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Fatty acid extracts facilitate cutaneous wound healing
through activating AKT, ERK, and TGF-8/Smad3
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Abstract: Fatty acids (FAs) are potential therapeutic agents for cutaneous wound healing; however, the mechanisms
underlying this effect have not been clearly defined. In this study, we extracted and characterized FAs from dried
Lucilia sericata larvae and investigated the molecular basis by which FAs promote cutaneous wound healing. We
first confirmed that FA sodium salts (FASSs) stimulated proliferation, migration, and tube formation of cultured hu-
man umbilical vein endothelial cells (HUVECSs) in a dose-dependent manner. We then showed that FASSs promoted
endothelial-to-mesenchymal transition (EndMT), which plays an important role in stabilizing the neovasculature
during angiogenesis. Mechanistically, FASSs up-regulated the expression of angiogenesis-related growth factors,
platelet-derived growth factor (PDGF), transforming growth factor-B1 (TGF-B1), and vascular endothelial growth fac-
tor A (VEGFA), and activated angiogenesis-related signaling pathways, AKT, ERK, and TGF-3/Smad3. In a rat acute
cutaneous-wound model, FAs promoted wound healing. Following treatment, we further found that expression of
anti-apoptosis-related factors (c-Myc and Bcl-2) was up-regulated and expression of apoptosis-related factors (p53
and Bad) was down-regulated. Our findings suggest that FAs can promote cutaneous wound healing by inducing
angiogenesis, partly by activating AKT, ERK, and TGF-B/Smad3 signaling.
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cial burdens to the affected individuals and

families, it is imperative to identify treatments
that may overcome delayed would healing pro-

Introduction

Cutaneous wound healing involves highly coor-

dinated multistep processes that precisely reg-
ulate the proliferation and migration of endo-
thelial cells, deposition of the extracellular
matrix (ECM), formation of new blood vessels
(angiogenesis), and ultimately vascular remod-
eling. All wound healing events consist of a
series of biochemical processes that are con-
trolled by numerous nutrients [1-3]. When one
or more of these processes are altered, wound
healing is inefficient, characterized by delayed
wound healing leading to a chronic wound.
Multiple mechanisms underlie delayed wound
healing, including inadequate production of
growth factors and deficient angiogenesis [4,
5]. Given that chronic wounds pose heavy finan-

cesses and/or facilitate wound healing.

Angiogenesis is an essential event during the
cutaneous wound healing process. The newly
generated blood vessels temporarily coordinate
and spatially regulate other healing processes,
such as the dynamic interaction between endo-
thelial cells, proangiogenic factors, and ECM
proteins [6]. Previous studies have shown that a
number of proangiogenic factors including
platelet-derived growth factor (PDGF) [7], trans-
forming growth factor-B1 (TGF-B1) [8], and vas-
cular endothelial growth factor A (VEGFA) [9,
10] activate protein kinase signaling pathways,
such as phosphatidylinositol 3 kinase (PI3K)/v-
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Akt [11], mitogen-activated protein kinase
(MAPK) (i.e. p38 MAPK pathway) [12], extracel-
lular signal-regulated protein kinase 1 and 2
(ERK1/2) [13], and transforming growth factor
beta (TGF-B)/Smad [14]. These proangiogenic
factors promote cell proliferation and migra-
tion, as well as angiogenesis during the pro-
gression of wound healing [11, 14, 15]. In con-
trast, angiogenesis is supported by other
cellular events that may stabilize the neovascu-
lature [16-21]. One such event is endothelium
to mesenchyme transition (EndMT) [22]. During
EndMT, the surrounding endothelial cells
acquire a mesenchymal phenotype, which is
characterized by the loss of endothelial mark-
ers and a subsequent gain of mesenchymal
markers. Cells derived from EndMT exhibit
characteristics that resemble the function of
fibroblasts in damaged tissue, thus contribut-
ing to both tissue remodeling and neovascula-
ture stabilization [22].

Since restoring injured dermal tissues requires
energy, natural remedies that are rich in pro-
teins, such as fatty acids (FAs), have been used
to promote the wound healing process. FAs are
an essential component of cell membranes
and the key source of energy production that
facilitates the metabolic processes involved in
cutaneous wound healing [23]. Studies have
also shown that FAs participate in biologic
activities such as angiogenesis [24, 25]. Our
previous work showed that FAs, derived from
Lucilia sericata larvae, enhanced the cutane-
ous wound healing process by promoting angio-
genesis [26]. However, it remains unknown
whether the signaling pathways described
above are involved in FA-mediated cell prolifer-
ation, migration, and angiogenesis.

In the present study, we extracted and charac-
terized FA sodium salts (FASSs) from L. sericata
larvae and investigated their effect on endothe-
lial cell proliferation, migration, and tube forma-
tion of cultured human umbilical vein endothe-
lial cells (HUVECs). We also determined the
wound healing- and angiogenesis-promoting
effects of FAs in a rat acute cutaneous wound
model.

Materials and methods
Antibodies and reagents

Antibodies against a-smooth muscle acting
(x-SMA), phosphorylated (p)-AKT1 (S473), p-ER-
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K1/2 (T202, T185), p-p38 (T180, Y182), and
p-Smad3 (S423, S425) were purchased from
Abcam (Cambridge, MA, USA). Antibodies
against CD31, Ki-67, AKT1, ERK1/2, p38, TGF-
b, and GAPDH were purchased from Proteintech
Group (Chicago, USA). Smad3 antibody was
purchased from Arigo Biolaboratories (Taiwan,
China). Alexa Fluor 594-conjugated secondary
antibodies were purchased from Invitrogen (CA,
USA). Chemicals SIS3, AZD5363, SCH772984,
and SB203580 were purchased from MedChem
Express (NJ, USA).

FA extraction and purification

The dried bodies of L. sericata were purchased
from a traditional Chinese medicine market in
Boluo Country, Huizhou, Guangzhou Province.
The L. sericata bodies were ground into pow-
der, followed by ethyl acetate extraction using
10 g of powder in 150 mL of 95% ethyl acetate
in a Fat Analyzer (BYSXY-06, BY, China) in a
77+2°C water bath for approximately 2 h. The
filtered ethyl acetate extraction was then trans-
ferred to a rotary evaporator, and the solvent
was ultimately evaporated. The FA extracts
were then purified through the following steps:
1 mg of FA was dissolved in 4 mL of
benzene:petroleum ether (1:1 volume:volume)
and 4 mL of NaOH-methyl alcohol (0.2 mol/L).
After intense vortexing, the mixture was heated
in a water bath at 70+1°C for 30 min, followed
by the addition of 10 mL of deionized water. The
supernatant was transferred into a new sterile
10-mL tube and dried under nitrogen. The sam-
ples were stored at 4°C for future studies.

Qualitative analysis of FA extracts

Purified FAs were dissolved in 200 uL of ethyl
acetate for GC-MS analysis. GC-MS analysis
was performed using a GC-MS-QP2020
(Shimadzu, Japan) under the following condi-
tions. A Rxi-bSil MS capillary column (30
mx0.25 mmx0.25 ym) was programmed with
the following oven temperatures: initial temper-
ature at 60°C for 1 min; 5°C/min up to 170°C;
5 min at 170°C; 5°C/min up to 230°C; and 5
min at 230°C. The injection temperature was
250°C, the injection mode was split (split ratio
=10:1), the injection volume was 1 yL, and the
carrier gas was helium. The MS conditions were
set as follows: 70 eV electron impact (El) ioniza-
tion, 230°C ion source temperature, 250°C
interface temperature, and acquisition mode
scanning (m/z 45-600).
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Preparation of FASS solution

To improve the hydrophilicity of the FA extracts,
approximately 0.1 g of purified FAs was saponi-
fied in 1 mL of a 0.1 mol/L NaOH solution, fully
vortexed, and heated in a water bath at 70+1°C
for 30 min. Thereafter, a 100 mg/mL FASS
solution was filtered through a 0.22-mm filter
membrane at appropriate concentrations, and
the solution was stored at -20°C until further
use. After serial dilution in the full cell culture
medium, the FASS pH was neutral and did not
affect cell activity.

Cell culture

HUVECs were obtained from American Type
Culture Collection (ATCC, Rockville, MD, USA)
and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Gibco, Carlsbad, CA,
USA) containing 10% fetal bovine serum (FBS;
Biological Industries, Israel) supplemented with
1% penicillin-streptomycin  in a humidified
atmosphere containing 5% CO, at 37°C.

Cell viability assay

Cell viability was determined using the Cell
Counting Kit-8 (CCK-8, Dojindo, Kumamoto,
Japan). Briefly, HUVECs were seeded in 96-well
plates at 2x102 cells per well and incubated at
37°C for 24 h. Fresh medium with different
concentrations of FASSs was added into the
culture medium and incubated with cells for 24
h. Subsequently, the CCK-8 reagent was added
according to the manufacturer’s instructions.
Cytotoxicity was calculated as the relative via-
bility (%), with 100% representing no FASSs in
the culture medium (0O ng/mL FASS, control
group). At least four independent experiments
were performed for each group.

Cell proliferation assay

Cell proliferation was determined by counting
cells using a hemocytometer. Briefly, 5x10°
HUVECs were seeded in 24-well plates and
incubated at 37°C for 12 h. Cells were harvest-
ed after 24 h of treatment with different con-
centrations (0, 0.1, 1, and 50 ng/mL) of FASSs.
Equal volumes of media were added to the
cells. Approximately 10 pL of the cell suspen-
sion was placed at the edge of the cover-slip of
a Burker chamber, and the hemocytometer grid
was visualized under an optical microscope
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(Olympus CKX441, Olympus, Japan). To calculate
the number of viable cells per field, the average
number of cells in one large square was multi-
plied by the dilution factor and then by 10%. At
least four independent experiments were per-
formed for each group.

Scratch assay

A scratch assay was performed as previously
reported [27]. Briefly, HUVECs were cultured in
12-well plates with 2 mL of DMEM containing
10% FBS, and a scratch wound was generated
on the confluent HUVECs. After removal of cul-
ture medium and washing with phosphate buff-
ered saline (PBS), the cells were incubated with
different concentrations (0, 0.1, 1, and 50 ng/
mL) of FASSs at 37°C for 24 h. Images were
acquired with an inverted microscope (Nexcope
NIB410, USA) at 0, 12, and 24 h and were fur-
ther quantified using Image) software (NIH,
Bethesda, MD, USA). At least four independent
experiments were performed for each group.

Transwell assays

HUVEC migration activity was determined using
24-well Transwell chambers (6.5-mm diameter,
8.0-um pore size; Corning Incorporated,
Corning, NY, USA). In brief, HUVECs (2x10*
cells) were suspended in 200 yL of serum-free
medium and then added to the upper chamber.
In each lower chamber, 1 mL of serum-free
medium containing different concentrations of
FASSs (0, 0.1, 1, and 50 ng/mL) was added.
Cells on the upper layer of the membrane were
removed with swabs after incubation at 37°C
for 24 h. Cells that migrated through the mem-
brane were fixed with 4% paraformaldehyde
and stained with crystal violet. Stained cells
were observed under a microscope (Nexcope
NIB410, USA), and at least six fields of view
were observed for each group.

Capillary tube formation assay

Each well of a 96-well plate was pre-coated
with 50 pL of Matrigel (Becton Dickinson
Labware, Franklin Lakes, NJ, USA) at 37°C for
30 min. HUVECs were added to the top of the
gel at a density of 3x10* cells per well in the
presence of different concentrations of FASSs
(0, 0.4, 1, and 50 ng/mL), and incubated at
37°C for another 6-8 h. Images were acquired
under a microscope (Nexcope NIB410, USA).
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Length, branch length, and node number were
measured for each tube and analyzed using
ImageJ software. At least six fields of view were
observed for each group.

ELISA

At 24 h after FASSs administration (O, 0.1, 1,
and 50 ng/mL), HUVEC supernatants were col-
lected, and the amount of secreted PDGF-BB
and VEGFA was quantified using a human
PDGF-BB ELISA kit (Westang, Shanghai, China)
and a human VEGFA ELISA kit (Proteintech,
Chicago, USA), respectively, according to the
manufacturer’s instructions. Protein concentra-
tions were determined based on standard
curves. At least four independent experiments
were performed for each group.

Immunofluorescence

HUVECs were washed with PBS, fixed in 4%
paraformaldehyde for 20 min, permeabilized
with 0.3% Triton X-100 for 3 min, blocked with
5% goat serum at 37°C for 30 min, and incu-
bated with the following primary antibodies at
4°C overnight: p-Smad3 (1:50) or «o-SMA
(1:100). Thereafter, cells were incubated in the
dark with the corresponding fluorescent dye-
conjugated secondary antibodies (Alexa Fluor
594; 1:200; Invitrogen) at 37°C for 90 min and
then with DAPI for 20 min. Images were
acquired sequentially with the fluorescence
microscope (Olympus IX73, Olympus, Japan). At
least six randomly selected fields per group
were observed.

Western blot assay

Cells were collected, washed, and lysed in RIPA
buffer (10 mM Tris (pH 7.4), 150 mM NaCl, 1
mM EGTA, 0.1% SDS, 1 mM NaF, 1 mM Na,V0,)
containing protease inhibitors (1 mM phenyl-
methylsulfonyl fluoride, 1 mg/mL aprotinin, and
1 mg/mL leupeptin). The protein concentration
of each sample was determined using a bicin-
choninic acid (BCA) protein assay kit (Thermo
Scientific, Fremont, CA, USA). Protein samples
(60 pg) were separated in a 10% SDS-
polyacrylamide gel and then transferred onto
polyvinylidene fluoride (PVDF) membranes. The
membranes were blocked with 5% skim milk for
2 h, incubated with the primary and horserad-
ish peroxidase (HRP)-conjugated secondary
antibodies, and visualized using an enhanced
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chemiluminescence (ECL) reagent and a
ChemiDoc system (Bio-Rad, Hercules, CA, USA).
The densities of specific protein bands were
quantitated using a Molecular Dynamics densi-
tometer with MD Image Quant software (GE
Healthcare Life Sciences). The following prima-
ry antibodies were used in the experiments:
CD31 (1:500), a-SMA (1:500), AKT1 (1:1,000),
ERK1/2 (1:1,000), p38 (1:1,000), TGF-B
(1:500), Smad3 (1:1,000), p-AKT1 (1:500),
p-ERK1/2 (1:500), p-p38 (1:500), p-Smad3
(1:500), and GAPDH (1:2,000). The secondary
antibodies were HRP-conjugated goat anti-rab-
bit antibodies (1:2,000). To further confirm that
these signaling pathways were activated by
FASSs, the inhibitors SIS3 (0.5 uM, a Smad3
inhibitor), AZD5363 (10 nM, an AKT1 inhibitor),
SCH772984 (0.5 uM, an ERK1/2 inhibitor), and
SB203580 (0.5 pM, a p38 MAPK inhibitor)
were used in the scratch and Transwell assays.
At least four independent experiments were
performed for each group.

Real-time quantitative PCR (RT-qPCR)

Total RNA was isolated from HUVECs using
TransZol. cDNA was synthesized from 1 pg of
total RNA with an All-in-One First-Strand cDNA
Synthesis kit. The relative mRNA expression
was quantified using RT-gPCR with Top Green
qPCR SuperMix (all kits were purchased from
Transgen, Beijing, China). RT-gPCR was per-
formed on an ABI Prism 7500 device (Applied
Biosystems, USA), and the primer sequences
used in this study are listed in Table 1. Each
experiment was performed in triplicate. The
relative gene expression was normalized to
GAPDH and calculated using ABI Prism 7500
v.2.0.6 software (Applied Biosystems, USA)
with the 222°t method. At least four indepen-
dent experiments were performed for each

group.

Generation of rat skin wound model and treat-
ment

Animal procedures complied with the guide-
lines of the Association for the Assessment and
Accreditation of Laboratory Animal Care
International and were approved by the Animal
Research Committee of Dalian Medical
University. A rat model of acute cutaneous
wound injury was established as described pre-
viously [27]. Briefly, rats were anaesthetized
with 12 mg/kg xylazine via intraperitoneal
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Table 1. Sequences of RT-gPCR primers

described previously [28]. Br-

Primers

Sequences

iefly, the wound margins of ea-

o-SMA (human)  F: 5-GACGAAGCACAGAGCAA-3’

R:

5-GTGGGATGCTCTTCAG-3’

CD31 (human)  F: 5-CACTGAAGACGTCGAAT-3’
R: 5"-CCAGACTCCACCACCTTACT-3'
VEGFA (human)  F: 5-GTACCCTGATGAGATCGAGTA-3’
R: 5 -TGAGGTTTGATCCGCATA-3’
TGF-B (human)  F: 5-CAGAGTGGTTATCTTTTGA-3’
R: 5'-TAGTGAACCCGTTGATGT-3’
PDGF (human)  F: 5-GCACCAACGCCAACTTCCT-3’
R: 5’-ACCGTGGCCTTCTTAAAGATTG-3’
GAPDH (human)  F: 5-GCACCGTCAAGGCTGAGAAC-3’
R: 5 -TGGTGAAGACGCCAGTGGA-3’
¢-Myc (Rat) F: 5’-ACCCCCCTCCACAAGGAA-3’
R: 5-ACGTTGTGTGTCCGCCTCTT-3’
Bcl-2 (Rat) F: 5-CGGTGGTGGAGGAACTCTTC-3’
R: 5'-TGTGCAGATGCCGGTTCA-3’
Bad (Rat) F: 5 -TGAGGAAGATGAAGGGATGGA-3’
R: 5'-CGAGGAAGTCCCTTGAAGGAA-3’
p53 (Rat) F: 5'-AGAGGAAGAAAATTTCCGCAAA-3'
R: 5’-CCACGGATCTTAAGGGTGAAATAT-3’
GAPDH (Rat) F: 5-GGCACAGTCAAGGCTGAGAATG-3’
R

: 5-ATGGTGGTGAAGACGCCAGTA-3’

Length (bp) ) .
150 ch animal at different observa-
tiontimes (4, 3,5, 7,9, 11, and
13 days post-wounding) were
150 traced with a transparency
model sheet and scanned with
151 an HP Laser Jet M10O5MFP.
The images were saved in JPG
150 form and were opened with
Adobe Photoshop CS6 (Adobe
171 Systems Incorporated, San
Jose, CA). The pixel values of
each individual wound were cal-
137 culated, and the data were
recorded in an Excel format.
150 The real area of the individual
wound was normalized to a
165 standard unit and calculated by
three independent researchers.
150 Hematoxylin and eosin (H/E)
staining
150
Tissues were fixed in 4% para-
142 formaldehyde (pH 7.4) and grad-

ually dehydrated, embedded in

injection. A 1.5-cm diameter round open wound
down to the muscle fascia was generated on
the back by removing the skin layer (epidermis
and dermis). A total of 24 Sprague-Dawley rats
(10 weeks old, 230-250 g) were randomly divid-
ed into three groups (8 per group): an experi-
mental group, in which the animals were treat-
ed with 0.1 g of FAs per wound; a negative
group, in which the animals were treated with
0.1 g of Vaseline ointment per wound; and a
positive group, in which the animals were treat-
ed with 0.1 g of JingWanHong ointment (a tradi-
tional Chinese patented medicine to treat
wounds; Beijing Tongrentang Pharmacy, China).
Four rats were sacrificed from each group at
day 5 post-wounding, and the tissues were har-
vested and stored at -80°C for future study. All
treatments were applied topically twice a day
until the wounds healed completely. Four inde-
pendent experiments were performed for each

group.

Digital transparency wound area measure-
ment

The wound area was measured using a high
throughput transparency tracing sheet as
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paraffin, cut into 4-um sections,
stained with H/E, and observed
under a light microscope (Nexcope NIB410,
USA). Image) software was used for morpho-
metric analyses, and the microvascular density
was assessed. At least six randomly selected
fields of each group were scored.

Immunohistochemistry (IHC)

IHC was conducted according to the manufac-
turer’s instructions. Briefly, skin tissues were
fixed in 4% paraformaldehyde and embedded
in paraffin. Paraffin sections (4-um thickness)
of the tissue samples were prepared and incu-
bated with the primary antibodies against Ki-67
(1:200) at 4°C overnight, followed by another
incubation with a peroxidase-labelled polymer
conjugated to goat anti-rabbit immunoglobulins
for analysis via light microscopy (Nexcope
NIB410, USA). The images were analyzed using
IPwin32 software. At least six randomly select-
ed fields per group were scored.

Statistical analysis

Data are expressed as the mean * the stan-
dard error of the means (SEM) of at least three
independent experiments. Statistical analyses

Am J Transl Res 2020;12(2):478-492



Fatty acid extracts promote wound healing

Table 2. Components of FA extracts from dried Lucilia sericata

chose the concentrations of

larvae 0.1, 1, and 50 ng/mL for
N, (etention Compound Molecular  Relative ::hAes Ssubsequent studies. The
time (min) formula content (%) s effects were further
1 25934 Myristic acid CH,.0, 278 confirmed by a cell count
2 28546 13-methyltetradecanoicacid  C_H,0,  0.83 zﬁcs)jv}:ad (ti'agt”::‘i\ssifz;ro::t'gg
3 29.629 Pentadecanoic acid C,sH5,0, 0.42 . . .
o ) cell proliferation in a dose-
4 31.802 7,10-Hexadecadienoic acid C16H2802 1.57 dependent manner. We next
5 32.114 Palmitoleic acid C,6H3,0, 3.48 examined the effects of FASSs
6 32.373 (9E)-9-Hexadecenoic acid C,Hs00, 20.89 on endothelial cell migration,
7 33.006 Palmitate acid C,H3,0, 14.42 which plays a crucial role in
8 34.860 Hexadecanoic acid, 14-methyl- C,.H,,0, 0.52 angiogenesis [29]. HUVECs
9 35.170  cis-9-Hexadecenoic acid C,H..0, 0.64 were incubated with different
10  37.364 Linoleic acid C,H,0,  24.52 FASS concentrations (0, 0.1,
11 37553 Elaidic acid C,H,0, 2621 1, and 50 ng/mL) for 24 h, fol-
12 38051 Octadecanoic acid CH,0, 3.72 lowed by the wound healing

were performed using SPSS 19.0 (SPSS, Inc.,
Chicago, IL, USA) or Prism 5.0 (GraphPad
Software, La Jolla, CA, USA). Quantitative data
were analyzed using a two-tailed Student’s
t-test for two group comparison, or one-way
analysis of variance (ANOVA) followed by
Dunnett’s post hoc test for multiple group com-
parisons. Differences were considered statisti-
cally significant at P<0.05 and highly significant
at P<0.01.

Results
Determination of FA components using GC-MS

We first characterized the components of FAs
purified from dried L. sericata larvae using
GC-MS, and the percent of each component
was determined based on the peak area nor-
malization method. The twelve major types of
identified FAs are shown in Table 2. The per-
centages of saturated fatty acids (SFAs), mono-
unsaturated fatty acids (MUFAs), and polyun-
saturated fatty acids (PUFAs) were 22.69%,
51.22%, and 26.09%, respectively.

FASSs promote proliferation and migration of
HUVECs

To determine the effects of FASSs on endothe-
lial cell growth, we evaluated the viability of
HUVECSs treated with various FASSs concentra-
tions for 24 h using the CCK-8 assay. We found
that concentrations between 0.1 and 50 ng/
mL FASSs treatment promoted cell growth
(Figure 1A). Based on this observation, we
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and Transwell assays. As
shown in Figure 1C, 1D, FASS
treatments increased the HUVEC migratory
capacity in a dose-dependent manner com-
pared to the control group.

FASSs promote angiogenesis of HUVECs

We next evaluated endothelial cell formation of
capillary-like structures in response to FASS
stimulation. After treatment for 6 h, we ana-
lyzed tube length, branch length, and node
number, and revealed that FASS-treated
HUVECs presented a significantly increased
ability to form new tube structures compared to
untreated HUVECs (Figure 2A). To further
explore how FASSs enhanced angiogenesis, we
measured the expression levels and concentra-
tions of two pro-angiogenic cytokines, VEGFA
and PDGF-BB, in the cells and culture medium
obtained from control and treatment groups
using RT-gPCR and ELISA. As shown in Figure
2B, FASSs significantly increased the mRNA
expression and release of both VEGFA and
PDGF-BB

FASSs promote neovasculature stabilization
and maturation

EndMT plays an important role in stabilizing the
neovasculature during vasculogenesis and
angiogenesis [22]. Therefore, we investigated
the expression of a-SMA, an important protein
marker of vasculogenesis and angiogenesis,
whose up-regulation contributes to neovascu-
lature stabilization. FASSs dose-dependently
increased a-SMA expression compared to the
control group (Figure 2C, 2D). CD31 is a widely
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Figure 1. FASSs promoted HUVEC proliferation and migration in a dose-dependent manner. A. CCK-8 assay for evalu-
ating HUVEC viability. B. FASSs augmented HUVEC proliferation as determined using a hemocytometer. C, D. Scratch
assay and Transwell assay on HUVECs. FASSs showed notable increased migratory capacity in a dose-dependent

manner compared to the control group. *P<0.05, **P<0.01.

used endothelial cell marker of newly formed
blood vessels [30]. We measured CD31 expres-
sion in the control and FASSs-treated HUVECSs.
As shown in Figure 2D, FASSs significantly aug-
mented CE31 mRNA levels and protein expres-
sion in a dose-dependent manner compared to
the control group. These observations suggest
that FASSs increase the expression of both
CD31 and a-SMA, both of which are indicators
of maturing blood vessels [31].

FASSs activate TGF-B/Smad3 signaling in
HUVECs

The TGF-B superfamily includes autocrine sig-
naling molecules that can induce EndMT [32].
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Immunofluorescence, RT-gPCR, and Western
blot analyses were used to assess the effects
of FASSs on TGF-B/Smad3 activity. As shown in
Figure 3A, FASSs induced Smad3 phosphoryla-
tion (p-Smad3) in a dose-dependent manner.
Correspondingly, FASSs treatment promoted
nuclear translocation of p-Smad3. Consistent
with the above observation, FASSs dose-
dependently upregulated the expression of
TGF-B, an upstream regulator of Smad3, at
both mRNA and protein levels. The implication
of TGF-B/Smad3 signaling in FASSs-mediated
angiogenesis was further supported using the
specific Smad3 inhibitor SIS3, which partially
suppressed FASSs-induced cell proliferation
and migration (Figure 3C). Thus, our data sug-
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Figure 2. FASSs promoted HUVEC tube formation and stabilized the neovasculature. A. FASSs promoted HUVEC tube
length, node number, and branch length of the tubes in a dose-dependent manner. Magnification, 100x. B. FASSs
promoted the release of proangiogenic factors from HUVECs in a dose-dependent manner. ELISA and RT-gPCR were
performed on control (O) and FASSs-treated HUVECs. C. Representative immunofluorescence images of a-SMA
expression in HUVECs after treatment with FASSs. Maghnification, 400x%. D. Western blot and RT-gPCR revealed that
FASSs dose-dependently significantly increased expression of a-SMA and CD31 in HUVECs. *P<0.05, **P<0.01.

gest that FASSs activate TGF-3/Smad3, which
plays a role in FASSs-mediated proliferation
and migration of HUVECs.

FASSs activate AKT1 and ERK1/2 signaling in
HUVECs

As previous studies have shown that PI3K/
AKT1, ERK1/2, and p38 MAPK regulate cell
proliferation, migration, and angiogenesis dur-
ing wound healing [11, 12, 14, 15], we next
determined the changes in the activity of these
signaling pathways in the control and FASSs-
treated HUVECs using Western blot analysis.
We found that FASSs treatment induced the
phosphorylation levels of AKT1, ERK1/2, and
p38 MAPK in a dose-dependent manner (Figure
4A-C). To further confirm the effects of FASSs
on these signaling pathways, we employed a
specific inhibitor of each of these three path-
ways, AZD5363 (AKT1 inhibitor), SCH772984
(ERK1/2 inhibitor), and SB203580 (p38 MAPK
inhibitor). We found that the AKT1 and ERK1/2
inhibitors, but not the p38 MAPK inhibitor,
attenuated the effects of FASSs, indicating that
the AKT1 and ERK1/2 pathways, but not the
p38 MAPK pathway, were involved in the FASS-
induced biological effects in HUVECs. We also
observed that simultaneous application of
these inhibitors completely abolished the
effects of FASSs on the activation of these mol-
ecules (Figure 4D). Thus, our data indicate that
FASSs induce activation of the AKT1 and
ERK1/2 pathways in HUVECs.

FAs accelerate cutaneous wound healing via
cell proliferation in vivo

We next evaluated the effects and related
mechanisms of FAs in an acute cutaneous
wound model in vivo. The healing rates of cuta-
neous wounds following different treatments
were evaluated sequentially using a transpar-
ency tracing digital calculation method [28]. A
total of 84 traces, which are shown as one
transparency model sheet (Figure 5A), were
collected from twelve open cutaneous wounds
at seven time points (days 1, 3, 5, 7, 9, 11, and
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13) in this study. As shown in Figure 5B, the
average wound healing rates were higher in the
FA and positive rat groups than in the control
group, especially at days 5, 7, 9, and 11. The
wound tissues of the three experimental groups
were further histologically analyzed using H/E
staining. As shown in Figure 5C (arrows), the
number of microvascular structures was great-
er in the FA and positive groups than in the con-
trol group. We also examined cell proliferation
in the wound region by staining with Ki-67,
which is a well-recognized marker of proliferat-
ing cells [33]. The number of Ki-67-positive
cells in the wound tissues of the FA and positive
groups was significantly higher compared to
the control group (Figure 5D). To understand
the molecular basis underlying the increased
proliferation mediated by FAs, we evaluated the
expression of proliferation-related genes c-Myc
and Bcl-2, and apoptosis-related genes Bad
and p53, in the wound tissues of these three
groups using RT-gPCR. We found that FA treat-
ment markedly up-regulated the expression of
c-Myc and Bcl-2, which coincided with
decreased expression of Bad and p53 (Figure
5E). Therefore, our data suggest that FAs accel-
erate cutaneous wound healing by promoting
cell proliferation in an in vivo rat model.

Discussion

Angiogenesis is a complex process that con-
trols the formation of new blood vessels and
is essential for cutaneous wound healing
[31]. FAs, a natural product, have been report-
ed to have various biological activities, includ-
ing promoting angiogenesis and cutaneous
wound healing [24, 25]. However, the mecha-
nisms underlying these activities are not
fully understood. Our findings indicate that
FASSs promote HUVEC proliferation and migra-
tion, which play a critical role in angiogen-
esis by stimulating AKT1, ERK1/2, and TGF-B1/
Smad3 signaling and increasing expression of
CD31 and a-SMA to stabilize the neovascula-
ture. The underlying mechanisms involve
increased levels of proangiogenic cytokines,
such as VEGFA, PDGF, and TGF-B1 [7-10], which
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Figure 3. FASSs potentiated TGF-B/Smad3 activity in HUVECs. A. Representative immunofluorescence images showing that FASSs induced Smad3 phosphorylation
(p-Smad3) in a dose-dependent manner. Magnification, 200x. B. Representative Western blot showing the significantly increased expression of TGF-, Smad3, and
p-Smad3 in FASSs-treated HUVECs compared with the control. TGF-B expression was also assessed using RT-qPCR. C, D. The scratch and Transwell assays showed
that the selective Smad3 inhibitor SIS3 decreased the migratory capacity of FASSs-treated HUVECs. *P<0.05, **P<0.01, compared to the control group. #P<0.05,
compared to the FASS group.
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Figure 4. FASSs increased the expression and phosphorylation of AKT, ERK1/2, and p38 in a dose-dependent man-
ner. Western blot was performed to determine the expression of (A) AKT1 and p-AKT1, (B) ERK1/2 and p-ERK1/2,
and (C) p38 and p-p38 in the control (0) and HUVECs treated with different concentrations of FASSs as indicated.
Inhibitors AZD5363 (AKT inhibitor), SCH772984 (ERK inhibitor), and SB203580 (p38 MAPK inhibitor) were also
used to identify the pathways induced by FASSs. (D) In the scratch and Transwell assays, simultaneous applica-
tion of these inhibitors completely abolished the effects of FASSs on the activation of these molecules. *P<0.05,
**P<0.01, compared with control. #P<0.05, compared with the FASS group.
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Figure 5. FASSs accelerated cutaneous wound healing by promoting cell proliferation and angiogenesis in vivo. A.
Transparency tracing was performed on individual wound margins at seven time points (days 1, 3,5, 7,9, 11, and
13). B. The average wound healing rates were higher in the FASSs and positive rat groups compared to the control
group. C. Representative micrographs of H/E staining of wounds at day 5 showed that the number of microvascular
structures was greater in the FASSs and positive groups compared to the control group. Magnification, 100x. D.
Representative IHC images showing Ki-67 expression in the wound tissues was significantly higher in FASSs and
positive groups compared to the control group. Magnification, 200x. E. FASSs treatment markedly up-regulated the
expression of c-Myc and Bcl-2, which coincided with decreased expression of Bad and p53. *P<0.05, **P<0.01.

in turn activate downstream targets to aug- genesis. The proposed working model is shown
ment cell proliferation, migration, and angijo- in Figure 6.
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Figure 6. Working model of signaling pathways involved in FASSs-induced HUVEC proliferation, migration, and an-
giogenesis. FASSs increase the levels of TGF-$3, VEGFA, and PDGF. These factors subsequently activate downstream
signaling pathways to promote endothelial cell proliferation, migration, and angiogenesis. In addition, FASSs in-
crease the expression of CD31 and o-SMA to stabilize the neovasculature.

In the present study, we chose HUVECs as
an in vitro system to explore the mechanisms
by which FAs promote angiogenesis, and
found that FASSs treatment significantly aug-
mented HUVEC proliferation and migration in a
dose-dependent manner compared to vehicle
treatment. Tube formation was also significant-
ly enhanced by FASSs treatment. Mechan-
istically, some growth factors (VEGF, PDGF, and
TGF-B1) and their downstream signaling mole-
cules (PIBK/AKT1, ERK1/2, and TGF-B1/
Smad3) that are involved in regulating endothe-
lial cell angiogenesis [11, 12, 14, 15], were sig-
nificantly increased after FASSs treatment, as
evidenced by the increased phosphorylation
levels of AKT1 and ERKZ1/2. Similarly, we
revealed that TGF-B1/p-Smad3, the key pro-
teins that contribute to angiogenesis and cuta-
neous wound healing [14], were significantly
up-regulated by FASSs treatment. Intriguingly,
application of specific inhibitors against
PI3K/AKT1, ERK1/2, and TGF-B1/pSmad3
pathways uncovered that FASSs-triggered acti-
vation of AKT1 and ERK1/2, but not p-Smad3,
played important roles in endothelial cell prolif-
eration and migration. Thus, whether TGF-B1/
pSmad3 is also important in FASSs-facilitated
cutaneous wound healing warrants further
investigation.
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Since mature vasculature supplies nutrients
and oxygen to tissues, neovasculature stabili-
zation is crucial for the development of mature
neovasculature. The co-expression of CD31
and o-SMA is a well-recognized indicator of
neovasculature stabilization and maturity dur-
ing angiogenesis [22, 31]. In the current study,
we found that CD31 and o-SMA expression
were markedly increased in HUVECs after
FASSs treatment. Moreover, increased a-SMA
protein expression in HUVECs was accompa-
nied by well-organized filaments and a fusiform
shape, indicating an evolving early time point in
EndMT. These findings, taken together, suggest
that FASSs promote stabilization and matura-
tion of neovasculature during angiogenesis.

Previously, our group and others showed that
FAs promote angiogenesis and improve wound
healing in vivo [24-26]. Consistent with these
previous findings, we found in this study that
FAs treatment improved cutaneous wound
healing in a rat skin injury model, as evidenced
by our observations that the average healing
rate of the wounds and the formation of micro-
vascular structures were substantially in-
creased in the FAs-treated group compared to
the vehicle group. Our findings are also in accor-
dance with other studies, which showed that
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the FAs, such as oleic acid (a MUFA), and their
metabolites are mediators of several wound
healing events [34-36]. Previous studies
revealed that MUFAs produced intracellular
messengers to mediate a number of biological
activities, including cell proliferation, migration,
and angiogenesis [25, 37]. In this study, we
found that FAs substantially increased the
number of Ki-67+ positive cells in the wound
site compared to the control group, which coin-
cided with up-regulated levels of proliferation-
related genes (c-Myc and Bcl-2). Although we
proposed that one of the mechanisms by which
FAs facilitate wound healing in vivo is to pro-
mote endothelial cell proliferation in the wound
regions, double staining with Ki67 and an endo-
thelial cell marker should be examined in future
studies to support our conclusion.

In conclusion, we demonstrated that FAs sig-
nificantly promote endothelial cell proliferation,
migration, and angiogenesis, and therefore
accelerate cutaneous wound healing. Mecha-
nistically, FAs augment the activity of AKT1,
ERK1/2, and TGF-B1/Smad3 signaling. Our
findings expand the understanding of the com-
plex signaling involved in wound healing and
provide direct evidence for the clinical applica-
tion of natural agents that accelerate cutane-
ous wound healing.
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