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Spirulina protein promotes skin wound repair in a mouse
model of full-thickness dermal excisional wound
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Abstract. The skin protects body from environmental
damage. Skin wounds lead to microbial infection and harmful
agent injury. Thus, wound repair is crucial for the recovery of
the normal function of skin tissue. The present study inves-
tigated the promoting effects of spirulina protein (SPCP) in
mice on skin wound repair and also aimed to elucidate the
potential underlying mechanisms. The results revealed that
SPCP promoted the skin wound repair in a mouse model of
full-thickness excisional wounds. SPCP induced an increase in
the expression level of a-smooth muscle actin (a-SMA). The
activities of superoxide dismutase (SOD) and catalase (CAT)
were enhanced by SPCP treatment in the granulation tissue. In
addition, SPCP decreased the level of malondialdehyde (MDA)
in the granulation tissue. Western blot analysis revealed that
SPCP enhanced the phosphorylation and activation of protein
kinase B (Akt) and extracellular signal-regulated kinase
(ERK). Moreover, the expression level of transforming growth
factor 1 (TGF-P1) was increased in the SPCP-treated groups.
The phosphorylation level of Smad2 was also increased by
treatment of SPCP. Furthermore, SPCP promoted the expres-
sion of collagen in the granulation tissue. Taken together, these
findings indicate that SPCP exerts a promoting effect on skin
wound repair. The Akt, ERK and TGF-$1 signaling pathways
are involved in this process.
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Introduction

Skin serves as the protective barrier of the body and protects
it from harmful agents, such as ultraviolet (UV) radiation, heat
and microorganisms (1,2). Damage to the skin tissue not only
causes damage to the subcutaneous tissue, but also affects
the internal balance of the body (3,4). Thus, skin wound
repair is crucial for the restoration of the protective func-
tions of the skin. Wound repair requires a cascade of phases,
including inflammation, proliferation and remodeling (5,6).
Various growth factors and cytokines are released during
these processes. Transforming growth factor f1 (TGF-p1), a
highly multifunctional cytokine, affects all 3 phases of wound
repair (7-9). The extracellular matrix (ECM) of the dermis is
produced by fibroblasts and consists of collagen, elastin and
proteoglycans (10,11). Skin fibrosis is caused by an imbalance
between the generation and degradation of ECM proteins,
which results in the severe alteration of the skin connective
tissue and delays wound repair (12-14). However, the deposi-
tion of ECM components is regulated by TGF-f1 in the wound
repair process (15). Its downstream signaling Smad?2 is phos-
phorylated by activated TGF-f1. The target genes are then
induced to promote wound repair (16,17). During wound repair,
fibroblasts can be activated and become myofibroblasts. These
myofibroblast cells can synthesize ECM and play a positive
role in the contraction of granulation tissue. The expression
of a-smooth muscle actin (a-SMA) is a specific marker of
myofibroblasts. Moreover, the differentiation of fibroblasts to
a-SMA is promoted by TGF-f1 (18).

Reactive oxygen species (ROS) function as secondary
messengers in a number of cells, including immunocytes
and non-lymphoid cells (19). These cells play a positive role
in tissue repair, and then promote wound repair (19,20). ROS
play a beneficial role in protecting against invading bacteria
in wound repair. Appropriate levels of ROS are beneficial
for wound repair. However, excessive ROS production leads
to oxidative stress, and inhibits the proliferation and migra-
tion of cells in wound repair (21,22). In addition, high levels
of oxidative stress prolong the inflammatory process, induce
tissue damage and results in the delay of wound repair. Thus,
it is necessary to control the levels of ROS during wound
repair (23,24).



352

Spirulina, a blue-green algae, has been used as a food source
since ancient times. It is commercialized for abundant proteins,
vitamins and minerals. Moreover, spirulina has been reported
to exhibit pharmaceutical potential due to its anti-inflammatory,
antioxidant and anticancer properties (25,26). Recently, the
promoting effects of spirulina protein (SPCP) on the activity
of CCD-986sk human fibroblasts were demonstrated (27).
Furthermore, SPCP was shown to improve collagen formation
in CCD-986sk cells and to decrease the activity of elastase,
which plays an important positive role in wound repair (27).
In addition, the migration and proliferation of CCD-986sk
cells have been shown to be promoted by SPCP via phos-
phoinositide 3-kinase (PI3K)/protein kinase B (Akt) signaling
pathway (28). These effects of SPCP on human fibroblasts
provide a possible application for promoting skin wound repair.

Herein, the aim of the present study was to examine the
promoting effects of SPCP on skin wound repair. A mouse
model of full-thickness dermal excisional wounds using
C57BL/6 mouse was established. In addition, the underlying
molecular mechanisms of this process were investigated.
The main findings suggested that SPCP can promote the skin
wound repair in C57BL/6 mice, and that the extracellular
signal-regulated kinase (ERK), Akt and TGF-p1 signaling
pathways were activated by SPCP during this process.

Materials and methods

Experimental animals. All experiments procedures were
approved by the University Animal Care and Use Committee
guidelines at Pukyong National University (Busan, Korea;
approval no. 2018-15) and conducted according to the inter-
national regulations of the usage and welfare of laboratory
animals. A total of 20 C57BL/6 male mice (6 weeks old;
weighing 20-23 g) were obtained from IDEXX Bioresearch,
and maintained under controlled conditions with proper
temperature (22°C) and humidity (40-45%) under a light/dark
cycle of 12 h/12 h. They were kept in single-house and provided
with standard rodent food and water ad libitum.

Establishment of full-thickness excisional wounds. All
20 mice were allowed to adapt to their new environment
for 1 week. Mice were anesthetized with ether (2-4% in an
inhaled mixture). The lack of a toe pinch reflex ensured that
the mouse was fully anesthetized. The hair of the dorsal
surface was removed using an electric clipper. The dorsal skin
of each mouse was rinsed using alcohol, and a 8-mm-diameter
biopsy punch was then used to create a full-thickness wound
on the backs of the mice. All the mice were randomly divided
into 4 groups with 5 mice in each group. The first group was
the control group in which mice were treated with vaseline
(British-Dutch company, Unilever) only. The second group
was the positive control group in which mice were treated
with vaseline containing 10 pg/g epidermal growth factor
(EGF) (Sigma-Aldrich; Merck KGaA). The third group was
the sample group in which mice were treated with vaseline
containing 2% SPCP. The fourth group was the sample group
in which mice were treated with vaseline containing 4% SPCP.
Vaseline, EGF or SPCP was applied directly to the wound site
once a day. Wound repair was macroscopically monitored by
obtaining images with a digital camera (Sony HDR-XR260;
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Sony Corporation) at 1 p.m. each day. After 9 days, all 20 mice
were euthanized by cervical dislocation. Respiratory arrest
and the absence of blinking confirmed the mouse death. The
skin around the wound was collected and treated with liquid
nitrogen. The collected skin tissues were stored at -70°C for use
in the subsequent experiments. The wound areas were calcu-
lated using ImagelJ software (version 1.40; National Institutes
of Health). The results were expressed as the percentage of the
original size.

Measurement of superoxide dismutase (SOD) activity. The
SOD Activity Assay kit (BioVision, Inc.) was used to deter-
mine the activity of SOD in the mouse skin tissue by ELISA.
Firstly, PBS was used to remove any red blood cells. The skin
tissue was then homogenized with ice-cold (0-4°C) 0.1 mol/l of
Tris/HCI [pH 7.4, containing 5 mmol/l of 3-mercaptoethanol
(B-ME), 0.5% Triton X-100 and 0.1 mg/ml phenylmethylsul-
fonyl fluoride (PMSF)]. It was subsequently centrifuged at
14,000 x g for 5 min at 4°C. The supernatant was used to deter-
mine the activity of SOD. The supernatant from 4 groups was
plated in 96-well plates; i.e., sample, blank 1,2 and 3. A total of
20 ul of sample solution were added to each well of the sample
group and blank 2 group, respectively. This was followed by
the addition of 20 ul of ddH,O to each well of the blank 1
group and blank 3 group, respectively. Each of the above wells
was then supplemented with 200 ul of dilution buffer. A total
of 20 ul of enzyme working solution (BioVision, Inc.) was then
added to each well of the sample group and blank 1 group.
The plate was then incubated at 37°C for 20 min. The Synergy
HTX microplate reader (BioTek Instruments, Inc.) was used to
measure the absorbance at 450 nm. The activity of SOD was
calculated according to the manufacturer's instructions.

Measurement of catalase (CAT) activity. The activity
of CAT was determined using the Catalase Activity
Colorimetric/Fluorometric Assay kit (BioVision, Inc.)
by ELISA. The skin tissue was homogenized with ice-cold
assay buffer. It was subsequently centrifuged at 10,000 x g
for 5 min at 4°C. The supernatant was used to determine the
activity of CAT. Each of the sample wells was supplemented
with 50 ul of Sample Solution and the positive control well was
supplemented with 3 ul of positive control solution (BioVision,
Inc.). Each of the wells was supplemented with assay buffer
to the final volume of 78 ul. The sample high control well
was supplemented with 50 ul of sample solution and then
supplemented with assay buffer to the final volume of 78 pl.
The sample high control well was then supplemented with
10 ul of stop solution. After mixing, the plate was incubated
at 25°C for 5 min to inhibit the activity of CAT adequately.
This was followed by the addition of 12 ul of 1 mmol/l H,0O,
to each well (sample well, positive control well and sample
high control well). The plate was then incubated at 25°C for
30 min. Subsequently, 10 ul of stop solution were added to
sample well and positive control well. A total of 50 ul of
Develop Mix (46 ul of Assay Buffer, 2 ul of OxiRedTM Probe
and 2 pul of HRP solution) were then added to each well and
incubated at 25°C for 10 min. The Synergy HTX microplate
reader (BioTek Instruments, Inc.) was used to measure the
absorbance at 570 nm. The activity of CAT was calculated
according to the manufacturer's instructions.
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Name of primary antibody

Manufacturer and cat. no.

Dilution rate

GAPDH Santa Cruz Biotechnology: sc-25778 1:1,000
p-ERK Santa Cruz Biotechnology: sc-7383 1:1,000
ERK1 Santa Cruz Biotechnology: sc-271269 1:1,000
ERK2 Santa Cruz Biotechnology: sc-154 1:1,000
p-Akt Santa Cruz Biotechnology: sc-514032 1:500
Akt Santa Cruz Biotechnology: sc-8312 1:500
a-actin Santa Cruz Biotechnology: sc-32251 1:1,000
TGF-p1 Santa Cruz Biotechnology: sc-146 1:1,000
p-Smad2 Santa Cruz Biotechnology: sc-135644 1:1,000
Smad2 Santa Cruz Biotechnology: sc-6200 1:1,000
COL1Al Santa Cruz Biotechnology: sc-293182 1:500
COL1A2 Santa Cruz Biotechnology: sc-376350 1:500

Measurement of the malondialdehyde (MDA) level. The
level of MDA was determined using the Lipid Peroxidation
(MDA) Colorimetric/Fluorometric Assay kit (BioVision,
Inc.) by ELISA. The skin tissue was homogenized with MDA
Lysis Buffer. It was subsequently centrifuged at 13,000 x g
for 10 min. A total of 200 ul of supernatant was then place
in a 1.5 ml microcentrifuge tube. Thiobarbituric acid (TBA;
600 ul) was then added to each well and incubated at 95°C
for 60 min. The sample was placed in the ice for 10 min and
thawed to the room temperature (20-25°C). A total of 200 ul
was taken from 800 pl reaction mixture to a 96-well plate
for analysis. The Synergy HTX microplate reader (BioTek
Instruments, Inc.) was used to measure the absorbance at
532 nm. The level of MDA was calculated according to the
manufacturer's instructions.

Preparation of whole cell lysates. Skin tissue was minced and
homogenized using RIPA buffer (iNtRON Biotechnology)
with 1% protease inhibitor in an ice-bath. Subsequently, the
extract was incubated in ice and then centrifuged at 16,000 x g
for 10 min at 4°C. The supernatant was collected as the protein.
The BCA protein assay kit (Pierce; Thermo Fisher Scientific,
Inc.) was used to analyze the concentration of the protein.
The protein concentration of different treatment groups was
adjusted to the same level. The protein solution was then
mixed with SDS sample buffer containing DTT and denatured
at 100°C for 5 min.

Western blot analysis. SDS-PAGE gel (7.5-12.5%) was used
to separate proteins (30 ug per lane). The proteins were
then transferred to PVDF membranes (EMD Millipore).
Membranes were washed with methanol, and then blocked
for 2 h with TBS-T [10 mm Tris-HCI, 150 mm NaCl (pH 7.5)
and 0.1% Tween-20] containing 1% BSA. The membrane
were then incubated at 4°C overnight (=12 h) with primary
antibodies. After washing 2 times with TBS-T for 15 min each
time, the membranes were incubated at room temperature for
a further 2 h with the secondary antibodies (all 1:10,000). The
secondary antibodies used were HRP-conjugated anti-rabbit
IgG (cat. no. 7074S, Cell Signaling Technology, Inc.), donkey

anti-goat IgG (cat. no. A50-101p, Bethyl Laboratories, Inc.) and
anti-mouse IgG (cat. no. 7076S, Cell Signaling Technology,
Inc.). The primary antibodies used are listed in Table I. Color
development was performed using an enhanced chemilumi-
nescence western blot kit (Thermo Fisher Scientific, Inc.). The
bioanalytical imaging system (Azure Biosystems) was used to
detect the protein bands. Multi-Gauge software, version 3.0
(Fujifilm Life Science) was used to analyze the density of
these protein bands. Each density of these protein bands was
normalized to GAPDH.

Statistical analysis. For all assays, at least 3 independent
experiments were performed. The mean + standard deviations
of the expression values were calculated using Microsoft
Excel. The differences between 2 groups were evaluated with
one-way analysis of variance followed by the Bonferroni
post hoc test using SPSS statistical software for Windows,
v.20.0 (IBM Corp.).

Results

Treatment with SPCP accelerates wound repair. In order to
determine the effects of SPCP on skin wound repair, C57BL/6
mice were used. To prove the hypothesis that SPCP promotes
wound healing, full-thickness excisional wounds were created
using mice. From the images obtained on days 0, 3, 6 and 9, it
can be seen that the percentage wound closure in the mice which
were treated with EGF or SPCP was higher than that of the mice
which were treated only with Vaseline as the control (Fig. 1).

Myofibroblasts play an important role in skin wound repair.
One of the myofibroblast-specific markers is a-SMA (18,29).
Thus, the expression level of a-SMA was determined by western
blot analysis in the present study. As shown in Fig. 2, the expres-
sion level of a-SMA was higher in the EGF- or SPCP-treated
groups than in the control group. These results indicated that
SPCP enhanced wound repair by increasing the level of myofi-
broblasts.

Effect of SPCP on the body weight of C57BL/6 mice. To
determine the effects of SPCP on the body weight of C57BL/6
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Table II. Effect of SCPC on the body weights of C57BL/6 mice.
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SPCP (%)
Weight Control EGF 2% 4%
Basal BW (g) 22.86+0.40 21.66+0.74 23.00+0.41 22.40+0.35
Final BW (g) 22.92+0.68 22.18+0.66 23.08+0.77 22.76+0.58
The results are presented as the means + standard deviation of 3 independent experiments.
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Figure 1. Treatment with SPCP enhances skin wound repair in C57BL/6 mice.
The effect of SPCP on the skin wound repair was measured using a full-thick-
ness excisional wound model in C57BL/6 mouse. Each value represents the
mean + standard deviation of 5 mice. “P<0.01, "“P<0.001 compared with the
control group. SPCP, spirulina protein; EGF, epidermal growth factor.

mice, the body weights of the mice were recorded. From
the results (Table II) it can be seen that the body weights
of the mice in the SPCP-treated group exhibited no marked
differences with the mice in the control group. These results
indicated that SPCP exerted no effect on the body weights of
C57BL/6 mice.

Effect of 9 days of treatment with SPCP on lipid peroxide and
antioxidant enzyme levels in granulation tissue homogenate.
In order to determine the effects of SPCP on the activity of
SOD, enzyme-linked immunosorbent assay (ELISA) was
performed using an ELISA kit. As in shown in Table III,
the mice which were treated with SPCP exhibited a higher
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Figure 2. Treatment with SPCP induces the expression level of a-SMA
in C57BL/6 mice. The expression level of a-SMA in C57BL/6 mice was
measured by western blot analysis following treatment with various concen-
trations of SPCP for 9 days. Each value represents the mean + standard
deviation of 3 independent experiments. "P<0.05 compared to the control
group. SPCP, spirulina protein; EGF, epidermal growth factor; a-SMA,
o-smooth muscle actin.

activity of SOD compared with those in the control group.
Furthermore, the activity of SOD was induced by SPCP in a
dose-dependent manner. These results indicated that SPCP
may exert a positive effect on antioxidants by enhancing the
activity of SOD during skin wound repair in mice.

In order to determine the effects of SPCP on the activity
of CAT, ELISA was performed using an ELISA kit. As shown
in Table III, the mice which were treated with SPCP exhibited
a higher activity of CAT compared with those in the control
group. Furthermore, the activity of CAT was induced by SPCP
in a dose-dependent manner. These results indicated that
SPCP may exert a positive effect on antioxidants by enhancing
the activity of CAT during skin wound repair in mice.

In order to determine the effects of SPCP on the level
of MDA, ELISA was performed using an ELISA kit. As in
shown in Table III, the mice which were treated with SPCP
exhibited a lower level of MDA compared with those in the
control group. These results indicated that SPCP may exert a
positive effect on antioxidant by inhibiting the level of MDA
during skin wound repair in mice.
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Table III. Effect of 9 days treatment with SPCP on lipid peroxide and antioxidant enzyme levels in granulation tissue homogenate.

SOD activity (U/mg protein) CAT activity (mU/mg protein) MDA (nmol/mg protein)
Control 12.55+0.08 3.55+0.22 0.98+0.04
EGF 13.59+0.43" 4.65+1.19 0.64+0.08°
2% SPCP 13.87+0.53" 4.52+0.19 0.60+0.06°
4% SPCP 15.61+0.36° 6.02+0.54° 0.36+0.05¢

The results are presented as the means + standard deviation of 3 independent experiments. *P<0.05, *P<0.01, °P<0.001 compared to the control

group.
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Figure 3. Treatment with SPCP enhances the phosphorylation level of ERK
in C57BL/6 mice. The phosphorylation level of ERK in C57BL/6 mice was
measured by western blot analysis following treatment with various concen-
trations of SPCP for 9 days. Each value represents the mean + standard
deviation of three independent experiments. "P<0.05, “P<0.01 compared to
the control group. SPCP, spirulina protein; EGF, epidermal growth factor;
ERK, extracellular signal-regulated kinase.

SPCP enhances wound repair via the ERK signaling pathway
in C57BL/6 mice. According to previous results in CCD-986sk
cells (27), it is known that the EGFR/ERK signaling pathway
is involved in the SPCP-induced proliferation and migration of
CCD-986sk cells. Thus, the effect of SPCP on the phosphory-
lation level of ERK was determined by western blot analysis.
The results revealed that the phosphorylation level of ERK
was increased by treatment with SPCP in the skin granula-
tion tissue of C57BL/6 mice (Fig. 3). This indicated that SPCP
promoted skin wound repair in C57BL/6 mice via the ERK
signaling pathway.

SPCP enhances wound repair via the Akt signaling pathway
in C57BL/6 mice. According to previous results in CCD-986sk
cells (28), it is known that the PI3K/Akt signaling pathway is
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Figure 4. Treatment with SPCP enhances the phosphorylation level of Akt
in C57BL/6 mice. The phosphorylation level of Akt in C57BL/6 mice was
measured by western blot analysis following treatment with various concen-
trations of SPCP for 9 days. Each value represents the mean + standard
deviation of three independent experiments. “P<0.01, ““P<0.001 compared
to the control group. SPCP, spirulina protein; EGF, epidermal growth factor;
Akt, protein kinase B.

involved in the SPCP-induced proliferation and migration of
CCD-986sk cells. Thus, the effect of SPCP on the phosphory-
lation level of Akt were determined by western blot analysis in
the present study. The results revealed that the phosphorylation
level of Akt was increased by treatment with SPCP in the skin
granulation tissue of C57BL/6 mice (Fig. 4). This indicated
that SPCP promoted skin wound repair in C57BL/6 mice via
the Akt signaling pathway.

SPCP enhances wound repair via the TGF-f1/Smad signaling
pathway. The TGF-p1/Smad signal transduction pathway
is a signal transduction pathway which plays an important
role in tissue repair (30). TGF-f1 is involved in the whole
process of inflammation, proliferative phase and plasticiza-
tion during wound repair (31). Thus, the effect of SPCP on the
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Figure 5. Treatment with SPCP induces the activation of TGF-f1/Smad2 signaling pathway in C57BL/6 mice. (A) The protein expression level of TGF-f1 in
C57BL/6 mice was measured by western blot analysis following treatment with various concentrations of SPCP for 9 days. (B) The phosphorylation level of
Smad2 in C57BL/6 mice was measured by western blot analysis following treatment with various concentrations of SPCP for 9 days. Each value represents
the mean + standard deviation of three independent experiments. "P<0.05, ““P<0.001 compared to the control group. SPCP, spirulina protein; EGF, epidermal

growth factor; TGF-f1, transforming growth factor 1.

TGF-p1/Smad signaling pathway was determined by western
blot analysis in the present study. The results revealed that the
level of TGF-B1 was increased by treatment with SPCP in the
skin granulation tissue of C57BL/6 mice (Fig. 5A). Moreover,
the level of p-Smad2 was increased by treatment with SPCP in
the skin granulation tissue of C57BL/6 mice (Fig. 5B). These
results indicated that SPCP promoted skin wound repair in
C57BL/6 mice via the TGF-f31/Smad signaling pathway.

SPCP regulates the expression of collagen. In order to deter-
mine the effects of SPCP on the expression level of collagen in
the granulation tissue of C57BL/6 mice, western blot analysis
was performed. The results revealed that the expression level
of type I collagen was higher in SPCP-treated group than that
in the control group (Fig. 6). This result indicated that SPCP
enhanced the deposition of type I collagen during skin wound
repair.

Discussion

Normally, for the damage of the external environment, skin
can protect the integrity and function of internal organs very
effectively (22,32). Therefore, in the process of resisting
environmental stimuli, the skin will be damaged to varying
degrees. If the damage is severe, the function of internal organs
will change, and may even result in death (33,34). Therefore,
it is crucial to identify methods with which to promote the
efficiency of skin wound repair. As is known, the process of
wound repair is very complex. The key factor in this process
is the process of forming and reconstructing new tissue
cells (1,35). According to previous findings, SPCP enhances
the proliferation and migration of human fibroblasts (28),
which play a crucial role in the formation and remodeling of
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Figure 6. Treatment with SPCP enhances the protein expression of type I
collagen in C57BL/6 mice. The protein expression levels of COL1A1 and
COL1AZ2 in C57BL/6 mice were measured by western blot analysis following
treatment with various concentrations of SPCP for 9 days. Each value
represents the mean + standard deviation of three independent experiments.
“P<0.05, “P<0.01 compared to the control group. SPCP, spirulina protein;
EGF, epidermal growth factor; COL1A1, collagen, type I, alpha 1.

new tissues. In the present study, SPCP was found to promote
skin wound repair in C57BL/6 mice. It has been reported that
a low level of ROS is essential for wound repair. However,
excessive ROS production can inhibit wound repair (36,37).
Superoxide anion free radicals (O,) are natural intermediates
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in various physiological reactions of organisms. These are a
type of ROS with poten oxidation ability and are one of the
important factors of biological oxygen toxicity. SOD is a free
radical scavenger, which exists widely in various tissues of
organisms and can scavenge free radical O, (38). CAT is an
enzyme scavenger that can decompose hydrogen peroxide into
water and oxygen. Hydrogen peroxide is scavenged by CAT
to protect the body from oxidative damage (39). Antioxidants
play an important role in wound repair due to its protection on
the wound from oxidative damage (32). Thus, the present study
evaluated the antioxidant effects of SPCP in wound repair by
measuring the SOD, CAT activity and MDA content. The
results revealed that SPCP reduced the MDA content. At the
same time, the activities of SOD and CAT in the granulation
tissue of mice in the SPCP treatment group were higher
than those of the mice in the control group. These results
suggest that SPCP promotes the repair of skin wounds in mice
through antioxidation.

ERK1/2 can be phosphorylated by certain growth factors
and hydrogen peroxide, and then enters the nucleus to act
on transcription factors in the nucleus, such as c-Myc, c-Jun
and nuclear factor «-light-chain-enhancer of activated B cells
(NF-kB) (40). Therefore, ERK1/2 can promote the activity of
downstream genes, affect the transcription and expression of
downstream genes, regulate various functions of cells, such
as metabolism and survival, and ultimately affect the corre-
sponding biology of cells (41). It has been reported that only
phosphorylated ERK1/2 is active (42). In a previous study,
it was demonstrated that SPCP increased the phosphoryla-
tion level of ERK1/2 (27). Thus, the phosphorylation level
of ERK1/2 in the granulation tissue of C57BL/6 mice was
determined in the present study. The results revealed that
SPCP activated ERK1/2 signaling in the skin granulation
tissue of C57BL/6 mice. Moreover, the PI3K/Akt signaling
pathway, as one of the more common signaling pathways
in vivo, is involved in regulating various cell activities, such
as cell inflammation, proliferation and differentiation (43).
PI3K/Akt pathway integrates signals from growth factors
and cytokines, and transmits these signals through multiple
downstream effectors (44). In turn, these effectors regulate
basic cellular functions, including growth, metabolism,
survival and proliferation (45). Previous studies have found
that SPCP activates the PI3K/Akt signaling pathway in
CCD-986sk cells. Therefore, the activation of Akt signaling
was examined in the present study. The results demonstrated
that SPCP activated Akt signaling in the skin granulation
tissue of C57BL/6 mice.

In the process of wound repair, wound contraction and
ECM recombination are crucial (46). In the process of wound
contraction, one of the most important factors is the expres-
sion and differentiation of myofibroblasts. The expression of
a-SMA is an important marker of myofibroblasts (47). In the
present study, on the 9th day of wound repair, the expres-
sion level of a-SMA in granulation tissue of SPCP treated
mice was significantly higher than that of the control group.
Previous studies have indicated that in the process of fibro-
blast differentiation into myofibroblasts, the stimulation of
TGF-p on wounds is crucial (7-9). In the present study, on
the 9th day following injury, SPCP treatment significantly
increased the expression of TGF-$1 in the granulation tissue.
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Moreover, the phosphorylation level of Smad2, which was
the downstream signal of TGF-$1, was enhanced by treat-
ment with SPCP in the granulation tissue of C57BL/6 mice.
These results suggested that SPCP promoted skin wound
repair in mice by increasing the expression of a-SMA and
activating the TGF-B1/Smad signaling pathway. For further
research, the authors aim to determine the later events in
wound healing, such as tissue normalization, reduction of
a-SMA (positive cells), TGF-f1, and associated compo-
nents or reconstitution of ROS levels, to assess whether
SPCP may be used as an appropriate therapeutic. In addi-
tion, the cutaneous ECM comprises a complex assortment
of proteins. The most abundant proteins in the ECM are
collagens. In particular, type I collagen is the most prevalent
of the fibril-forming collagens (48). According to previous
studies, it has been found that SPCP promotes the secretion
of collagen in CCD-986sk cells (27). In the present study,
the expression level of type I collagen was determined in
granulation tissue of C57BL/6 mice. The results revealed
that the expression level of type I collagen was induced by
SPCP. In addition, other components of the ECM also play
an essential role in wound repair, such as fibronectin which is
an adhesive molecule that plays a crucial role in ECM forma-
tion and skin wound repair (49). Thus, further studies are
required to determine the expression level of other compo-
nents of the ECM in granulation tissue following treatment
with SPCP. Even though the ECM plays an important role in
skin wound repair, excessive ECM deposition may result in
fibrosis, scarring and the loss of tissue function. Accordingly,
it is important to maintain ECM production in balance for a
complete closure of a wound.

In conclusion, in the present tudy, following SPCP treat-
ment, the wound repair was enhanced in C57BL/6 mice. This
indicated that SPCP can effectively promote wound repair. In
this process, the ERK, Akt and TGF-f1 signaling pathways
played an important role. The results obtained herein provide
evidence of the promoting effects of SPCP on wound repair in
C57BL/6 mice and the underlying mechanisms were revealed.
Furthermore, the results obtained in the present study support
the positive role of SPCP in wound repair.

For further study, the authors aim to perform the specific
staining of tissue sections to address appearance and loca-
tion of critical components, cell and tissue fate of both skin
compartments. In addition, despite the fact that C57/BL6 mice
are a widely accepted wound repair model for experiments,
the skin structure and wound repair mechanisms of the mice
differ from those of humans. Further studies are thus required
to evaluate the therapeutic effets of SPCP on other wound
repair models that are more akin to the human skin.
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