for experiments
involving two independent factors. For all statistical tests, sta-
tistical significance was defined as P <0.05. Unless stated oth-
erwise, data are presented as mean ± standard deviation (SD).

Results 
Efficacy comparison of miRNA cocktail and 
single-miRNA therapy in accelerating wound
healing

To evaluate the efficacy of the four-miRNA cocktail and 
corresponding single-miRNA therapies in wound healing, 
we conducted an experimental study using a murine acute 
wound model for initial validation. The cocktail comprised 
mimics of miR-19b-3p, miR-132-3p, and miR-31-5p, along 
with an inhibitor of miR-92a-3p, which were synthesized
to match the nucleotide sequences of their respective mouse
miRNAs. LNA-modified oligonucleotides were utilized to
increase structural stability and binding affinity for the
complementary sequences of target genes (Table S 1,  see  
online supplementary material) [25]. Ten micrograms of 
the miRNA cocktail (consisting of 2.5 μg  each  of  the  
mimics and inhibitor), individual miRNAs, and control 
oligonucleotides were encapsulated within the in vivo-jetPEI
transfection reagent and intradermally injected around the
wound edge immediately following injury (Figure 1a). To 
determine whether miRNAs persisted through the early stages 
of healing, we performed miRNA qRT-PCR analysis on Day 
5 postinjection. Our results revealed that, compared with that 
in the miR-control group, miR-19b-3p in the cocktail-treated
wounds was upregulated 2.5-fold, whereas it was upregulated
20-fold in the individual miR-19b-3p group (Figure 1b). 
Similarly, miR-132-3p was upregulated 7-fold in the cocktail 
group compared to 25-fold in the individual treatment
group (Figure 1c), while miR-31-5p exhibited a 120-fold 
upregulation in the cocktail group versus 900-fold in the
individual miR-31-5p group (Figure 1d). Notably, inhibition 
of miR-92a-3p resulted in a 300-fold downregulation in the 
cocktail group, whereas the same inhibitor led to a 2000-
fold decrease in the individual miRNA group (Figure 1e). 

We monitored the healing process using daily macroscopic 
imaging followed by ImageJ analysis. Compared with those 
treated with the individual miRNAs (miR-19b-3p, miR-132-
3p, miR -31-5p, or the miR-92a-3p inhibitor) or the control,
the wounds treated with the miRNA cocktail showed a faster
healing rate (Figure 1f and g). Specifically, on Days 4, 6, and 
10 after injury, markedly more healed wounds were observed
in the miRNA cocktail group (Figure 1h). To further quantify 
the healing rate, we calculated the area under the curve (AUC) 
for wound closure over time. The A UC value for the miRNA
cocktail group was significantly greater than that for the
individual miRNA groups (Figure 1i). These findings suggest 
that the miRNA cocktail provides a more effective therapeutic
approach for accelerating wound healing than treatment with
single miRNAs.

The miRNA cocktail promotes the resolution 
of acute inflammation in acute wounds

Timely resolution of the inflammatory response is crucial
for optimal wound repair [20]. To explore the impact of the 
miRNA cocktail and individual miRNAs on the inflammatory 
response, we collected samples from wound edges and ana-
lyzed the gene expression of proinflammatory cytokines and
chemokines. We observed that injury significantly increased
Il-6, Il-8, Cxcl1, and Ccl8 mRNA levels (Figure 1j–m). Both 
the miRNA cocktail and individual miRNAs suppressed the
expression of these cytokines and chemokines (Figure 1j–m). 
Notably, despite receiving only 25% of each miRNA dosage 
compared with the single-miRNA group, the miRNA cocktail
exhibited comparable suppression of cytokine and chemokine
expression (Figure 1j–m). To further illustrate the impact 
of the miRNA cocktail on the inflammatory response, we 
employed Origin software to create a 3D visualization 
correlating Il-6, Il-8,  and  Cxcl1. In this representation, 
samples plotted at the top of the box presented the least
downregulation, whereas those at the bottom showed
the greatest downregulation. We observed that the dots
representing the miRNA cocktail group were clustered toward
the bottom of the 3D scatter plot (Figure 1n), indicating that 
the miRNA cocktail had a more profound inhibitory effect on 
the inflammatory response than did the individual miRNAs. 
Together , these results suggest that the miRNA cocktail may
provide a more effective strategy for reducing inflammation
during wound healing.

The miRNA cocktail promotes re-epithelialization, 
granulation tissue formation, and angiogenesis in
acute wounds

Granulation tissue formation and re-epithelization over a 
denuded wound surface are fundamental to successful wound 
healing. To study the effects of the miRNA cocktail on 
these two processes, we performed hematoxylin and eosin
(H&E) staining on mouse wound sections 5 days postinjury,
a time point corresponding to the proliferative phase of
murine wound healing (Figure 2a)  [26]. Quantification of re-
epithelialization percentage showed that the miRNA cocktail 
group demonstrated significantly superior re-epithelialization
compared with the other groups (Figure 2b). While individual 
miRNAs such as miR-132, miR-31, and the miR-92a inhibitor 
modestly increased the formation of the epidermal tongue and 
granulation tissue, the group treated with the miRNA cocktail
presented significantly larger areas in all these measures
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Figure 1. Enhanced wound healing and anti-inflammatory effects of miRNA cocktail therapy compared with single-miRNA therapy. (a) Schematic diagram 
demonstrates the experimental procedure of full-thickness excisional wound healing and treatment process in wild type (WT) mice. The figure was 
created with BioRender. (b-e) qRT-PCR analysis of miR-19b, miR-132, miR-31, and miR-92a levels in wounds 5 days after transfection. (f) Sequential 
images of wounds from 0 to 10 days postinjury in WT mice treated with the miRNA cocktail, individual miRNAs, and control oligonucleotides (n = 6).  
(g) Healing trace of wounds treated with different groups, showing the progression of wound closure over time. (h) Wound closure rate from (f) was 
quantified and presented as the percentage of the initial wound size. (i) AUC values were calculated to assess overall wound healing dynamics in each 
group. (j–m) qRT-PCR analysis of Il-6, Il-8, Cxcl1,  and  Ccl8 in normal skin and Day-5 wounds treated with different miRNAs (n = 4).  (n) 3D scatter plot 
represents the inflammatory state of Day-5 wounds based on Il-6, Il-8,  and  Cxcl1 mRNA expression. The dot represents the relativ e expression level of 
inflammatory factors for each mouse, while the cube indicates the mean relative expression levels of inflammatory factors in each group (n = 4).  The  
straight lines represent the error bars. The data are presented as mean ± SD. ∗P <0.05, ∗∗P <0.01, ∗∗∗P < 0.001, compared with miR-Ctrl (b-i) or Skin 
(j–m); #P < 0.05, ##P < 0.01, ###P < 0.001, compared with cocktail (i) or miR-Ctrl (j–m). The data were analyzed by two-way ANOVA (h) or one-way
ANOVA (b–e and i–m). WT wild type, miR microRNA, Ctrl control, AUC area under the curve, SD standard deviation
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Figure 2. The miRNA cocktail enhances re-epithelialization and granulation tissue formation more effectively than individual miRNAs. (a) Representative 
images of hematoxylin and eosin-stained wound biopsies from WT mice on Day 5 postinjury (top, scale bar: 800 μm) (n = 4). High-magnification images 
of the re-epithelialization area and granulation tissue are shown in the middle and below (scale bar = 200 μm). The red outline highlights the 
re-epithelialization zone, while the black outline delineates the granulation tissue. Red arrows show the migrating epithelial tongue. White dashed lines 
mark the stratum basale. (b–d) Quantification of re-epithelialization percentage, epithelial tongue length, and granulation tissue area in the control and 
miRNA-treated wounds. (e) Immunofluorescence staining of Ki-67 in wounds from diff erent treatment groups on Day 5 postinjury (n = 4). DAPI (blue) 
was used to counterstain the nucleus. White arrows indicate the Ki-67-positive cells, while white dashed lines mark the stratum basale. Upper images
scale bar: 100 μm; lower images scale bar : 40 μm. (f) Quantitative analysis of the mean number of Ki-67-positive cells per field in (e). The data are 
presented as mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, compared with miR-Ctrl; #P < 0.05, ##P < 0.01, ###P < 0.001, compared with cocktail. T he 
data were analyzed by one-way ANOVA (b–f). WT wild type, miR microRNA, Ctrl control, AUC area under the curve, SD standard deviation

than the groups treated with single miRNAs (Figures 2a–d 
and S1a). The protein Ki-67, which is expressed in the 
nucleus of proliferating cells during the active phases of 
the cell cycle, is widely used as a marker to assess cell
proliferation rates under both physiological and pathological
conditions [27]. Immunofluorescence staining revealed that 
both the miRNA cocktail and single miRNAs significantly 
increased the number of Ki-67-positive epidermal cells at the

wound edges, with the cocktail showing the most pronounced
effect (Figure 2e and f). These findings demonstrate that 
compared with individual miRNA treatments, the miRNA 
cocktail is more effective at promoting re-epithelialization
and granulation tissue formation.

To evaluate the angiogenic capacity of each miRNA 
and cocktail, immunofluorescence staining of CD31, a
typical marker of vascular endothelial cells, was conducted
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Table 1. Wound healing efficacy score based on the fold change of the miRNA cocktail and individual miRNAs compared with the control group

Parameter Cocktail vs 
Ctrl (FC) 

miR-19b vs 
Ctrl (FC) 

miR-132 vs 
Ctrl (FC) 

miR-31 vs 
Ctrl (FC) 

miR-92a vs 
Ctrl (FC) 

Inflammation (do wnregulation) 
IL6 10 (−18.0) 3  (−8.1) 5  (−11.6) 7  (−13.4) 1  (−5.5) 
IL8 5  (−9.6) 4  (−8.3) 10 (−17.7) 1  (−4.2) 1  (−3.4) 
CXCL1 10 (−13.6) 7  (−10.5) 6  (−9.1) 6  (−9.8) 1  (−4.3) 
CCL8 8  (−3.4) 6  (−1.8) 10 (−5.1) 7  (−2.9) 1 (1.5) 
Proliferation (upregulation) 
Re-epithelization % 10 (1.4) 6 (1.3) 2 (1.1) 2 (1.1) 1 (1.0) 
Epithelial tongue length 10 (1.8) 6(1.5) 2 (1.3) 3 (1.3) 1 (1.2) 
Granulation tissue 10 (4.1) 2 (2.3) 4 (2.6) 2 (2.2) 1 (2.0) 
Remodeling (upregulation) 
Angiogenesis 10 (5.7) 5 (4.0) 1 (2.8) 4 (3.8) 4 (3.6) 
Wound healing rate (upregulation) 10 (1.3) 3 (1.2) 5 (1.2) 1 (1.1) 4 (1.2) 
Total scores 83 42 45 33 15 

Ctrl control, miR microRNA, FC fold change. The negative sign “−” denotes down-regulation in the experimental group versus control 

on Day 5 postinjury. Compared with the miR-control 
group, both the individual miRNA and cocktail groups 
exhibited proangiogenic effects. However, the wounds treated 
with the miRNA cocktail presented the largest area of
newly formed dermal blood vessels, significantly exceeding
the angiogenic response observed in individual miRNA
treatments and demonstrating the most robust proangiogenic
effect (Figure 3a and b). To comprehensively assess the 
therapeutic efficacy of the miRNA cocktail across key 
wound healing processes, including inflammation resolution, 
cellular proliferation, and angiogenesis, we developed a 
quantitative wound healing efficacy scoring model. This
integrative approach enabled a systematic comparison of
the pro-healing effects of miRNA cocktails relative to those
of individual miRNA treatments (Table 1). Compared with 
the single-miRNA treatment groups, the miRNA cocktail 
treatment group demonstrated the most robust therapeutic 
efficacy, with a near-optimal composite score of 83 out of 90
(Table 1). Collectively, these findings indicate that compared 
with individual miRNA treatments, the miRNA cocktail 
signif icantly accelerates re-epithelialization, granulation tissue
formation, and angiogenesis, leading to markedly improved
wound healing.

Characterization of the expression patterns 
of miRNA target genes

MiRNAs perform their biological functions by regulating 
gene expression at the posttranscriptional level across a broad
range of cellular processes [8]. MiR-19b has been shown 
to directly target SHC binding and spindle associated 1
(SHCBP1) in human keratinocytes to inhibit inflammation
in wounds [10]. The anti-inflammatory and pro-proliferative 
effects of miR-132 are attributed to its ability to repress
heparin-binding epidermal growth factor (HBEGF) [13]. 
Additionally, miR-31 promotes keratinocyte proliferation and 
migration by targeting epithelial membrane protein 1 (EMP-1)
[11]. MiR-92a has been demonstrated to target phosphatase 
and tensin homolog (PTEN) and integrin subunit alpha 5
(ITGA5) in endothelial cells to promote angiogenesis [23]. 
To validate the impact of miRNAs on target gene expression, 
we performed qRT-PCR analysis to assess the expression of 
these well-established target genes. Consistent with previous 
studies, intradermal delivery of miR-19b-3p, miR -132-3p,
and the miR-31-5p mimic suppressed the expression of

Shcbp1, Hbegf , and Emp1, respectively, demonstrating
successful administration of the miRNAs at the wound
site (Figure 3c–e). Administration of the miRNA cocktail 
resulted in a comparable downregulation of its targets to that
achieved by individual miRNAs (Figure 3c–e). Interestingly, 
no significant differences were observed in the expression 
of the targets of miR-92a-3p (Pten) among the w ounds
treated with the miR-control, the miR-92a-3p inhibitor, or the
miRNA cocktail (Figure S1b). Furthermore, we systematically 
analyzed the endogenous expression dynamics of the four 
selected miRNAs and their target genes throughout the
human acute wound healing process using publicly available
microRNA sequencing (miRNA-seq) data (GSE174661)
[28] and single-cell RNA sequencing (scRNA-seq) data 
(GSE241132) from the Gene Expression Omnibus (GEO)
database [29]. Consistent with previous studies, miR-132-
3p and miR-31-5p were significantly upregulated in acute
wounds compared with normal skin (Figure S2a), aligning 
with their established roles in inf lammation resolution and
cellular proliferation, respectively [11, 13, 28]. Conversely, 
the expression of miR-92a-3p was downregulated during the
proliferative phase (Figure S2a), a pattern that facilitates
angiogenesis [28]. Notably, the expression profiles of 
the corresponding target genes demonstrated an inverse 
correlation with their respective miRNAs, further supporting
the regulatory interplay between these miRNAs and their
targets during wound repair (Figure S2b). These findings 
confirm that the miRNA cocktail effectively modulates the 
expression of multiple target genes, suggesting its potential to
enhance the wound healing process more synergistically and
effectively than treatments involving individual miRNAs.

The miRNA cocktail promotes wound healing
in diabetic mice

Having established that the combined effectiveness of the 
miRNA cocktail surpasses that of any single miRNA, we next 
evaluated the effects of the miRNA cocktail on the wound
healing of diabetic mice (db/db), which are commonly used
as a model for chronic wounds [1]. We administered the 
miRNA cocktail or control oligonucleotides intradermally 
at the wound edges of these mice every 5 days (Figure 4a). 
qRT-PCR analysis demonstrated that miRNA cocktail 
treatment significantly upregulated the expression of miR-
19b-3p, miR-132-3p, and miR-31-5p while downregulating
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Figure 3. The miRNA cocktail promotes wound neovascularization. (a) Immunofluorescence staining of CD31 in Day -5 wounds of each group (lef t, scale
bar: 500 μm) (n = 4). High-magnification images provided details of the angiogenesis at the center of the wound bed (right, scale bar: 100 μm). DAPI 
(blue) was used to counterstain the nucleus. White dashed lines mark the stratum basale. (b) Quantitative analysis of CD31-positive areas across the 
wound bed in (a). (c–e) qRT-PCR analysis of Shcbp1, Hbegf ,  and  Emp1 expression levels in normal skin and Day-5 wounds from each group (n = 4).  The  
data are presented as mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, compared with miR-Ctrl (b) or Skin (c–e); #P < 0.05, ##P < 0.01, ###P < 0.001, 
compared with Cocktail (b) or miR-Ctrl (c-e). The data were analyzed by one-way ANOVA (b–e). Shcbp1 SHC binding and spindle associated 1, Hbegf
Heparin-binding EGF-like growth factor, Emp1 Epithelial membrane protein 1, miR microRNA, Ctrl control, SD standard deviation

miR-92a-3p expression in Day-5 wound tissues of db/db mice
(Figure 4b–e). Macroscopic images of full-thickness wounds 
subjected to different treatments were captured on Days 0, 5,
10, and 14 (Figure 4f). To analyze wound closure dynamics, 
ImageJ software was used to trace the changes in the wound 
area, with the orange area representing the initial wound on
Day 0 and the purple area representing the wound on Day
14 (Figure 4g). Compared with that in the control group, the 
healing area in the miRNA cocktail group was visibly larger
(Figure 4f and h). This finding was confirmed by statistical 
analysis, which revealed that the wound healing rate in the 
miRNA cocktail group (59.03%) was significantly greater 
than that in the control group (29.75%) on Day 10, with
the miRNA cocktail group approaching the complete closure
threshold on Day 14 (Figure 4h). The pro-healing effect of 
the miRNA cocktail was not due to better metabolic control 
because the body weight of the mice was unaffected by the
treatment (Figure S2c). These findings demonstrate that the 
miRNA cocktail signif icantly promotes wound healing in
diabetic mice.

The miRNA cocktail inhibits the inflammatory 
response in the wounds of diabetic mice

Chronic wounds are characterized by a failure to resolve 
local inflammation, leading to a prolonged and dysregulated
inflammatory phase [30]. To evaluate the effect of the miRNA 
cocktail on the inflammatory response in diabetic wounds, 
we analyzed the expression of proinflammatory cytokines 
and chemokines. QRT-PCR analysis revealed that Il-1b and
Ccl8 expression was significantly lower in wounds treated
with the miRNA cocktail than in those treated with the
control oligonucleotide (Figure 4i and j). Given the critical 
role of IL-1β and CCL8 (known as monocyte chemoattractant 
protein 2) in macrophage recruitment [31, 32], we further 
performed CD68 immunofluorescence staining to assess 
macrophage infiltration at the wound edge. CD68+ cells 
were prevalent under the migrating epithelium and deeper
into the wound bed in control wounds (Figure 4k). In 
contrast, the miRNA cocktail–treated wounds presented 
markedly fewer CD68+ macrophages at both the edge
and center of the wound (Figure 4k and l). These findings
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Figure 4. The miRNA cocktail accelerates diabetic wound healing and suppresses inflammation. (a) Schematic diagram demonstrates the experimental 
procedure of full-thickness excisional wound healing and treatment process in diabetic mice. The figure was created with BioRender. (b–e)  qRT-PCR  
analysis of the miRNA levels in diabetic wounds 5 days after transfection. (f) Sequential images of wounds on Days 0, 5, 10, and 14 after injury in db/db 
mice treated with the miRNA cocktail or control oligoes (n = 4–5). (g) Healing trace shows the wound closure of (f). (h) Wound healing rate from (f) was 
quantified and presented as the percentage of the initial wound size. (i, j) qRT-PCR analysis of Il-1b and Ccl8 mRNA expression in Day-10 wounds (n = 5).  
(k) Immunostaining of CD68 in the wounds from the control and the miRNA cocktail-treated groups at 10 days after injury (top, scale bar: 500 μm) 
(n = 3). High-magnification images show detailed views of the wound edge and center (bottom, scale bar: 100 μm). DAPI (blue) was used to counterstain 
the nucleus. White dashed lines mark the stratum basale. (l) Quantification of CD68-positive cells across the wound bed in (k). The data are presented 
as mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001. The dat a were analyzed by two-tailed Student’s t-test (b–e and l), two-way ANOVA (h), or one-way
ANOVA (i, j)
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Figure 5. The miRNA cocktail enhances re-epithelialization, granulation tissue formation, and angiogenesis in the wounds of db/db mice. (a) Hematoxylin 
and eosin staining of the Day-10 and Day-14 wounds in db/db mice treated with the miRNA cocktail or control oligoes (scale bar: 400 μm) (n = 4–5). 
High-magnification images showed re-epithelialization area and granulation tissue (scale bar: 200 μm). Black arrows indicate the wound, while the red 
arrows show the migrating epithelial tongue. White dashed lines mark the stratum basale, while the black outline delineates the granulation tissue (GT). 
(b–d) Quantification of re-epithelialization percent, epithelial tongue length, and granulation tissue area in the control and miRNA cocktail–treated 
wounds on Day 10. (e) Quantification of granulation tissue area in diabetic wounds treated with control and miRNA cocktail on Day 14. (f) 
Immunofluorescence staining of Ki-67 in Day-10 wounds (n = 5). DAPI (blue) was used to counterstain the nucleus. White arrows indicate the Ki-67
positive cells, while white dashed lines mark the stratum basale. Left, scale bar: 200 μm; right, scale bar:20 μm. (g) Quantitative analysis of the number 
of Ki-67-positive epithelial cells per field in (f). (h–m) qRT-PCR analysis of RhoA, Cdc42, Ki-67, Pcna, Vegfa,  and  Fgf2 mRNA expression in Day-10 wounds 
(n = 4–5). (n) Immunofluorescence staining of CD31 in Day-10 and Day-14 wounds of db/db mice (left, scale bar: 400 μm) (n = 4–6). High-magnification 
images provided details of the angiogenesis (right, scale bar: 40 μm). DAPI (blue) was used to counterstain the nucleus. White dashed lines mark the 
stratum basale. (o, p) Quantitative analysis of CD31-positive area across the wound bed in (n). The data are presented as mean ± SD. ∗P < 0.05.,
∗∗P < 0.01, ∗∗∗P < 0.001. The data were analyzed by two-tailed Student’s t-test (b –p). Rhoa Ras Homolog Family Member A, Cdc42 Cell Division Cycle 
42, Pcna proliferating cell nuclear antigen, Vegfa Vascular endothelial growth factor A, Fgf2 Fibroblast growth factor 2, SD standard deviation
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Figure 6. Re-innervation and regulation of target gene expression by the miRNA cocktail in diabetic wounds. (a) Immunofluorescence staining of PGP9.5 
in Day-14 and Day-30 wounds of db/db mice (left, scale bar: 400 μm) (n = 4). High-magnification images provided details of the sensory ner ve fiber (right, 
scale bar: 40 μm). DAPI (blue) was used to counterstain the nucleus. White dashed lines mark the stratum basale. (b, c) Quantitative analysis of 
PGP9.5-positive area across the wound bed in (a). (d–h) qRT-PCR analysis of the miRNA target genes Shcbp1, Hbegf , Emp1, Pten,  and  Itga5 mRNA 
expression in the wounds of db/db mice (n = 5).  (i) Schematic diagram illustrates the proposed mechanisms by which the miRNA cocktail promotes 
chronic wound healing. The therapy acts by reducing inflammation, facilitating the transition to the proliferative phase, and enhancing re-epithelialization, 
granulation tissue formation, and angiogenesis in diabetic wounds. The figure was created with BioRender. The data are presented as mean ± SD.
∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001; the d ata were analyzed by two-tailed Student’s t test (b–h). PGP 9.5 Protein gene product 9.5, Shcbp1 SHC binding 
and spindle associated 1, Hbegf Heparin-binding EGF-like growth factor, Emp1 Epithelial membrane protein 1, Pten Phosphatase and tensin homologue, 
Itga5 Integrin subunit alpha 5, MC mast cell, TC T cell, Treg regulatory T cell, NE neutrophil, M monocyte, M1 inflammatory M1 like macrophage, M2
reparative M2 like macrophage, KC keratinocyte, FB fibroblast, EC endothelial cell, SD standard deviation

demonstrate that local administration of the miRNA 
cocktail effectively modulates the inflammatory response 
in chronic wounds, signif icantly decreasing the infiltration
of macrophages and thereby facilitating the progression of
wound healing.

The miRNA cocktail promotes re-epithelialization, 
granulation tissue formation, and angiogenesis in
diabetic wounds
Chronic wounds are characterized by persistent inflammation 
and an inability to progress to the proliferative phase. In
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this study, we investigated the effects of the miRNA cock-
tail on three critical biological processes in the proliferative 
phase: re-epithelialization, granulation tissue formation, and 
angiogenesis. Histological staining revealed that both the re-
epithelialization percentage and migrating epithelial tongue
length and area were significantly greater in the miRNA
cocktail–treated group than in the control group on Day
10 (Figures 5a–c and S2d)  [26, 33]. Additionally, the wound 
dermis treated with the miRNA cocktail demonstrated a 
significant enhancement in fibroblast migration and prolif-
eration, leading to the wound bed being nearly completely
filled with granulation tissue (Figure 5a and d). This effect 
persisted through Day 14, accompanied by accelerated dermal
remodeling (Figure 5a and e). Furthermore, the immunofluo-
rescence staining results further revealed a dramatic increase 
in Ki-67+ proliferative keratinocytes in the miRNA cocktail 
group, starting at the wound edge and extending into the
migrating epithelial tongue, in contrast to the limited presence
of Ki-67+ cells in the control group (Figure 5f and g). These 
findings were corroborated by the significant upregulation 
of key cellular migration markers (Rhoa and Cdc42 ) and
proliferation markers (Ki-67 and Pcna) in the treated tissues
(Figure 5h–k)  [27, 34]. 

Impaired angiogenesis is a key factor contributing to 
the pathogenesis of impaired wound healing in diabetes
[35]. We found that the expression of key proangiogenic 
factors, Vegfa and Fgf2 [36], was significantly upregulated in 
diabetic wounds treated with the miRNA cocktail (Figure 5l 
and m). Moreover, immunofluorescence staining of CD31+ 
endothelial cells was performed on postinjury Day 10 and 
Day 14. The results revealed substantially more CD31+ 
cells at the w ound edges and within the wound bed in the
miRNA cocktail group than in the control group on Day
10 and Day 14 (Figure 5n–p). Furthermore, cutaneous nerve 
fiber density was assessed using PGP9.5 immunof luorescence,
a well-established marker for peripheral nerve endings
[37]. Analysis revealed a significant increase in PGP9.5+ 
fibers in the miRNA-treated wounds by Day 10, suggesting 
accelerated structural reinnervation. By Day 30, nerve fibers
exhibited progressive branching and elongation (Figure 6a–c), 
indicating a robust nerve regenerative response in the
healed tissue.

These findings demonstrate that the miRNA cocktail 
significantly promotes re-epithelialization, granulation tissue 
formation, angiogenesis, and nerve regeneration in chronic
wounds, accelerating the transition from the inflammatory
phase to the proliferative phase of wound healing.

Regulation of target gene expression by the miRNA
cocktail in diabetic wounds

To evaluate the efficacy of the miRNA cocktail in modulat-
ing the expression of target genes in diabetic wounds, we 
conducted a detailed analysis of several key genes: Hbegf ,
Emp1, Shcbp1, Pten, and Itga5 (Figure 6d–h). qRT-PCR anal-
ysis revealed notable suppression of Shcbp1 expression in the 
wounds treated with the miRNA cocktail. However, owing to 
significant data variability in the control group, the difference
in Shcbp1 expression levels between the treated and con-
trol groups did not reach statistical significance (Figure 6d). 
In contrast, intradermal injection of the miRNA cocktail 
resulted in an approximately two-fold decrease in the mRNA
expression levels of both Hbegf and Emp1 (Figure 6e and f). 

Furthermore, we assessed the impact of the miRNA cock-
tail on the expression of the miR-92a-3p targets Pten and
Itga5 [23]. The results revealed a substantial increase in the 
expression of these three genes in the miRNA cocktail-treated
group compared with the control group (Figure 6g and h). 
This significant upregulation points to the promotion of the
angiogenic response (Figure 5n). Collectively, these findings 
highlight the ability of the miRNA cocktail to effectively 
regulate target gene expression, supporting its potential to
enhance wound healing in diabetic wounds (Figure 6i). 

Discussion 
Accumulating evidence has underscored the critical roles of 
miRNAs in the pathology of chronic wounds, yet their ther-
apeutic potential in treating these wounds requires further 
exploration. In this study, we developed a miRNA cocktail 
therapy for chronic wounds by combining LNA-modified 
mimics of miR-19b-3p, miR-132-3p, and miR-31-5p with 
an inhibitor of miR-92a-3p. The results demonstrated that 
this combination of the four miRNAs was more effective at 
promoting wound healing than the individual miRNA treat-
ments were. We specifically assessed its efficacy in diabetic
wounds, where the miRNA cocktail significantly improved
healing by reducing inflammation; facilitating the transition
to the proliferative phase; and promoting re-epithelialization,
granulation tissue formation, and angiogenesis. Therefore, we
concluded that this miRNA cocktail has valuable therapeutic
potential for managing chronic wounds.

Chronic wounds, such as diabetic foot ulcers, present a 
significant clinical challenge due to their complex patho-
physiology , which often includes persistent inflammation,
compromised angiogenesis, inadequate re-epithelialization,
and granular tissue formation [38]. Additionally, chronic 
nonhealing wounds often exhibit a nonlinear organization of 
healing phases, meaning that different areas of a wound may
be at various stages of the healing process [20]. Traditional 
treatments, ranging from debridement to advanced therapies 
such as negative pressure wound therapy, often fail to 
adequately resolve these issues, leading to high rates of
recurrence and prolonged healing times. Previous studies
on miRNA therapies have typically targeted individual
biological processes involved in wound healing [39]. For 
example, miR-221-3p has been demonstrated to inhibit 
keratinocyte inflammation by regulating the DYRK1A/STAT3 
signaling pathway to promote wound healing in diabetic
models [40]. Similarly, Liu et al. demonstrated that miR-
21 facilitates wound repair through its role in fibroblast
migration [16]. This study introduces a novel miRNA 
cocktail therapy designed to target the multifaceted nature 
of wound healing at the molecular level. The cocktail
includes miR-19b-3p and miR-132-3p for modulating
inflammation [10, 13], miR-31-5p and miR-132-3p for 
enhancing re-epithelialization and granulation tissue for-
mation [11, 14], and an inhibitor of miR -92a-3p for
promoting angiogenesis [23]. This strategic combination 
not only accelerates natural healing processes but also 
significantly improves both the structural and functional 
outcomes of the repaired tissue, offering a comprehensive
solution to the challenges associated with chronic wound
healing.

The primary advantage of utilizing a targeted miRNA 
cocktail lies in its ability to simultaneously modulate
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multiple key pathways in wound healing. Uncontrolled 
inflammation can significantly delay the healing process and
contribute to the development of chronic wounds [29, 41]. 
MiR-19b-3p and miR-132-3p help modulate inflammatory 
responses, reducing the expression of Il-6, Il-8, Il-1b, Cxcl1,
and Ccl8, which are often highly expressed in diabetic
wounds [42–44]. This modulation facilitates the transition 
from the inflammatory phase to the proliferative phase of
healing. Specifically, miR-19b-3p attenuates TLR3-mediated
activation of the NF-κB signalling pathway in keratinocytes 
by targeting SHCBP1, thereby reducing the expression of pro-
inflammatory cytokines and chemokines [10]. Increased miR-
19b-3p expression inhibited HIF-1α expression and reduced 
the hypoxia-induced inflammation in vascular endothelial
cells, potentially contributing to prohealing angiogenesis [45]. 
Similarly, miR-132-3p is upregulated during early wound 
repair and promotes the transition from the inf lammatory
to the proliferative phase of wound healing. Specifically,
miR-132-3p repressed NF-κB signaling via targeting HBEGF, 
dampening chemokine secretion in keratinocytes and inducing 
M2-macrophage polarization while simultaneously activating 
STAT3/ERK or inhibiting RAS signalling pathways to
promote cellular proliferation and migration [13, 14, 21]. 
During the proliferative phase, miR-31-5p is essential for 
promoting the proliferation and migration of cells by
targeting EMP1 or RAS-MAPK signaling, further driving
re-epithelialization and granulation tissue formation [11, 
12]. Effective re-epithelialization closes the wound and 
restores the skin barrier, whereas granulation tissue formation 
provides the necessary matrix for cell ingrowth and wound 
strength. Interestingly, in our model, in addition to its role 
in promoting re-epithelialization and granulation tissue
formation, miR-31-5p suppressed proinflammatory cytokine
expression. This finding contrasts with a previous study in
which miR-31-5p was shown to promote the inflammatory
response in keratinocytes in conditions such as psoriasis
[46]. This highlights the complex and context-dependent 
roles of miRNAs in different pathological environments. 
Another significant challenge in diabetic wound healing is 
impaired angiogenesis, as angiogenesis is vital for delivering 
nutrients and oxygen to the wound site. The miRNA
cocktail addresses this issue by incorporating an inhibitor
of miR-92a-3p, which is known to promote angiogenic
responses [24]. Mechanistically, the inhibition of miR-
92a-3p has been demonstrated to enhance endothelial cell 
proliferation, migration, and tube formation through the 
upregulation of angiogenic genes such as ITGA5, PTEN,
and F3, potentially involving the modulation of oxidative
stress and autophagic pathways [23,47–49]. By increasing 
angiogenesis, the cocktail ensures that the wound environ-
ment is well vascularized, thereby supporting faster and 
more effective tissue repair. This comprehensive therapeutic 
approach demonstrates the potential of the miRNA cocktail 
to significantly enhance the healing of chronic wounds by 
concurrently targeting multiple biological pathways involved
in inflammation, proliferation, and angiogenesis. These
findings suggest that miRNA cocktail therapy could offer
a highly effective solution for the treatment of chronic
wounds, particularly in patients with conditions such as
diabetes.

One of the most compelling findings from this study is 
the synergistic effect observed when these miRNAs are used 
in combination compared with their individual effects. The 

cocktail not only accelerated wound closure but also enhanced 
the quality of wound healing, as evidenced by improved 
histological outcomes and increased expression of prolifer-
ation and angiogenesis markers. Compelling evidence from 
PGP9.5-mediated neural mapping demonstrated a significant 
enhancement in sensory reinnervation, effectively mitigat-
ing the neurotrophic deficiencies characteristic of chronic
wounds. Mechanically, the miRNA cocktail effectively mod-
ulates the expression of multiple target genes, providing a
more robust therapeutic approach than individual miRNA
treatments. This synergy underscores the potential of the
miRNA cocktail to provide a comprehensive therapeutic effect
that single miRNA treatments cannot achieve.

Although this study demonstrates the therapeutic poten-
tial of the miRNA cocktail in promoting diabetic wound 
healing, several limitations should be acknowledged. First, 
the study focused on the combined effects of the miRNA 
cocktail rather than exploring pair-wise combinations of the 
individual miRNA mimics and inhibitor. Investigating such 
combinations could provide valuable insights into the spe-
cific interactions and synergies between individual miRNAs, 
potentially leading to further optimization of the therapeutic 
strategy. Additionally, we selected only four miRNAs on the 
basis of their established roles in wound healing, yet other 
miRNAs may also exert significant pro-healing effects. A 
broader screening approach could help identify additional 
candidates that contribute to wound repair. Second, the study 
primarily assessed markers of inflammation, proliferation, 
and angiogenesis at a single time point, which may not fully 
capture the highly dynamic wound healing process. Future 
studies should include multiple time points to provide a more 
comprehensive understanding of the temporal effects of the
miRNA cocktail. Third, although 8- to 12-week-old mice
are commonly used and typically exhibit minimal follicular
activity during the telogen phase, ongoing postnatal skin
maturation and the relatively high density of hair follicles at
this stage may still influence wound healing dynamics, par-
ticularly in response to microRNA-based therapies. Fourth,
although the miRNA cocktail demonstrated significant pro-
healing effects, its potential off-target effects and long-term
safety remain to be fully characterized. While our study did
not observe abnormal scarring and architectural disruption
in the adjacent healthy tissue, a comprehensive evaluation
of adverse effects of repeated peri-wound miRNA injections
on surrounding healthy tissues is warranted to ensure safety
and translational feasibility. Finally, the study was conducted
in preclinical models, and further validation in clinical trials
will be necessary to confirm the efficacy and safety of this
approach in human patients.

Conclusions 
This study offers important insights into the therapeutic 
potential of the miRNA cocktail for improving diabetic 
wound healing. By effectively reducing inflammation, 
increasing angiogenesis, and promoting re-epithelialization 
and granulation tissue formation, the miRNA cocktail 
examined in this study represents a multifaceted approach 
that could overcome the limitations of current wound healing
therapies. The next step will involve clinical trials to validate
these findings and further refine the therapy, with the goal
of improving the quality of life for patients suffering from
chronic wounds.
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