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ABSTRACT

Despite extensive efforts to develop efficacious therapeutic approaches, the treatment of skin wounds remains a
considerable clinical challenge. Existing remedies cannot sufficiently meet current needs, so the discovery of
novel pro-healing agents is of growing importance. In the current research, we identified a novel short peptide
(named RL-QN15, primary sequence ‘QNSYADLWCQFHYMC’) from Rana limnocharis skin secretions, which
accelerated wound healing in mice. Exploration of the underlying mechanisms showed that RL-QN15 activated
the MAPK and Smad signaling pathways, and selectively modulated the secretion of cytokines from macro-
phages. This resulted in the proliferation and migration of skin cells and dynamic regulation of TGF-f1 and TGF-
f3 in wounds, which accelerated re-epithelialization and granulation tissue formation and thus skin regenera-
tion. Moreover, RL-QN15 showed significant therapeutic potency against chronic wounds, skin fibrosis, and oral
ulcers. Our results highlight frog skin secretions as a potential treasure trove of bioactive peptides with healing
activity. The novel peptide (RL-QN15) identified in this research shows considerable capacity as a candidate for
the development of novel pro-healing agents.

1. Introduction

lead to skin damage, tissue loss, and structural and functional impair-
ment [1,2]. After injury, the body usually initiates a series of highly

As the largest human organ and physical barrier to the external
environment, skin plays an essential role in temperature regulation as
well as protection, perception, excretion, absorption, metabolism, and
immunity. The structural integrity of the skin is also crucial for the
maintenance of physiological functions. However, many insults,
including mechanical, thermal, chemical, and radiative stimulation, can

complex and overlapping physiological processes for wound repair: i.e.,
hemostasis, inflammation, proliferation, and remodeling. Each stage is
tightly controlled and includes the regulation of various cells (e.g., fi-
broblasts, macrophages, platelets, and epithelial keratinocytes) and
substances (e.g., fibroblast, platelet-derived, transforming, endothelial,
and epidermal growth factors) [3,4].
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Although skin repair is an innate and universal process, various
factors can affect the stages of healing, resulting in chronic non-healing
wounds or excessive wound healing. Chronic non-healing wounds pro-
vide the opportunity for pathogens to invade and reproduce, leading to
infection, sepsis, water and electrolyte disorders, multiple organ failure,
and secondary diseases, as well as an increase in the physiological and
economic burden on patients [5]. Excessive wound healing is often
exemplified by hypertrophic scars and keloids, which can affect skin
appearance, formation and function [6]. Both excessive wound healing
and chronic non-healing wounds impair the normal physiological
function of skin, resulting in serious clinical and financial costs [7-9].

Considerable efforts have been expended to investigate effective
methods for the healing of skin wounds. Although novel therapies, such
as stem cell and tissue engineering technologies, have attracted atten-
tion, interventional drug therapy remains crucial [3,10-12]. At present,
the most commonly used clinical drugs include small molecular com-
pounds and growth factors. However, these single-type drugs have
several limitations: for example, the former are unstable, difficult to
synthesize, and exhibit unsatisfactory activity; the latter require strict
preservation conditions and are easily inactivated during transportation,
preservation, and use, and more importantly, can cause excessive wound
repair, resulting in hypertrophic scars [13-15]. Therefore, in clinical
practice, skin wound repair and regeneration still face enormous chal-
lenges and existing drugs are unable to meet growing clinical needs.
Thus, the identification and development of molecules with strong
healing activity and low production costs are essential.

Since 2000, approximately 30 peptide drugs have been approved,
with several achieving great success, e.g., abaloparatide, semaglutide,
and plecanatide [16]. These peptide drugs demonstrate considerable
advantages, including relatively straightforward compound discovery,
comparatively high affinity and selectivity with receptors in vivo,
reasonably high safety, limited toxic metabolites, fast clearance rate,
poor accumulation and reduced interactions with other drugs [17,18].
The success of peptide drug development is much higher than that of
small molecular compounds, which has resulted in growing interest
worldwide [19-22]. Although remarkable achievements have been
made, only a few non-growth factor peptides have shown the ability to
increase skin wound repair [23]. While active wound repair peptides
with high activity, strong stability, and low cost have broad market
prospects, the discovery of drug candidate molecules remains scarce.

Amphibians are a natural repository of active peptides. Many
different active peptides from frog skin secretions, such as Esculentin-1a
(1-21) NH; and Temporins A and B, are reported to show accelerated
wound-healing activity [24-26]. In this study, we identified a novel
short pro-healing peptide (named RL-QN15) with an amino acid
sequence of ‘QNSYADLWCQFHYMC’ from Rana limnocharis skin secre-
tions. RL-QN15 showed significant therapeutic potency against chronic
wounds, skin fibrosis, and oral ulcers. Thus, RL-QN15 exhibits strong
potential as a candidate for the development of efficacious skin wound
repair agents.

2. Materials and methods
2.1. Collection of frog skin secretions and animal ethics

Adult R. limnocharis frogs (n = 50) were collected in Hekou County,
Yunnan Province, China. The frog skins were stimulated for secretion
collection, as per previous research [27]. All animal procedures were
approved and conducted in accordance with the requirements of the
Ethics Committee of Kunming Medical University, Yunnan, China.

2.2. Purification procedure
Lyophilized secretions were re-dissolved in ultrapure water and then

centrifuged at 12 000 x g for 20 min at 4 °C. The supernatant was
collected and ultrafiltered by an Amicon Ultrafilter with a cutoff
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molecular weight of 10 KDa (Merck-Millipore, Germany). The resulting
sample was then purified by two rounds of reversed-phase high-per-
formance liquid chromatography (RP-HPLC) with a C18 column
(Hypersil BDS C18, 4.0 x 300 mm, Elite, China) pre-equilibrated with
0.1 % (v/v) trifluoroacetic acid (TFA) in water. Elution was performed
using a linear gradient (0%-65 % acetonitrile over 65 min) of 0.1 % (v/
v) TFA in H,O at a flow rate of 1 mL/min, with monitoring at 220 nm.
Fractions with cellular-level wound healing activity were collected,
lyophilized, and stored at —20 °C for future use.

2.3. Analysis of peptide primary structure

Samples dissolved in 25 mM NH4HCOj3 buffer at a final concentration
of 0.5 pg/pL were reduced by 10 mM DTT at 37 °C for 40 min. After-
ward, 1 pL of the native or reduced peptide was mixed with an equal
volume of a-cyano-4-hydroxycinnamic acid (5 mg/mL, dissolved in 50
% ACN, 0.1 % TFA) and applied to a stainless-steel plate. Following
crystallization, the plates were analyzed using a mass spectrometer
(Autoflex speed TOF/TOF, Bruker Daltonik GmbH, Leipzig). The MS and
MS/MS detection modes were employed to detect molecular weight and
sequence information, respectively [27]. Results were also confirmed by
Edman degradation on a PPSQ-31A protein sequencer (Shimadzu,
Japan) according to the manufacturer’s standard GFD protocols. The
skin of one adult frog was used for cDNA cloning, RNA extraction, cDNA
synthesis, and cDNA encoded peptide screening by polymerase chain
reaction (PCR). The sequencing of PCR products was performed as per
our previous report [28]. The de novo structure of RL-QN15 was pre-
dicted using the PEP-FOLD3 online service in accordance with other
research [29].

2.4. Peptide synthesis

All peptides with purity higher than 95 % used in this research were
commercially synthesized by Wuhan Bioyeargene Biotechnology Co.
Ltd. (Wuhan, China). The synthesized RL-QN15 was analyzed by mass
spectrometry and co-eluted with native RL-QN15 to ensure the correct
structure.

2.5. Cellular proliferation, migration, and scratch healing assay against
keratinocytes

Immortalized human keratinocytes (HaCaT) were cultured in
DMEM/F12 (BI, Israel) supplemented with 10 % (v/v) fetal bovine
serum (FBS, Hyclone, USA) and antibiotics (100 units/mL penicillin and
100 units/mL streptomycin) at 37 °C in a humidified atmosphere of 5%
COs. The effects of different concentrations of RL-QN15 on HaCaT cell
proliferation were then determined based on previous study [30]. The
effects of RL-QN15 on HaCaT cell migration were also tested using a
24-well plate with Falcon cell culture inserts (8-pm pores, Corning, USA)
as per previous research [31]. In addition, the effects of RL-QN15 on
HaCaT cell scratch healing were determined following an earlier study
[32]. The effects of inhibitors of the MAPK signaling pathway, i.e.,
SB239063, SB600125, and PD98059 (10 pM, MedChemExpress, USA),
and TGF-fl1/Smad signaling pathway, i.e., ITD-1 (10 pM, Selleck,
China), on RL-QN16-induced HaCaT cell migration and scratch healing
were also determined [33].

2.6. Effects of RL-QN15 on release of cytokines from macrophages
(RAW264.7)

Mouse macrophages (RAW264.7) were cultured in DMEM/F12 (BI,
Israel) supplemented with 10 % (v/v) FBS (Hyclone, USA) and antibi-
otics (100 units/mL penicillin and 100 units/mL streptomycin) at 37 °C
in a humidified atmosphere of 5% COs. The effects of RL-QN15 on
RAW264.7 cell proliferation were determined according to prior
research [31].
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The RAW?264.7 cells (1 x 10°) were first seeded in a 96-well culture
plate for 4 h to ensure adhesion, then incubated with a vehicle or
different concentrations of RL-QN15 for 9 h. The supernatants of me-
dium were then collected, and the contents of TNF-a, TGF-p1, IL-1p, IL-
6, VEGF (NeoBioscience, Shanghai, China), TGF-p3, and Smad7 (Jian-
glai Bioscience, Shanghai, China) were detected using ELISA Kkits
following the manufacturer’s instructions. To detect TNF-a, the cells
were also stimulated using vehicle, lipopolysaccharide (LPS, 1 pg/mL,
Sigma-Aldrich, St Louis, MO, USA) from Escherichia coli, or LPS (1 pg/
mL) and RL-QN15 (combined) at different concentrations. In addition,
three MAPK signaling pathway inhibitors, i.e., PD98059, SP600125, and
SB203580 (20 uM, MedChemExpress, USA), were co-incubated with RL-
QN15 (10 nM) for 9 h, with the contents of TGF-p1 and TGF-p3 in the
supernatants of medium then tested.

2.7. Differential transcript expression and bioinformatics analyses

The RAW264.7 cells (5 x 106) were seeded in 6-well culture plates.
After adhesion, the cells were cultured in serum-free medium and then
incubated with vehicle or RL-QN15 (10 nM) for 2 h, with total RNA then
extracted using an RNA extraction kit (Tiangen, Beijing, China). Total
RNA (three for vehicle and three for RL-QN15) library construction and
transcriptome sequencing were conducted by the BGI Company
(Shenzhen, China). The clean reads were compared to the reference gene
sequence using Bowtie v2 and the gene expression level of each sample
was calculated using RSEM (RNA-Seq by Expectation-Maximization). A
DEGseq (differentially expressed genes from RNA-seq) Q-value of <0.05
was considered statistically significant. We used ‘GO: TermFinder’
(http://www.geneontology.org/) to identify significantly enriched Gene
Ontology (GO) terms and biological functions in candidate genes.
Furthermore, we performed Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis (http://www.genome.jp/KEGG/) to deter-
mine the most important metabolic and signal transduction pathways in
candidate genes, with the top 10 significant pathways (Q-value < 0.05)
selected [34].

2.8. Effects of RL-QN15 on regulation of MAPK and Smad signaling
pathways

The RAW264.7 cells (5 x 106) were seeded in 6-well culture plates.
After adhesion, the cells were cultured in serum-free medium and
incubated with vehicle or RL-QN15 at different concentrations for 2 h
(MAPK signaling pathway) or 16 h (Smad signaling pathway). Cells were
then treated with lysate (RIPA and PMSF, Meilun Biotechnology, Dalian,
China; phosphatase inhibitors, Roche, Shanghai, China). The proteins
were quantified by the Bradford method (BCA protein analysis kit,
Meilun, Dalian, China). Protein samples were then separated by 12 %
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE),
electroblotted onto polyvinylidene fluoride (PVDF) membranes, and
analyzed by western blotting as per previous study [35]. Primary anti-
bodies, including p-actin, Erk1/2, p-Erkl/2, JNK, p-JNK, P38, p-P38,
Smad2, p-Smad2, Smad3, p-Smad3 (Cell Signaling Technology, Dan-
vers, MA, USA), and Smad7 (Bioss, Beijing, China), were used for
western blotting following the provided instructions.

2.9. Effects of RL-QN15 on healing of acute full-thickness dorsal skin
wounds in mice

Male Kunming mice (22—-24 g, five weeks old) were randomly
selected to establish acute full-thickness dorsal skin wounds, as per
previous research [30]. The wounds were topically treated with vehicle,
Kangfuxin (KFX, 10 mg/mL, ethanol extract of the American cockroach,
Inner Mongolia Jingxin Pharmaceutical Co. Ltd., China), or RL-QN15 at
different concentrations twice a day. Wound condition was documented,
with ImageJ software employed to estimate wound area (percentage of
residual wound area to initial area) and GraphPad Prism used to
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quantify wound healing. Skin tissue samples from the central area of the
wounds were taken from mice following topical treatment with vehicle,
KFX (10 mg/mL), or RL-QN15 (50 nM) at days 5 and 9 post-surgery. The
skin samples were then stained using hematoxylin & eosin (H&E) and
analyzed histologically.

2.10. Effects of RL-QN15 on levels of TGF-$1 and TGF-$3 in acute skin
wound tissues

Samples from the central area of the acute full-thickness skin wounds
were obtained from mice on days 3 and 9 post-surgery, then homoge-
nized in phosphate-buffered saline (PBS; 1:9, weight/volume), and
centrifuged at 12 000 x g for 20 min at 4 °C. The supernatants were
collected and TGF-p1 and TGF-p3 levels were analyzed using ELISA kits
(Jianglai Bioscience, Shanghai, China).

2.11. Effects of RL-QN15 on healing of chronic full-thickness dorsal skin
wounds induced by diabetes mellitus in mice

Male C57BL/6 mice (20—24 g, 6-8 weeks old) were randomly
selected to establish chronic full-thickness dorsal skin wounds. Briefly,
the mice were fed high-fat diets for one month and were then injected
intraperitoneally with STZ (streptozotocin, 30 mg/kg/d, Sigma-Aldrich,
St Louis, MO, USA) for 5 d. The levels of fasting blood glucose were
determined by relevant meters (Roche, Basel, Switzerland), and full-
thickness dorsal skin wounds were established on those mice exhibit-
ing diabetes mellitus (fasting blood glucose levels of >11.1 mM), as per
previous studies [30,36]. The chronic full-thickness skin wounds
induced by diabetes were topically treated with vehicle, exendin-4 (50
nM, Baxter Pharmaceutical Solutions LLC, USA), or RL-QN15 (50 nM)
twice a day. Wound condition was documented, with ImageJ employed
to estimate wound area (percentage of residual wound area to initial
area) and GraphPad Prism used to quantify wound healing rate. Skin
tissue samples from the central part of the wounds were taken from mice
topically treated with vehicle or RL-QN15 (50 nM) on days 5, 9, and 13
post-surgery. The samples were then stained using H&E and analyzed
histologically.

2.12. Effects of RL-QN15 on healing of oral ulcers in rats

The potency of RL-QN15 on the acceleration of oral ulcer healing was
examined, as reported previously [37]. Briefly, SD rats (180—200 g,
8-10 weeks old) were anesthetized with a 100-mL intraperitoneal in-
jection of 30 % pentobarbital sodium solution (100 pL/100 g). A round
filter paper (6 mm in diameter) soaked with 15 pL of 50 % acetic acid
was then applied over the gum of the lower lip for 60 s, which led to a
uniform and circular ulcer. We then topically applied 50 pL of RL-QN15
liquid (10 pM, 100 pM, or 1 nM) on the ulcer in the experimental group
twice a day, with 50 pL of saline used in the vehicle group and 50 pL of
KFX liquid (10 mg/mL) used as the positive control. Images of oral ulcer
healing were taken at 1-d intervals, and the healing rate was calculated
using ImageJ and GraphPad Prism software. Tissue samples from the
central part of the oral ulcers were taken from rats topically treated with
vehicle, KFX (10 mg/mL), or RL-QN15 (10 nM) on days 2 and 7
post-surgery. Samples were then stained using H&E and analyzed
histologically.

2.13. Effects of RL-QN15 on skin fibrosis in mice

A skin fibrosis model was produced following prior research [38].
Briefly, female mice aged 8 weeks were randomly selected and grouped
into the preventive and curative model groups. The shaved dorsal skins
of mice in the preventive model were injected subcutaneously with
bleomycin (1 mg/mL, dissolved in saline, 150 pL, Hisun Pfizer Phar-
maceuticals Co. Ltd., China) daily, concurrent with RL-QN15 (6 pg/kg,
dissolved in saline) for 4 weeks. Subcutaneous injections of saline alone
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or RL-QN15 (6 pg/kg, dissolved in saline) served as two controls. In the
curative model, either bleomycin (1 mg/mL) or saline was injected on
alternate days for 6 weeks. Two weeks after the first administration,
mice were given a daily dose of RL-QN15 (6 pg/kg, dissolved in saline)
or vehicle for the remaining 4 weeks. Finally, the mice in both groups
were sacrificed by cervical dislocation. Skin tissue was then removed
and stained with H&E and Masson’s trichrome for histological analysis.

2.14. Histological analysis

As stated above, tissue samples were stained with either H&E (acute
skin wounds, chronic skin wounds, and oral ulcers) or H&E and Mas-
son’s trichrome (fibrotic skin wounds) [35]. Dermal thickness in fibrotic
skins was defined as the thickness of the skin from the top of the granular
layers to the junction between the dermis and subcutaneous fat layer in
five distinct fields at an equal magnification (x40) using a light micro-
scope. Fibrotic level was quantified on the Masson’s trichrome-stained
sections as the ratio of blue-stained area to total stained area and was
calculated using ImageJ software. For the evaluation of neo-epidermal
thickness and granular thickness in acute skin wounds, five values
were randomly measured in a field and mean values were calculated
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M F T L X K S L $S L v ¥F F L G M V S L s 20
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using ImageJ software.

2.15. Hemolytic, acute, antimicrobial, and anticoagulant activities of RL-
QN15

Both hemolytic activities against human red blood cells and acute
toxicity against mice were studied, as described earlier [32]. The anti-
microbial activities of RL-QN15 against E. coli, Staphylococcus aureus,
Bacillus subtilis, Streptococcus albicans, Staphylococcus haemolyticus
Candida glabrata, and Enterobacter faecalis were determined according to
the previous research [32]. The anticoagulant potential of RL-QN15
against the whole blood of mice was determined following prior
research [39].

3. Results
3.1. Purification and determination of amino acid sequences of peptide

The skin secretions of R. limnocharis were ultrafiltered and then pu-
rified by two rounds of RP-HPLC (Figure S1A and B). One fraction with a
retention time of 48 min was purified and showed the ability to

Fig. 1. Structural characteristics of RL-
QN15. A. Prepropeptide of RL-QN15 composed
of a 71 amino-acid residue encoded by 317-bp
cDNA. Mature sequence of RL-QN15 is shown
120 in red, with an intramolecular disulfide bridge
40 located between 9thC and 15thC. B. Chemical

structure of RL-QN15 (drawn by ChemDraw®),
180 with chemical formula of CgsHj11N21024Ss.
60 Peptide bonds are shown in blue and disulfide

bridge is shown in red. C—F. Different views of
240 advanced structure of RL-QN15 predicted by
71 PEP-FOLD3. Blue: nitrogen atoms, Red: oxygen
atoms, Yellow: sulfur atoms, Light Red: disul-

300 fide bridge, Blue-green: o-helix.

317

OH
" H " H Qu Qu Qu Qu Qu Qu e
N-CH—C-N-CH-C-N-CH-C- ngfchngfc—N—gH—cw—ngc—N~(I:H~c—N—C‘H—CH2—5~S—CH2—$H
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Chemical Formula: CgsH, 1Ny 058 @ N
emical Formula: Cgsky 1 N2102453 \\—NH




Y. Wang et al.

accelerate cell scratch healing (data not shown). Mass spectrum analysis
indicated that the fraction had a molecular weight of 1 906.71 Da
(Figure S2A). DTT treatment increased the molecular weight from 1
906.71 Da to 1 908.69 Da (Figure S2B), indicating the possible existence
of a disulfide bridge. The 1 908.69 m/z fragment was then selected as the
parent ion for tandem mass spectrometry. Results from b-ions and y-ions
suggested that this peptide had an amino acid sequence of ‘QNSYAD(I/
L)WCQFHYMC®  (Figure S2C), which was confirmed as
‘QNSYADLWCQFHYMC’ by Edman degradation.

3.2. Structural characteristics of peptide

The ‘QNSYADLWCQFHYMC’ sequence showed no obvious structural
similarity with reported peptides in the NCBI database and was thus
considered to be novel and named as RL-QN15 accordingly. The RL-
QN15 prepropeptide with a 71 amino acid residue length was encoded
by a 317-bp cDNA sequence (GenBank accession number: MN722641)
(Fig. 1A). The theoretical molecular weight was 1 909.14 Da, which
showed an increase of ~2 Da from the observed molecular weight of 1
906.71 Da (Figure S2A). Based on these results and the mass spectra of
the peptide treated with DTT (Figure S2B), we concluded that an
intramolecular disulfide bridge was linked between the 9thC and 15thC.
Both the chemical structure and formula of RL-QN15 are displayed in
Fig. 1B. The advanced structure of RL-QN15 was also predicted, which
indicated that the first eight amino acid residues formed an o-helix,
followed by a cyclic motif composed of the remaining seven amino acid

A Day 1 Day 5 Day 7

Vehicle

RL-QN15
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residues (Fig. 1C-F). The prepropeptide of RL-QN15 was similar to that
of antimicrobial peptides from other amphibians (Figure S3); however,
mature RL-QN15 demonstrated no direct antibacterial activity, hemo-
lytic activity against whole blood cells, or acute toxicity against mice
(Table S1-3).

3.3. RL-QN15 promoted full-thickness skin wound healing in mice

A full-thickness dermal skin wound model was established in mice.
The regeneration of skin wounds treated with RL-QN15 (50 nM) reached
almost 100 % on day 7 post-operation. The effect was better than that of
the positive control (KFX) and vehicle groups, which only produced a
wound healing rate of ~60 % (Fig. 2A). RL-QN15 showed time-
dependent pro-healing activity at concentrations of 1 nM, 10 nM, and
50 nM (Fig. 2B). Furthermore, similar repair-promoting activity was
found for 1 nM (2 x 107% mg/mL) RL-QN15 and 1 mg/mL KFX, sug-
gesting that RL-QN15 exhibited much greater pro-healing activity (~5 x
10° times) than that of the commercially used KFX.

Histomorphological analysis was also carried out on skin sections
(stained using H&E) from mice on days 5 and 9 post-operation. As
shown in Fig. 2C, with time, new epidermis and granulation tissue
gradually formed in the vehicle group. After local administration of KFX
and RL-QN15, the regeneration and reconstruction of the epidermis and
granulation tissue were significantly enhanced. In contrast, the new
epidermis and granulation tissue thickness in the RL-QN15 and KFX
groups was less than that in the vehicle group (Fig. 2D). Although there

-~ -~ Vehicle

% - RL-QNI5 (100 pM)
% - RL-QNI5 (1 nM)
3 + RL-QNI5 (10 M)

-~ RL-QNI5 (50 nM)
-0+ KFX (10 mg/mL)

= 0
RL-QN15 KFX Vehicle

RL-QN15 KFX

Day 9

Day 9

Vehicle RL-QN15 KFX

Fig. 2. Topical application of RL-QN15 accelerated healing of full-thickness skin wounds in mice. A. Representative images of skin wounds on days 1, 3, 5, and
7 post-injury in vehicle, KFX-, and RL-QN15-treated groups. KFX (10 mg/mL) and RL-QN15 (50 nM) were applied topically twice a day to skin wounds. B.
Quantitative curves of pro-healing activities of RL-QN15 at concentrations of 100 pM, 1 nM, 10 nM, and 50 nM. ***P < 0.0001 indicates statistically significant
differences compared to vehicle group. C. Representative images of skin wound sections stained with H&E indicating histomorphological changes in skin wounds on
days 5 and 9 post-injury in vehicle-, KFX (10 mg/mL)-, and RL-QN15 (50 nM)-treated groups. Yellow line indicates neoepithelium. NE: Neoepithelium; GT: Granular
tissue, ES: Eschar. Scale bar is indicated by red line in left lower corner of images. D. Histological thickness of neoepidermal regeneration and granulation on days 5
and 9 post-injury. *P < 0.05, **P < 0.01 indicate statistically significant differences compared with vehicle group and *P < 0.05 indicates statistically significant
differences compared with KFX group. Saline was used as the vehicle. Values are expressed as means + SEM from 6 mice (n = 6).
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was no notable difference in the thickness of the new epidermis, the
thickness of the new granulation tissue in the RL-QN15 group was
significantly less than that in the KFX group. Moreover, in the RL-QN15
group, the structures of the damaged dermis and epidermis were very
close to that of normal skin, except for the lack of skin appendages,
indicating significant potency of RL-QN15 in the acceleration of skin
wound healing with little scarring.

3.4. RL-QN15 promoted keratinocyte migration, proliferation, and
scratch repair

At concentrations of 100 pM, 1 nM, and 10 nM, RL-QN15 promoted
HaCaT cell migration and proliferation in a concentration-dependent
manner (Fig. 3A-C). As illustrated in Fig. 3D, RL-QN15 (10 nM) also
markedly promoted HaCaT cell scratch repair at different times (0-24
h). However, the scrambled version of RL-QN15 showed little effect on
the restoration of cell scratches. The activity of RL-QN15 in promoting
cell scratch repair was concentration- and time-dependent, consistent
with the skin repair-promoting activity at the animal level (Fig. 2 and
3E).

3.5. Cell scratch healing activity of RL-QN15 was not dependent on
activation of epidermal growth factor receptor (EGFR)

EGFR is an important receptor that meditates epidermal cell scratch
repair [40]. As shown in Figure S4, the cell scratch repair rate in the
EGFR inhibitor (gefitinib, 1 pM) group was 57.19 %, significantly lower
than that in the vehicle (75.67 %) and 10 nM RL-QN15 groups (88.08
%). The repair rate in the gefitinib + RL-QN15 group was 75.49 %,
which was close to that in the vehicle group, higher than that in the
gefitinib group, and lower than that in the RL-QN15 group. Thus, these
results indicate that activation of EGFR was not closely related to the cell
scratch repair activity of RL-QN15.

3.6. RL-QN15 selectively regulated cytokine release from macrophages

Macrophages participate in the whole process of wound healing, and
the cytokines/proteins secreted by macrophages play important roles in
the regulation of wound repair [41]. As seen in Fig. 4A, at concentra-
tions of 100 pM, 1 nM, and 10 nM, RL-QN15 had no obvious effect on the
proliferation of mouse RAW264.7 macrophages, but notably inhibited
the release of pro-inflammatory TNF-a induced by LPS (Fig. 4B).
RL-QN15 also significantly promoted the release of pro-healing TGF-p1
and anti-fibrotic TGF-p3 (Fig. 4C and D). In addition, RL-QN15 induced
greater release of IL-1p and Smad7 (Fig. 4E and F) but had no obvious
effect on the release of VEGF or IL-6 (Fig. 4G and H). Thus, RL-QN15
showed selective regulation of cytokine release from macrophages.

3.7. MAPK signaling pathway inhibitors blocked RL-QN15-induced
release of TGF-f31, but not TGF-$3

Extensive studies have shown that both TGF-pl and TGF-B3 play
important roles in the process of skin repair, with the former promoting
healing and the latter inhibiting scar formation. The dynamic regulation
of both factors is crucial for wound healing progress [42]. Both the
synthesis and release of TGF-f1 are closely related to the MAPK
signaling pathway [43]. As shown in Figure S5A, inhibitors of the MAPK
signaling pathway, including SP600125 (JNK inhibitor), PD98059
(ERK1/2 inhibitor), and SB203580 (P38 inhibitor), significantly
inhibited the release of TGF-p1. As shown in Figure S5B, however, these
three inhibitors had no effect on TGF-p3 release. These results suggest
that the underlying molecular mechanisms involved in promoting
skin-wound healing by RL-QN15 were closely related but not limited to
MAPK signaling pathway activation.
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3.8. Transcriptome sequencing analysis

We applied transcriptome sequencing to observe the effects of RL-
QN15 on the signaling pathways of RAW264.7 cells. As shown in
Figure S6A, seven differentially expressed genes (DEGs) were identified
between the vehicle and RL-QN15 groups (two up-regulated and five
down-regulated). These DEGs were enriched in KEGG pathways related
to cellular processes, environmental information processing, and
organismal systems (Figure S6B). We identified the top 10 significantly
enriched KEGG pathways, which included the MAPK, Toll-like receptor,
TNF, IL-17, cAMP, and apoptosis pathways (Figure S6C). GO analysis
identified seven DEGs that were primarily related to cellular compo-
nents, including transcription factor AP-1 complex (GO: 0035976), nu-
clear point central transport channel (GO: 0044613), and nuclear outer
membrane (GO: 0005640) (Figure S6D).

3.9. RL-QN15 activated MAPK and smad signaling pathways

As shown in Fig. 5A, at concentrations of 100 pM, 1 nM, and 10 nM,
RL-QN15 had no effect on total-ERK, JNK, or P38 levels in RAW264.7
cells, consistent with the finding that RL-QN15 did not influence
RAW264.7 cell proliferation (Fig. 4A), but markedly enhanced the
phosphorylation of ERK, JNK, and P38 (Fig. 5B, C, and D). The Smad
signaling pathway is critical in TGF-p1 signal transduction, with both
Smad2 and Smad3 molecules important for downward transmission
[43]. As RL-QN15 significantly induced the release of TGF-p1 (Fig. 4C),
it likely also influenced the Smad signaling pathway. As seen in Fig. 6A,
RL-QN15 had no obvious effect on the expression levels of total Smad2
and Smad3 in RAW264.7 cells, but significantly increased their phos-
phorylation levels in a concentration-dependent manner (Fig. 6B and C).
RL-QN15 also induced higher expression of Smad7 (Fig. 6A and D),
consistent with the ELISA results (Fig. 4F).

Inhibitors of the MAPK signaling pathway (i.e., SP600125 (JNK in-
hibitor), PD98059 (ERK1/2 inhibitor), and SB203580 (P38 inhibitor))
and TGF-f1/Smad signaling pathway (i.e., ITD-1) significantly blocked
RL-QN15 activity related to the migration and scratch-healing of HaCaT
and RAW264.7 cells (Figure S7). Thus, the above findings indicate that
the effects of RL-QN15 activity on skin cell migration and scratch-
healing are closely associated with the MAPK and TGF-p1/Smad
signaling pathways.

3.10. RL-QN15 dynamically regulated TGF-$1 and TGF-$33 expression at
the animal level

The above results suggest that at the cellular level, RL-QN15 induced
the release of TGF-p1 through activation of the MAPK signaling pathway
and induced high expression of TGF-p3. Thus, we next detected the ef-
fects of RL-QN15 on the expression of these two critical factors in a full-
thickness wound model in mice. As illustrated in Figure S8A, no sig-
nificant changes in the level of TGF-f1 were observed in the vehicle
group on days 3 and 9 post-operation. After RL-QN15 (50 nM) was
applied locally, the expression of TGF-f1 in wound tissue samples
increased significantly in the early stage of wound healing (day 3 post-
operation). In contrast, in the late stage of wound repair (day 9 post-
operation), RL-QN15 had no effect on the content of TGF-p1 in wound
tissue. As shown in Figure S8B, in the vehicle group, the expression of
TGF-f3 increased slightly with time (days 3-9), and RL-QN15 signifi-
cantly increased TGF-$3 content in the wound tissue in the early and
later stages of wound repair.

3.11. Effects of RL-QN15 on hemostasis in wound repair progress

To explore the molecular mechanism involved in the repair-
promoting potency of RL-QN15, we also tested whether RL-QN15 had
an effect on the clotting time of whole blood in mice. As shown in
Table S4, RL-QN15 had no effect on clotting time, indicating that this
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Fig. 3. Effects of RL-QN15 on migration, proliferation, and scratch healing of keratinocytes. A. Representative images displaying migration-promoting activity
of RL-QN15 (100 pM, 1 nM, and 10 nM) against HaCaT cells. B. Quantitative illustration of concentration-dependent migration-promoting capacity of RL-QN15
against HaCaT cells. C. Quantitative pro-proliferative effects of RL-QN15 (100 pM, 1 nM, and 10 nM) against HaCaT cells. D. Representative images displaying
effects of vehicle (saline), RL-QN15 (10 nM), and scrambled-control of RL-QN15 (10 nM) on healing of HaCaT cell scratches. E. Quantitative curves showing
concentration- and time-dependent capacity of RL-QN15 at promoting cell scratch healing. Values are expressed as means + SEM of six independent experiments
performed in triplicate, error bars represent SEM. *P < 0.05, **P < 0.01, and ***P < 0.0001 indicate statistically significant differences compared to vehicle.
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peptide had no direct effect on hemostasis during wound repair

progress.

3.12. RL-QN15 accelerated healing of chronic wounds induced by

diabetes mellitus in mice

To evaluate the therapeutic efficacy of RL-QN15 in chronic skin
wound repair, we constructed a diabetes mellitus (DM) mouse model
(Table S5). As observed in Figure S9A, the healing of wounds in DM mice
was significantly hampered. However, when topically treated with RL-
QN15 (50 nM), the healing of chronic wounds significantly increased
(Figure S9B). On day 13 post-injury, wounds were almost completely

100pM 1 nM 10 nM

healed in the RL-QN15-treated group but were only about 50 % healed
in the vehicle group. Compared with the positive control (exendin-4, 50
nM), RL-QN15 (50 nM) showed parallel pro-healing activity. We also
examined the histological thickness of dermal regeneration and granu-
lation on days 5, 9, and 13 post-injury. As shown in Figure S9C, the mice
in the vehicle group showed a thickened granulation layer with
impaired regeneration in the epidermis, which were both significantly
improved by the topical application of RL-QN15.

3.13. RL-QN15 accelerated healing of oral ulcers in rats

As shown in Figure S10A, the topical application of RL-QN15 and
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Fig. 5. Effects of RL-QN15 on MAPK signaling pathways. A. Representative western blot images displaying effects of RL-QN15 on expression and phosphorylation
levels of protein kinases ERK, JNK, and P38. B-D. Quantitative phosphorylation levels compared with total expression levels of ERK, JNK, and P38. Values are
expressed as means + SEM (n = 3). *P < 0.05, **P < 0.01, and ***P < 0.0001 indicate statistically different from vehicle.
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healing ability than KFX (10 mg/mL) (Figure S10B). The histopatho-

logical changes of oral ulcers in rats are shown in Figure S10C. On day 2

post-injury, the formation of an oral ulcer and aggregation of inflam-
matory cells were observed in the vehicle, KFX, and RL-QN15 groups.

With treatment progress, the therapeutic effects of RL-QN15 and KFX

Fig. 6. Effects of RL-QN15 on Smad signaling
pathway. A. Representative western blot im-
ages displaying effects of RL-QN15 on expres-
sion and phosphorylation levels of Smad2 and
Smad3 and expression level of Smad7. B-C.
Quantitative phosphorylation levels compared
with total expression levels of Smad2 and
Smad3. D. Quantitative expression level of
Smad7 compared with actin. Values are
expressed as means + SEM (n = 3). *P < 0.05,
**P < 0.01, and ***P < 0.0001 indicate statis-
tically different from vehicle.

became more and more significant, and on day 7 post-injury, the surface
of the oral ulcer was completely covered by a new mucosal epithelium
and was considered healed. In contrast, obvious oral ulcers with an only
partial mucosal epithelium were observed in the vehicle group.

3.14. RL-QN15 significantly ameliorated skin fibrosis in mice

The scarless and accelerated manner in which RL-QN15 repaired skin
wounds suggests its possible application in skin fibrosis treatment. As
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shown in Figure S11, a subcutaneous injection of RL-QN15 alone
showed no obvious effects on dermal thickness or fibrotic level, whereas
both were significantly increased by a subcutaneous injection of bleo-
mycin. However, following preventive pretreatment with RL-QN15, the
increases in dermal thickness and fibrotic levels induced by bleomycin
were obviously ameliorated (Figure S11B and C, respectively). As shown
in Figure S12, treatment with RL-QN15 alone had no obvious effects on
skin thickness or fibrotic levels, whereas a subcutaneous injection of
bleomycin increased both. Following treatment with RL-QN15, the in-
creases in skin thickness and fibrotic levels induced by bleomycin were
improved. Thus, these findings highlight the anti-fibrotic effects of RL-
QN15 in vivo.

4. Discussion

The aim of the current study was to identify novel and potent pro-
healing agents. Amphibian skins secrete a diverse range of bioactive
peptides with therapeutic potency, which has provoked considerable
research attention [27]. Here, a novel short peptide, named RL-QN15,
was identified from the skin secretions of R. limnocharis frogs. The
pro-healing potency of RL-QN15 was demonstrated in mice using
full-thickness skin injury models. Compared with several other known
pro-healing peptides, such as AH90, tylotoin, temporins, OA-GL21,
cathelicidin-OA1, OM-LV20, CW-49, OA-GL12, and OA-FF10 [23,24,
28,30,32,44,45], RL-QN15 was one of the shortest peptides, indicating a
relatively low cost in its commercial synthesis.

After the development of an acute skin wound, healing follows a set
of sequential, yet overlapping phases, including hemostasis, inflamma-
tion, proliferation, and remodeling [3,46]. Numerous cells, factors, and
signaling pathways are activated or inhibited during the different phases
of healing [46]. First, our results indicated that RL-QN15 showed no
direct effect on hemostasis during wound repair (Table S4). Next, we
systematically investigated the underlying mechanisms related to the
ability of RL-QN15 to accelerate skin healing.

1) At the cellular level, it is generally accepted that cellular processes,
especially migration and proliferation of keratinocytes, fibroblasts,
and macrophages, are crucial for the healing of skin wounds [47,48].
RL-QN15 markedly induced keratinocyte migration and prolifera-
tion and thus promoted the healing of cell scratch injuries (Fig. 3),
although this activity showed little relevance to EGFR activation
(Figure S4).

Macrophages play core roles at almost every stage of wound healing,
such as recruiting other cells to the wound site and inducing cell
proliferation and tissue remodeling. Macrophages also produce
many cytokines associated with wound healing, such as TNF-a, IL-6,
TGF-f1, VEGF, and TGF-$3 [42,48,49]. Here, RL-QN15 significantly
blocked the release of proinflammatory TNF-a induced by LPS
challenge and induced the release of proinflammatory IL-1p but not
IL-6 (Fig. 4). These results highlight the highly complex mechanisms
involved in the repair-promoting ability of RL-QN15 in regard to
inflammation. In the early stage of inflammation, proinflammatory
cytokines, such as TNF-a, IL-6, and IL-1, recruit other inflammatory
cells to secrete pro-healing growth factors to modify the migration
and proliferation of cells closely related to wound repair [42,50].
Thus, it is reasonable to speculate that the release of proin-
flammatory IL-1p induced by RL-QN15 may be beneficial for its
pro-healing potency by inducing inflammation and hence recruiting
additional macrophages to the wound site. However, an excessive
inflammatory response is harmful to wound repair and can lead to
scar formation [41,51]. Thus, the inhibitory effects of RL-QN15
against the release of TNF-a may also contribute to its pro-healing
potency and limited scarring (Fig. 2C and D). RL-QN15 also
induced the synthesis of Smad7 (Fig. 4E, Fig. 6A and D), which may
provide further clues to the scarless pro-healing potency of RL-QN15
at wound sites [52,53].

2)

10
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3) During wound healing, TGF-pl is important in inflammation,
angiogenesis, re-epithelialization, and connective tissue regenera-
tion [43,54,55]. Furthermore, TGF-p1 helps monocytes convert to
macrophages, which initiate the development of granulation tissue
and the release of a variety of cytokines and growth factors that
contribute to wound repair [55,56]. However, it has been proposed
that high levels of TGF-p1 can also contribute to skin fibrosis, which
is closely related to the formation of scars in adults. In contrast,
isoform TGF-f3 is suggested to have an antifibrotic effect during
wound healing [56-58]. We found that RL-QN15 induced the release
of TGF-p1 (Fig. 4C) and TGF-B3 (Fig. 4D) from macrophages. As
shown in Figure S7, in the early stages of wound healing, RL-QN15
treatment induced a significant increase in the levels of both
TGF-f1 and TGF-B3; in the later stages, however, RL-QN15 showed
no effect on the level of TGF-B1 but induced greater expression of
TGF-p3. Thus, we assumed that RL-QN15 subtly altered the ratio of
TGF-f1 and TGF-B3 during adult wound repair, thereby inducing
more rapid wound healing and less scar formation.

4) Wound healing is one of the most complex processes in multicellular

organisms, involving numerous signaling pathways and various cell

types [6,47,59]. MAPK signaling has been implicated in the regula-
tion of TGF-p production and release from skin cells and plays an
important role in wound healing [60]. Here, western blot analysis
showed that RL-QN15 significantly increased the activation of ERK,
JNK, and P38 in the MAPK signaling pathway (Fig. 5). Specific in-
hibitors of ERK, JNK, and P38 blocked the up-regulation of TGF-f1
induced by RL-QN15 (Figure S5), suggesting that these kinases are
involved in RL-QN15-induced TGF-p1 secretion. To further demon-
strate that RL-QN15 up-regulated TGF-$1, we investigated the effects
of RL-QN15 on Smad2 and Smad3, which are essential components

of downstream TGF-p signaling [43]. As illustrated in Fig. 6,

RL-QN15 significantly activated the phosphorylation of Smad2 and

Smad3. As shown in Figure S7, the action of RL-QN15 on skin cell

migration and scratch healing was closely related to the

TGF-1/Smad signaling pathway. The transcriptome sequencing re-

sults also implied that in addition to MAPK, many other signaling

pathways, including IL-17, Toll-like receptor, and TNF, may be
closely related to the pro-healing mechanisms of RL-QN15

(Figure S6). However, further detailed research is required to

clarify these results.

It should be noted that poor pharmacokinetics pose a significant

obstacle for the clinical translation of peptides, even when topical

applications are envisaged. Peptides are easily modified by endoge-

nous (e.g., tyrosinase, elastase, metalloproteinase) and exogenous (e.

g., produced by colonized microorganisms) enzymes at the wound

site [50,61]. Therefore, it is of utmost importance to evaluate the

tolerance of RL-QN15 to enzymes in further studies.

5

—~

In summary, we identified a short pro-healing peptide (RL-QN15)
from the skin secretions of R. limnocharis and highlighted RL-QN15 as a
potential candidate for the novel development of pro-healing agents.

5. Conclusions

Our results highlight the potential of frog skin secretions as a treasure
trove of bioactive peptides. Furthermore, the novel peptide (RL-QN15)
identified in this research demonstrates considerable potential as a
candidate for the development of novel pro-healing agents.
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