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Abstract

Background: Wound management of diabetic foot ulcers (DFUs) is a complex and challenging

task, and existing strategies fail to meet clinical needs. Therefore, it is important to develop novel

drug candidates and discover new therapeutic targets. However, reports on peptides as molecular

probes for resolving issues related to DFUs remain rare. This study utilized peptide RL-QN15 as an

exogenous molecular probe to investigate the underlying mechanism of endogenous non-coding

RNA in DFU wound healing. The aim was to generate novel insights for the clinical management

of DFUs and identify potential drug targets.

Methods: We investigated the wound-healing efficiency of peptide RL-QN15 under diabetic con-

ditions using in vitro and in vivo experimental models. RNA sequencing, in vitro transfection,

quantitative real-time polymerase chain reaction, western blotting, dual luciferase reporter gene

detection, in vitro cell scratches, and cell proliferation and migration assays were performed to

explore the potential mechanism underlying the promoting effects of RL-QN15 on DFU repair.

Results: Peptide RL-QN15 enhanced the migration and proliferation of human immortalized ker-

atinocytes (HaCaT cells) in a high-glucose environment and accelerated wound healing in a DFU rat

model. Based on results from RNA sequencing, we defined a new microRNA (miR-4482-3p) related

to the promotion of wound healing. The bioactivity of miR-4482-3p was verified by inhibiting and

overexpressing miR-4482-3p. Inhibition of miR-4482-3p enhanced the migration and proliferation
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ability of HaCaT cells as well as the expression of vascular endothelial growth factor B (VEGFB). RL-

QN15 also promoted the migration and proliferation ability of HaCaT cells, and VEGFB expression

was mediated via inhibition of miR-4482-3p expression by the p38 mitogen-activated protein kinase

(p38MAPK) and smad3 signaling pathways.

Conclusions: RL-QN15 is an effective molecule for the treatment of DFUs, with the underlying

mechanism related to the inhibition of miR-4482-3p expression via the p38MAPK and smad3

signaling pathways, ultimately promoting re-epithelialization, angiogenesis and wound healing.

This study provides a theoretical basis for the clinical application of RL-QN15 as a molecular probe

in promoting DFU wound healing.

Key words: RL-QN15, Diabetic foot ulcer, Wound healing, miR-4482-3p, Vascular endothelial growth factor B, Peptide, Mitogen-
activated protein kinase

Highlights

• RL-QN15 was used as an exogenous molecular probe for wound healing treatment of DFUs.
• RL-QN15 markedly promoted DFU skin wound repair.
• miR-4482-3p, a novel microRNA, was an effective target for promoting DFU repair.

Background

At present, ∼537 million people are living with diabetes
worldwide, and this number is projected to reach 783 million
by 2045 [1]. Diabetic patients have a 25% lifetime risk of
developing foot ulcers. As a common and potentially severe
complication, diabetic foot ulcers (DFUs) can seriously affect
quality of life and even endanger the lives of those affected
[2–4]. Despite extensive research exploring therapeutic mech-
anisms and interventions for DFUs, clinical outcomes remain
poor [5–7].

DFU wound healing involves multiple complex regulatory
mechanisms, such as cell migration and proliferation and
secretion of vascular growth factors. As the most important
cell type in the skin, keratinocytes restore the epidermal
barrier through migration, proliferation and differentiation,
and execute the re-epithelialization process [8–11]. Ker-
atinocytes are involved in angiogenesis of diabetic wounds
[12,13], a critical process in healing [14–16]. Vascular
endothelial growth factor B (VEGFB), a member of the VEGF
family, promotes angiogenesis in wound healing [17–19].
However, in chronic diabetic wounds, keratinocytes show
decreased migration and proliferation ability and decreased
secretion of VEGF, potentially significant pathophysiological
changes in chronic diabetic skin during wound healing
[20–22].

MicroRNAs (miRNAs) are small, highly conserved
endogenous non-coding RNA molecules involved in a variety
of biological processes, including diabetic wound healing
[23]. miRNAs play important roles in many physiological and
pathological aspects by activating certain signaling pathways
and down-regulating or up-regulating certain genes [24,25].
Many studies have shown that miRNAs can be used as
therapeutic targets to improve chronic DFUs. For example,

miRNA-129 and -335 promote diabetic wound healing by
inhibiting the expression of MMP-9 [26], and miRNA-21-
3p accelerates diabetic wound healing by down-regulating
SPRY1 [27].

The functional diversity and structural stability of peptides
have been extensively studied in recent years [28–31]. For
example, the discovery of insulin was a breakthrough in the
treatment of diabetes [32]. Exenatide has also been shown
to improve glycemic control in patients with type 2 diabetes
and is now being studied for the treatment of Parkinson’s
disease and other disorders [33]. Therefore, peptides can serve
as effective and viable lead molecules for drug discovery,
often leading to the development of peptide drugs with high
selectivity and specificity.

Our group previously identified a peptide RL-QN15,
which was shown to accelerate wound healing in mice [34].
The discovery of this peptide and our extensive studies
suggest that RL-QN15 is a potential drug lead molecule for
promoting wound healing [35–37]. Using active peptides as
exogenous molecular probes to identify novel endogenous
molecular targets of disease is an important approach
in modern biology [38–41]. To date, however, only one
exogenous molecular probe specific to trauma repair has been
investigated by our research group [42]. Therefore, further
investigations of active peptides as molecular probes are
required to explore the molecular targets of chronic refractory
wounds, such as DFUs, and to provide potential molecular
drugs and targeting strategies for DFU healing.

In the current study, we designed in vitro and in vivo
experimental models to investigate the functional role of RL-
QN15 in wound healing under diabetic conditions and to
explore the potential mechanism underlying the regulatory
effects of RL-QN15 on wound healing in DFUs. This study



Burns & Trauma, 2023, Vol. 11, tkad035 3

should provide novel drug candidates and new therapeutic
targets for the repair of DFUs.

Methods

Cell culture and treatment

Human immortalized keratinocytes (HaCaT cells) were pur-
chased from the Cell Bank of the Kunming Institute of
Zoology, Chinese Academy of Sciences. The HaCaT cells
were seeded in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, USA) without glucose, supplemented with 10% fetal
bovine serum (Gibco, USA) and antibiotics (100 units/ml
penicillin and 100 units/ml streptomycin) (Gibco, USA). For
further experiments, the HaCaT cells were reseeded in high-
glucose DMEM (25 mM D-glucose, Gibco, USA) for 48 h. All
HaCaT cells were cultured at 37◦C in a humidified incubator
containing 5% CO2, with the medium changed on alternate
days.

Ethics approval and consent to participate

All animal procedures were conducted in accordance with
the requirements of the Ethics Committee of Kunming Med-
ical University, Yunnan Province, China (License number:
kmmu2021118).

Preparation of RL-QN15

The RL-QN15 peptide (‘QNSYADLWCQFHYMC’) was pro-
duced by Wuhan Tiande Biotechnology Co., Ltd (Wuhan,
China) via solid-phase synthesis to a purity >95%. RL-QN15
was dissolved in phosphate-buffered saline (PBS) to prepare
different concentrations (100 pM, 1 nM and 10 nM) for
subsequent experiments.

Cellular wound healing activity

The effect of RL-QN15 on HaCaT cell scratch repair activity
under a high-glucose environment was examined using a
cell scratch assay according to our previous study [37]. The
cell scratch assay was also used to detect the influence of a
miR-4482-3p mimic and inhibitor on cell scratch repair after
transfection. Simply, the miR-4482-3p mimic, inhibitor and
interfering miRNA (negative control, NC) were transfected
for 48 h and the cell scratch assay was performed to detect
cell repair activity. In addition, the cell scratch assay was used
to detect the effect of RL-QN15 (10 nM) on reversing cell
scratch repair after transfection with miR-4482-3p and NC
mimics, with the miR-4482-3p and NC mimic groups without
RL-QN15 (10 nM) used as NCs.

Cell proliferation viability

According to our previous study [36], the 3-(4, 5-dimethylthi-
azol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2
H-tetrazolium (MTS) method was used to detect the effect
of RL-QN15 on the proliferative activity of HaCaT cells in
a high-glucose environment. Cell proliferation activity was

assessed using the MTS method 48 h after transfection with
the miR-4482-3p mimic, inhibitor and interfering miRNA
(NC). The MTS method was also used to detect the effect
of RL-QN15 (10 nM) on reversing cell proliferation activity
after transfection with miR-4482-3p and NC mimics, with
the miR-4482-3p and NC mimic groups without RL-QN15
(10 nM) used as NCs.

Transwell assay

According to our previous study [34], cell migration exper-
iments were performed using Transwell chambers (8-μm
pores, Corning Incorporated, USA) to examine the effect
of RL-QN15 on HaCaT cell migration ability in a hyper-
glycemic environment for 48 h. Cell migration ability was
assessed using the cell migration assay after transfection with
the miR-4482-3p mimic, inhibitor and interfering miRNA
(NC) for 48 h. The cell migration assay was utilized to assess
the reversal of cell migration ability in the presence of RL-
QN15 (10 nM) following transfection with miR-4482-3p and
NC mimics, with the miR-4482-3p and NC mimic groups
without RL-QN15 (10 nM) used as NCs.

Establishment and administration of diabetic wound

model in vitro

Male Sprague Dawley rats (n = 80, weighing 180–200 g, aged
5 weeks) were purchased from the Hunan SJA Laboratory
Animal Co., Ltd (China). The rats were maintained in sepa-
rate ventilated cages in the laboratory animal room of Kun-
ming Medical University (Fengshi, China), where they had
free access to animal feed and water under a 12 : 12 h light–
dark cycle. After 1 week of environmental adaptation, 10 rats
were randomly selected as the normal control group and fed
a normal pellet diet (NPD), while the other 70 rats were fed
a high-fat diet (HFD). After 5 weeks, the NPD group was
intraperitoneally injected with sodium citrate buffer solution,
while the HFD group was intraperitoneally injected with
0.45% streptozotocin (STZ; 45 mg/kg) containing 0.1 mM
sterile sodium citrate buffer solution. After 72 h, blood glu-
cose levels in the rat tails were measured using a blood
glucose monitor (ACCU-CHEK Active, Germany). Rats with
blood glucose levels ≥16.7 mM/l for 14 consecutive days
were considered successfully modeled and used in subsequent
experiments.

Next, to establish the foot ulcer model, rats were
anesthetized by an intraperitoneal injection of 10% chloral
hydrate (Tianjin Chemical Reagent Co., Ltd, China) at a dose
of 0.3 ml/100 g. A round full-thickness skin wound (diameter
6 mm) was formed on the back of the hind foot using a 6-mm
skin biopsy perforator and Westcott scissors.

The rats were randomly divided into six groups: i.e. nor-
mal control, DFU control, RL-QN15 (100 pM), RL-QN15
(1 nM), RL-QN15 (10 nM) and fibroblast growth factor
(FGF) (100 ng/ml). From days 0 to 13, the wounds were
locally treated with 20 μl of vehicle (PBS), RL-QN15 (100
pM, 1 nM and 10 nM), or FGF (100 ng/ml) twice a day. The
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wounds were photographed with a digital camera to obtain
images of wound healing on days 0, 3, 7, 10 and 13. ImageJ
software was used to calculate healing area at different time
points.

Histological analysis

The rats were sacrificed by cervical dislocation on post-
operative days 7 and 13 for wound histological analysis.
Wound tissues and the surrounding 5-mm area of normal
skin were harvested and fixed in 4% formaldehyde, followed
by gradient ethanol dehydration, xylene transparency
and paraffin embedding. Tissue samples were used for
hematoxylin and eosin (H&E), Masson trichrome (MT)
and immunofluorescence staining. Sections were viewed and
photographed at 4× and 20× fields using a Primovert Micro-
scope (Leica DM4 B, Germany) to obtain images. Images were
analyzed and quantified using ImageJ and GraphPad Prism
software.

Transcriptomic analysis

To further explore the molecular mechanism underlying the
healing effects of the RL-QN15 peptide on DFUs, we designed
an in vitro diabetic wound model with HaCaT cells. The
HaCaT cells were first treated with RL-QN15 (10 nM) for
30 h, with a blank group serving as the NC. The cells were
then harvested for transcriptomic and small RNA sequencing
analysis (Guoke Biotechnology, China). The sequencing data
were then subjected to bioinformatics analysis.

In vitro transfection

Firstly, the hsa-miR-4482-3p mimic, inhibitor and interfering
miRNA (NC) were synthesized (GeneCopoeia™, China). Cell
transient transfection experiments were performed according
to the transfection reagent instructions (EndoFectin™-Max,
EF013). HaCaT cells were cultured to 60–70% confluence,
and the EndoFectin™-Max transfection reagent and miR-
4482-3p mimic, inhibitor and NC were diluted separately
with protein-free medium (Opti-MEM® I™). The miR-4482-
3p mimic, inhibitor and NC were gently mixed in diluted
EndoFectin™-Max transfection reagent and left at room
temperature for 5–20 min to allow sufficient formation of
the EndoFectin™ complex. The EndoFectin™ complex was
gently added to the culture plate drop by drop to spread
the culture reagent evenly. The cells are incubated in a CO2
incubator at 37◦C, then harvested after 48 h of transfection
and used for further analysis.

Quantitative real-time polymerase chain reaction

An RNAsimple Total RNA Kit (Tiangen, DP419) and
miRNA Isolation Kit (Omega, R6842–01, USA) were used
to extract total RNA and miRNA from treated HaCaT
cells, respectively, according to the protocols provided by the
manufacturer. A SureScript™ First-Strand cDNA Synthesis
Kit (GeneCopoeia™, QPO56, USA) and BlazeTaq™ SYBR®

Green qPCR Mix 2.0 Kit (GeneCopoeia™, QP031, USA)
were used to analyze mRNA expression. An All-in-One™
miRNA quantitative real-time polymerase chain reaction
(qRT-PCR) Detection System 2.0 Kit (GeneCopoeia™,
USA) was used for first-strand cDNA synthesis (miRNA
reverse transcription) and qRT-PCR was used for miRNA
detection. All-in-One™ miRNA qPCR primer HmiRQP3520
and All-in-One™ qPCR primer HQP054970 (GeneCopoeia,
Rockville, USA) were used to detect hsa-miR-4482-3p and
VEGFB, and to calculate mRNA and miRNA expression
relative to the endogenous control gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and U6 small nuclear
RNA.

Western blot analysis

The expression levels of VEGFB, p38, p-p38, smad3, p-smad3
and GAPDH were determined by western blot analysis. Total
protein was extracted from treated HaCaT cells, quantified
using a BCA Protein Assay Kit, then denatured with sodium
dodecyl-sulfate polyacrylamide gel electrophoresis protein
loading buffer at high temperature. Proteins were separated
using 10–12% sodium dodecyl-sulfate polyacrylamide gel
electrophoresis and the isolated proteins were then trans-
ferred to polyvinylidene fluoride membranes. After blocking
with 5% skim milk powder for 1 h, the membranes were
incubated with primary antibodies VEGFB (1 : 1000, Invit-
rogen, ABPA5–116113, USA), p38 (1 : 1000, CST,4511S,
USA), p-p38 (1 : 1000, CST, 8690S, USA), smad3 (1 : 1000,
CST, ab9523T, USA), p-smad3 (1 : 1000, CST, ab9520S,
USA) and GAPDH (1 : 1000, Solarbio, abK20057M, China)
overnight at 4◦C. After washing three times with Tris-HCl
buffer (Solarbio, T1086, China) containing 0.1% Tween-
20, the membranes were incubated with secondary anti-
bodies for 1 h at 37◦C. The protein bands were visual-
ized using enhanced chemiluminescence substrate reagent
(Biosharp, BL520B, China). The gray value of proteins was
measured using ImageJ software for quantitative analysis.

Dual-luciferase reporter gene assay

Based on TargetScan and miRDB analysis, VEGFB was pre-
dicted as the direct target of miR-4482-3p, with potential
specific binding sites between the VEGFB gene sequence and
the miR-4482-3p sequence. Target vectors h-VEGFB-3UTR-
wt and h-VEGFB-3UTR-mu were constructed first (synthe-
sized by Hanbio Biotechnology Co., Ltd, Shanghai). Next,
DMEM (10 μl) was mixed with 0.16 μg of h-VEGFB-3UTR
target plasmid and 5 pmol of hsa-miR-4482-3p/NC and
placed at room temperature (solution A). After that, DMEM
(10 μl) was thoroughly mixed with 0.3 μl of transfection
reagent (Hanbio product, concentration 0.8 mg/ml) (solution
B) and placed at room temperature for 5 min. Solutions A
and B were thoroughly mixed, placed at room temperature
for 20 min, and then co-transfected into 293 T cells. After
6 h of transfection, the medium was replaced with fresh
medium, and the cells were collected 48 h after transfection
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for gene detection (Promega Dual-Luciferase System). The
Renilla luciferase value was measured and recorded as the
reporter gene luminescence value.

Statistical analysis

All data are presented as mean ± standard deviation and
were statistically analyzed using GraphPad Prism v7.0. The
Shapiro–Wilk test was used to verify the normality of the
data. Student’s t-tests were employed for comparing two
groups when the data followed a normal distribution, while
the Mann–Whitney U test was used for abnormal distribu-
tion. Statistical analysis of multiple groups was conducted
using one-way or two-way analysis of variance, followed
by post hoc tests with Bonferroni correction. P < 0.05 was
considered statistically significant, and all experiments were
performed in triplicate.

Results

RL-QN15 significantly improves HaCaT cell migration

and proliferation in a high-glucose environment

To explore the pro-wound repair activity of RL-QN15 in
vitro, HaCaT cells were cultured with DMEM containing
25 mM glucose for 48 h to simulate a hyper-glucose envi-
ronment. Cells cultured with glucose-free DMEM were used
as a normal control. The ability of RL-QN15 to promote
HaCaT cell migration and proliferation under high-glucose
conditions was tested using a cell scratch assay, prolifera-
tion assay and Transwell migration assay (Figure 1). Based
on the wound healing assay, the ability of HaCaT cells to
repair scratches after exposure to high glucose (25 mM)
was significantly reduced compared to the normal control.
However, after RL-QN15 treatment (different concentra-
tion gradients), the scratch repair ability of HaCaT cells
increased in a concentration- and time-dependent manner
(Figure 1a–c). The cell migration assay showed that HaCaT
cell migration was significantly reduced in a high-glucose
environment, while RL-QN15 improved HaCaT cell migra-
tion in a concentration-dependent manner in the same envi-
ronment (Figure 1d, e), consistent with the wound scratch
results. The MTS assay also showed that RL-QN15 pro-
moted HaCaT cell proliferation in a concentration-dependent
manner (Figure 1f). Thus, high glucose (25 mM) significantly
inhibited HaCaT cell migration and proliferation, while RL-
QN15 significantly improved both and maintained normal
physiological function of keratinocytes in a high glucose
environment.

RL-QN15 significantly promotes DFU healing in rats

Next, we investigated the effects of RL-QN15 on wound heal-
ing in vivo using a DFU rat model. Changes in body weight
were monitored during the modeling process. Compared with
the NPD group, HFD rats showed an increase in body weight
from week 2. Percentage weight gain continued until the onset
of diabetes (week 5 of HFD feeding). After STZ injection, the

HFD rats lost weight, while the NPD control group continued
to gain weight (Figure 2a). Changes in blood glucose were
monitored on days 3, 7 and 13 after STZ injection. The blood
glucose level in the DFU group was ≥16.7 mM/l over 14
consecutive days, indicating successful establishment of the
model (Figure 2b). The modeling success rate was 82.8%
(58/70).

We next evaluated the effects of RL-QN15 on wound
healing by creating full-thickness skin wounds on the back
of the hind foot of rats, with an equal volume of PBS and
local administration of RL-QN15 (different concentration
gradients). Foot wound healing in DFU rats was observed on
days 0, 3, 7, 10 and 13 after successful modeling. Based on
general appearance, wound healing speed in the DFU control
group was significantly slower than that in the normal control
group. However, DFU healing significantly improved after
treatment with RL-QN15 (different concentration gradients)
(Figure 2c, d). Currently, FGF has been developed as an effec-
tive drug for clinical treatment of wound healing, and thus
was used as a positive control in our study. Notably, in the
DFU rat model, RL-QN15 (10 nM) showed a better effect
on wound healing than FGF (100 ng/ml). Thus, RL-QN15
significantly accelerated the healing process of DFUs in a
concentration- and time-dependent manner.

Effect of RL-QN15 on histopathological changes in DFU

healing process

Granulation tissue formation, re-epithelialization, collagen
deposition and angiogenesis are all signs of wound healing. In
this study, we performed histological examination of samples
collected on days 7 and 13 to observe the accelerating effect
of RL-QN15 treatment on wound healing. On day 7 of
treatment, H&E staining analysis (Figure 3a) showed little
granulation tissue or re-epithelialization in the DFU control
group, whereas thicker granulation tissue with moderate re-
epithelialization was observed in the RL-QN15-treated group
(Figure 3b, c). On day 13 of treatment, the RL-QN15-treated
group showed nearly complete re-epithelization with thinner
granulation and epidermal thickness compared with the DFU
control group (Figure 3d, e).

MT staining was performed to assess collagen deposition
at the wound site (Figure 3f). Almost no collagen formation
was observed in the DFU control group on day 7, whereas col-
lagen deposition had begun in the RL-QN15-treated group.
On day 13, sparse collagen fibers and unclear tissue structure
were observed in the DFU control group, whereas collagen
formation was clearly observed and collagenous bundles were
arranged in a dense and orderly manner in the RL-QN15-
treated group.

Next, to examine the effect of RL-QN15 on angiogenesis,
immunofluorescence staining with anti-CD31 antibody
(Abcam, ab281583, UK) was employed. As shown in
Figure 3g, after 7 days of treatment, the DFU control
group exhibited almost no angiogenesis, whereas the
RL-QN15-treated group displayed early signs of angiogene-
sis. By day 13 of treatment, the DFU control group exhibited
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Figure 1. RL-QN15 significantly improves HaCaT cell migration and proliferation in a high-glucose environment. (a) Scratch repair activity of RL-QN15 on

HaCaT cells in a high-glucose environment, detected by cell scratch assay. (b) Healing rate of cell scratches at 15 h. (c) Healing rate of cell scratches at 30 h.

(d) Migration assay was performed to detect effects of RL-QN15 on migration ability of HaCaT cells in a high-glucose environment. (e) Relative mobility analysis

diagram of HaCaT cells in a high-glucose environment by RL-QN15. (f) Cell proliferation assay was used to detect effects of RL-QN15 on the proliferation activity of

HaCaT cells in a high-glucose environment. Data are presented as mean ± standard deviation, n = 9; ∗∗p < 0.01, ∗∗∗p < 0.005 (t-test). HaCaT human immortalized

keratinocyte, FGF fibroblast growth factor
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Figure 2. RL-QN15 significantly promotes wound healing in DFU rats. (a) Curve of changes in body weight. (b) Monitoring of blood glucose levels. (c) Healing

curves of each group for total cortical wounds. (d) Representative graph of wound healing in DFU rat model. Data are presented as mean ± standard deviation,

n = 9; ∗∗p < 0.01, ∗∗∗p < 0.005 (t-test). FGF fibroblast growth factor, DFU diabetic foot ulcer

a reduced number of blood vessels, whereas the RL-QN15-
treated group showed a significant increase in the number of
blood vessels.

Thus, these results suggest that RL-QN15 accelerated
wound healing by promoting re-epithelialization and vascular
regeneration.

RL-QN15 promotes keratinocyte migration and

proliferation by activating p38MAPK and smad3

signaling pathway to inhibit miR-4482-3p expression

To further investigate the mechanism underlying the
effects of RL-QN15 on DFU healing, we collected treated
HaCaT cells for transcriptomic and small RNA sequencing
analysis. Using edgeR software for differential screening, we
identified nine up-regulated and 51 down-regulated miRNAs
(fold change > = 2 and p < 0.05) (Figure S1 a, b, see online
supplementary material). We focused on one of the most
down-regulated miRNAs, i.e. hsa-miR-4482-3p, whose
function in promoting diabetic wound healing has not been
investigated. We performed qRT-PCR on treated HaCaT
cells and confirmed that miR-4482-3p expression was

up-regulated in the high-glucose-treated HaCaT cells com-
pared with normal control, but the expression level of miR-
4482-3p was down-regulated in a concentration-dependent
manner after RL-QN15 treatment (Figure 4a).

We next explored the signaling pathways mediating the
pro-wound repair effects of miR-4482-3p on keratinocytes.
Based on the Kyoto Encyclopedia of Genes and Genomes
pathway enrichment analysis (Figure S1 c, d, see online
supplementary material), we selected the classical p38MAPK
and smad3 signaling pathways among the mitogen-activated
protein kinase (MAPK) and transforming growth factor-
β (TGF-β) signaling pathways related to the promotion
of cell proliferation and migration. Western blot analysis
showed that the phosphorylation levels of p38MAPK and
smad3 in the high-glucose treatment group were significantly
lower than those in the normal control group but increased
in a concentration-dependent manner after RL-QN15
treatment (Figure 4b, c). In addition, we used the specific
p38MAPK inhibitor SB203580 and smad3 inhibitor (E)-
SIS3 to investigate the relationship between miR-4482-
3p and the p38MAPK and smad3 signaling pathways.

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad035#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkad035#supplementary-data
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Figure 3. Histological analysis of wounds in DFU rats. (a) Representative images of H&E staining on postoperative days 7 and 13 (blue double-ended arrows

represent distance between wound edges). Scale bars: 750 μm (left) and 100 μm (right). (b) Quantification map of granulation tissue thickness on postoperative

day 7. (c) Quantitative map of tissue re-epithelialization on postoperative day 7. (d) Quantification of granulation tissue thickness on postoperative day 13.

(e) Quantification of epidermal thickness on postoperative day 13. (f) Representative images of MT staining on postoperative days 7 and 13 (blue double-ended

arrows represent distance between wound edges). Scale bars: 750 μm (left) and 100 μm (right). (g) Immunofluorescence staining used anti-CD31 antibody to

identify vascular regeneration. Data are presented as mean ± standard deviation, n = 9; ∗∗∗p < 0.005 (t-test). FGF fibroblast growth factor, DFU diabetic foot

ulcer, H&E hematoxylin and eosin
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Figure 4. RL-QN15 promotes keratinocyte migration and proliferation by activating p38MAPK and smad3 signaling pathways to inhibit miR-4482-3p expression.

(a) Expression of miR-4482-3p in HaCaT cells of each group detected by qRT-PCR (n = 9). (b) Protein binding map of p38MAPK and smad3 phosphorylation

in HaCaT cells determined by western blot analysis. (c) Phosphorylation of p38MAPK and smad3 in HaCaT cells determined by western blot analysis (n = 6).

(d) HaCaT cells were pretreated with SB203580 (10 μm) and (E)-SIS3 (1 μm) for 1 h, then stimulated with RL-QN15 (10 nM) for 24 h. Expression of miR-4482-3p

detected by qRT-PCR (n = 9). (e) Transfection rate of miR-4482-3p detected by qRT-PCR (n = 9). (f) Effect of miR-4482-3p transfection on proliferation of HaCaT

cells detected by cell proliferation assay (n = 9). (g) Effect of miR-4482-3p transfection on scratch repair ability of HaCaT cells detected by cell scratch assay.

(h, i) Wound healing rate of HaCaT cells at 15 and 30 h after miR-4482-3p transfection (n = 9). (j) Effect of miR-4482-3p transfection on migration ability of HaCaT

cells detected by cell migration assay. (k) Analysis of effect of miR-4482-3p transfection on mobility of HaCaT cells (n = 9). Data are presented as mean ± standard

deviation; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 (t-test). NC negative control, HaCaT human immortalized keratinocyte, qRT-PCR quantitative real-time polymerase

chain reaction, p38MAPK p38 mitogen-activated protein kinase

Pretreatment of HaCaT cells with these agents prevented RL-
QN15-mediated down-regulation of miR-4482-3p, with the
blocking effect more obvious when the two inhibitors were
combined (Figure 4d). These results indicate that RL-QN15
regulates miR-4482-3p expression, partially via activation of
the p38MAPK and smad3 signaling pathways.

To investigate the role of miR-4482-3p in cellular pro-
cesses involved in wound healing, keratinocytes were treated
with the miR-4482-3p mimic and inhibitor. Transfection
efficiency was detected by qRT-PCR. As shown in Figure 4e,
miR-4482-3p expression was increased in keratinocytes
transfected with the miR-4482-3p mimic but decreased in
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Figure 5. RL-QN15 increases VEGFB production in keratinocytes by inhibiting miR-4482-3p expression. (a) Schematic diagram of hsa-miR-4482-3p binding to

h-VEGFB-3UTR target sites. (b) Dual luciferase reporter gene detection of interaction between hsa-miR-4482-3p and h-VEGFB-3UTR. (c) Expression levels of

VEGFB mRNA in HaCaT cells of each group determined by qRT-PCR (n = 9). (d) Protein binding map of VEGFB protein expression in HaCaT cells determined

by western blot analysis. (e) Relative protein expression levels of VEGFB normalized to GAPDH in HaCaT cells determined by western blot analysis (n = 6).

(f) Expression level of VEGFB mRNA in HaCaT cells transfected with miR-4482-3p determined by qRT-PCR (n = 9). (g) Protein binding diagram of VEGFB protein

expression level in HaCaT cells transfected with miR-4482-3p determined by western blot analysis. (h) Relative protein expression level of VEGFB normalized

to GAPDH in transfected HaCaT cells determined by western blot analysis (n = 6). (i) Representative images of VEGFB immunofluorescence staining in DFU rat

model on days 7 and 13 after surgery (×20). Data are presented as mean ± standard deviation; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 (t-test). NC negative control,

qRT-PCR quantitative real-time polymerase chain reaction, VEGFB vascular endothelial growth factor B, GAPDH glyceraldehyde-3-phosphate dehydrogenase,

DFU diabetic foot ulcer

keratinocytes transfected with the miR-4482-3p inhibitor
(p < 0.05). Subsequently, changes in keratinocyte migration
and proliferation were analyzed by cell proliferation assay

(Figure 4f), cell scratch assay (Figure 4g, h, i) and Transwell
migration assay (Figure 4j, k). Results showed that inhibiting
miR-4482-3p expression significantly promoted HaCaT
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Figure 6. RL-QN15 partially reverses effects of miR-4482-3p mimic on keratinocyte migration and proliferation and VEGFB expression. (a) Effect of miR-4482-3p

mimic on scratch repair ability of HaCaT cells is partially reversed by RL-QN15 intervention. (b) Wound healing rate of HaCaT cells at 15 and 30 h after RL-QN15

intervention (n = 9). (c) Effect of miR-4482-3p mimic on proliferation activity of HaCaT cells is partially reversed by RL-QN15 intervention (n = 9). (d) Effect of

miR-4482-3p mimic on migration ability of HaCaT cells is partially reversed by RL-QN15 intervention. (e) Analysis diagram of effects of RL-QN15 intervention on

HaCaT cell migration (n = 9). (f) qRT-PCR was used to detect expression level of miR-4482-3p in HaCaT cells partially reversed by RL-QN15 intervention (n = 9).

(g) qRT-PCR was used to detect expression level of VEGFB mRNA in HaCaT cells partially reversed by RL-QN15 intervention (n = 9). (h) Protein binding diagram

of VEGFB mRNA in HaCaT cells partially reversed by RL-QN15 intervention, determined by western blot analysis. (i) Relative protein expression level of VEGFB

normalized to GAPDH in HaCaT cells determined by western blot analysis after partial reversal of effects by RL-QN15 intervention (n = 6). Data are presented as

mean ± standard deviation; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.005 (t-test). NC negative control, qRT-PCR quantitative real-time polymerase chain reaction, VEGFB

vascular endothelial growth factor B, GAPDH glyceraldehyde-3-phosphate dehydrogenase

cell migration and proliferation, whereas overexpression of
miR-4482-3p significantly inhibited HaCaT cell migration
and proliferation.

These results suggest that RL-QN15 inhibited the expres-
sion of miR-4482-3p by activating the p38MAPK and smad3
signaling pathways, thereby promoting the migration and
proliferation of keratinocytes.

RL-QN15 increases VEGFB production in keratinocytes

by inhibiting miR-4482-3p expression

To understand the regulatory mechanism of miR-4482-
3p expression in keratinocytes, TargetScan and miRDB
analyses were performed and VEGFB was predicted to be the

direct target of miR-4482-3p. For validation, dual luciferase
reporter analysis was performed and showed that hsa-miR-
4482-3p failed to down-regulate the luciferase expression of
h-VEGFB-3UTR-MUT after mutation compared with the NC
group (p > 0.05), indicating that the mutation was successful.
Compared with the NC group, hsa-miR-4482-3p significantly
down-regulated luciferase expression of h-VEGFB-3UTR-
WT (p < 0.001), indicating a potential binding effect between
hsa-miR-4482-3p and VEGFB (Figure 5a, b). We next
determined the expression of VEGFB by qRT-PCR and
western blot analysis and found that the mRNA and protein
expression levels of VEGFB were decreased in the high-
glucose environment compared with the normal control
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group. However, after RL-QN15 treatment, the mRNA
and protein expression levels of VEGFB increased in a
concentration-dependent manner (Figure 5c, d, e).

We next explored VEGFB expression in keratinocytes
treated with the miR-4482-3p mimic and inhibitor by
qRT-PCR and western blot analysis. Results showed that
keratinocytes transfected with the miR-4482-3p mimic had
lower VEGFB mRNA and protein expression levels than
keratinocytes transfected with the NC mimic. The opposite
trend was found for keratinocytes treated with the miR-
4482-3p inhibitor compared with the NC inhibitor. Thus,
these results indicate that VEGFB was negatively regulated
by miR-4482-3p (Figure 5f, g, h).

Immunofluorescence of wounds in the DFU rat model
showed that VEGFB was barely expressed in the DFU control
group on day 7 but was detected in the RL-QN15-treated
group. On day 13, minor VEGFB expression was observed
in the DFU control group, but higher VEGFB expression was
observed in the RL-QN15-treated group (Figure 5i).

These results suggest that RL-QN15 accelerated wound
healing by promoting vascular regeneration.

RL-QN15 partially reverses effects of miR-4482-3p

mimic on keratinocyte migration and proliferation and

VEGFB expression

We demonstrated that miR-4482-3p promoted keratinocyte
migration and proliferation as well as angiogenesis by tar-
geting the VEGFB gene. To further prove that RL-QN15
promotes DFU repair activity by down-regulating miR-4482-
3p, we treated keratinocytes with miR-4482-3p mimic and
conducted an interference experiment with RL-QN15.

Results showed that RL-QN15 partially reversed the
scratch repair ability of HaCaT cells treated with the miR-
4482-3p mimic in the cell scratch experiments (Figure 6a, b).
The cell proliferation assay results showed that RL-QN15
partially reversed the proliferation ability of HaCaT cells
treated with the miR-4482-3p mimic (Figure 6c). The
Transwell migration assay results also suggested that RL-
QN15 partially reversed the migration ability of HaCaT
cells (Figure 6d, e). In addition, qRT-PCR results showed that
the expression level of miR-4482-3p was partially reversed
in the HaCaT cells treated with RL-QN15 compared with
the miR-4482-3p mimetic group (Figure 6f), as was the
expression level of VEGFB mRNA (Figure 6g). Western
blot results showed that, compared with the miR-4482-3p
mimetic group, the expression level of the VEGFB protein was
partially reversed after RL-QN15 treatment (Figure 6h, i).
Thus, these results suggest that RL-QN15 promoted the
repair activity of DFUs by down-regulating miR-4482-3p.

Discussion

Due to their complex pathogenesis, DFUs often result in poor
wound healing [4,43]. Current standard practices in DFU
management do not meet clinical needs, and DFU treatment
remains an extremely challenging task [44–46].

In this study, we identified the role of the RL-QN15
peptide in maintaining physiological function and plasticity
of keratinocytes by activating the p38MAPK and smad3
signaling pathways to inhibit miR-4482-3p expression. Fur-
thermore, we found that miR-4482-3p targeted VEGFB to
promote VEGF secretion by HaCaT cells, thereby accelerat-
ing wound healing.

As the most important cell type in the skin, keratinocytes
play a crucial role in promoting wound re-epithelialization
and inflammatory to proliferative stage transition during
wound healing [8,11,47]. However, a high-glucose envi-
ronment can interfere with the physiological function of
keratinocytes, leading to impaired wound healing in diabetic
patients [20,21]. Therefore, maintaining normal physiological
function of keratinocytes is beneficial for the healing of
DFUs [48]. In this study, we observed that HaCaT cell
proliferation and migration abilities were decreased in high-
glucose environments but improved after treatment with
RL-QN15. In vivo experiments using the rat DFU model
showed that the wound healing rate of the DFU control
group was significantly slower than that of the normal
control group, whereas RL-QN15 treatment significantly
accelerated the healing process. Histopathological results
showed little granulation tissue and re-epithelialization in
the DFU control group on day 7, as well as little collagen
formation and VEGFB expression. On day 13, granulation
tissue in the DFU control group was thickened, indicating
that the wound was still in the inflammatory stage. Collagen
fibers also remained sparse and poorly organized at the
wound site and VEGFB expression was low. In the RL-QN15-
treated group, however, re-epithelialization and granulation
tissue regeneration were observed on day 7, and collagen
deposition and VEGFB expression started to appear. On
day 13, re-epithelialization was complete, granulation and
epidermal tissues were thinner, collagen was arranged in a
dense and orderly manner at the wound site, and VEGFB
expression was increased. In addition, immunofluorescence
staining of blood vessels revealed that the DFU control group
exhibited almost no signs of angiogenesis after 7 days of
treatment, while the RL-QN15-treated group displayed early
indications of angiogenesis. Furthermore, on day 13, the
number of blood vessels increased significantly in the RL-
QN15-treatment group compared to the DFU control
group. These results indicate that RL-QN15 can promote
keratinocyte migration and proliferation during wound
healing under a high-glucose environment and can promote
angiogenesis at the wound site. Thus, this treatment
accelerated the process of wound re-epithelialization and
promoted the transition from the inflammatory to the
proliferative phase, thus accelerating DFU wound healing.

The role of miRNAs in human diseases has been
extensively studied [49,50] and several miRNAs have
been implicated in the healing process of diabetic skin
wounds [23,27,51]. Therefore, miRNAs are considered
as potential therapeutic targets for chronic wounds such
as DFUs. In this study, we identified a novel miRNA,
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miR-4482-3p, and investigated its expression and function
in promoting DFU wound healing. We found that miR-4482-
3p expression was up-regulated in high-glucose-induced
HaCaT cells compared with the normal control group,
whereas miR-4482-3p expression was down-regulated in
the RL-QN15 treatment group. We also performed cell
transfection experiments using the miR-4482-3p mimic and
inhibitor. Results showed that overexpression of miR-4482-
3p decreased the migration and proliferation of HaCaT cells
in a high-glucose environment, whereas inhibition of miR-
4482-3p enhanced HaCaT cell migration and proliferation
under high-glucose conditions. We also identified the growth-
promoting MAPK and TGF-β signaling pathways based
on transcriptomic analysis. Activation of the MAPK and
TGF-β signaling pathways has been shown to promote cell
proliferation and migration [52–54]. Notably, p38MAPK
plays an important role in regulating angiogenic responses
[55–57], while smad3 induces the cellular secretion of pro-
vascular growth factors [58–60]. Here, results showed that
RL-QN15 promoted the phosphorylation of p38MAPK
and smad3 in a concentration-dependent manner, whereas
treatment with the p38MAPK and smad3 inhibitor reversed
RL-QN15-mediated miR-4482-3p expression. These results
suggest that RL-QN15 inhibited the expression of miR-4482-
3p via activation of the p38MAPK and smad3 signaling
pathways, thereby promoting the migration and proliferation
of keratinocytes.

Angiogenesis is essential for DFU wound repair [14,15].
Keratinocytes induce angiogenesis at the wound site through
VEGF derived during wound healing [61–63]. VEGFB, a
member of the VEGF family, is reported to enhance neovas-
cularization in skin wound healing [64]. Our results showed
that the expression levels of VEGFB mRNA and protein were
down-regulated in HaCaT cells under high-glucose condi-
tions compared with the normal control group but were up-
regulated in the RL-QN15 treatment group. The transfection
experiments indicated that the expression levels of VEGFB
mRNA and protein were down-regulated when miR-4482-3p
was overexpressed but were up-regulated when miR-4482-3p
expression was inhibited. The dual luciferase reporter assay
also showed binding between hsa-miR-4482-3p and VEGFB.
Thus, these results suggest that RL-QN15 accelerated wound
healing by promoting vascular regeneration.

We next treated the keratinocytes with the miR-4482-
3p mimic and interfered with RL-QN15, verifying that RL-
QN15 promoted DFU repair activity via down-regulation
of miR-4482-3p. Notably, RL-QN15 partially reversed the
migratory and proliferative ability of cells treated with miR-
4482-3p mimic. At the molecular level, RL-QN15 also par-
tially reversed the expression levels of miR-4482-3p and
VEGFB mRNA in cells treated with miR-4482-3p mimic.

Conclusions

In summary, we found that RL-QN15 can promote wound
healing and that miR-4482-3p is involved in the healing

process of DFUs. Notably, RL-QN15 can restore the phys-
iological function of keratinocytes in high-glucose environ-
ments, promote re-epithelialization and angiogenesis at the
wound site by promoting keratinocyte migration and prolif-
eration, and accelerate wound healing of DFUs. Thus, this
study should provide novel drug candidates and effective
therapeutic targets for the clinical treatment of DFUs.
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