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Abstract: This study is to explore underlying mechanism of skin wound healing by snakehead fish soup using rat and cell models. We
assessed skin wound changes after administering wild and farmed snakehead fish soup intragastrically, then using CCK-8 and scratch tests
to evaluate cell proliferation and migration, last assessed vessel tubule formation by HUVEC cells. The results showed that the skin wound
healing rates of rats after 14 days of intragastrical administration of farmed and wild snakehead fish soup were 52.71% and 57.76%,
respectively, which were substantially greater than the control group (39.84%). With the administration of the soups, the collagen tissue on
the skin wound was more homogenous and thicker, and type I collagen was denser. Additionally, interleukin-6 level in rat serum during
wound healing was significantly lower, while cyclin-D1 and fibroblast growth factor-2 levels were higher. Furthermore, the soups
(particularly at 50 pg/mL) significantly increased the proliferation and migration rates of both the HACAT and NIH3T3 cells, and
considerably promoted the tubule formation of HUVEC cells. The findings confirm that the soup can promote skin wound healing and the
underlying mechanism involves multiple roles including anti-inflammation, cell proliferation, vessel tubule formation, and collagen

expression.
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1 Introduction

Snakehead fish (Channa argus) is tolerant to environment change,
grows fast, and possesses a high economic value. In 2021, the
cultivation of snakehead fish in China reached 540 000 tons. The
snakehead fish soup contains rich nutritional content, as well as
numerous functionalities such as antioxidant', wound healing after
surgery", and so on.

Skin wound healing is a complicated and time-consuming
process that relies on the coordinated action of numerous cells
(e.g. vein endothelial cells, epidermal cells, and fibroblasts) and
growth factors (e.g., interleukin-6 (IL-6), basic fibroblast growth
factor-2 (FGF-2), and cyclin-D1)"". Nowdays, the most common
treatments for wound healing are pharmacological therapy, physical
therapy, medical dressing therapy, and so forth. Some classical
medical works (e.g., Shen Nong’s herbal classic, 1616) record that
snakehead fish soup can promote wound healing. Both traditional
and current clinical practices have demonstrated that snakehead
fish soup does have this functionality’"”, although it lacks
theoretical evidence.

The snakehead fish grows in different environment, which
influences the nutritional composition of snakehead fish muscle®.
Previous research has demonstrated that the environment in which
food is produced affects its nutritional components, eventually
influencing the efficiency of diet therapy"’. Snakehead fish soup is
abundant in unsaturated fatty acids, zinc, peptides, and other
nutrients according to our previous study. Except for the slightly
lower peptide content, fatty acids and zinc in wild snakehead fish

soup are significantly higher than those in farmed snakehead fish
soup”. However, the effects of soup made from snakehead fish that
grow in diverse environment on wound healing are unknown
so far.

Therefore, we built a rat model of a skin wound in this study,
and later on assessed the changes in the skin wound after
administering wild and farmed snakehead fish soup intragastrically,
including healing rate, the morphology of the wound tissue, growth
factors, the production of collagen. Three types of cells were
cultured. There were mouse embryonic fibroblasts (NIH3T3 cells),
human umbilical vein endothelial cells (HUVEC), and human
immortalized epidermal (HACAT) cells. The CCK-8 technique and
scratch test were used to gauge the proliferation and migration of
the three different types of cells, respectively. The formation of
vessel tubules by HUVEC cells was also evaluated. The aim of this
study was to evaluate the effects of snakehead fish soup on wound
healing and explore the underlying mechanism. Additionally, a
comparison of the two types of snakehead fish soup on wound
healing was carried out, which would provide a theoretical
foundation for the selection of aquatic food products.

2 Material and methods

2.1 Material

The farmed snakehead fish, which was exclusively farmed in high
density (around 350 tails per 100 m?) and given regular feedings,
grew in the fish ponds in Guangzhou, China. The wild snakehead
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fish intruded the fish ponds in Guangzhou, China and grew
alongside other farmed fish. The wild snakehead fish grew in low
density (< 5 tails per 100 m’) and hunted small fish, frogs, etc. as a
diet. The two kinds of fish can be easily distinguished by their
morphology". The two kinds of snakehead fish were about one year
old, 40 cm in length, and 1 000 g in weight. Market purchases
included refined cooking salt from China Salt Industry Group Co.,
Ltd. (Beijing, China), and peanut oil from Shandong Luhua Group
Co., Ltd. (Shandong, China).

SD male rats (initial weight between 160 and 180 g) were
obtained from the Hubei Experimental Animal Research Center
(Wuhan, China). HACAT cells, HUVEC, and NIH3T3 cells were
purchased from Wuhan Warner Biotechnology Co., Ltd. (Wuhan,
China). Chueun I composite peptide was purchased from
Jiangzhong Pharmaceutical Co., Ltd. (Jiangxi, China).

2.2 Preparation of snakehead fish soup

The method of preparing the soup of snakehead fish was referred to
our previous study.. Fresh fish meat (about 700 g) with head and
bones were washed with tap water, and then the water was drained
off. Peanut oil (3% of the weight of the fish) was added into an iron
pot and heated by an induction cooker (RT2134, Midea group,
Foshan, China). After the water was boiling, the fish meat was
dumped into to the pan and stir-fried until the color turn to golden
brown. Water (3 times the weight of the fish) was poured into the
pan. The mixture was heated up to boiling temperature under
2 100 W power, and the boiling was last for 15 min. Foam in the
surface was removed during the heating process. After the pan was
covered by a lid, the mixture was heated under mild power (300 W)
for 30 min. Salt (1.2% of the weight of the fish) was added prior to
turning the induction cooker off. The fish soup was separated by
filtering through single layer cheese cloth. The contents of peptide,
total unsaturated fatty acids, and zinc in the lyophilized soup of
farmed snakehead fish were 12.47%, 9.75%, and 9.04 mg/kg,
respectively; 11.69%, 11.55%, and 12.57 mg/kg, respectively for the
wild snakehead fish".

2.3 Animal tests

2.3.1 Animal models, experimental groupings, and treatments

The Laboratory Animal Management and Use Committee of the
Safety and Assessment Center [Safety Review Center Movement
(Fu) No. 202120217] gave its approval to all the laboratory
techniques utilized in this investigation. The rats were fed using the
approaches described by Shang et al.”. The 24 male SD rats, aged
3 to 8 weeks, grew in a special pathogen-free environment. The 6
rats were randomly assigned to each of the 4 groups, which were
labeled farmed snakehead fish soup group, wild snakehead fish
soup group, positive control group, and control groups. The rats
were given 10% chloral hydrate intraperitoneally for anesthesia
following a week of adapted feeding. The back hair was shaved and
the skin was disinfected. To establish an animal model of a skin
wound, the full-thickness skin in a round shape and with a
diameter of about 2 cm was cut off from the back of the rat. The
rats were housed in a single cage with access to food and water
freely. The control (CK) group received normal saline, the positive
control (PC) group received the drink of Chueun I composite
peptide, the farmed snakehead fish soup (FS) group received
farmed snakehead fish soup, and the wild snakehead fish soup
(WS) group received wild snakehead fish soup. There was a
1.5 mL/200 g bw intragastrical injection dosage for each group. The
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rat was subjected to gavage once daily. The lyophilized soup of
snakehead fish soup was added with water to a solid concentration
of 12.15 g/100 mL prior to the intragastrical administration, which
is the same as the drink of Chueun I composite peptide.

2.3.2  Measurement of wound healing rate

On day 1, 3, 5, 7, and 14, the diameter of wound was measured
using a vernier caliper to determine the wound healing rate:

DU 7Dn

0

Wound healing rate (%) = x 100 (1)
Where D, is the diameter of the initial wound (mm); and D,, is
the diameter of the wound at day n (mm).

2.3.3 Morphological observation of wound tissue

On the 3%, 5%, 7%, 14" days of modeling, the skin tissue was separate
from the wound, placed in 4% paraformaldehyde, and fixed at 4 °C
for 48 h, prior to the observing the pathological morphology of the

wound".
2.3.4 Determination of inflammatory and growth factors

Enzyme linked immunosorbent assay (ELISA) method was applied
to determine growth factors. After the rats were anesthetize blood
was collected from their orbits in a procoagulant tube. The blood
was transferred into a centrifuge tube and centrifuged at a speed of
3 000 r/min for 10 min. The supernatant was taken for serum
preparation andstore at -80 °C for future use. IL-6, cyclin-D1, and
FGF-2 in wound tissue were detected within 30 days".

2.3.5 Immunohistochemistry

On the 3%, 5% 7% and 14" days of modeling, immunohistochemistry
was performed on the wound tissue after embedding reagent kit
staining. After continuous sectioning of paraffin tissue for antigen
repair, the sections are placed in hydrogen peroxide solution and
kept at room temperature and away from light incubate, and then
shake and wash on a decolorization shaker. After blocking with
serum, first antibody and secondary antibody were added
sequentially. The samples were stained, dehydrated and sealed
before positioning under low magnification of an optical
microscope!’.

24 Cell tests

2.4.1 Cell culture

The method of Zheng et al." with some modifications was referred
to for the culture of the cells. HACAT, NIH3T3 cells and HUVEC
were cultured in an incubator (INCO053, Meintel (Shanghai)
Trading Co., Ltd., Shanghai, China) under 37 °C and 5% CO,. The
culture medium was changed regularly until the cell density was
more than 80%.

2.4.2  Measurement of cell proliferation

It was refered to the method of Zheng et al."” for measuring cell
proliferation. After digestion, centrifugation, and resuspension, the
cells were incubated on a 96 well plate with a density of
approximately 1 x 10° cells/mL, and the cell was added with 150 pL
of complete culture medium containing the soup of snakehead
sample (the concentration was 10, 50, and 100 pg/mL, respectively).
After cultivation the OD value was measured using an ELISA
reader at a wavelength of 450 nm.
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2.4.3 Measurement of cell migration

It was refered to the method of Mouritzen et al'” with slight
modifications for scratch experiments. A marker was vertically
drawn at the center of the outer bottom wall of each hole on a
6-hole plate, with the intersection of the two lines being the
midpoint of the mark. Cells at a density of 1 x 10° cells/well were
inoculated on a 6-well plate. Culture media containing 0.5% (V/V)
fetal bovine serum and snakehead fish soup (final sample
concentration of 10, 50, and 100 pg/mL) was added. After
cultivating for 0 and 12 h, the samples were observed under a
microscope. Image] software was applied to calculate the
scratch area.

2.4.4 Observation of vessel tubule formation

Matrigel was added into each hole of the 96-well plate and then
horizontally placed in a 37 °C and 5% CO, incubator for 2 h to
form a solid gel. Cells with a density of 2 x 10° cells/mL were
inoculated in each experimental hole. Subsequently, 10 uL of
samples with different concentrations of soup (10, 50, and
100 pg/mL) were added. After incubation at 37 °C in a 5% CO,
incubator for 12 h, the vessel tubule was observed under an inverted
microscope. Image] software was used to analyze the effects of
different samples of snakehead fish soup on the HUVEC cells
tubular formation ability™’.

2.5 Statistical analysis

All experiments were performed in triplicate. The results of the
experiment were expressed as mean + standard deviation (X * s).
The data obtained were visualized using Origin 2018 software and
analyzed using SPSS 26.0 software for significance analysis
(P < 0.05) via one-way analysis of variance (ANOVA).

3 Results and discussion

3.1 Wound healing and morphology of wound tissue in rats

Figure 1A depicts the progression of rat wounds with various
healing days. On day 1, the wounds were round and the
subcutaneous tissue was distinctly visible in the four groups. The
wounds started to scab on day 3 in both 4 groups. On day 5, the
wound area shrank and the scab started to stiffen under the pulling
force of new cells at the edge of the wound. On day 7, the margin
tissue of the wounds in the FS group, the WS group, and the PC
group all grew toward the center, whereas the wound in the CK
group was still covered with a scab but the wound area also greatly
decreased. On day 14, the wounds of the FS group, the WS group,
and the PC group were basically healed, leaving them with smooth
skin and more new hair, whereas the wound of the CK group was
not healed with less skin and hair.

Table 1 shows that on day 3, the wound healing rates for the CK,
PC, FS, and WS groups were 3.94%, 1.37%, 1.12%, and 2.64%,
respectively. On day 5, the wound healing rates were 4.29%, 7.69%,
4.27%, and 9.58%, respectively. There was no significant difference
in the wound healing rates among the four groups on both day 3
and 5. On day 7, the wound healing rates of the PC (17.63%) and
WS (19.33%) groups were higher than those of the CK (10.96%)
and FS (9.78%) groups (P > 0.05). On day 14, the wound healing
rates of the PC, FS, and WS groups reached 59.22%, 52.71%, and
57.76%, respectively, which were 1.48, 1.32, and 1.45 folds of that of
the CK group (39.84%). These findings suggested that snakehead
fish soup promoted wound healing, with WS having a more
favorable impact than FS.

SCi.pen | https:/Avww.sciopen.com/journal/2958-4124

Table 1 Effect of different snakehead fish soups on skin wound healing rate in
rat (%).

Time (day)
Group
3 5 7 14
CK 3.49+1.38  429+1.66° 10.96+2.05  39.84 +0.45"
PC 1.37£0.86°  7.69+2.19* 17.63+520° 59.22 +7.44°
ES 1.12 £ 0.82* 4.27 £2.39* 9.78 £ 5.54* 52.71 + 4.84*
WS 2.64 £ 1.69* 9.58 £4.16 19.33 £ 3.37¢ 57.76 £ 8.22*

Note: CK, control; PC, positive control; FS, farmed snakehead fish soup;
WS, wild snakehead fish soup. Different lowercase letters in the same
column indicate significant differences in wound healing rates between
different treatment groups (P < 0.05).

In Figure S1, the morphology of the wound tissue in various
groups is displayed. The epidermis was thin, and the collagen fibers
were disorganized and sparse in the four groups on day 3.
In comparison to day 3, the collagen organization on day 5 was
thicker and more orderly, and the inflammatory cells in the four
groups increased. On day 7, the epidermis became thicker, the
collagen fibers became denser, and the number of inflammatory
cells decreased. On day 14, the tissues become more compact and
homogeneous as compared to day 7. It was noticed that there was
much less tissue in the CK group as compared to the other three
groups on day 14.

Skin wound healing is an intricate process that goes through
several stages, including hemostasis/inflammation, proliferation,
and remodeling"?. After the skin is traumatized, the actions such as
vasoconstriction, platelet aggregation, and fibrin clot formation
occur immediately and participate in wound hemostasis. The
development of fibrin clots and the degranulation of aggregated
platelets result in an inflammatory response. Within a few days after
trauma, the inflammatory cytokines began to decline, accompanied
by apoptosis of inflammatory cells. In the process of healing a skin
wound, the stage of cell proliferation and differentiation is primarily
the creation of granulation tissue, angiogenesis, and
re-epithelialization. A crucial step in wound healing is the change
from the inflammatory to the proliferative stage'’. Finally, the
continual synthesis and catabolism of collagen is the primary
characteristic of the re-modeling stage. These three stages, which
each include diverse cell proliferation, differentiation, and migration
as well as the involvement of different growth factors, do not appear
to have a time limit. Numerous growth factors are necessary for
wound healing at the molecular level, and these growth factors have
various biological effects via various routes. Among them, IL-6,
cyclin-D1, and FGF-2 are essential to the healing of wounds. In the
meantime, collagen, the primary component of the extracellular
matrix, is crucial for preserving tissue stability and structural
integrity, accelerating wound healing.

The main effects of snakehead fish soup on promoting wound
healing are related to anti-inflammation, cell proliferation,
angiogenesis, and expression of type I collagen. Research shows
evidence that nutrition like carbohydrates, lipids, and protein are
essential for wound healing. Wound healing is significantly
impacted by specialized dietary interventions. Malnutrition or
nutrient deficit can impair wound healing by lowering fibroblast
proliferation, extending the inflammatory stage, and changing
collagen synthesis"”. Due to the inclusion of peptides in the sample,
the PC group effectively promoted wound healing. This finding is
comparable with the findings reported by Mistry et al.", who found
that oral nutritive peptides could improve wound healing. Besides

https://doi.org/10.26599/FSAP.2024.9240065
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Figure1 (A) Effects of different snakehead fish soups on skin wounds in rats during different healing days. (B) Changes of interleukin-6 (IL-6), cell cycle protein D1
(cyclin-D1), and basic fibroblast growth factor-2 (FGF-2) concentrations in rats with different snakehead fish soups and healing days. (C) Immunohistochemical
observation of collagen I expression in rats with different snakehead fish soups and healing days (400 x ). CK, control; PC, positive control; FS, farmed snakehead fish

soup group; WS, wild snakehead fish soup group. Different lowercase letters indicate significant differences in wound healing rates between different treatment groups at
same time (P < 0.05).
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peptides, the snakehead fish soup also contains zinc and
unsaturated fatty acids”, which can help with wound healing. Due
to its greater amount of unsaturated fatty acids and zinc, which has
anti-inflammatory and cell proliferation effects, the WS healed
wounds more pronouncedly than the FS.

3.2 Serum levels of IL-6, cyclin-D1, and FGF-2 in rats

IL-6 has the ability to limit the generation of pro-inflammatory
cytokines and the bactericidal activity of macrophages while
promoting the alternatively activating macrophage phenotype
linked to wound healing’. Cyclin-D1 is a cyclin G1 that regulates
the cell cycle and is connected to the nuclear factor kB. Numerous
studies have demonstrated that cyclin-D1 can promote cell
migration in the healing of wounds™.. Epithelial reformation begins
a few hours after injury, and FGF release stimulates epithelial cell
migration and proliferation. Several processes are involved in the
family of cell signaling proteins known as FGF. FGF-2 rises in acute
wounds and plays a role in granulation tissue formation,
re-epithelialization, and tissue remodeling™".

As seen in Figure 1B, the level of IL-6 displayed a trend of first
rising and then falling, peaking on day 7. The WS group had the
lowest peak value, followed by the FS group, the PC group, and the
CK group with the highest peak value. On day 3 and 5, IL-6
expression was considerably higher in the CK group than in the PC
group (P < 0.05), and it was significantly higher in the PC group
than in the FS and WS groups (P < 0.05). Between the FS and the
WS groups, there was no significant difference (P > 0.05). IL-6
expression of the FS group was significantly higher than the WS
group on day 7 and 14 (P < 0.05). IL-6 is a biologically active
pro-inflammatory cytokine that can directly stimulate the growth of
T lymphocytes and B cells to produce cytotoxic T immunological
activation and take part in the body’s transformation of
inflammation and particular immune responses”. It can be
deduced from Figure 1A that both the PC group and fish soup
groups showed an anti-inflammatory effect, which might be
attributed to the components of Zn, #n-3 polyunsaturated fatty acid
(PUFA), and polypeptide™. Since the WS group has a higher
concentration of n-3 PUFA and Zn than FS group, it has a greater
capacity to inhibit inflammation. Snakehead fish soup had a
stronger anti-inflammatory impact because it included more
anti-inflammatory ingredients (peptide, n-3 PUFA, and Zn) than
the PC sample (only peptide), which might have a synergistic effect.

As seen in Figure 1B,, the concentration of cyclin-D1 increased
slightly and then declined during the healing process. Cyclin is a
pro-cell cycle regulator, and an increase in it can be utilized to
detect mitotic activity in all cell type™”. The increased expression of
cyclin-D1 can, in conclusion, promote cell division and
proliferation, which aids in wound healing. Cyclin-D1 plays a
crucial regulatory role in the normal cell cycle when the G1 phase
transitions to the S phase. Uncontrolled cell division and
proliferation will result from abnormal cyclin-D1 expression™.
Therefore, the decline of cyclin-D1 expression (Figure 1B,) led to
cell division. At the four time points, the PC group had the greatest
expression level of cyclin-D1, followed by the WS group, the FS
group and the CK group with the lowest expression level. From
day 3 to 7, there was no significant difference in the expression of
cyclin-D1 between the FS and WS groups (P > 0.05), whereas the
expression was significantly higher in the WS group on day 14
(P<0.05).

SCi.pen | https:/Avww.sciopen.com/journal/2958-4124

FGF-2 displayed a similar pattern to the cyclin-D1 as seen in
Figure 1B;. The PC group had the highest expression level on day 3
and 5, followed by the WS group, the FS group, and the CK group.
On day 7 and 14, the PC group had the highest expression,
followed by the WS group, the CK group, and the FS group had the
lowest expression. According to the results, the fish soup could
enhance the secretion of the two growth factors. These findings
suggested that snakehead fish soup can promote cell migration and
proliferation, which is consistent with the results of cell tests.

3.3 Immunohistochemistry of wound tissue in rats

The comparison of immunohistochemical results of rat wound
tissue in different treatment groups is shown in Figure 1C. The
collagen fibers in the four groups were scarce and disordered on
day 3, and their positive expression was less pronounced. The
collagen fibers gradually became neatly and densely arranged from
day 5 to 14, and positive expression increased.

Type I collagen is crucial for recovery from skin injuries. The
fibers it produces make up about 70% of the dermal extracellular
matrix and are the fundamental structural elements of the dermis.
To control cell migration, survival, and growth®, type I collagen
can also function as a ligand of receptor-mediated signal
transduction. Type I collagen mainly plays a role in the re-modeling
stage of wound healing. As noted in Figure 1C, the generation of
type I collagen was promoted by snakehead fish soup and the
chueun I composite peptide. The expression of type I collagen was
not visually different between the FS and WS groups, indicating
that the two snakehead fish soups have equivalent effects during the
traumatic re-modeling stage.

34 Cell proliferation

In Figure S2, the cell morphology and proliferation rate of HACAT
cells, NIH3T3 cells, and HUVEC under various treatments are
displayed. HACAT cells in all 7 treatment groups adhered to the
wall and grew steadily to form an oval shape, which is consistent
with the report of Gao et al”. NIH3T3 cells in all the 7 groups
attached to the wall and formed a spindle shape with distinct
boundaries, which is the same as the result reported by Song et al.*.
Similar to the research of Yang et al.”’, HUVEC cells in all groups
were strongly bound to the wall and developed in either a
spindle-like or goose-egg-like shape. In conclusion, the cells treated
with various concentrations and sources of snakehead fish soup
showed no appreciable alterations in cell shape compared to the
CK group.

The OD value of the HACAT cells in the CK group was 0.966, as
shown in Figure 2A, The OD value of the FS group at 10 ug/mL
was 1.171, which was considerably higher than that of the CK
group (P < 0.05). The OD value initially climbed and subsequently
fell as the soup concentration was raised. The OD value of the FS at
50 pg/mL was 1.36 times as that of the CK group. The OD value
dropped to 1.130 at a concentration of 100 ug/mL, and there was
no significant difference between this group and the CK group
(P > 0.05). The OD values of the WS groups at concentrations of
10, 50, and 100 ug/mL were significantly increased to 1.277, 1.318,
and 1.244, respectively (P < 0.05). At the same concentration, the
OD value of the FS group was lower than that of the WS group
(P>0.05).
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Figure2 The proliferation rate of HACAT cells, NIH3T3 cells, and HUVEC with different snakehead fish soup and concentrations. (A) HACAT cells; (B) NIH3T3 cells;
(C) HUVEC. CK, control; FS, farmed snakehead fish soup group; WS, wild snakehead fish soup group. * Indicates significant difference between the treatment group and

the control group (P < 0.05).

The OD value of the NIH3T3 cells in the CK group was 1.062, as
shown in Figure 2B. The OD values of the FS group at 10 and
100 g/mL were 1.151 and 1.172, respectively, which were slightly
higher than that of the CK group (P > 0.05). The OD value of the
FS group at 50 pg/mL was 1.303, which was significantly greater
than that of the CK group (P < 0.05). The effect of WS on NIH3T3
cells proliferation was comparable to that of the FS.

The OD value of the HUVEC in the CK group was 1.278
(Figure 2C). The OD value of the FS group at 50 pg/mL was
significantly higher than that of the CK group (P < 0.05), while the
FS group at 100 pg/mL was significantly lower (P < 0.05). There
was no statistically significant difference between the 10 pg/mL FS
group and the CK group (P > 0.05). The effect of the WS on the
proliferation of NTH3T3 cells was comparable to that of the FS.

The three different cells treated with the appropriate
concentrations (particularly at 50 pg/mL) of the farmed or wild
snakehead fish soup had significantly higher (P < 0.05) OD values
than these of the CK group, demonstrating the promotion of cell
proliferation. It might be attributed to the nutrients (fatty acids,
zing, peptides, etc.)™, which enhanced the expression of cell growth
factors (Figure 1B). Regardless of cell type, the OD value increased
first and then decreased with the concentration. When the
snakehead fish soup concentration was too low, the content of the
corresponding functional substance was also too low, as a result, the
promotion effect was weak. When the concentration was too high,
the proportion of culture medium and serum content greatly
decreased, which might cause the decline of cell proliferation. Our
results were consistent with the findings of Taniguchi et al.””, which
work on rice bran peptide. In contrast to HUVEC, snakehead fish

soup showed more pronounced effects on promoting the
proliferation of HACAT and NIH3T3 cells. It might be that
HUVEC has a limited capacity for proliferating, which requires
large amount of nutrition®. The effect of the WS on cell
proliferation is slightly greater than that of the FS at low
concentrations, which might be owing to the higher zinc and
unsaturated fatty acid content".

3.5 Cell migration

In Table 2 and Figure S3, the migration rates of HACAT cells,
NIH3T3 cells, and HUVEC cells under various treatments, as well
as their migratory state at 0 and 12 h, are displayed. As can be seen
from Figure S3, the scratched areas of the three types of cells
decreased after a 12 h culture, demonstrating that the three types of
cells migrated under various treatments. It is clear, though, that the
three types of cells in the various groups had different migratory
regions. After 12 h of migration, HACAT cells still maintained
ordered edges, whereas NIH3T3 cells and HUVEC cells migrated
irregularly.

The migration rate of the HACAT cells in the CK group was
32.13%, as shown in Table 2. The migration rates of the FS group at
10 and 50 pg/mL were 37.17% and 36.58%, respectively. There was
no statistically significant difference between them and the CK
group (P > 0.05). However, the migration rate of the FS group
(42.29%) at 100 pg/mL was considerably greater than that of the CK
group (P < 0.05). Migration rates in the WS groups at 10 and
50 pg/mL were 41.81% and 51.66%, respectively, which were
substantially higher than those of the CK group (P < 0.05). In
comparison to the FS group, the migration rate of the WS group at

Table2 The migration rates of HACAT cells, NIH3T3 cells, and HUVEC cells with different snakehead fish soups and concentrations.

Concentrations of snakehead

Migration rate (%)

Group soups (pg/mL) HACAT cells NIH3T3 cells HUVEC
CK 32.13 + 2.80° 27.57 + 2.43¢ 12.25 +0.32°
10 37.17 £ 1.19% 36.17 + 0.98" 20.63 + 3.30°
ES 50 36.58 + 2.35" 33.64 + 0.92¢ 20.21 + 3.81°
100 4229 + 1.10° 32,62 +0.17¢ 19.79 + 2.57*
10 41.81 +2.56° 40.02 + 1.87° 20.85 + 1.93¢
ws 50 51.66 + 8.28° 39.85 + 1.29° 19.64 + 3.46°
100 39.22 * 4.56" 39.00 * 1.55% 20.01 + 1.40°

Note: CK, control; PC, positive control; FS, farmed snakehead fish soup; WS, wild snakehead fish soup. Different lowercase letters in the same column
indicate significant differences in wound healing rates between different treatment groups (P < 0.05).
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50 ug/mL was significantly higher (P < 0.05), while at 10 pg/mL, it
was slightly higher (P> 0.05).

In the CK group, the migration rate of NIH3T3 cells was 27.57%.
Migration rates were 36.17%, 33.64%, and 32.62% for the ES group
at 10, 50, and 100 pg/mL, and 40.02%, 39.85%, and 39.00% for the
WS group, respectively. In comparison to the CK group, the
NIH3T3 cells migration rate of either FS or WS soup was
considerably greater (P < 0.05). The migration rate of the WS group
was substantially higher than that of the FS group at the same
concentration (P < 0.05).

In the CK group, HUVEC migrated at a rate of 12.25%.
Migration rates of the FS group at 10, 50, and 100 pg/mL were
20.63%, 20.21%, and 19.79%, respectively, and 20.85%, 19.64%, and
20.01% for the corresponding WS group. When compared to the
CK group, the migratory rate of either the FS or WS group was
considerably greater (P < 0.05). There was no discernible difference
between the FS and WS groups at the same concentration
(P>0.05).

Cell migration is crucial to wound healing. Although the cells
showed different migration states, the migrations were steadily

promoted by snakehead fish soup. It might be mainly due to the
increases in growth factors (Figure 1B). Zheng et al.” discovered
that peptides derived from sea cucumber could stimulate cell
migration by boosting the production of specific proteins or growth
factors in cells. The migration rates of the three cells did not show
concentration dependence. Horikoshi et al.”! demonstrated that the
promoting effect of a-tocopherol on cell migration was not
concentration-dependent, correlating with the findings of this
study. The effects of snakehead fish soup on HACAT and NIH3T3
cells migration were more pronounced than on HUVEC, which
was consistent with the effect of cell proliferation (Table 2). The
higher migration rate of the WS group than the FS group could be
attributed to the higher zinc and unsaturated fatty acid content®.

3.6 HUVEC tubule formation

As can be seen in Figure 3A, HUVEC form tubules under various
treatments. In conjunction with Figure 2B, it is clear that the
concentration of FS and WS have different effects on the formation
of the HUVEC tubule.
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Figure3 (A) The formation of vessel tubules by HUVEC cells with different snakehead fish soups and concentrations. (B) Analysis of the formation of tubules by
HUVEC cells with different snakehead fish soups and concentrations. (B;) Number of cell tube branches; (B,) Total length of cell tubes; (B;) Tubule formation rate. CK,
control; FS, farmed snakehead fish soup group; WS, wild snakehead fish soup group. * Indicates significant difference between the treatment group and the blank group

(P<0.05).
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As shown in Figure 3B,, the average number of cell tubule
branches in the CK group was 7. When compared to the CK group,
it was not significantly different from the FS groups at 10 and
100 pg/mL (P > 0.05) but was substantially higher at 50 pg/mL
(P < 0.05). Regardless of concentration, there was no significant
difference between the CK group and the WS group (P > 0.05). The
mean value of cell tube branches in the WS group was slightly
lower than that in the FS group at the same concentration
(P> 0.05).

The total length of the cell tubule in the CK group was 10.44 mm
as can be seen in Figure 3B,. Total cell tube lengths of the FS groups
at 10, 50, and 100 pg/mL were 11.50, 13.96, and 12.67 mm,
respectively, which were substantially longer than that of the CK
group (P < 0.05). The total cell tubule length of the WS group at
10 pg/mL was 11.07 mm, which was not significantly different from
the CK group (P > 0.05). The total cell tubule length of the WS
groups at 50 and 100 pg/mL were 14.00 and 12.67 mm, respectively,
and these values were substantially higher than that of the CK
group (P < 0.05). At the same concentration, the total length was
not different between the FS and WS groups (P > 0.05).

The tubule formation rates for the FS groups at 10, 50, and
100 pg/mL were 34.44%, 200.00%, and 44.81%, respectively, as
shown in Figure 2B;. And for the WS groups, they were 67.22%,
132.78%, and 113.70%, respectively. The rate of tube formation in
the WS group was higher than that in the FS group at
concentrations of 10 and 100 pg/mL (P < 0.05).

The main prerequisite for skin wound healing is capillary
regeneration because they are the most fundamental structures that
support metabolism"'. Endothelial cell migration and proliferation
are promoted during capillary development, resulting in the
creation of blood vessels. And it can also indirectly act on other cells

Snakehead fish soup group

Control group

4y Polypeptide -

Ravtel

Epidermis cells <& Fibroblast :1\’;—@‘ Blood capillary =<_ Collagen

% n-3PUFA @ Zn Cell

and stimulate the secretion of growth factors™. Normal
physiological processes including wound healing and embryonic
development depend on angiogenesis. Endothelial cells from
different tissues can promote angiogenesis, among which HUVEC
is the most widely used for the tubule formation assay. HUVEC
helps to mediate angiogenesis while minimizing hypoxia and
apoptosis™’. Our results indicated that snakehead fish soup
promoted tubule development. The tubule branches, length, and
formation rate all showed the change trends of first increasing and
then decreasing with the concentration, which was similar to that of
cell proliferation. Although the branches and length of the cell
tubule between the FS and WS soups were not significantly
different (P > 0.05), the tubule formation rate was significantly
higher for the WS group (P < 0.05).

3.7 Mechanistic explanation

Figure 4 explains how snakehead fish soup promotes wound
healing. Inflammation, proliferation, and re-modeling are the three
key stages of the skin wound healing process. Different cytokines
are involved at different stages in controlling cell migration and
proliferation. The macroscopically observed effects of these cellular
processes include tissue development and wound healing.
Epidermal cells and fibroblasts are the primary skin cells involved in
wound healing™. Likewise, the quantity and quality of new blood
vessels have a direct impact on how quickly wounds heal™. The
most prevalent protein in mammals’ skin is type I collagen. The
primary structural elements of the dermis are the fibers created by
collagen. It can promote fibroblast proliferation, angiogenesis, and
extracellular matrix re-modeling, which speed up wound healing
and increase hemostasis'“.

O Cyclin-D1 FGF-2 IL-6 @ Inflammatory cells

7500 Fat =SS Skin muscle .Wound

Figure4 The illustration depicts mechanism of snakehead fish soup promoting the healing of wound.
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The inflammatory response, cell proliferation, and re-modeling
that occur during wound healing are all significantly influenced by
snakehead fish soup. Nutrients like Zn, n-3 PUFA, and
polypeptides are present in snakehead fish soup". These nutrients
might have an anti-inflammatory effect by decreasing the
expression of the pro-inflammatory cytokine like IL-6 during the
inflammatory phase (Figure 1B)), speeding up the healing of
wounds by reducing the duration between the inflammatory and
proliferative stages™. In the cell proliferation stages, a rise in growth
factors (cyclin-D1 and FGF-2) (Figure 1B,, B;) promoted the
proliferation of epidermal cells and fibroblasts (Figure 1C),
thickening and densifying the newly created epidermis. The
nutrients in the snakehead fish soup also promoted cell migration
(Table 2) and tubule formation by endothelial cells (Figure 3),
which contributed to the growth of blood vessels. The collagen
expression was enhanced during the trauma re-modeling period by
the snakehead fish soup, and the fiber organization became denser
and more orderly. Taken together, snakehead fish soup promoted
wound healing.

4 Conclusion

It was demonstrated through animal and cell studies that snakehead
fish soup could promote the healing of skin wounds. The
snakehead fish soup inhibited inflammation and promoted the
growth factors (cyclin-D1, FGF-2), thus promoting cell migration,
proliferation, and vascular formation. And the soup promoted the
production of type I collagen. The polypeptide, fatty acid, and Zn in
snakehead fish soup might be responsible for the promotion of
wound healing, but further research is required to verify. Wild
snakehead fish soup had a slightly better impact on wound healing
than farmed snakehead.

Acknowledgements

This study was supported by the earmarked fund for CARS
(CARS-45). A special thank is extended to Dr. Kaikai Li and Dr.
Cui’e Tang for their support of sample preparation and experiment
method, and scidraw for providing the rat photo used in Figure 4.

Contflict of interest

The authors have declared no conflict interest.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the
online version, at https://doi.org/10.26599/FSAP.2024.9240065.

References

[1] J. Zhang, M. Li, G. N. Zhang, et al., Identification of novel
antioxidant peptides from snakehead (Channa argus) soup
generated during gastrointestinal digestion and insights into the
anti-oxidation mechanisms, Food. Chem. 337 (2021) 127921.
https://doi.org/10.1016/j.foodchem.2020.127921.

2] N. A. Sahid, F. Hayati, C. V. Rao, et al., Snakehead consumption
enhances wound healing? From tradition to modern clinical
practice: a prospective randomized controlled trial, Evid.-Based
Compl. Alt. 2018 (2018) 3032790. https://doi.org/10.1155/2018/
3032790.

SCi.pen | https:/Amwww.sciopen.com/journal/2958-4124

[3]

[4]

[3]

[6]

[7]

[8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

M. He, W. Q. Xie, G. Cheng, et al., The therapeutic effects of
earthworm extract on deep second-degree burn wound healing,
Ann. Palliat. Med. 10(3) (2021) 2869-2879. https://doi.org/10.
21037/apm-20-2393.

M. Taniguchi, K. Saito, R. Aida, et al., Wound healing activity and
mechanism of action of antimicrobial and lipopolysaccharide-
neutralizing peptides from enzymatic hydrolysates of rice bran
proteins, J. Biosci. Bioeng. 128(2) (2019) 142—148. https://doi.org/
10.1016/j.jbiosc.2019.02.002.

M. T. Ren, T. Yin, J. You, et al., Comparative study of the
nutritional composition and antioxidant ability of soups made from
wild and farmed snakehead fish (Channa argus), Foods 11(20)
(2022) 3294. https://doi.org/10.3390/foods11203294.

M. C. E. V. Schiassi, V. R. de Souza, A. M. T. Lago, et al., Quality
of honeys from different botanical origins, J. Food. Sci. Tech. Mys.
58(11) (2021) 4167-4177. https://doi.org/10.1007/s13197-020-
04884-7.

Y. R. Shang, D. W. Li, C. N. Shen, et al., The benefit of microskin
in combination with autologous keratinocyte suspension to treat
full skin loss in vivo, J. Burn. Care. Res. 38(6) (2017) 348-353.
https://doi.org/10.1097/Bcr.0000000000000552.

W. Jeong, C. E. Yang, T. S. Roh, et al., Scar prevention and
enhanced wound healing induced by polydeoxyribonucleotide in a
rat incisional wound-healing model, Int. J. Mol. Sci. 18(8) (2017)
1698. https://doi.org/10.3390/ijms18081698.

M. E. Rheaume, J. Perreault, D. Fournier, et al., Preparation and
growth factor characterization of cord blood-derived plasma,
serum, growth factor-rich plasma and induced serum, Cytokine 149
(2022) 155756. https://doi.org/10.1016/j.cyto.2021.155756.

Z. Ru, Y. Hu, S. H. Huang, et al., Bioflavonoid Galangin
suppresses hypertrophic scar formation by the TGF-f/smad
signaling pathway, Evid.-Based Compl. Alt. 2021 (2021) 2444839.
https://doi.org/10.1155/2021/2444839.

H. Zheng, H. Zhao, G. Ye, Overexpression of microRNA-939-5p
contributes to cell proliferation and associates poor prognosis in
glioma. Neuromol. Med. 23(4) (2021) 531-539. https://doi.org/10.
1007/s12017-021-08655-1.

M. V. Mouritzen, H. Jenssen, Optimized scratch assay for in vitro
testing of cell migration with an automated optical camera, Jove. J.
Vis. Exp. 138 (2018) e57691. https://doi.org/10.3791/57691.

F. Y. Li, X. Gou, D. Xu, et al., Improvement of tube formation
model of cell: application for acute hypoxia in in vitro study of
angiogenesis, Microvasc. Res. 140 (2022) 104297. https://doi.org

10.1016/j.mvr.2021.104297.

E. Park, S. M. Lee, L. K. Jung, et al., Effects of genistein on early-
stage cutaneous wound healing, Biochem. Bioph. Res. Co. 410(3)
(2011) 514-519. https://doi.org/10.1016/j.bbrc.2011.06.013.

J. L. Chen, M. Jayachandran, B. J. Xu, et al., Sea bass (Lateolabrax
maculatus) accelerates wound healing: a transition from
inflammation to proliferation, J. Ethnopharmacol. 236 (2019)
263-276. https://doi.org/10.1016/j.jep.2019.03.012.

S. K. Verma, H. Yaghoobi, P. Slaine, et al., Multi-pin contact
drawing enables production of anisotropic collagen fiber substrates
for alignment of fibroblasts and monocytes, Colloid. Surface. B
215 (2022) 112525. https://doi.org/10.1016/j.colsurfb.2022.
112525.

A. C. L. Campos, A. K. Groth, A. B. Branco, Assessment and
nutritional aspects of wound healing, Curr. Opin. Clin. Nutr. 11(3)
(2008) 281-288. https://doi.org/10.1097/MCO.0b013e3282fbd35a.

K. Mistry, B. van der Steen, T. Clifford, et al., Potentiating
cutaneous wound healing in young and aged skin with
nutraceutical collagen peptides, Clin. Exp. Dermatol. 46(1) (2021)
109-117. https://doi.org/10.1111/ced.14392.

https://doi.org/10.26599/FSAP.2024.9240065


https://doi.org/10.26599/FSAP.2024.9240065
https://doi.org/10.1016/j.foodchem.2020.127921
https://doi.org/10.1016/j.foodchem.2020.127921
https://doi.org/10.1155/2018/3032790
https://doi.org/10.1155/2018/3032790
https://doi.org/10.1155/2018/3032790
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.21037/apm-20-2393
https://doi.org/10.1016/j.jbiosc.2019.02.002
https://doi.org/10.1016/j.jbiosc.2019.02.002
https://doi.org/10.1016/j.jbiosc.2019.02.002
https://doi.org/10.3390/foods11203294
https://doi.org/10.3390/foods11203294
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1007/s13197-020-04884-7
https://doi.org/10.1097/Bcr.0000000000000552
https://doi.org/10.1097/Bcr.0000000000000552
https://doi.org/10.3390/ijms18081698
https://doi.org/10.3390/ijms18081698
https://doi.org/10.1016/j.cyto.2021.155756
https://doi.org/10.1016/j.cyto.2021.155756
https://doi.org/10.1155/2021/2444839
https://doi.org/10.1155/2021/2444839
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.1007/s12017-021-08655-1
https://doi.org/10.3791/57691
https://doi.org/10.3791/57691
https://doi.org/10.1016/j.mvr.2021.104297
https://doi.org/10.1016/j.mvr.2021.104297
https://doi.org/10.1016/j.mvr.2021.104297
https://doi.org/10.1016/j.bbrc.2011.06.013
https://doi.org/10.1016/j.bbrc.2011.06.013
https://doi.org/10.1016/j.jep.2019.03.012
https://doi.org/10.1016/j.jep.2019.03.012
https://doi.org/10.1016/j.colsurfb.2022.112525
https://doi.org/10.1016/j.colsurfb.2022.112525
https://doi.org/10.1016/j.colsurfb.2022.112525
https://doi.org/10.1097/MCO.0b013e3282fbd35a
https://doi.org/10.1097/MCO.0b013e3282fbd35a
https://doi.org/10.1111/ced.14392
https://doi.org/10.1111/ced.14392
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://doi.org/10.26599/FSAP.2024.9240065

Peng et al. Food Sci. Anim. Prod. 2 (2024) 9240065
[19] C. A. Hunter, S. A. Jones, IL-6 as a keystone cytokine in health [28] D.J. Medina-Leyte, M. Dominguez-Pérez, 1. Mercado, et al., Use
and disease, Nat. Immunol. 16(5) (2015) 448—457. https://doi.org/ of human umbilical vein endothelial cells (HUVEC) as a model to
10.1038/ni.3153. study cardiovascular disease: a review, Appl. Sci. 10(3) (2020)

[20] M. Ponnusamy, P. F. Li, K. Wang, Understanding cardiomyocyte 938. https://doi.org/10.3390/app10030938.
proliferation: an insight into cell cycle activity, Cell. Mol. Life. Sci. [29]  Z.H. Zheng, M. Q. Li, P. F. Jiang, et al., Peptides derived from sea
74(6) (2017) 1019-1034. https://doi.org/10.1007/s00018-016- cucumber accelerate cells proliferation and migration for wound
2375-y. healing by promoting energy metabolism and upregulating the

[21]  C.J. Powers, S. W. Mcleskey, A. Wellstein, Fibroblast growth ERK/AKT pathway, Eur. J. Pharmacol. 921 (2022) 174885. https:/,
factors, their receptors and signaling, Endocrine. Related. Cancer. doi.org/10.1016/j.ejphar.2022.174885.

7(3) (2000) 165-197. https://doi.org/10.1677/erc.0.0070165. [30] Y. Horikoshi, K. Kamizaki, T. Hanaki, et al., a-Tocopherol

[22] M. Taniguchi, A. Ochiai, T. Namae, et al., The antimicrobial and promotes HaCaT keratinocyte wound repair through the regulation
anti-endotoxic peptide Amyl-1-18 from rice a-amylase and its of polarity proteins leading to the polarized cell migration,
[N3L] analog promote angiogenesis and cell migration, Peptides. Biofactors. 44(2) (2018) 180-191. https://doi.org/10.1002/
104 (2018) 78-84. https://doi.org/10.1016/j.peptides.2018.04.017. biof.1414.

[23] M. F. Fu, C. G. Wang, Z. P. Li, et al., Minireview: cyclin D1: [31] R. J. Bodnar, L. Satish, C. C. Yates, et al., Pericytes: a newly
normal and abnormal functions, Endocrinology 145(12) (2004) recognized player in wound healing, Wound. Repair. Regen. 24(2)
5439-5447. https://doi.org/10.1210/en.2004-0959. (2016) 204-214. https://doi.org/10.1111/wrr.12415.

[24] H. H. Wong, S. H. Seet, C. C. Bascom, et al., Red-COLA1: a [32] S. B. Huang, Z. C. Hu, P. Wang, et al., Rat epidermal stem cells
human fibroblast reporter cell line for type I collagen transcription, promote the angiogenesis of full-thickness wounds, Stem. Cell.
Sci. Rep. Uk. 10(1) (2020) 19723. https://doi.org/10.1038/s41598- Res. Ther. 11(1) (2020) 344. https://doi.org/10.1186/s13287-020-
020-75683-5. 01844-y.

[25] X. Y. Gao, X. C. Zhang, Y. W. Wang, et al., Effects of [33] D. N. Heo, M. Hospodiuk, I. T. Ozbolat, Synergistic interplay
morphology and surface hydroxyl on the toxicity of BiOCl in between human MSCs and HUVECs in 3D spheroids laden in
human HaCaT cells, Chemosphere 163 (2016) 438—445. https://doi. collagen/fibrin hydrogels for bone tissue engineering, Acta.
org/10.1016/j.chemosphere.2016.08.063. Biomater. 95 (2019) 348-356. https://doi.org/10.1016/j.actbio.2019.

[26] Y. H. Song, R. S. Maul, C. S. Gerbin, et al., Inhibition of 02.046.
anchorage-independent growth of transformed NIH3T3 cells by [34]  A. Glady, A. Vandebroek, M. Yasui, Human keratinocyte-derived
epithelial protein lost in neoplasm (EPLIN) requires localization of extracellular vesicles activate the MAPKinase pathway and
EPLIN to actin cytoskeleton, Mol. Biol. Cell. 13(4) (2002) promote cell migration and proliferation in vitro, Inflamm. Regen
1408-1416. https://doi.org/10.1091/mbc.01-08-0414. 41(1) (2021) 4. https://doi.org/10.1186/s41232-021-00154-x.

[27]  W.J. Yang, Y. N. Yang, J. Cao, et al., Paxillin regulates vascular [35] H.Z.Li, X. Han, K. Y. Zuo, et al., MiR-23b promotes cutaneous

endothelial growth factor A-induced in vitro angiogenesis of
human umbilical vein endothelial cells, Mol. Med. Rep. 11(3)
(2015) 1784—1792. https://doi.org/10.3892/mmr.2014.2961.

https://doi.org/10.26599/FSAP.2024.9240065

10

wound healing through inhibition of the inflammatory responses by
targeting ASK1, Acta. Bioch. Bioph. Sin. 50(11) (2018)
1104-1113. https://doi.org/10.1093/abbs/gmy109.

https:/Awww.sciopen.com/joumal/2958-4124 | SCi.pen


https://doi.org/10.1038/ni.3153
https://doi.org/10.1038/ni.3153
https://doi.org/10.1038/ni.3153
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1007/s00018-016-2375-y
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.1677/erc.0.0070165
https://doi.org/10.1016/j.peptides.2018.04.017
https://doi.org/10.1016/j.peptides.2018.04.017
https://doi.org/10.1210/en.2004-0959
https://doi.org/10.1210/en.2004-0959
https://doi.org/10.1210/en.2004-0959
https://doi.org/10.1210/en.2004-0959
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1038/s41598-020-75683-5
https://doi.org/10.1016/j.chemosphere.2016.08.063
https://doi.org/10.1016/j.chemosphere.2016.08.063
https://doi.org/10.1016/j.chemosphere.2016.08.063
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.1091/mbc.01-08-0414
https://doi.org/10.3892/mmr.2014.2961
https://doi.org/10.3892/mmr.2014.2961
https://doi.org/10.3390/app10030938
https://doi.org/10.3390/app10030938
https://doi.org/10.1016/j.ejphar.2022.174885
https://doi.org/10.1016/j.ejphar.2022.174885
https://doi.org/10.1002/biof.1414
https://doi.org/10.1002/biof.1414
https://doi.org/10.1002/biof.1414
https://doi.org/10.1111/wrr.12415
https://doi.org/10.1111/wrr.12415
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1186/s13287-020-01844-y
https://doi.org/10.1016/j.actbio.2019.02.046
https://doi.org/10.1016/j.actbio.2019.02.046
https://doi.org/10.1016/j.actbio.2019.02.046
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1186/s41232-021-00154-x
https://doi.org/10.1093/abbs/gmy109
https://doi.org/10.1093/abbs/gmy109
https://doi.org/10.26599/FSAP.2024.9240065
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124
https://www.sciopen.com/journal/2958-4124

	1 Introduction
	2 Material and methods
	2.1 Material
	2.2 Preparation of snakehead fish soup
	2.3 Animal tests
	2.3.1 Animal models, experimental groupings, and treatments
	2.3.2 Measurement of wound healing rate
	2.3.3 Morphological observation of wound tissue
	2.3.4 Determination of inflammatory and growth factors
	2.3.5 Immunohistochemistry

	2.4 Cell tests
	2.4.1 Cell culture
	2.4.2 Measurement of cell proliferation
	2.4.3 Measurement of cell migration
	2.4.4 Observation of vessel tubule formation

	2.5 Statistical analysis

	3 Results and discussion
	3.1 Wound healing and morphology of wound tissue in rats
	3.2 Serum levels of IL-6, cyclin-D1, and FGF-2 in rats
	3.3 Immunohistochemistry of wound tissue in rats
	3.4 Cell proliferation
	3.5 Cell migration
	3.6 HUVEC tubule formation
	3.7 Mechanistic explanation

	4 Conclusion
	Acknowledgements
	Conflict of interest
	Appendix A. Supplementary data
	References

