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Abstract

Background: Amphibian-derived peptides exhibit considerable potential in the discovery and

development of new therapeutic interventions for clinically challenging chronic skin wounds.

MicroRNAs (miRNAs) are also considered promising targets for the development of effective

therapies against skin wounds. However, further research in this field is anticipated. This study

aims to identify and provide a new peptide drug candidate, as well as to explore the underlying

miRNA mechanisms and possible miRNA drug target for skin wound healing.

Methods: A combination of Edman degradation, mass spectrometry and cDNA cloning were

adopted to determine the amino acid sequence of a peptide that was fractionated from the secretion

of Odorrana andersonii frog skin using gel-filtration and reversed-phase high-performance liquid

chromatography. The toxicity of the peptide was evaluated by Calcein-AM/propidium iodide (PI)

double staining against human keratinocytes (HaCaT cells), hemolytic activity against mice blood

cells and acute toxicity against mice. The stability of the peptide in plasma was also evaluated.

The prohealing potency of the peptide was determined by MTS, scratch healing and a Transwell

experiment against HaCaT cells, full-thickness injury wounds and scald wounds in the dorsal skin

of mice. miRNA transcriptome sequencing analysis, enzyme-linked immunosorbent assay, real-

time polymerase chain reaction and western blotting were performed to explore the molecular

mechanisms.
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Results: A novel peptide homodimer (named OA-GL17d) that contains a disulfide bond between the

16th cysteine residue of the peptide monomer and the sequence ‘GLFKWHPRCGEEQSMWT’ was

identified. Analysis showed that OA-GL17d exhibited no hemolytic activity or acute toxicity, but

effectively promoted keratinocyte proliferation and migration and strongly stimulated the repair

of full-thickness injury wounds and scald wounds in the dorsal skin of mice. Mechanistically, OA-

GL17d decreased the level of miR-663a to increase the level of transforming growth factor-β1 (TGF-

β1) and activate the subsequent TGF-β1/Smad signaling pathway, thereby resulting in accelerated

skin wound re-epithelialization and granular tissue formation.

Conclusions: Our results suggest that OA-GL17d is a new peptide drug candidate for skin wound

repair. This study emphasizes the importance of exogenous peptides as molecular probes for

exploring competing endogenous RNA mechanisms and indicates that miR-663a may be an

effective target for promoting skin repair.

Graphical Abstract
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Highlights

• A new natural peptide homodimer (OA-GL17d) that showed excellent ability to promote skin wound repair in full-thickness
and scald wounds in mice was identified. Thus, OA-GL17d could be developed as a new candidate drug for the treatment of
skin wounds.

• miR-663a was identified as a new effective target to promote skin wound repair, thus providing a new strategy for future
wound repair research.

• A new therapeutic target (miR-663a) and bioactive peptide (OA-GL17d) to accelerate skin healing were identified, thereby
emphasizing the importance of using exogenous peptides as molecular probes to explore competing endogenous RNA
mechanisms.
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Background

Skin, which acts as the largest organ, is the first physical
barrier through which the human body exchanges material
and transfers energy with the outside world [1–4]. Skin also
has important physiological functions, such as maintaining
body fluid water balance, regulating body temperature and
resisting pathogenic invasion. The skin not only maintains
internal stability, but also participates in metabolic processes
of the body. Therefore, skin integrity is extremely important
for human health. After skin injury, wound exudates such as
protein and necrotic tissue provide sufficient nutrition for the
growth and reproduction of microorganisms, resulting in a
higher risk of wound infection and stronger inflammatory
response [5]. Therefore, rapid repair of skin damage is critical.
However, the availability of commonly used therapies and
drugs, such as skin flap transplantation, growth factors, small
molecular compounds and antibiotics, can be limited due to
the potential for scarring, strict storage requirements, instabil-
ity of compounds and difficulties in synthesis [6]. Therefore,
the discovery and development of new drugs to treat skin
wounds remains important.

The secretions of amphibian skins contain a large number
of bioactive peptides with unknown functions [7,8]. Their
low cost and easy production, storage and transfer make
amphibian-derived peptides excellent drug candidates [9]. In
the past few decades, a variety of amphibian skin-derived
antimicrobial and antioxidant peptides have been reported,
with several showing favorable effects against the prolifer-
ation and migration of human keratinocytes (HaCaT cells)
and the ability to regulate cell growth factors to stimulate
epidermal and granulation tissue regeneration [10,11]. For
example, the amphibian-derived peptides OM-LV20 and OA-
GL21 boost the regeneration of skin wounds [12,13]. Hence,
secretions of amphibian skin have been recognized as a valu-
able source of wound healing agents for developing regen-
erative peptides. However, research on reparative peptides
remains in its infancy and further exploration is required.

MicroRNA (miRNA) is an evolutionarily conserved non-
coding RNA that serves as a negative regulator against the
expression of target genes and is an important regulatory
factor in skin injury repair [14–16]. For example, by tar-
geting p38 signaling, miRNA-135a-3p regulates angiogene-
sis and tissue repair [17] and synthesis of the miRNA-92a
inhibitor accelerates the healing of non-diabetic and diabetic
wounds [18]. However, the role of miRNA in skin wound
repair remains poorly understood and the discovery of novel
miRNAs may provide a new strategy for wound care and
regeneration. Previous study has shown that laser exposure
affects the skin barrier and collagen synthesis by modulating
transforming growth factor-β1 (TGF-β1) level via the miR-
663a/Smad3/p38MAPK signaling pathway [19]. However, it
is not clear whether miR-663a affects skin wound repair. In
this study, a new naturally occurring polypeptide homodimer
(OA-GL17 dimer, OA-GL17d) was successfully fractionated
and identified from odorous frog Odorrana andersonii skin

secretions. OA-GL17d effectively promoted HaCaT cell pro-
liferation and migration and strongly stimulated the healing
of full-thickness injury wounds and scald wounds in mice
skins. In addition, OA-GL17d decreased the level of miR-
663a while increasing the expression of TGF-β1 by activat-
ing the Smad signaling pathway. Our results emphasize the
importance of exogenous peptides as molecular probes for
exploring the mechanisms of competing endogenous RNA
(ceRNA) and suggest that miR-663a may be an effective
target for promoting the repair of skin wounds.

Methods

Identification of peptide from O. andersonii skin

Adult O. andersonii specimen collection, skin secretion stim-
ulation and peptide purification processes were performed as
per a previous study [20].

Analysis of peptide primary structure

Determination of the peptide amino acid sequence was per-
formed by a combination of DNA cloning, mass spectrometry
(MS) and Edman degradation according to previous research
[21]. In addition, PEP-FOLD3 was used to predict the de novo
structure of the peptide [22].

Artificial synthesis of peptide

The peptide (purity > 95%) was synthesized and commer-
cially provided by Wuhan Bioyeargene Biotechnology Co.,
Ltd (Wuhan, China).

Ethics approval

Animal procedures were investigated, approved and per-
formed in accordance with the requirement of the Ethics
Committee of Kunming Medical University (KMMU2021273).

Toxicity of OA-GL17d

The cytotoxic effects of OA-GL17d against HaCaT cells
were analyzed using a Calcein-AM/PI Double Staining Kit
[23,24]. Briefly, HaCaT cells were provided by the Kunming
Cell Bank of Kunming Institute of Zoology, the Chinese
Academy of Science (Yunnan, China). The cells were cultured
in DMEM/F12 culture medium (BI, Israel) containing antibi-
otics (100 units/ml penicillin and streptomycin) and 15%
(v/v) fetal bovine serum (BI, Israel) in a 5% CO2 atmosphere
at 37◦C. The HaCaT cells with a density of 3 × 105 cells/well
were inoculated in a 12-well plate and cultured at 37◦C
for 12 h. After this, 1 ml of vehicle (serum-free medium)
or OA-GL17d (0.5, 5 and 50 nM) was added, followed by
continuous incubation for 12 h at 37◦C. Phosphate-buffered
saline (PBS) was used to wash the cells three times and
then the cells were incubated with Calcein-AM/PI double-
staining reagent (Beyotime, Shanghai, China) for 30 min.
By using a confocal laser scanning fluorescence microscope
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(Axio Observer Z1, Zeiss, Germany), fluorescence images of
living and dead HaCaT cells were recorded. Living cells and
dead cells were stained with Calcein-AM (green fluorescence,
Ex/Em = 494/517 nm) and propidium iodide (PI) (red fluores-
cence, Ex/Em = 535/617 nm), respectively.

The toxicity of OA-GL17d against mice was evaluated as
per a previous study [21]. In short, mice were administered
an intraperitoneal injection of OA-GL17d at 100, 500 or
1000 μg/kg for 24 h to observe the toxic effects.

Hemolytic activity of OA-GL17d

The hemolytic activity of OA-GL17d was detected according
to previous research [25]. Red blood cells were collected from
Kunming mice (n = 3), washed with saline three times, diluted
with saline, then 0.1% TritonX-100 and OA-GL17d (0.1, 0.5,
1 mg/ml) were added and incubated in a 37◦C water bath for
30 min. Then the samples were centrifuged at 3000 rpm at
4◦C for 3 min, the supernatants were kept and the optical
absorbance at 540 nm was determined.

Effects of peptide OA-GL17d on the proliferation,

scratch healing and migration of HaCaT cells

The effects of peptide OA-GL17d on the proliferation of
HaCaT cells were explored as described in previous studies
[21,26]. In short, HaCaT cells (2.5 × 103 cells/well) were
cultured in 96-well plates and treated with OA-GL17d (0.5,
5 and 50 nM) or vehicle (PBS) at 37◦C. The effects of peptide
on the proliferation of HaCaT cells were then detected using
an MTS Cell Proliferation Assay Kit (Promega, USA).

The effects of OA-GL17d on the healing of HaCaT cell
scratch were determined based on previous studies [27,28].
Briefly, HaCaT cells (3 × 105 cells/well) were cultured in 24-
well plates at 37◦C overnight, then scraped off with the tip
of a sterile 200-μl pipette. Then cells were washed with PBS
three times and incubated in medium containing vehicle, OA-
GL17d (0.5, 5 and 50 nM) or epidermal growth factor (EGF,
50 nM, Sigma-Aldrich, St Louis, MO, USA). An inverted
microscope (Motic, AE2000, China) was used to record
images at different times (0, 12 and 24 h). The healing rate
was calculated in accordance with the formula: scratch repair
rate (%) = (0 h scratch area − 12 or 24 h scratch area)/0 h
scratch area × 100%.

The effects of peptide on the migration of HaCaT cells
were detected based on prior research [29,30]. In short, a
Falcon cell culture sheet with 8-μm pore size (Corning, USA)
was placed on the top of a 24-well plate as a parietal chamber.
HaCaT cells with density of 3 × 104 cells/well and volume
of 100 μl of serum-free culture medium were seeded in
the parietal chamber, then OA-GL17d was added at various
concentrations to the bottom chamber as a chemoattrac-
tant, followed by 500 μl of serum-free culture medium.
The adherent cells were incubated for 24 h at 37◦C and
5% CO2, washed with PBS three times, fixed with 4%
paraformaldehyde and stained with crystal violet. Before
evaluating the transplanted cells, a cotton swab was used

to gently remove the remaining cells from the top of the
insert. An inverted microscope was used to evaluate cell
migration at a magnification of 40×. Acetic acid (33%) was
used to completely elute the crystal violet, and absorbance
at 570 nm, which indicates the number of migrated cells,
was measured by a microplate reader (Molecular Devices,
USA).

Effects of peptide OA-GL17d on the healing of

full-thickness injury skin wounds in mice

To observe the effects of peptide OA-GL17d on the healing
of full-thickness injury skin wounds, mice were anesthetized
(1% pentobarbital sodium, 0.1 ml/20 g body weight) and two
standard round cortical wounds (8 × 8 mm) were created on
their dorsal skins [31]. The wounds were locally treated with
20 μl of vehicle, EGF (50 nM) or OA-GL17d (0.5, 5 and
50 nM) twice a day. After recording images of the wounds,
the wound area (percentage of residual wound area to initial
wound area) was evaluated by ImageJ software (NIH, USA).
Hematoxylin and eosin (H&E) staining was used to observe
the histological changes in wounds on days 4 and 8 after
operation.

Effects of OA-GL17d on scald wounds in mice skin

Adult male Kunming mice were anesthetized with 1% pen-
tobarbital sodium (0.1 ml/20 g body weight). The dorsal
hair was then removed with an electric razor and residual
microvilli were removed with hair removal cream, followed
by disinfection with 75% alcohol. Two dorsal-skin scald
wounds were created by using a 5-ml centrifuge tube (inner
diameter 12 mm) with the bottom cut off and flattened. The
device was pressed onto the backs of the mice and boiling
water was injected into the tube with a 2-ml syringe for 20 s
to form skin scald wounds [23,31]. From days 0 to 14, scald
skin wounds were topically treated with 20 μl of vehicle,
OA-GL17d (0.5, 5 and 50 nM) or EGF (50 nM). Digital
photos were used to record the wounds and the wound area
was calculated by ImageJ software (NIH, USA). Histological
observations of the wound tissue were performed with H&E
staining on days 8 and 12 after operation. The results were
quantitatively analyzed using GraphPad Prism.

miRNA sequencing

HaCaT cells (3 × 106 cells/well) were cultured in a 6-well
plate at 37◦C for 3 h. Then cells were inoculated in serum-
free culture medium and incubated with vehicle or peptide
OA-GL17d (50 nM) for 24 h at 37◦C. Then the cells were
harvested and total RNA samples (three for vehicle and
three for OA-GL17d) were extracted and sent for miRNA
transcriptome analysis to Beijing Guoke Biotechnology Co.
Ltd (Beijing, China). With the help of Bowtie, the clean reads
were compared with the GtRNAdb, Silva, Rfam and Repbase
databases, respectively, and the miRNA was mapped to the
precursor sequence. The read count of each miRNA was
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obtained from the mapping results. Genes with Q-value <

0.01 and log2 absolute value (fold-change) < 1 were desig-
nated as differentially expressed genes.

Effects of OA-GL17d on miR-663a expression in HaCaT

cells

The effects of OA-GL17d on miR-663a expression were
detected using real-time polymerase chain reaction (RT-PCR)
[32–34]. In short, HaCaT cells were cultured in 24-well
plates (1 × 105 cells/well) for 3 h at 37◦C. Then cells were
inoculated in serum-free culture medium and incubated with
vehicle or peptide OA-GL17d (0.5, 5 and 50 nM) at 37◦C for
24 h. A miRNA Extraction Kit (GeneCopoeia, Guangzhou,
China) was used to extract miRNA. Single-stranded cDNA
was synthesized from miRNA using a Prime Script Reagent
Kit (GeneCopoeia, Guangzhou, China). The all-in-one RT-
PCR primers used to quantify target expression included miR-
663a (HmiR0348, GeneCopoeia, Guangzhou, China) and U6
(HmiRQP9001, GeneCopoeia, Guangzhou, China). A PCR
equipment (Life Technologies, Thermo, USA) was used for
RT-PCR and the relative expression of the samples to the
control was calculated by using the 2−��CT method [13].

Effects of OA-GL17d on TGF-β1 level in HaCaT cells

The mRNA expression level of TGF-β1 was measured based
on previous studies [35,36]. Total RNA was extracted from
HaCaT cells by using an RNA Extraction Kit (Tiangen,
China). The synthesis of single-stranded cDNA from total
RNA was performed using a Prime Script Reagent Kit
(GeneCopoeia, Guangzhou, China). The all-in-one qPCR
primer used to quantify target expression was TGF-β1
(HQP018044), with GAPDH (HQP006940) used as a
reference gene (GeneCopoeia, Guangzhou, China). TGF-β1
expression was detected by RT-PCR based on previous studies
of TGF-β1 release [37,38]. HaCaT cells (2.5 × 1 05 cells/well,
500 μl) were added to a 24-well plate. OA-GL17d (0.5, 5 and
50 nM) was added after the cells adhered to the wall for 3 h.
The control group consisted of the same volume of serum-free
medium. After culture at 37◦C for 24 h, the supernatant of
the culture medium was collected and analysed using enzyme-
linked immunosorbent assay kits (Jianglai Bioscience, China).

Effects of miR-663a on proliferation, scratch repair and

TGF-β1 expression in HaCaT cells

HaCaT cells were transfected as described in previous stud-
ies [14,39,40]. The miR-663a inhibitor, miR-663a mimic
and their corresponding negative controls were commercially
provided by RIBBIO (Guangzhou, China). The cells were
transfected (2.5 × 105 cells/well) in a 24-well plate according
to the manufacturer’s protocols. Once they reached 80%
confluence, the transfection reagent (Lipofectamine TM3000,
L3000001, Thermo Fisher Scientific, USA) was used for cell
transfection. The cells were harvested 24 h after transfection
and transfection efficiency was detected by RT-PCR, with cell

proliferation and scratch repair then carried out to explore
the role of miR-663a in HaCaT cells, and the mRNA expres-
sion level of TGF-β1 was detected by RT-PCR.

Effects of OA-GL17d and miR-663a on the Smad

signaling pathway in HaCaT cells

Cell lysates (phosphatase inhibitors, Roche, China; phenyl-
methylsulfonyl fluoride (PMSF), radio immunoprecipitation
assay (RIPA), Meilun Biotechnology, China) were used to
crack cells. Protein samples (20 μg) were separated and trans-
ferred to polyvinylidene fluoride membranes and sealed at
room temperature in Tris-buffered saline and 0.2%Tween 20
(TBST) containing 5% skim milk for 1.5 h. The membranes
were incubated with primary antibodies (Smad2/3, p-Smad2,
p-Smad3, GAPDH; Cell Signaling Technology, USA) at 4◦C
for 13 h, washed three times with TBST, and incubated with
secondary antibodies for 1 h, with the protein bands then
visualized using an Enhanced Chemiluminescence Detection
Kit (Beyotime Institute of Biotechnology, China).

Stability of OA-GL17d in plasma

The stability of OA-GL17d in plasma was tested as described
in a previous study [41]. In brief, OA-GL17d (100 μl) was
mixed with plasma (100 μl) and incubated at 37◦C for dif-
ferent times (0, 2, 4, 6, 8 and 10 h), after which urea (100 μl,
8 mol), trichloroacetic acid (60 μl) and ddH2O (640 μl) were
added. The peak area of OA-GL17d absorbance at 220 nm
at different times was detected by high-performance liquid
chromatography (HPLC).

Statistical analysis

The data were analyzed by GraphPad Prism 7.0 (Graph-
Pad Software Inc., San Diego, CA, USA) and are expressed
as mean ± standard deviation (mean ± SD). Student’s t-test
was used between the two groups and one-way analysis of
variance or two-way analysis of variance combined with
Bonferroni’s post hoc test was used for multiple comparisons
testing. P < 0.05 was considered statistically significant.

Results

Fractionation of peptide from frog skin secretions and

determination of the amino acid sequence

Frog skin secretions were fractionated by gel-filtration
reversed-phase HPLC as per our previous report [20]. As
displayed in Figure S1a (see online supplementary material),
the fraction at an elution time of 38.7 min exhibited the
ability to promote keratinocyte proliferation (data not
shown). Based on the mass spectrum of the original sample
without reduction treatment, an m/z of 4180.749 was
observed (Figure S1b, see online supplementary material).
After reduction by DL-dithiothreitol, the m/z 4180.749
peak disappeared, and peaks at m/z 2091.841 ([M + H]+),
2113.820 ([M + Na]+) and 2129.794 ([M + k]+) were found
in the mass spectrum of the reduced sample (Figure S1c,

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
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Figure 1. Structural properties of peptide OA-GL17d. (a) The cDNA encoding the precursor of peptide OA-GL17. The precursor of OA-GL15 was composed of

62 amino acid residues, which was encoded by a cDNA sequence of 311 bp. The mature sequence of OA-GL17 was ‘GLFKWHPRCGEEQSMWT’. (b) Sequence

alignment of peptide OA-GL17 with odorranain-H1. The overall structure of the precursors of OA-GL17 and odorranain-H1 consisted of a highly conserved motif of

signal peptide followed by acidic peptide, enzymatic cleavage site ‘KR’, and then the mature peptide. (c, d) Different views of the predicted advanced structure of

peptide dimer OA-GL17d provided by PEP-FOLD3. Red, oxygen atoms; blue-green, α-helix; blue, nitrogen atoms; light red, disulfide bridge; yellow, sulfur atoms

see online supplementary material), indicating the potential
existence of a dimer in the original peptide sample and a
monomer in the reduced sample. Analysis of tandem MS
results provided solid evidence to prove the existence of
an inter-chain disulfide bond in the dimer. As shown in
the MS/MS spectrum of m/z 2159.7034 ([M + Na]+), two
peptide triplets (m/z 1036.548–1070.538–1102.529 and m/z
1058.661–1092.579–1124.623) were observed, indicating
the formation of an inter-chain disulfide bond between two
peptide fragments, one is peptide CGEEQSMWT charged
by H+, the other is peptide CGEEQSMWT charged by
Na+ (Figure S1d, see online supplementary material). The
sequence was identified as ‘GLFKWHPRCGEEQSMWT’ by
searching a previously constructed cDNA library [42].

Characteristics of the structure of OA-GL17d

By searching in the NCBI database, the peptide with
the sequence ‘GLFKWHPRCGEEQSMWT’ did not show
obvious similarity to the sequences of reported peptides,
and was thus considered as a new peptide and named
OA-GL17d. A 311-bp cDNA encoding the peptide monomer
was obtained, encoding a 62 amino acid precursor (Figure 1a).

The overall structure of the OA-GL17d precursor was similar
to that of other frog peptides (e.g. odorranain-H1) and
included signal peptides, acidic fragments, enzyme cleavage
site KR and mature peptides (Figure 1b). The monomer
amino acid sequence of the peptide was determined to
be ‘GLFKWHPRCGEEQSMWT’ by genomics and peptide
mapping analysis. The theoretical molecular weight of OA-
GL17d (4182.78 Da) was only ∼2 Da different from the
actual molecular weight (4180.749 Da), indicating that OA-
GL17d contained disulfide bonds and no post-translational
modification. As shown in Figure 1c and d, the PEP-FOLD3
prediction indicated that the two OA-GL17 monomers were
composed of α-helical structures and formed covalent dimer
via disulfide bridges.

OA-GL17d showed no toxicity and hemolytic activity

Toxicity and hemolytic activity were evaluated before the
bioactivity of OA-GL17d was determined. We confirmed
the effects of OA-GL17d on HaCaT cell activity using a
living/dead cell survival assay. As shown in Figure S2 (see
online supplementary material), only a few dead HaCaT
cells were stained with PI (red fluorescence) while most cells

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
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Figure 2. Effects of OA-GL17d on keratinocyte proliferation, scratch healing and migration. (a) Representative pictures of the promoting effects of OA-GL17d (0.5,

5 and 50 nM) on scratch healing in HaCaT cells (Scale bar: 100 μm). (b) Quantitative effects of OA-GL17d (0.5, 5 and 50 nM) on scratch repair of HaCaT cells

at 24 h. (c) Quantitative effects of OA-GL17d (0.5, 5 and 50 nM) on proliferation of HaCaT cells at 12 h. (d) Quantitative effects of OA-GL17d (0.5, 5 and 50 nM)

on proliferation of HaCaT cells at 24 h. (e) Representative pictures of OA-GL17d (0.5, 5 and 50 nM) on Transwell in HaCaT cells (Scale bar: 200 μm). Data (b, c,

d) were obtained from three independent experiments with three replicates, ns: no significance, ∗p < 0.05 and ∗∗∗∗p < 0.0001 indicate significant differences

between two groups. EGF epidermal growth factor

were stained with Calcein-AM (green fluorescence), which
indicated that OA-GL17d had no cytotoxic effects on HaCaT
cells. In addition, intraperitoneal injection of 100, 500 and
1000 μg/kg OA-GL17d in mice did not cause death (Table
S1, see online supplementary material). We next tested the
hemolytic activity of OA-GL17d on mouse red blood cells,
which was negligible, as shown in Table S2, see online supple-
mentary material. In addition, as seen in Figure S3 (see online
supplementary material), OA-GL17d incubated with plasma
at 37◦C was completely degraded at 10 h and its half-life
was ∼1.86 h. These results afforded a solid foundation for

research into the regenerative ability of OA-GL17d in vitro
and in vivo.

OA-GL17d promoted HaCaT cell proliferation,

scratch healing and migration

In the scratch healing experiment (Figure 2a), OA-GL17d
showed strong scratch healing ability. The repair rate of OA-
GL17d (50 nM) was 96 ± 3% at 24 h, while the repair rate of
the vehicle group was 35 ± 8% (n = 3, Figure 2b). Based on
the MTS experiment, compared with vehicle, OA-GL17d

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
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Figure 3. OA-GL17d accelerated full-thickness skin wound repair in mice. (a) Representative pictures of skin wounds in vehicle, EGF- and OA-GL17d-treated groups.

(b) Quantitative data showing repair rate of vehicle, EGF (50 nM), and OA-GL17d (0.5, 5 and 50 nM) groups. (c) H&E staining of skin wound sections (Scale bar:

750 μm) . (d) Quantification of thickness of neo-epidermal tissue on day 4. (e) Quantification of thickness of granulation tissue on day 4. (f) Quantification of

thickness of neo-epidermal tissue on day 8. (g) Quantification of thickness of granulation tissue on day 8. Data (b, d, e, f, g) were obtained from six mice; ns no

significance, ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 indicate significant differences compared with the vehicle group. EGF epidermalngrowth factor,

H&E hematoxylin and eosin, GT granulation tissue, NE newborn epithelium, ES eschar, M muscle tissue
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Figure 4. OA-GL17d accelerated skin scald wound repair in mice. (a) Representative pictures of scalded skin in vehicle, EGF- and OA-GL17d-treated groups. (b)

Quantitative data showing repair rates of vehicle, EGF (50 nM) and OA-GL17d (0.5, 5 and 50 nM) groups. (c) H&E staining of scalded skin sections. (d) Quantitative

analysis of skin wound re-epithelialization tissue thickness on day 8. (e) Quantitative analysis of skin wound re-epithelialization tissue thickness on day 12. Data

(b, d, e) were obtained from six mice; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 indicate significant differences compared with the vehicle group. EGF

epidermalngrowth factor, H&E hematoxylin and eosin

promoted HaCaT cell proliferation, especially at 24 h
(27 ± 8%; n = 3) (Figure 2c and d). Using a Transwell
experiment, OA-GL17d was also observed to significantly
promote HaCaT cell migration (Figure 2e), as confirmed by
the absorbance of eluted crystal violet at 570 nm (Figure S4,
see online supplementary material).

OA-GL17d promoted full-thickness skin wound

repair in mice

OA-GL17d exhibited remarkable repair-promoting abilities
in HaCaT cells. The pro-healing activity of OA-GL17d in
mouse skin wounds was measured. OA-GL17d promoted
wound healing activity in a concentration-dependent manner

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
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Figure 5. OA-GL17d promoted TGF-β1 expression in HaCaT cells by inhibiting miR-663a expression. (a) Effects of OA-GL17d on miR-663a expression. (b) Effects

of miR-663a mimic transfection on miR-663a expression in HaCaT cells. (c) Effects of miR-663a inhibitor transfection on miR-663a expression in HaCaT cells. (d)

Effects of miR-663a mimic and inhibitor on TGF-β1 mRNA expression. (e) Effects of OA-GL17d on TGF-β1 mRNA expression. (f) Effects of OA-GL17d on TGF-

β1 protein level. Data were obtained from three independent experiments; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ∗∗∗∗p < 0.0001 indicate significant differences

between two groups. TGF-β1 transforming growth factor-β1

(0.5, 5 and 50 nM), as shown in Figure 3a. The skin wound
healing rate in the OA-GL17d group (50 nM) was 83 ± 1%
on day 8 post-operation, similar to that of the EGF (50 nM)
group (87 ± 2%) but higher than that of the vehicle group

(71 ± 3%) (Figure 3b, n = 6). In addition, H&E staining of
skin sections on days 4 and 8 after the operation (Figure 3c)
showed that new epidermis and granulation tissue had begun
to grow. On day 4, the thicknesses of new epidermis and
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Figure 6. Effects of miR-663a on HaCaT cells proliferation and scratch healing. (a) Representative pictures of cells scratch healing (Scale bar: 100 μm). (b)

Quantitative effects of each group on scratch repair of HaCaT cells at 12 h. (c) Quantitative effects of each group on scratch repair of HaCaT cells at 24 h. (d)

Quantification of the effect of each group on HaCaT cell proliferation. Data in (b, c, d) were obtained from three independent experiments; ∗∗p < 0.01, ∗∗∗p < 0.001,
∗∗∗∗p < 0.0001 indicate significant differences between two groups

granulation tissue were 119 ± 7 and 505 ± 46 μm in the
vehicle group, 61 ± 6 and 399 ± 20 μm in the OA-GL17d-
treated groups and 58 ± 2 and 317 ± 82 μm in the EGF-
treated group, respectively (Figure 3d, e, n = 6). On day 8,
the thicknesses of the new epidermis and granulation tissue
were 86 ± 7 and 982 ± 8 μm in the vehicle group, 52 ± 4 and
624 ± 27 μm in the OA-GL17d-treated group and 38 ± 10
and 719 ± 54 μm in the EGF-treated group, respectively
(Figure 3f, g, n = 6). The new epidermis and granulation tissue
in the OA-GL17d-treated group were smaller than in the
vehicle group, but its effect was similar to that of the EGF
group. Therefore, OA-GL17d exhibited a strong promotion
effect on wound repair.

OA-GL17d promoted scald wound repair in mice

We then studied the effect of OA-GL17d on scald wounds in
mice. OA-GL17d promoted scald wound repair in mouse skin
(Figure 4a). On day 12 after the operation, the regeneration
rate of scald wounds was 76 ± 3% in the OA-GL17d-treated
group (50 nM), 78 ± 5% in the EGF-treated group and
only 40 ± 4% in the vehicle group (Figure 4b, n = 6). H&E-
staining was performed to observe tissue sections (Figure 4c).
On day 8, the re-epithelialization rate was only 15 ± 3% in

the vehicle group, but reached 35 ± 2% in the OA-GL17d-
treated group (50 nM) and 38 ± 3% in the EGF-treated group
(Figure 4d, n = 6). On day 12, the re-epithelialization rate was
42 ± 2% in the vehicle group and 78 ± 4% in the OA-GL17d
group (50 nM), with almost complete re-epithelialization in
the EGF-treated group (Figure 4e, n = 6). Therefore, OA-
GL17d effectively promoted the repair of skin wounds in
vivo, showing its potential value in wound repair.

miRNA sequencing analysis

To investigate the role of miRNA in OA-GL17d in skin
wound repair, we carried out miRNA sequencing (Figure
S5a, see online supplementary material). Results showed that
12 miRNAs were significantly up-regulated and 72 miRNAs
were down-regulated, respectively. Notably, miR-663a was
one of the most significantly down-regulated (Figure S5b)
and was therefore selected for further analysis to explore the
effects on HaCaT cells.

OA-GL17d promoted TGF-β1 expression by inhibiting

miR-663a expression in HaCaT cells

We verified the effects of OA-GL17d on miR-663a expression
in HaCaT cells using RT-PCR. Compared with the vehicle

https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
https://academic.oup.com/burnstrauma/article-lookup/doi/10.1093/burnst/tkac032#supplementary-data
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Figure 7. Effects of OA-GL17d and miR-663a on the Smad signaling pathway in HaCaT cells. (a) Representative pictures of western blotting of p-Smad2, p-

Smad3 and Smad2/3. (b, c) Quantitative analysis of phosphorylation levels of related proteins. Data were obtained from three independent experiments; ns no

significance, ∗p < 0.05 and ∗∗∗p < 0.001 indicate significant differences between two groups

group, OA-GL17d (50 nM) treatment decreased the expres-
sion of miR-663a by 56 ± 2% (n = 3) (Figure 5a), thereby
indicating that OA-GL17d significantly inhibited miR-663a
expression. Previous research has shown that miR-663a tar-
gets TGF-β1 in HaCaT cells [19]. To explore the effects
of miR-663a on TGF-β1 expression, miR-663a mimic and
inhibitor were transfected into HaCaT cells. Based on RT-
PCR verification, we successfully obtained HaCaT cells with
stable high expression of miR-663a and stable inhibition of
miR-663a (n = 3) (Figure 5b, c). We then verified the effects
of miR-663a on TGF-β1 expression in HaCaT cells. Results
showed that TGF-β1 expression in HaCaT cells decreased
by 57 ± 6% in the miR-663a mimic group compared with
the corresponding negative control, while TGF-β1 expression
increased by 105 ± 28% in the miR-663a inhibitor group
(Figure 5d, n = 3). Thus, overexpression of miR-663a signifi-
cantly inhibited TGF-β1 expression, while inhibition of miR-
663a significantly promoted TGF-β1 expression. We also

carried out RT-PCR and enzyme-linked immunosorbent assay
tests to detect the effects of OA-GL17d (50 nM) on TGF-
β1 expression in the HaCaT cells. Results showed that TGF-
β1 mRNA expression increased by 71 ± 12% (n = 3) and
TGF-β1 release increased by 45 ± 9% (n = 3) compared with
the vehicle group (Figure 5e, f).Therefore, OA-GL17d signif-
icantly promoted the expression of TGF-β1 in the HaCaT
cells. Overall, OA-GL17d induced TGF-β1 expression and
improved wound healing by inhibiting miR-663a expression.

Inhibition of miR-663a expression promoted HaCaT

cell proliferation and scratch healing

The effects of miR-663a on HaCaT cells cell proliferation
and scratch healing were tested. Compared with the control
group, overexpression of miR-663a inhibited scratch healing
in HaCaT cells, while inhibition of miR-663a significantly
promoted scratch healing in HaCaT cells (Figure 6a). As
shown in Figure 6b, c, the scratch healing rates at 12 and
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24 h were 18 ± 2 and 43 ± 3% in the miR-663a mimic group,
64 ± 2 and 92 ± 1% in the miR-663a inhibitor group and
36 ± 2 and 57 ± 3% in the corresponding negative control
group, respectively (n = 3). As shown in Figure 6d, HaCaT
cell proliferation was inhibited in the miR-663a mimic group
(by 7 ± 0.5%) but was promoted in the miR-663a inhibitor
group (by 6 ± 1%) (n = 3). Therefore, inhibition of miR-663a
expression significantly promoted HaCaT cell scratch healing
and proliferation.

OA-GL17d and miR663a activated the Smad signaling

pathway in HaCaT cells

Previous studies have shown that the TGF-β1/Smad signaling
pathway plays an important role in wound healing [43,44].
Our study showed that OA-GL17d significantly promoted
the expression of TGF-β1 by inhibiting the expression of
miR-663a in the HaCaT cells. We investigated the effects of
OA-GL17d and miR-663a on the Smad signaling pathway
by western blotting. As shown in Figure 7a, OA-GL17d
treatment and miR-663a inhibition significantly activated
the Smad signaling pathway, while miR-663a overexpression
significantly inhibited it. In addition, as shown in Figure 7b, c,
OA-GL17d treatment (50 nM) and miR-663a inhibition
promoted the phosphorylation of Smad2 and Smad3
compared with the vehicle group (n = 3). These results
suggest that OA-GL17d activated the TGF-β1/Smad signaling
pathway by inhibiting the expression of miR-663a.

Discussion

During vertebrate evolution, keratinization of the skin
provided amphibians with the opportunity to abandon their
aquatic habitats and adapt to the terrestrial environment.
Their skin not only provides protection against the harsh
external environment, but also participates in respiration,
osmoregulation and thermoregulation. In the past few
decades, a variety of antimicrobial and antioxidant peptides
were reported from skin secretions of amphibian [45–48].
Amphibian skin-secreted peptides are thus considered a
valuable resource for the development of regenerative wound-
healing agents due to their high affinity, high specificity, high
safety and fast clearance rate. When combined with other
treatment strategies, these peptides showed a strong pro-
repair effect on skin wound regeneration [23]. Therefore, the
discovery of new peptides has important clinical significance
in skin wound repair.

In the current study, a new natural peptide homodimer
(OA-GL17d; GLFKWHPRCGEEQSMWT) was identified
from the skin secretions of O. andersonii. OA-GL17d demon-
strated no cytotoxicity, hemolytic activity or acute toxicity in
mice, thus laying the foundations for the exploration of its
biological activity. Based on plasma stability analysis, we
found that OA-GL17d was completely degraded after 10 h
and its half-life was ∼1.86 h, much longer than that of some
peptides [13,41], which may be related to the relative stability

of its dimer structure. OA-GL17d significantly promoted
HaCaT cell scratch repair, migration and proliferation, which
are important mechanisms in skin wound repair [49–51].
In addition, OA-GL17d significantly stimulated the healing
of full-thickness skin wounds and scald wounds in mice.
Given the significant promotion effects of OA-GL17d on
skin wound healing, we explored the possible underlying
mechanisms.

Research has shown that miRNA is involved in a variety
of biological processes, including inflammation, apoptosis,
proliferation and angiogenesis, and is considered an impor-
tant therapeutic target for skin injury repair intervention
[52–56]. However, the role of miRNA in skin wound repair
remains poorly understood, and the discovery and analysis of
new miRNAs may provide a novel strategy in skin regenera-
tion. Based on miRNA sequencing analysis and verification,
OA-GL17d significantly inhibited miR-663a expression. Fur-
ther analysis indicated that miR-663a inhibition significantly
promoted TGF-β1 expression, as did OA-GL17d treatment.
Many studies have shown that TGF-β1 plays an impor-
tant role in angiogenesis, inflammation, re-epithelialization
and tissue regeneration [57–59]. Our results further con-
firmed that the overexpression of miR-663a inhibited, while
the inhibition of miR-663a expression promoted HaCaT
cells proliferation and scratch repair. We also found that
OA-GL17d treatment and miR-663a inhibition activated the
Smad signaling pathway and significantly reversed the effect
of miR-663a mimic on the Smad pathway, but no obvi-
ous synergistic effect with miR-663a inhibitor was observed,
which implied that OA-GL17d activated the Smad signaling
pathway by inhibiting the expression of miR-663a. According
to a previous study, miR-663a targets TGF-β1 in HaCaT
cells [19], and thus we did not perform double luciferase
analysis. Therefore, we speculate that OA-GL17d may act
on TGF-β1 through miR-663a to activate the Smad signaling
pathway, thereby promoting skin wound healing. Based on
functional analysis, we found that the effect of miR-663a
was less pronounced than that of OA-GL17d, suggesting
that OA-GL17d may not just promote skin repair by acting
on miR-663a or that miR-663a may play a biological role
through other pathways. Therefore, using miRNA sequenc-
ing, we will explore the roles of other miRNAs and their
target proteins in skin wound repair, underscoring the impor-
tance of using exogenous peptides as molecular probes to
explore ceRNAs.

Conclusions

Frog skin secretions exhibit great potential in the devel-
opment of bioactive peptides. The novel natural peptide
homodimer (OA-GL17d) reported here could be applied as a
candidate drug for the treatment of skin trauma. Our results
highlight the importance of using exogenous peptides as
molecular probes to explore ceRNA mechanisms and suggest
that miR-663a may be an effective target to promote skin
repair.
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