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Severe wounds (e.g., burns) often result in irreversible scarring, leading to cosmetic and functional
impairments as well as secondary complications such as reduced skin strength and itching. In the case
of chronic wounds and diabetic ulcers, impaired healing capacity is the primary clinical concern, not
scarring. These wounds frequently fail to heal, presenting a therapeutic challenge. Despite ongoing
research, the development of scarless, cost-effective, and clinically viable therapies for these complex
wounds remains a significant challenge. Angiogenesis plays a crucial role in skin wound healing.
Visfatin has been known to have angiogenic and wound healing effects. In our previous study, we
derived two angiogenic peptides (Vis-1 and Vis-2) from the active site of visfatin. Therefore, this study
is aimed to investigate the wound healing potential of these two peptides using a scratch assay system
(in vitro) and full-thickness excision wound healing mice (in vivo). Only Vis-1 peptide had a significant
wound healing effect in the in vitro assay by promoting proliferation and migration of keratinocytes
and dermal fibroblasts, possibly through activation of Wnt/B-Catenin and MAPK signaling pathway.
Vis-1 peptide also showed remarkable wound healing effects in the in vivo assay by accelerating
wound healing, inducing angiogenesis, promoting neo-epithelium, decreasing granulation tissue, and
increasing collagen fiber formation. These results suggest that the Vis-1 peptide has a potent wound
healing activity and may contribute as a novel wound healing agent.
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Human skin comprises of epidermis, dermis, and subcutaneous tissue and protects the body from extrinsic
factors. A wound is a functional or structural damage to the skin and wound healing indicates the repair
of the wound area. Wounds are generally classified as chronic wounds and acute wounds. Chronic wounds
include vascular ulcers, diabetic ulcers, and pressure ulcers, while acute wounds involve abrasions, cut wounds,
lacerations, and burns, etc!. Severe wounds (e.g., burns) often result in irreversible scarring, leading to cosmetic
and functional impairments as well as secondary complications such as reduced skin strength and itching. In
the case of chronic wounds and diabetic ulcers, impaired healing capacity is the primary clinical concern, not
scarring. These wounds frequently fail to heal, presenting a therapeutic challenge and life-threatening risks,
including progression to infection and potential limb amputation®*. Despite ongoing research, the development
of scarless, cost-effective, and clinically viable therapies for these complex wounds remains a significant challenge.
Therefore, development of novel and effective methods for wound healing is necessary.

Wound healing is a sequential and highly complex cascade process, such as inflammation, proliferation,
and remodeling phases*>. Also it is associated with various factors such as resident skin cells, extracellular
matrix, chemokines, cytokines, and growth factors®. Accordingly, several techniques including skin regenerative
strategies have been explored to improve scarless wound healing outcomes”'°.

Angiogenesis plays a crucial role in skin regeneration-based wound healing as oxygen, nutrients, and
bioactive substances are supplied through angiogenesis. In this respects, research on angiogenesis and wound
healing has received extensive attention'"'2. VEGF is a representative angiogenic factor and known to aid in
skin regeneration by promoting keratinocyte proliferation!*!4. Visfatin, a kind of adipokine, induces activation
of VEGF and possess angiogenic potential'>!®. It also promotes wound healing by enhancing proliferation and
mobility of keratinocytes and human dermal fibroblasts!”.
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Computer-aided drug design (CADD), a computer simulation-based material screening technology, is fast,
convenient, and efficient in deriving candidate substances. It also aids in screening protein-derived peptides
that are identical or superior to existing proteins using the affinity of ligands and receptors'®'’. In our previous
study, we developed two peptides with superior angiogenic efficacy than the native visfatinbased on the active
site of visfatin using computer simulation techniques®. Therefore, this study is aimed to investigate the skin
regeneration effects of these peptides through in vitro and in vivo experiments.

Results

Effects of visfatin-derived peptides on wound healing in vitro

Two in vitro assays were conducted to evaluate the wound-healing effects of visfatin-derived peptides (Vis-1
and Vis-2) on HaCaT cells and HDFs. The first test assessed the proliferation effect using an MTT assay, and
the other measured the degree of wound closure using a cell scratch assay in HaCaT cells and HDFs. In HaCaT
cells, the groups treated with 0.1, 1.0, and 10 uM Vis-1 peptide showed 106.49%, 113.78%, and 109.25% cell
proliferation, respectively, a significant increase compared to the 100% of the control group reference. In HDFs,
106.44% and 106.01% cell proliferation were noted in the groups treated with 0.1 and 10 uM Vis-1 peptide,
respectively, which was higher than the control group, but the change was not significant (Supplementary Fig. 1).
These results suggest that Vis-1 peptide has a proliferation effect on these two cells. The degree of wound closure
was measured by scratching the cultured cells and calculating the changes in the wound area before and after
treatment with the peptides at various concentrations (0.1, 1, and 10 uM).

Wound closure after Vis-2 peptide treatment was not significantly different compared to that of the control
group in both HaCaT (Fig. 1A, B) and HDF (Fig. 1C, D), whereas wound closure after Vis-1 peptide treatment
was significantly different at a rate of 64.8% at 0.1 M and 63.7% at 1 M compared to the control group (47.1%)
and positive control group (hEGF, 49.1%) in HaCaT cells (Fig. 1A, B). Vis-1 peptide also significantly increased
wound closure rates in HDFs by 71.7% at 0.1 uM and 67.0% at 1 uM compared to control (54.8%) and positive
control (hFGE 57.1%)(Fig. 1C, D). These results indicate that Vis-1 peptide exerts a wound healing effect by
promoting cell proliferation and migration of keratinocytes and skin fibroblasts.

Effects of the Vis-1 peptide on Wnt/B-Catenin and MAPK signaling pathway

Thereafter, western blot analysis was performed to further investigate whether Vis-1 peptide could affect the
Wnt/B-Catenin and MAPK signaling pathway in HaCaT cells and HDFs in vitro. In HaCaT cells, the expressions
of B-Catenin and p-p38 were increased at 0.1 and 1 uM, and the expressions of p-JNK was increased at 1 uM
concentration (Fig. 2A, B), respectively. In HDFs, only f-Catenin expression was significantly increased at 1 uM
concentration (Fig. 2C, D). These results indicate that treatment with Vis-1 peptide increases the expression of
[-Catenin and p-p38 at low concentrations.

Effects of Vis-1 peptide on wound healing and angiogenesis in vivo

Since Vis-1 peptide showed potential in promoting cell proliferation on HDFs and HaCaT cells in vitro, the effect
of Vis-1 peptide on the healing of full-thickness skin wounds in vivo was investigated by using an excision wound
healing test in mice. In the preliminary experiments using 0.1, 1, 10, and 20 uM of Vis-1 peptide, we observed
that 1 and 20 pM were more effective concentrations in promoting wound closure than other concentrations
(Supplementary Fig. 2). Therefore, the following experiments were conducted with concentrations of 1 and 20
uM of Vis-1. On post-injury day 8, wounds were almost healed at a low concentration (1uM) of Vis-1 peptide,
but the wounds in the control group were not closed. On post-injury day 10, the wound closure rates were
at 76.9% in the control group, 87.5% in the positive control group (20 uM hEGF), 90.8% using 1uM of Vis-1
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Fig. 1. Effects of Vis-1 peptide on cell proliferation and migration on HaCaT cells and HDFs. Representative
image and quantification of visfatin-derived peptides (Vis-1 and Vis-2) on HaCaT (A,B) and HDF cells (C,D).
Data represent the average of five independent experiments and are expressed as a mean + SEM. * p <0.05 and
** p<0.01 (vs. control). Con control, REGF human epidermal growth factor, #FGF human fibroblast growth
factor, Vis-1 visfatin-derived peptide-1, Vis-2 visfatin-derived peptide-2.
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Fig. 2. Effects of Vis-1 peptide on Wnt/p-Catenin and MAPK signaling pathway. Expression of the B-Catenin
and MAPK-related protein (p-ERK, p-JNK, and p-p38)on HaCaT (A,B) and HDF cells (C,D) by western blot
analysis. Data represent the average of three independent experiments and are expressed as a mean+ SEM. *
p<0.05and **p <0.01 (vs. control). Con control, kEGF human epidermal growth factor, hFFGF human fibroblast
growth factor, Vis-1 visfatin-derived peptide-1.

peptide, and 86.9% using 20 (M of Vis-1 peptide. In wound tissues at post-injury, the wound area of mice treated
with Vis-1 peptide and hEGF was smaller than that of the control group, suggesting that 1uM of Vis-1 peptide
accelerated wound healing (p <0.05) (Fig. 3). Furthermore, there were no adverse effects on body weight, overall
health status, or behavior of the mice during the treatment with Vis-1 peptide.

Considering that Vis-1 peptide accelerated wound healing in vivo, we hypothesized that this peptide may
also contribute to the promotion of angiogenesis during wound healing. The analysis of subcutaneous wound
tissues collected on days 10 post-injury revealed that the wounds in subcutaneous tissues showed a marked
increase in new vessel formation, as evidenced by increased vessel size and number of vessels in the Vis-1
peptide-treated groups compared to the control group. These results suggest that the Vis-1 peptide appeared to
effectively promote wound healing (Fig. 4).

Effects of Vis-1 peptide on re-epithelialization, granulation tissue formation, and collagen
formation

We performed hematoxylin &eosin (H&E) and Masson’s trichrome staining to observe the wound area on days
4, 8, and 10 after the operation. H&E staining showed that the Vis-1 peptides thickened the neo-epithelium
(Fig. 5A, B) and decreased granulation tissues on day 10 compared with the control group (Fig. 5C). In particular,
when treated with a high concentration (20 uM) of the Vis-1 peptide, neo-epithelium was thicker than that in
the positive control group on days 4, 8, and 10. On post-injury day 8, the largest amount of granulosa tissue was
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Fig. 3. Wound healing effects of Vis-1 in full-thickness wound models. Representative images of wounds
healing on day 0, 2, 4, 6, 8, and 10 after injury (A). Quantification of the wound closure rate in different groups
(Control, 20uM hEGE, 1uM Vis-1, and 20uM Vis-1) at various time points (Day 2, 4, 6, 8 and 10) (B). Data
represent the average of three independent experiments and are expressed as a mean + SEM.*p <0.05 (vs.
control). hEGF human epidermal growth factor, Vis-1 visfatin-derived peptide-1.
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Fig. 4. Angiogenic activity of Vis-1 on subcutaneous wound tissues. Representative images of the newly
formed blood vessels at the wound area (A) on day 10 post-injury in the mice treated with control (DPBS),
positive control (hEGF), 1 uM and 20 pM of Vis-1 peptide. Quantification of vessel area (B), number of
junctions (C), and number of endpoints (D) from the images using AngioTool. Data are expressed as a
mean = SEM. *p <0.05, **p <0.01 and ***p <0.001 (vs. control). LEGF human epidermal growth factor, Vis-1
visfatin-derived peptide-1.

formed in all test groups. The Masson’s staining results showed that more collagen was deposited in the wound
tissues in the Vis-1 peptide group compared to the control group. These results indicate that Vis-1 peptide has
skin regenerative effects by increasing the thickness of neo-epithelium in wound tissue, reducing the formation
of granulation tissues, and increasing collagen formation.

Discussion

The present study shows that only Vis-1 peptide had a significant wound healing effect in in vitro assayusing
human keratinocytes and dermal fibroblasts by promoting proliferation and migration of these cells, possibly
through activation of Wnt/B-Catenin and MAPK signaling pathway. Furthermore, Vis-1 peptide also showed
remarkable wound healing effects in the in vivo assay using full-thickness excision wound healing mouse model
by accelerating wound healing, inducing angiogenesis, promoting neo-epithelium, decreasing granulation
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Fig. 5. Effects of Vis-1 peptide on re-epithelialization, granulation tissue formation, and collagen formationin
full-thickness wound healing mouse model. H&E staining results of the wound tissues (A). Quantification

of the neo-epithelium thickness (B) and the granulation tissues (C). Masson’s trichrome staining results of

the wound sites (D). Data represent the average of three independent experiments and are expressed as a

mean +SEM. *p <0.05 and **p <0.01 (vs. control). hEGF human epidermal growth factor, Vis-1 visfatin-derived
peptide-1, ES eschar, GT granulation tissue, K keratin, NE neo-epithelium, yellow dotted line and a block
arrow: neo-epithelium, and block triangle: collagen fiber.
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tissue, and increasing collagen fiber formation. In addition, Vis-1 peptide administration increased the rate of
healing, formation of new vessels, and re-epithelialization during the early stage (Figs. 3, 4 and 5). These results
suggest that Vis-1 peptide may contribute as a novel wound healing agent.

The most valuable finding of this study is the identification of peptide (LEYKLHDFGY), with more effective
angiogenic activity than original visfatin. It had superior skin regeneration and wound healing abilities than the
positive control, hEGE To the best of our knowledge, this is the first study to show that the Vis-1 peptide had
these effects.

Visfatin has angiogenic activity and promotes VEGF expression. Hence, it is a very potential angiogenic
activator and might be a therapeutic agent for wound healing. However, as visfatin has high molecular weight,
its development as a therapeutic drugis challenging. The limitation includes increased immunogenicity, unstable
activity and loss of bioactivity?!. Therefore, there has been a growing interest toward therapeutic peptides in
recent years*?~2%, Various computer simulation techniques including molecular docking simulation have been
very useful in screening potential therapeutic peptides based on the affinity for ligands and receptors'®. We
derived peptides from the active site of visfatin, with similar or superior angiogenic activity using computer
simulation techniques. Indeed, many efforts have been pursued to develop peptides with wound healing
properties in recent years?*-2°.

Several studies have shown that the proliferation and migration of keratinocytes and dermal fibroblasts
are important steps in the wound healing process, which promotes re-epithelialization and wound repair®®3!.
Many peptides have been reported to be involved in the proliferation phase of wound healing by promoting the
proliferation and migration of keratinocytes and fibroblast?®2%32. In the present study, Vis-1 peptide significantly
stimulated cell proliferation and migration in immortalized HaCaT cells and HDFs (Supplementary Fig. 1).
Indeed, culturing primary keratinocytes can be demanding, but their use would be an important addition to
the research. Therefore, this study attempted to isolate primary keratinocytes from donor skin according to
the methods reported by Henro et al. and Supp et al.***. Unfortunately, the cells did not grow well and could
not be used in the experiments. In fact, primary human keratinocytes have limitations such as difficulty in
isolation and culture from donors and limited passage number®. Some studies have reported that HaCaT cells
are similar to primary human keratinocytes and are also suitable as an inflammation/repair response model for
skin diseases®. Indeed, many studies have used HaCaT cells instead of primary human keratinocytes*’ 0. These
results are thought to support that the use of HaCaT cells can partially compensate for the shortcomings of our
inability to use primary human keratinocytes. These facts suggest that Vis-1 peptide exerts a wound healing
effect although this study was performed on HaCaT cells and HDFs.

Wound healing is a very complex process regulated by a variety of different signaling pathways**2. Among
them, the Wnt/B-catenin pathway plays an important role in cell proliferation during the wound healing
process®®#. MAPK signaling is also critically involved in cell proliferation and migration in skin keratinocytes
and fibroblasts*>*. Some peptides exert significant effects on wound healing through the MAPK signaling
pathway?*4748 Lu et al. showed that dracorhodin perchlorate promoted the wound healing activity through the
B-catenin, ERK, p38 MAPK and AKT signaling pathways by western blot experiment®. In the present study, the
results of western blotting showed that the treatment of Vis-1 peptide increased the expression of B-Catenin and
p-p38 at low concentrations (1 pM).

In the study of wound healing, the selection of appropriate in vitro and in vivo models is necessary for two
reasons: first, the process of wound healing is very complex, and second, each models must reflect a specific
stage of wound healing well>®*!, In vitro models are required to be rapid, simple, cost effective, and have few
ethical considerations®. In this respect, the most frequently used technique is a scratch test assay in a single-
cell system?*3237:38:52 The present study also adopted this system using HDFs and HaCaT cells, and was able to
confirm that Vis-1 peptide promotes the cell proliferation and migration of both cells. One thing to note in the
scratch assay is that cell proliferation may affect scratch closure. Accordingly, some studies have chosen to block
cell proliferation with mitomycin C*® while others have used culture medium with lower serum concentration
(1%) to minimize cell proliferation!7?*>%55. The present study also performed the scratch assay using culture
medium containing 1% serum, which is lower than 10%.

Various animal models, including diabetic mice and full-thickness wound healing mice, have been proposed
as models for the healing of impaired wounds®'. Effective skin wound healing requires full re-epithelialization
in the wound, and angiogenesis®®. Therefore, animal models should be readily available for visual inspection
to measure changes in wound size, and for assessing the rate of wound healing by measuring epithelialization,
vascularisation, and ECM deposition, and histological studies®**”%. In this regard, full-thickness wound healing
mice model, as in our study, is also widely used for wound healing through skin regeneration?°3237-575¢ In the
present study, we adopted full-thickness wound healing mice model considering laboratory conditions, cost, and
convenience. These assessments showed that Vis-1 peptide significantly decreased wound area and promoted
angiogenesis around the wound site. In addition, the H&E staining and Masson’s trichrome staining confirmed
that Vis-1 peptide induced an increase in the thickness of neo-epithelium, a decrease in granulation tissue, and
an increase in collagen deposition in wound tissues.

Determining treatment dose in in vitro and in vivo studies to investigate the functional activity of a new
substance is challenging. Therefore, we employed a four-step process to determine the appropriate treatment
concentration of the Vis-1 and Vis-2 peptides. First, we reviewed the literature on peptide treatment
concentrations. In many previous studies, the treatment concentrations of peptides in in vitro and in vivo
experiments ranged from 10 nM to 100 pM32385%0 and from 1uM to 100 pM, or up to 200 pg/ml]3>37:38:38,
respectively. Second, we performed the MTT cell cytotoxicity assay for various concentrations of Vis-1 and Vis-
2, ranging from 0.1,1 to 10.0 uM (Supplementary Fig. 1). Thereby, we observed that these concentrations had
no cytotoxicity. Third, based on these results, we carried out angiogenic activity assay for two concentrations:
minimum (0.5 pM) and maximum (2.0 uM)as in our previous study?’. Finally, we performed preliminary
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No. | Name | Peptides Sequences
1 Vis-1 | Visfatin-derived peptide (10 AA) | LEYKLHDFGY
2 Vis-2 | Visfatin-derived peptide (12 AA) | EYKLHDFGYRGV

Table 1. Sequences of the visfatin-derived peptides.

experiments using concentrations of 0.1, 1, 10, and 20 uM to determine the in vivo treatment concentration
for Vis-1 peptide, which shows wound healing effect in vitro assay using HaCaT and HDF cells. Based on these
results, we chose 1uM and 20 uM as the final concentrations for the following in vivo experiments.

When studying the functional activity of a substance, the choice of a positive control substance is important.
The aim of this study was to investigate the wound healing effect of the peptides, not its angiogenic activity. Many
studies on skin regeneration have used hEGF as a positive control!”?”3":3, For this reason, our study choseh EGF
as a more reliable positive control than VEGF or visfatin.

The peptides used in this study were derived from the active site of visfatin by computer simulation. Visfatin
has been reported to influence glucose metabolism and inflammation®-%2, However, visfatin also induces the
proliferation and migration of HaCaT and HDF cells by regulating the ERK1/2 and JNK1/2 signaling pathways,
and promotes wound healing by increasing the expression of VEGF®. In this respect, the present study focused
on the wound healing efficacy of visfatin-derived peptides rather than the effects on glucose metabolism or
inflammation promotion. In addition, this study did not investigate whether the peptide caused an increase
in obesity and/or insulin resistance for two reasons. First, this study only applied the peptide to the skin, not
administered orally or injection. It was thought that such application would have little effect on systemic obesity
and insulin resistance. Second, although some studies have reported a positive correlation between increased
plasma visfatin levels and the development of obesity, it has not been clearly confirmed, and the correlation
between visfatin and insulin resistance is also still controversial®>*4,

Stability is an important factor in developing peptide therapeutics. Therefore, our research team is researching
the production of peptides with longer half-lives and higher bioavailability than the original visfatin using the
‘Alanine scanning’ method and ‘fatty acylation’ method to improve the stability of Vis-1 peptide.

In conclusion, these results suggest that Vis-1 peptide has the most effective wound healing ability by
inducing angiogenesis in the wound area and the proliferation of keratinocytes and dermal fibroblasts,
causing rapid epithelization and contraction of the wound. However, additional nonclinical studies, including
pharmacokinetics and safety, are needed for Vis-1 peptide to be developed as a clinical potential therapeutic
drugf or wound healing.

Materials and methods
Ethics information
The all animal experimental methods performed followed the ethical principles adopted by the Pusan National
University Hospital of Animal Experimentation and approval was obtained by the Ethics Committee on Animal
Care and Use of the Home Institution (Approval ID: PNUH-2024-228) prior to the beginning of the experiment.
Every effort was made to reduce the number of animals used, and to minimize their suffering. This study is
reported in accordance with ARRIVE (Animal Research: Reporting of In Vivo Experiments) guidelines.
Human dermal fibroblasts (HDFs) were manually isolated from discarded skin tissues obtained during
transplant surgery. These clinical procedures and protocols were based on informed consent from all subjects
before enrollment and approved by Institute Review Board (IRB) of Pusan National University Hospital (11-
2025-014). Research involving human research participants must have been performed in accordance with the
Declaration of Helsinki.

Peptide synthesis

The two angiogenic peptides derived from the active site of visfatinwere synthesized usingsolid-phase peptide
synthesis (SPPS) methods at HLB PEP (Gwangju, Rep. of Korea). The synthesized peptides were purified using
HPLC (high-performance liquid chromatography) system (Shimadzu HPLC LabSolution, Tokyo, Japan) and
Tiart C18 column (YMC Co. Ltd., Kyoto, Japan) (5 um, 30 x 250 mm). The purity of two peptides was more than
95% and all peptides were lyophilized. The peptides were dissolved in distilled water at a concentration of 1 mM
and stored at -20 °C. The sequences of peptides are described in Table 1.

Isolation and cell culture of primary human dermal fibroblasts and human keratinocytes

Skin tissues were collected from nine donors in the department of plastic surgery at Pusan National University
Hospital in Yangsan (Rep. of Korea). Among the nine tissues collected, four could not be used because of
problems with transportation and storage from the operating room to the laboratory. Among the remaining
five, the best was selected for the experiment based on the cell growth rate and morphological characteristics of
fibroblasts (large, flat, and spindle-shaped cells).

The isolated skin tissues were sterilized using 70% ethanol and incubated in 25 UI/mL Dispase II solutions
(Sigma-Aldrich, St. Louis, MO, USA) for 15 h at 4 °C. Separated dermal tissues were chopped using the scalpel
blade and digested in Collagenase/DNase (Collagenase Type I: Gibco, Grand Island, NY, USA and DNase I:
Roche, Basel, Switzerland) solution for 90 min at 37 °C under manually shake it every 10 min. The digested
samples were filled with the same amount of 10% heat-inactivated fetal bovine serum (FBS) (Gibco) and were
filtered through a 70 pm-cell strainer. The suspension was centrifuged for 5 min at 1200 rpm. The cell pellet was
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resuspended using Dulbecco’s modified eagle’s medium (DMEM) (WELGENE, Gyeongsan, Korea) with 10%
FBS and 1% Antibiotics/ Antimycotics (Gibco).

Human immortalized keratinocytes (HaCaT) cells were purchased from AddexBio Technologies (San Diego,
CA, USA). It was cultured in DMEM supplemented with 10% FBS and 1% Antibiotics/Antimycotics. The
cultured cells were maintained at 37 °C in an atmosphere with 5% CO,,.

Scratch wound healing assay

HDFs and HaCaT cells were seeded in 6-well plates (2 x 10° cells and 4 x 10° cells per well, respectively). When
the cells reached 100% confluency, the monolayer of cells was scratched using a 200-pL pipette tip to create
a wound. The wounded debris was removed by washing with DPBS (Dulbecco’s phosphate buffered saline)
(WELGENE) twice. The cells of each well were treated with DMEM medium containing various concentrations
(0.1, 1, and 10 uM) of peptides supplemented with 1% FBS, and the culture was incubated for 12 h (HDFs) or
24 h (HaCaT cells). The scratch closure was observed using a phase-contrast microscope and the scratch area
was calculated using Image] software (NTH, Bethesda, MD, USA). The wound closure percentage was obtained
using the following formula:

(A—B)

Woundclosure (%) = X 100

A is the scratch area at 0 h, and B is the scratch area at the designated time.

Preparation of full-thickness excision wound healing mice and treatment
Full-thickness excision wound healing mice models were created to evaluate the regenerative effects of Vis-1
peptide in vivo.

Twenty male ICR mice 7-week old were purchased from KOATECH (Pyeongtaek, Korea). At the time of
the wound healing test the mice were 8 weeks old and had body weights of 38.2+2.5 g (mean + SEM). The mice
were kept in individual cages and provided with food and water ad libitum under 12 h light/dark cycles at a
temperature of 21 +2 °C and relative humidity of 55+ 10%.

The mice adapted after a week were anesthetized using isoflurane (inhalant anesthesia) and the back of the
mice was shaved with an electric clipper. The dorsal skin was disinfected with alcohol, and full-thickness skin
wounds were made using an 8-mm biopsy punch. After surgery, mice were randomly divided into four groups
as follows;

(1) DPBS treated (Control) group (n=5);

(2) 20 uM hEGF treated (Positive control) group (n=5);

(3) 1 uM Vis-1 treated group (n=>5);

(4) 20 puM Vis-1 treated group (n=>5).

The mice with full-thickness wounds were treated with 20 uL of DPBS, 20 uM hEGE 1 pM, or 20 pM Vis-1
applied directly to the wound area twice daily for 10 days. The day when wounds were created was designated
as Day 0, and the wounds were photographed at intervals of 2 days. Wound areas were analyzed using Image]
software and the wound closure rate was calculated according to the following formula:

A-B)

Woundclosure (%) = ( T X 100

A is the wound area on Day 0, and B is the wound area on the designated day.

Histological analysis

Mice were sacrificed using CO, gas on Day 4, Day 8, and Day 10, and wound tissues were isolated from mice.
The skin specimens were immediately fixed in 4% paraformaldehyde (Biosesang, Yongin, Korea) and dehydrated
using a series of ethanol, cleared in xylene, and embedded in paraffin. The tissues of paraffin blocks were cut to
5 um thickness and put on the silane coated slides. The sections were stained with H&E (Hematoxylin and Eosin)
to monitor the wound healing process®’. Deparaffinized sections were stained with Harris Hematoxylin for 2 min.
And then, the slides were decolorized using 1% acid alcohol and 2% potassium acetate and stained with Eosin for
2 min. Masson’s trichrome method was used to identify the collagen fibers®®. The sections of deparaffinization
were submerged in Bouin’s solutions and washed using tap water until the yellow color in the sample. The samples
were stained with modified Weigert’s hematoxylin for 8 min and treated with phosphomolybdic acid solution.
The last step was collagen staining with methyl blue solution for 5 min. Mounting sections were photographed
using a light microscope and Aperio ImageScope software (Leica Biosystem, Wetzlar, Germany).

Western blot
HDFs and HaCaT cells were seeded in 100-mm dishes at each density of 5 x 10° cells and 1 x 10° cells per dish,
respectively. When the cells reached 80% confluency, the cultured cells were treated with various concentrations
(0.1, 1, and 10 uM) of Vis-1 peptide for 12 h (HDFs)or24 h (HaCaT cells). The cells were lysed with ProEX™
CETi Lysis Buffer with Inhibitor (TransLab, Daejeon, Korea) and the protein concentration was measured using
Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions.

The protein lysates were separated by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis)
and transferred onto PVDF (polyvinylidene difluoride) membranes. The membranes were blocked with 1X
Phospho-Block Solution (TransLab) for 1 h at room temperature and then incubated with the suitable primary
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antibody at 4 °C overnight. The used primary antibodies were 3-Actin (1:1000, Santa Cruz Biotechnology, Dallas,
TX, USA), f-Catenin (1:1000, Santa Cruz Biotechnology), p-ERK 1/2 (1:1000, Santa Cruz Biotechnology), p-JNK
(1:1000, Cell Signaling Technology, Danvers, MA, USA) and p-p38 (1:1000, Cell Signaling). The next day, the
membranes were washed with 1X TBST buffer (TransLab) for five times and incubated with the corresponding
secondary antibody for 1 h at room temperature. HRP-conjugated Goat anti-Rabbit IgG (1:1000, ABclonal,
Woburn, MA, USA) and HRP-conjugated Goat anti-Mouse IgG (1:1000, ABclonal) were used as the secondary
antibodies. The signals were detected using SMARTGENE ECL solution (Daejeon, Korea) and ATTO Ez-Capter
II (ATTO Technology, Amherst, NY, USA). The results were analyzed using Image] software and normalized to
the expression of -Actin.

Statistical analysis
In vitro and in vivo results are presented as mean + SEM (standard error of the mean). The results were analyzed
using an unpaired t-test in GraphPad Prism (GraphPad Software Inc., CA, USA). P<0.05 was considered
statistically significant.

Data availability
All data generated or analysed during this study are included in this published article (and its Supplementary
Information files).
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