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ABSTRACT

Chronic skin ulcers are a primary global health problem. Velvet antler polypeptide (VAP) regulates
endothelial cell migration and angiogenic sprout. Adipose-derived stem cells (ADSCs) are reported
to make pivotal impacts upon wound healing. This study aimed to explore the role of VAP
combined with ADSCs in wound healing of chronic skin ulcers. The effect of VAP on phenotypes
of ADSCs, and VAP (PLGA microspheres) combining with ADSCs on wound healing of chronic skin
ulcers in vivo was evaluated. VAP generally promoted the proliferation, migration and invasion of
ADSCs, and ADSC-induced angiogenesis in human umbilical vein endothelial cells (HUVECs)
through PI3K/Akt/HIF-1a pathway. VAP-PLGA (PLGA microspheres) enhanced the promoting effect
of ADSCs on wound healing, pathological changes, and angiogenesis in chronic skin ulcers in vivo.
VAP-PLGA intensified the effect of ADSCs on up-regulating the levels of p-PI3K/PI3K, p-Akt/Akt,
HIF-1a, vascular endothelial growth factor (VEGF), stromal cell-derived factor-1 (SDF-1),
C-X-C motif chemokine receptor 4 (CXCR4), angiopoietin-4 (Ang-4), VEGF receptor (VEGFR), and
transforming growth factor-p1 (TGF-31), and down-regulating the levels of interleukin-1 8 (IL-1(),
IL-18 and IL-6 in wound tissues in chronic skin ulcers in vivo. Collectively, VAP promoted the
growth, migration, invasion, and angiogenesis of ADSCs through activating PI3K/Akt/HIF-1a path-
way, and VAP-PLGA enhanced the function of ADSCs in promoting wound healing in vivo, which
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was associated with angiogenesis, inflammation inhibition, and dermal collagen synthesis.

Introduction

Recent years have witnessed the development of
chronic skin ulcers including venous leg ulcers,
pressure sores and diabetic ulcers into a primary
global health problem, initially appearing in the
lower extremities, especially in the elderly [1].
Traditional Chinese Medicine (TCM) science cate-
gorizes ‘sore and ulcer’ into three syndromes as
following: Yang syndrome, Yin syndrome (dull
skin, stasis, coldness, and numbness), and semi-
Yin and semi-Yang syndrome [2]. Chronic skin
ulcers are considered to belong to Yin syndrome
(a term in traditional Chinese medicine) skin
ulcers [3]. Cutaneous wound repair is associated
with a series of biological and molecular processes
such as cell migration and proliferation,

extracellular matrix deposition, and remodeling
[4]. Growth factors can participate in tissue repair,
and those released from the injured site can drive
the proliferation and migration of associated cells
which are particularly important to wound
repair [5].

Given the benefits of natural products, much
attention has been focused on traditional and
local medicines. Cyclic replacement of deer antlers
requires rapid regenerative growth, which, in
many ways, is similar to the tissue regeneration
process [6]. Velvet antler is one of the most impor-
tant traditional Chinese medicine from animals
with a history of more than 2,000 years, having
a wide variety of functions, such as tissue repair
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[7] and promotion of wound healing [8]. Chronic
refractory skin ulcer can be effectively treated with
huiyang shengji ointment that consists of velvet
antler, panax, Cinnamomum cassia, Ligusticum
wallichii and so on [9]. Velvet antler possesses
multiple active components including amino
acids, polypeptides, and proteins [10], among
which velvet antler polypeptide (VAP) is the
major bioactive component of velvet antler [11],
exerting various health-promoting effects, such as
anti-inflammation [12]. The VAP-chitosan-honey
suspension could apparently promote the healing
of decubitus ulcer [13]. Besides, Guan et al. [14]
reported that VAP isolated from the velvet antler
of sika deer can stimulate the proliferation of
certain cells. Adipose-derived stem cells (ADSCs),
similar to other marrow mesenchymal stem cells
(MSCs) such as bone marrow-derived MSCs that
can express akin markers of MSCs and have self-
renewal ability, can also differentiate to various
cells such as adipocytes, osteocytes, chondrocytes
and myogenic cells with specific culture in differ-
ent media [15]. The minimum criteria of MSCs
include the expressions of CD105, CD73, and
CD90, but exclude the expression of CD45,
CD34, CD14, or CDI11b [16,17]. ADSCs have
great differentiation potential and play a critical
role in wound healing [18]. Engrafted ADSCs can
result in the release of proangiogenic cytokines
and factors to enhance repair and regeneration
by interacting with local tissues [19].

The PI3K/Akt signaling pathway is instrumental
in cancer progression and also indispensable for
signal transduction in normal cells [20], which also
generates critical effects in many cell functions,
such as metabolism, proliferation, migration, inva-
sion, and angiogenesis [21]. Recent studies have
demonstrated that PI3K/Akt signaling pathway
participates in wound healing in vivo [22-26]
and exerts a regulatory role in ADSCs during
wound healing [27]. Zhang et al. [28] also suggest
that ADSCs are likely to promote wound healing
by releasing exosomes, which may involve PI3K/
Akt pathway. Moreover, velvet antler proteins reg-
ulate the PI3K/Akt signaling pathway to amelio-
rate injured cardiac microvascular endothelial cells
[29]. Several studies have proved that some gene
products, referring to stromal products that
include hypoxia and inflammatory intermediates,
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can mimic the cytoprotective effects of hypoxia,
and stimulate the overexpression of HIF-la and
other signaling pathways [30,31]. HIF-1a activates
the transcription of diverse genes encoding angio-
genic cytokines such as vascular endothelial
growth factor (VEGF) [32]. Metabolic reprogram-
ming by HIF-1a activation enhances survivability
of human ADSCs in ischemic microenvironments
[33]. Angiopoietin (Ang), VEGF, and C-X-C motif
chemokine receptor 4 (CXCR4) are examples of
HIF-1a target genes, which have important roles
in stem cell viability, proliferation, and migration
[34,35]. Besides, VEGF, a family of angiopoietins
(Angs), is another factor that is involved in angio-
genesis. Ang 4 has a stimulatory effect on the
endothelial cell migration and capillary formation
[36,37]. Therefore, it is imperative to fathom out
the role of PI3K/Akt/HIF-1a pathway in the func-
tion of VAP and ADSCs in wound healing.

Following that literature review, we hypothe-
sized that VAP promotes the proliferation and
migration of ADSCs, and PI3K/Akt/HIF-la
pathway plays an important part in the roles
of VAP and ADSCs on wound healing. In the
present study, we intended to investigate the
effect and potential mechanism of VAP on the
proliferation and migration of ADSCs, so as to
understand its stimulating effect on ADSCs.
Moreover, we established a skin ulcer model
with Yin syndrome in vivo to explore whether
VAP-PLGA microspheres (VAP-PLGA, one
long-acting slow-release dosage form) can
improve ADSCs-induced wound healing in
chronic skin ulcers. Our objective was to
develop combination therapy with ADSCs and
VAP-PLGA to improve wound healing during
chronic skin ulcers.

Materials and methods
Ethics statement

The animal experiments were performed accord-
ing to the guidelines of China Council on Animal
Care and Use. This research was approved by the
Committee of Experimental Animals of Nanjing
University of Chinese Medicine (approval number:
NM20190720201). Every effort was made to mini-
mize suffering and discomfort of the animals. All
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animal experiments were performed in Nanjing
University of Chinese Medicine.

ADSC preparation

ADSCs were isolated from subcutaneous adipose
tissues of male Kunming (KM) mice, based on
previous protocol [19]. In brief, subcutaneous adi-
pose tissues (20-40 mL) obtained by sterile surgi-
cal excision were placed into DMEM/F12 (D6421,
Sigma), and then washed with phosphate buffered
saline  (PBS)  containing 1%  Penicillin-
Streptomycin Liquid (P1400, Solarbio, Beijing,
China) until no red color remained. Next, after
the connective tissues and blood vessels were
removed from the adipose tissues with ophthalmic
scissors and eye forceps, the adipose tissues were
cut into small fragments (1 mm®). Since
Collagenase type I digestion solution (0.1%,
17100017, Invitrogen) was dissolved in DMEM,
an equal amount of the solution was used to digest
the adipose tissues at 37°C for 45-60 min until the
tissues were changed into paste. The digestion
reaction was stopped using DMEM/F12 contain-
ing 10% fetal bovine serum (FBS). The undigested
tissues were removed by filtering through a 100-
mesh screen, with 150 um pore diameter. Next, the
adipose tissues underwent centrifugation at
1,200 r/min for 10 min. Following that, the super-
natant was discarded, while the pellet was collected
and resuspended in conditioned medium
(DMEM/F12, 10% FBS, 2 ng/mL bFGF, 1% peni-
cillin-streptomycin liquid) and then plated into
6-well plates in an incubator containing 5% CO,
at 37°C. The medium was changed every 2 days.
When the confluence reached 80-90%, the pri-
mary ADSCs (P1 ADSCs) were obtained, and
then sub-cultured and passaged in conditioned
medium at a ratio of 1:3 until the third passage
(P3 ADSCs). The cell morphology of P1 and P3
ADSCs was observed under a 200 x inverted
microscope (IX71; Olympus, Tokyo, Japan).

Flow cytometry for cell phenotype detection

Cell phenotype detection was performed as pre-
viously reported [38]. After reaching 80-90% con-
fluence, P3 ADSCs were digested with 0.25%
pancreatin-0.02% ethylenediamine tetraacetic acid

(EDTA; T1300, Solarbio), and then no less than
2 x 10° cells were collected from each sample for
analysis. Next, cells were resuspended in 100 uL of
PBS and subjected to centrifugation at 1,000 r/min
for 5 min. After removing the PBS, cells were
resuspended in 200 pL of PBS, incubated for
30 min with antibodies, and washed twice with
PBS. After removing the PBS again and resuspend-
ing the cells with 300 pL PBS, the cell suspension
was analyzed by flow cytometry (Accuri™ C6, BD
Biosciences, USA). The following monoclonal
antibodies used in this experiment were purchased
from eBioscience™ of Thermo Fisher Scientific:
anti-CD29-FITC (#11-0291-80), anti-CD90-FITC
(#11-0909-42), anti-CD73-FITC (#11-0739-41),
anti-CD105-FITC ~ (#MA1-19594), anti-CD34-
FITC (#11-0349-41), and anti-CD45-FITC (#11-
9459-41) antibodies.

Velvet antler peptides (VAP)

Fresh velvet antlers from Deer Shuangyang district
of deer products of heng distribution (http://www.
hengdaluye.com/index.html) were cut into small
pieces, dissolved in HAc-NaAc buffer solution
(pH 3.5) at a ratio of 1:5, and then subjected to
centrifugation at 8,000 x g for 20 min. The super-
natant was collected and then added with ethanol
(95%) until the final concentration of 65% was
reached. The solution was stirred at 4°C for 4 h,
and then centrifugated at 8,000 x g for 20 min.
After that, the supernatant was harvested and sub-
jected to rotary evaporation under vacuum at 55°C
to evaporate off the ethanol, and then the concen-
trated solution was obtained. During the freeze-
drying process, dried velvet antler peptides powder
was acquired from the concentrated peptides.
Lastly, the Kjeldahl method was applied to deter-
mine the purity of peptides.

Cell treatments

To determine the effect of VAP on ADSCs, ADSCs
were treated with VAP at different concentrations
(0, 6, 12, 25, and 50 ug/mL). To figure out the
roles of PI3K/Akt and HIF-1a signaling in ADSCs,
ADSCs were divided into four groups as follows:
Control, VAP, VAP+LY294002 and VAP +
Perifosine groups. Control group: cells received
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no treatment; VAP group: cells were treated with
25 pg/mL VAP; VAP+LY294002 group: cells were
pre-treated with 30 uM LY294002 (PI3K family
specific inhibitor, 19-142, Sigma-Aldrich) [19]
for 2 h, and then treated with 25 pg/mL VAP for
an indicated time; VAP + Perifosine group: cells
were pre-treated with 10 pM perifosine (Akt-
specific inhibitor, SC0227, Beyotime) for 2 h, and
then treated with 25 pg/mL VAP for an indicated
time.

Cell viability assay

Cell viability was determined by Cell Counting Kit-
8 (CCK-8). CCK-8 assay was performed using
a CCK-8 kit (CA1210, Solarbio). In short, P3
ADSCs (2,000 cells/well) plated into 96-well plates
(100 pL/well) were pre-treated with or without
LY294002 or perifosine for 2 h, and then further
treated with VAP. After 48 h of culture, 10 pL of
CCK-8 solution was added into each well and
further incubated for 3 h. Cell viability was deter-
mined by measuring the absorbance at 450 nm
using a Microplate reader (Tecan, Switzerland).

Cell colony formation assay

The colony formation rate of cell proliferation was
determined by colony formation assay. Briefly,
ADSCs (1 x 107 cells/well) were cultured in 6-well
plates. Conditioned medium was changed every
4 days. Following two weeks of culture, the cells
were fixed with 10% methanol for 15 min and then
dyed with Crystal Violet Staining Solution (C0121,
Beyotime) for 30 min. The number of colonies with
over 50 cells was calculated under an inverted
microscope (IX71; Olympus, Tokyo, Japan).

Scratch wound healing assay

The migration ability of ADSCs was evaluated by
scratch wound healing assay. Briefly, ADSCs
were plated in 24-well plates and cultured to
reach 90% confluence. Next, the cells were cul-
tured in FBS-free DMEM/F12 overnight. Then,
a scratch was created in the cell monolayer using
a 10 pL pipette tip and FBS-free DMEM/F12 was
replaced by conditioned medium. The images
were taken at 0 h under a 100 x inverted
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microscope (IX71; Olympus, Tokyo, Japan).
Afterward, the cells were pre-treated with or
without LY294002 or perifosine for 2 h, and
then further treated with VAP for 48 h. After
that, images were photographed again by the
same method. Finally, the cell migration rate
was determined by calculating the reduced
breadth of the scratch in ADSCs.

Transwell assay

Cell invasion was performed in transwell cham-
bers (8 um pores, Corning Inc., Corning, USA)
coated with 20 pL of Matrigel. Cells (1.5 x 10°)
were incubated in 100 pL of FBS-free DMEM/
F12 in the upper chamber pre-coated with
Matrigel, whereas 200 pL of conditioned medium
was added into the lower chamber. Next, cells
were pre-treated with or without LY294002 or
perifosine for 2 h, and then further treated with
VAP. After culture at room temperature for 48 h,
non-invaded cells on the upper surface were
scraped off with a cotton swab, whereas invaded
cells were fixed with 4% methanol for 15 min
and stained with crystal violet solution (0.1%,
C0121, Beyotime) at room temperature for
20 min. Finally, images were photographed
from five random fields using a 250x inverted
microscope (IX71; Olympus, Tokyo, Japan).

Tube formation assay

In order to determine the effect of VAP on ADSC-
induced angiogenesis in human umbilical vein
endothelial cells (HUVECs), we carried out the
tube formation assay on Matrigel matrix. ADSCs
were pre-treated with or without LY294002 or
perifosine for 2 h, and then further treated with
VAP for 48 h. Next, treated ADSCs were co-
cultured with HUVECs for 24 h. Then, these
HUVECs (1 x 10* cells/well) were further cultured
in 6-well plates pre-coated with Matrigel matrix at
37°C. 6 h of culture later, the tube formation of
HUVECs was examined under a 100 x inverted
microscope (IX71; Olympus, Tokyo, Japan). Five
random microscopic (x100) fields per well were
included and relative angiogenesis rate was calcu-
lated by tube numbers relative to controls (set
as 100%).
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Western blot

Proteins were extracted with Cell lysis buffer
(P0013, Beyotime) and quantified using
a bicinchoninic acid (BCA) protein assay kit
(P0013, Beyotime). Then the extracted proteins
were isolated by electrophoresis on 10% sodium
dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) gel and transferred onto polyvinyli-
dene fluoride (PVDF) membranes (FFP32,
Beyotime). Protein markers (PR1910 (11-180
kDa) and PR1920 (11-245KD)) were purchased
from Beijing Solarbio Science & Technology Co.,
Ltd. Next, the membranes were probed with the
primary antibodies (shown in Table 1) at room
temperature for 2 h, followed by the incubation
with the secondary antibody Goat Anti-Mouse
(1:2000, ab205719, Abcam, USA) or Goat Anti-
Rabbit (1:2000, ab205718, Abcam, USA) antibody
at room temperature for 1 h, and subsequent
visualization using BeyoECL Star (P0OO18FS,
Beyotime).  Signals  were analyzed  with
a luminescent image analyzer (ImageQuant
LAS4000 mini). The expression level of each pro-
tein was normalized to the loading controls (B-
actin). The raw data were provided in supplemen-
tal spreadsheet 1.

Animal model

The construction of chronic skin ulcer model with
Yin syndrome in mice referred to literature [3].
We prepared a mouse model of skin ulcer with Yin
syndrome using immunosuppression (hydrocorti-
sone) combined with skin wounds and plastic ring
(as foreign body). All 50 male KM mice (weight:
20-22 g) purchased from the Vital River
Laboratory Animal Technology Co., Ltd. (Beijing,
China) were fasted for 12 h with only access to
water. After that, femoral muscle of 40 mice was

Table 1. List of primary antibodies used for western blots.

injected with hydrocortisone injection solution
(1,303,011, Tianjin, China, Tianjinkingyork Co.,
Ltd.) for three days to suppress inflammatory
and immune responses. On the 4th day, mice
were anesthetized by intraperitoneal injection
with 2.5% pentobarbital sodium (40 mg/kg). The
anesthetized mice were placed on a fixed plate in
the prone position with the limbs fixed, and then
the hair on the back was cut off for skin prepara-
tion. A circular whole skins and subcutaneous
connective tissues with a diameter of about
1.2 cm was surgically removed under sterile con-
ditions. It was carefully operated, away from great
vessels and deep into fascia. A sterilized plastic
ring (outer diameter 2 cm, inner diameter
1.2 cm, thickness 0.2 cm) was inserted into edge
of incision, and was stitched with two single
stitches to the skin to prevent shedding. Two
weeks later, the secretions on the wound surface
were increased significantly, the skin on the
wound edge was uneven, and even swelling and
induration appeared. The healing trend of wound
was not obvious. Moreover, mice ate less, turned
emaciated, had shapeless stools, and reduced activ-
ities accompanied by curling up, clasping, and cold
limbs and tails. The above exhibitions indicated
the successful establishment of a skin ulcer model
with Yin syndrome. Another 10 mice without
a three-day hydrocortisone injection but with
skin wounds and plastic ring were assigned into
blank group.

Animal groups and treatments

In order to ensure the long-term activity of VAP
in vivo, PLGA microspheres were used for the
sustained release of VAP. VAP-PLGA micro-
spheres were produced by Changchun Institute of
Applied Chemistry Chinese Academy of Sciences
(Changchun, China). The preparation of VAP-

Protein Antibody Catalog Number Company Antibody Dilution
p-PI3K Rabbit Anti-p-PI3K antibody #4228 CST 1:1000
PI3K Rabbit Anti-PI3K antibody ab191606 Abcam 1:1000
p-Akt (Ser473) Rabbit Anti-p-Akt antibody #9271 CST 1:1000
Akt Rabbit Anti-Akt antibody #9272 CsT 1:1000
HIF-1a Rabbit Anti-HIF-1a antibody ab179483 Abcam 1:1000
VEGF Mouse Anti-VEGFA antibody ab1316 Abcam 1:100
B-actin Mouse Anti-beta Actin antibody ab8226 Abcam 1:1000




PLGA microspheres was as follows: chitosan was
dissolved in 3% ice-acetic acid solution and stirred
to obtain chitosan-glacic acid solution. VAP-
PLGA was dissolved in the chitosan-glacic acid
solution to obtain mixed solution. Next, the
mixed solution was slowly added to the emulsifier
and stirred, and then ultrapure water was added to
obtain emulsion. Subsequently, glutaraldehyde was
added as a cross-linker to the binding reaction.
After being centrifugated and washed by anhy-
drous ethanol and acetone, the precipitate was
dried to obtain VAP-PLGA microspheres.

Following the chronic skin ulcer model estab-
lishment for two weeks, 40 mice with Yin syn-
drome of chronic skin ulcers were assigned to
four groups (10 mice/group): model, ADSCs,
VAP-PLGA, VAP + ADSCs groups, according
to the random digital table method, to determine
the role of VAP-PLGA combined with ADSCs in
wound healing in chronic skin ulcers. Then, the
sterilized plastic ring inserted into the edge of
incision was removed from mice. Iodophor
(0.5%) was used for wound disinfection and
necrotic tissues were removed in each group.
Edge and bottom of the wound in the model
and blank groups were injected with 100 uL of
PBS. At the same positions as the model and
blank groups, mice in the ADSCs group were
injected with 100 pL of PBS containing 1 x 10°
ADSCs, those in the VAP-PLGA group were
injected with 100 uL of PBS containing 15 mg/
g VAP-PLGA, and those in the VAP-PLGA +
ADSCs group were injected with 100 uL of PBS
containing 15 mg/g VAP-PLGA and 1 x 10°
ADSCs. Wounds in the above groups were ban-
daged by aseptic wound dressing. The mice
received treatment one time on the day 0. The
changes in wounds and granulation tissue
growth were observed with naked eyes on the
0, 14th and 28th days. Also, on the 28th day,
more detection was conducted. The dosage and
use of the selected VAP and ADSCs were follow-
ing the reference [39].

Wound healing observation

On the days 0, 14 and 28, the changes in wounds
and granulation tissue growth were observed with
naked eyes. Meanwhile, all wounds were
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photographed with a digital camera (COOLPIX
B700, Nikon, Japan). Wound areas were measured
with standard transparent square paper. Unhealed
wound areas were calculated, and healing curves
were drawn. The wound healing rate was calcu-
lated using the following equation: wound healing
rate = (initial wound areas — unhealed wound
areas)/initial wound areas x 100%.

Hematoxylin and eosin (HE) staining

Histopathological observation of wound tissue
structures, as well as distribution of inflamma-
tory cells, fibroblasts and capillary on wound
surface in wound healing process was completed
by HE staining experiment. On the 28th day,
mice were anesthetized by intraperitoneal injec-
tion with 2.5% pentobarbital sodium (40 mg/kg),
and then wound tissues and surrounding tissues
(2 mm in depth and 2 mm in width) were cut
off. The collected tissues were immersed and
fixed in 10% paraformaldehyde, conventionally
embedded into paraffin, cut into sections (5 um
thick), and stained using a Hematoxylin and
Eosin Staining Kit (C0105, Beyotime). Then,
histopathological changes in wounds were
observed under an inverted microscope at 100
x and 200 x magnifications (IX71; Olympus,
Tokyo, Japan).

Immunohistochemistry for CD31

CD31 is a marker for blood vessel endothelium.
Hence, we used anti-CD31 antibody (1:50,
ab28364, Abcam) to examine the capillary vessel in
the wound tissues by immunohistochemically stain-
ing [19]. Briefly, after routine antigen retrieval, the
fixed tissue sections above were incubated with 3%
H,O, at room temperature for 10 min, washed with
PBS, placed into 0.01 mmol/L citrate buffer (pH 6.0),
and then subjected to microwave antigen retrieval
for 20 min. Next, the tissue sections were treated
with primary CD31 antibody at 4°C overnight, and
then probed with the HRP-conjugated goat anti-
rabbit polyclonal secondary antibody (1:2000,
ab205718, Abcam) at 37°C for 20 min. Since then,
the sections were stained with a DAB Horseradish
Peroxidase Color Development Kit (P0203,
Beyotime) and counterstained with hematoxylin
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(C0107, Beyotime), and finally mounted. Yellow or
brownish yellow stain indicated that the tissues were
CD31-positive. Images were captured using an
inverted microscope at 100x and 200x magnifica-
tions (IX71; Olympus, Tokyo, Japan).

Quantitative reverse transcription polymerase
chain reaction (QRT-PCR)

Total RNA was extracted from wound tissues by
the routine Trizol method. Reverse transcription
from the RNA was performed using
a PrimeScript™ RT reagent Kit (RR036B, Takara).
PCR amplification was performed using Thermal
Cycler Dice Real-Time System series (Takara) with
TB Green® Premix Ex Taq™ II (RR820Q, Takara)
based on the manufacturer’s instructions. The
amplification program was set as follows: pre-
denaturation at 95°C for 30 s, followed by 40
cycles of denaturation at 95°C for 5 s and anneal-
ing at 60°C for 30 s. The RNA levels were calcu-
lated using the 2722 method [40]. Primers used
in this experiment were synthesized by Sangon
Biotech Co., Ltd. (Shanghai, China) and are
depicted in Table 2. The gene level was normalized
to P-actin, and expressed relative to the level in the
model group (set as 1). The raw data were pro-
vided in supplemental spreadsheet 1.

Table 2. Primer sequences used for quantitative reverse tran-
scription polymerase chain reaction (qRT-PCR).

Genes Primer sequences(5'-3")
VEGF forward CTGCCGTCCGATTGAGACC
reverse CCCCTCCTTGTACCACTGTC
SDF=1 forward TGCATCAGTGACGGTAAACCA
reverse TTCTTCAGCCGTGCAACAATC
CXCR4 forward GAAGTGGGGTCTGGAGACTAT
reverse TTGCCGACTATGCCAGTCAAG
Ang—4 forward CAGCCAGCTATGCTACTAGATGG
reverse CAGGCAAGTCCCTCTGGAG
HIF=1a forward CCCCTGTCATCTTTTGTCCCT
reverse AGCTGGCAGAATAGCTTATTGAG
VEGFR forward CTGCCGTCCGATTGAGACC
reverse CCCCTCCTTGTACCACTGTC
TGF-B1 forward CCACCTGCAAGACCATCGAC
reverse CTGGCGAGCCTTAGTTTGGAC
IL-1B forward GAAATGCCACCTTTTGACAGTG
reverse TGGATGCTCTCATCAGGACAG
IL-18 forward GACTCTTGCGTCAACTTCAAGG
reverse CAGGCTGTCTTTTGTCAACGA
IL-6 forward TAGTCCTTCCTACCCCAATTTCC
reverse TTGGTCCTTAGCCACTCCTTC
B-actin forward ACAGATCTGTCGGTGTGGCAC
reverse GGCCCCGGATTATCCGACATTC

Statistical analysis

All experiments were performed independently in
triplicate. Average data were shown as mean +
standard deviation and analyzed with SPSS 19.0
software  (SPSS, Inc., Chicago, IL, USA).
Significant differences between sample groups
were analyzed by one-way analysis of variance
(ANOVA) followed by Bonferroni’s post hoc test
where p < 0.05 was considered as a significant
difference.

Results

This study explored the regulatory role of VAP
combined with ADSCs in cutaneous wound heal-
ing. We managed to develop combination therapy
with ADSCs and VAP-PLGA to improve cuta-
neous wound healing during chronic skin ulcers.
We hypothesized that VAP promoted the prolif-
eration and migration of ADSCs, and PI3K/Akt/
HIF-1a pathway played an important part in the
roles of VAP and ADSCs on wound healing. We
provided in vitro evidence that VAP intensified
ADSC proliferation, migration and invasion
through the PI3K/Akt/HIF-1la pathway. In
a mouse wound healing model, we claimed that
VAP in PLGA microspheres enhanced the pro-
moting effect of ADSC on wound healing. We
further investigated the underlying mechanism
that PI3K/Akt/HIF-la pathway was involved in
ADSC-mediated angiogenesis, inflammation inhi-
bition and dermal collagen synthesis.

ADSCs were identified from morphologies and
immune phenotypes

As described in Figure 1(a), P1 and P3 ADSCs
exhibited adherent growth and spindle- or long
fusiform-shaped morphology in an orderly man-
ner, growing in a whirlpool shape, while the cell
morphology became more uniform in P3 ADSCs
than in P1 ADSCs. The results from flow cytome-
try assay showed that ADSCs were positive for
CD29 (99.44%), CD90 (99.37%), CD73 (99.63%)
and CD105 (99.64%), but were negative for CD34
(0.02%) and CD45 (0.03%) (Figure 1(b)).
Therefore, the P3 ADSCs were identified as
mesenchymal stem cells [41].
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Figure 1. Morphology and immune phenotype of adipose-derived stem cells (ADSCs) were identified by morphological observation and
flow cytometry. (a) Morphology of the primary (P1) and third passage (P3) of ADSCs. Images were acquired at 200x magnification. (b)

Immune phenotype of ADSCs. The average data from three independent experiments were shown as mean = standard deviation.

VAP promoted the proliferation, migration,
invasion, and angiogenesis of ADSCs

The purity of VAP was determined as 18% by the
Kjeldahl method. The viability of ADSCs was
remarkably increased in a dose-dependent manner
following treatment with VAP at doses of 0, 6, 12,
25, and 50 pg/mL for 48 h (Figure 2(a), p < 0.05).
Meantime, the colony formation (Figure 2(b),
p < 0.01), migration (Figure 2(c), p < 0.01), and
invasion (Figure 2(d), p < 0.01) rates of ADSCs
were notably increased after treatment with different
doses of VAP, especially 25 ug/mL VAP. Moreover,

the angiogenesis rate of HUVECs was markedly
promoted in a dose-dependent manner following
co-culture with VAP-treated ADSCs (VAP at doses
of 0, 6, 12, 25, and 50 pg/mL) (Figure 2(e), p < 0.01).

VAP promoted the expressions of PI3K/Akt/HIF-
1a signaling pathway-related molecules in
ADSCs

VAP at different doses (0, 6, 12, 25 and 50 pg/mL),
especially 25 ug/mL, signally promoted the expres-
sion of HIF-la, and the higher concentration
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Figure 2. The promoting effect of velvet antler polypeptide (VAP) on the proliferation, migration and invasion rates of adipose-
derived stem cells (ADSCs), as well as the angiogenesis rate of HUVECs following co-culture with ADSCs was detected. (a-d) Results
from Cell Counting Kit-8 (CCK-8), colony formation, scratch wound healing, and transwell assays showed that VAP treatment
generally dose-dependently promoted the viability (a), colony formation (b), migration (c) and invasion (d) rates of ADSCs,
respectively. (e) Results from tube formation assay showed that VAP treatment generally dose-dependently promoted the
angiogenesis rate of HUVECs following co-culture with ADSCs. Images were acquired at 100x and 250x magnification. The average
data from three independent experiments were shown as mean + standard deviation. *p < 0.05 or **p < 0.01 vs. 0 ug/mL VAP.

induced the higher expression of HIF-1a (Figure 3(a, Akt (Figure 3(a,d), p < 0.05 or p < 0.01 or p < 0.001)
b), p < 0.01 or p < 0.001). As expected, the levels of  were augmented in a dose-dependent manner after
p-PI3K/PI3K (Figure 3(a,c), p < 0.05), and p-Akt/  treatment with VAP at varied doses for 48 h.
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Figure 3. Velvet antler polypeptide (VAP) promoted the expressions of PI3K/Akt/HIF-1a signaling pathway-related molecules in
adipose-derived stem cells (ADSCs). (a) Western blot analysis indicated the protein levels of PI3K, p-PI3K, Akt, p-Akt and HIF-1a. (b)
Relative protein level of HIF-1a. (c) The ratio of p-PI3K to total PI3K protein (p-PI3K/PI3K). (d) The ratio of p-Akt to total Akt protein
(p-Akt/Akt). B-actin was used as an internal control. Images were acquired at 100x magnification. The average data from three
independent experiments were shown as mean + standard deviation. *p < 0.05 or **p < 0.01 or ***p < 0.001 vs. 0 pg/mL VAP.

LY294002 and perifosine inhibited the promoting
effect of VAP on the proliferation, migration,
invasion, and angiogenesis of ADSCs

In view of the above results, 25 ug/mL VAP was
selected and used for the next experiments. First of
all, we evaluated the effects of LY294002 and peri-
fosine on VAP-induced promoted proliferation of
ADSCs. The results revealed that VAP (25 ug/mL)
treatment  overtly boosted the  viability
(Figure 4(a), p < 0.05) and colony formation
(Figure 4(b), p < 0.01) of ADSCs, the tendencies
of which were partially reversed by LY294002
(Figure 4(a,b), p < 0.05 or p < 0.01) and perifosine
(Figure 4(a,b), p < 0.05 or p < 0.01). Moreover,
VAP (25 ug/mL) treatment evidently advanced the
migration (Figure 4(c), p < 0.01) and invasion
(Figure 5(a), p < 0.01) of ADSCs, and the angio-
genesis rate (Figure 5(b), p < 0.001) of HUVECs
was raised following co-culture with 25 ug/mL

VAP-treated ADSCs, which were partially reversed
by LY294002 (Figure 4(c), 5(a,b), p < 0.01 or
p < 0.001) and perifosine (Figure 4(c), 5(a,b),
p < 0.01 or p < 0.001).

LY294002 and perifosine inhibited the promoting
effect of VAP on the expressions of PI3K/Akt/HIF-
1a signaling pathway-related molecules

VAP (25 pg/mL) treatment observably promoted the
phosphorylation of PI3K (Figure 6(a), p < 0.001) and
Akt (Figure 6(a), p < 0.01) as well as the expression of
HIF-1a (Figure 6(a), p < 0.01), the tendencies of
which were partially overturned by LY294002
(Figure 6(a), p < 0.05 or p < 0.01) and perifosine
(Figure 6(a), p < 0.05 or p < 0.01). As expected, the
levels of HIF-1a (Figure 6(a,b), p < 0.05), p-PI3K/
PI3K (Figure 6(a-c), p < 0.001), and p-Akt/Akt
(Figure 6(a,d), p < 0.01) were up-regulated by VAP
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Figure 4. LY294002 and perifosine inhibited the promoting effect of velvet antler polypeptide (VAP) on the proliferation and
migration of adipose-derived stem cells (ADSCs). (a-c) The viability (a), colony formation (b), and migration (c) rates of ADSCs in the
control, VAP, VAP+LY294002, and VAP+perifosine groups were assessed by CCK-8, colony formation, scratch wound healing and
transwell assays, respectively. The average data from three independent experiments were shown as mean =* standard deviation.
*p < 0.05 or **p < 0.01 vs. Control; *p < 0.01 vs. VAP.
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Figure 5. LY294002 and perifosine inhibited the promoting effect of velvet antler polypeptide (VAP) on the invasion of adipose-
derived stem cells (ADSCs) and the angiogenesis rate of HUVECs following co-culture with ADSCs. (a) Invasion rates of ADSCs in the
control, VAP, VAP+LY294002, and VAP-+perifosine groups were determined by invasion assay. (b) Angiogenesis rates of HUVECs
following co-culture with ADSCs in the control, VAP, VAP+LY294002, and VAP+perifosine groups were determined by tube formation
assay. Images were acquired at 100x and 250x magnifications. The average data from three independent experiments were shown
as mean = standard deviation. **p < 0.01 or ***p < 0.001 vs. Control; *p < 0.01 or *p < 0.001 vs. VAP.

(25 pg/mL) treatment, which were partially over-
turned by LY294002 and perifosine (Figure 6(a-d),
p <0.001).

VAP-PLGA enhanced the promoting effect of
ADSCs on wound healing in chronic skin ulcers
in vivo
As shown in Figure 7(a), on day 0, wounds in all five
groups (the blank, model, ADSCs, VAP-PLGA, and
VAP-PLGA +ADSCs groups) exhibited full-
thickness skin wound deep in fascia, the secretions
on the wound surface were increased obviously, the
skin on the wound edge was uneven, and even swel-
ling and induration appeared.

By the 14™ day, blank group exhibited obvious
wound contraction on wound edge, and a small

extent of scab formation appeared on the wound
surface; the wound surface in the model group was
moist with thin, red, swollen and dim granulation
tissues, and exhibited delayed epithelial regenera-
tion; wound surface in the ADSCs group was
shrunk and moist; wound surface in the VAP-
PLGA group was shrunk and exhibited moist and
thin scab cover; and wound surface in the VAP-
PLGA +ADSCs group was regular, obviously
shrunk and exhibited scab cover. By the
28th day, the wound in blank group was closed
and basically healed, with a better recovery; wound
in the model group was not closed completely and
exhibited scab cover; wound surface in the ADSCs
group was shrunk and presented scab cover; and
wound surface was shrunk and part of the scab
naturally fell off in the VAP-PLGA group. By the
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Figure 6. LY294002 and perifosine inhibited the promoting effect of velvet antler polypeptide (VAP) on the expressions of PI3K/Akt/
HIF-1a signaling pathway-related molecules. (a) Western blot analysis indicated the protein levels of PI3K, p-PI3K, Akt, p-Akt and HIF-
1a in the control, VAP, VAP+LY294002, and VAP+perifosine groups. (b) Relative protein level of HIF-1a. (c) The ratio of p-PI3K to total
PI3K protein (p-PI3K/PI3K). (d) The ratio of p-Akt to total Akt protein (p-Akt/Akt). B-actin was used as an internal control. The average
data from three independent experiments were shown as mean * standard deviation. **p < 0.01 or ***p < 0.001 vs. Control;

*o < 0.05 or #*p < 0.001 vs. VAP.

14th and 28th days, compared to the blank group,
wound healing rate in the model group was con-
fronted with obvious decline (Figure 7(b),
p < 0.001). In contrast with the model group,
wound healing rate in the ADSCs, VAP-PLGA
and VAP-PLGA +ADSCs groups ushered in nota-
ble increment (Figure 7(b), p < 0.01), with the
highest rate in VAP-PLGA +ADSCs group
(Figure 7(b), p < 0.05).

As mirrored in Figure 8(a), heaps of collagen
fibers in the blank group were formed, with thick
shape and disordered arrangement; fibroblasts and
inflammatory cells as well as obvious collagen

deposition were found in the model group; the
ADSCs group appeared a small number of inflam-
matory cells, loads of fibroblasts, and collagen
fibers that were thin, sharp and orderly arranged;
collagen fibers in the VAP-PLGA group were well
distributed and dense; in the VAP-PLGA +ADSCs
group, few inflammatory cells were observed, and
collagen fibers were arranged with gap and grew
regionally. As can be noticed in Figure 8(b), all the
above five groups displayed capillary vessels,
reflected by positive CD31 expression. However,
CD31 expression in the VAP-PLGA +ADSCs
group was more obvious than that in the ADSCs
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Figure 7. Velvet antler polypeptide (VAP)-PLGA promoted adipose-derived stem cell (ADSC)-induced wound healing in chronic skin
ulcers in vivo. (a and b) The therapeutic effects of ADSCs or/and VAP (PLGA microspheres) on wound surface in chronic skin ulcers
in vivo were evaluated by observing pathological changes on the 0, 14th, and 28th days. (a) The wound healing rate on the 28th day
(b). The average data from three independent experiments were shown as mean + standard deviation. *p < 0.05 or ***p < 0.001 vs.
Blank; *p < 0.05 or *p < 0.01 vs. Model; "p < 0.05 vs. ADSCs; “p < 0.05 vs. VAP-PLGA.

and VAP-PLGA groups; and CD31 expression in
the VAP-PLGA and ADSCs groups was more
notable than that in the model group.

VAP-PLGA enhanced the activating effect of
ADSCs on PI3K/Akt/HIF-1a signaling pathway in
chronic skin ulcers in vivo

The levels of HIF-1a, VEGF, p-PI3K/ PI3K and
p-Akt/Akt were increased in the model group
when compared with those in the blank group
(Figure 9(a-e), p < 0.05). By contrast, these levels
were further promoted in the ADSCs and VAP-
PLGA groups (Figure 9(a-e), p < 0.05 or p < 0.01
or p < 0.001). Moreover, these levels were higher
in ADSCs + VAP-PLGA group than those in
ADSCs and VAP-PLGA groups (Figure 9(a-e),

p < 0.05 or p < 0.01 or p < 0.001). In addition,
the mRNA level of HIF-1a was increased in the
ADSCs and VAP-PLGA groups (Figure 10(e),
p < 0.001), which was still lower than that in the
VAP-PLGA +ADSCs group (Figure 10(e),
p < 0.01).

VAP-PLGA enhanced the regulatory effect of
ADSCs on the expressions of wound
healing-related molecules

Initially, we found that the mRNA level of VEGF
was up-regulated in the model group compared
with that in the blank group (Figure 10(a),
p < 0.05); such mRNA level was up-regulated in
the VAP-PLGA and ADSCs groups as compared
to that in the model group (Figure 10(a), p < 0.01);
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Figure 8. Velvet antler polypeptide (VAP)-PLGA promoted adipose-derived stem cell (ADSC)-induced wound healing in chronic skin
ulcers in vivo. (a and b) Pathological changes (a) and capillary vessels (b) of wound tissue sections in the blank, model, ADSCs, VAP-
PLGA, and VAP-PLGA +ADSCs groups were observed by HE staining and immunohistochemistry for CD31 respectively on the
28th day after treatment. Images were acquired at 100x and 200x magnifications. The average data from three independent
experiments were shown as mean + standard deviation. **p < 0.01 vs. Blank; **p < 0.001 vs. Model; “"p < 0.01 vs. ADSCs; ¥p < 0.05

vs. VAP-PLGA.

and such mRNA level was also up-regulated in the
VAP-PLGA +ADSCs group when compared with
that in the VAP-PLGA and ADSCs groups
(Figure 10(a), p < 0.05 or p < 0.01). Moreover,
we discovered that the mRNA levels of VEGF
receptor (VEGFR), stromal cell-derived factor-1
(SDF-1), CXCR4 and Ang-4 were promoted in
the ADSCs and VAP-PLGA groups compared
with those in model group (Figure 10(b-f),
p < 0.05 or p < 0.01); by contrast, such mRNA
levels were further increased in the VAP-PLGA
+ADSCs groups (Figure 10(b-f), p < 0.05 or

p < 0.01). In addition, the mRNA level of TGF-
B1 was increased in the ADSCs and VAP-PLGA
groups (Figure 10(g), p < 0.01), and in compari-
son, the mRNA level of TGF-f1 was further up-
regulated in VAP-PLGA +ADSCs groups
(Figure 10(g), p < 0.01). Besides, the mRNA levels
of interleukin-1  (IL-1fB), IL-18 and IL-6
were dwindled in the ADSCs and VAP-PLGA
groups (Figure 10(h-j), p < 0.05 or p < 0.01),
which were still higher than those in the VAP-
PLGA +ADSCs groups (Figure 10(h-j), p < 0.05
or p < 0.01).
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Figure 9. VAP-PLGA enhanced the promoting effect of adipose-derived stem cells (ADSCs) on the activation of PI3K/Akt/HIF-1a
signaling pathway and VEGF expression in chronic skin ulcers in vivo. (a) Western blot analysis indicated the protein levels of p-PI3K,
PI3K, p-Akt, Akt, HIF-1a, and VEGF in the blank, model, ADSCs, VAP-PLGA, and VAP-PLGA +ADSCs groups on the 28t day after
treatment. (b) Relative protein level of HIF-1a. (c) Relative protein level of VEGF. (d) The ratio of p-PI3K to total PI3K protein (p-PI3K/
PI3K) in the blank, model, ADSCs, VAP-PLGA, and VAP-PLGA +ADSCs groups. (e) The ratio of p-Akt to total Akt protein (p-Akt/Akt) in
the blank, model, ADSCs, VAP-PLGA, and VAP-PLGA +ADSCs groups. B-actin was used as an internal control. The average data from

three independent experiments were shown as mean + standard deviation. *p < 0.05 vs. Blank; *p < 0.05 or ¥p < 0.01 or

AAN

#5 < 0.001 vs. Model; "p < 0.05 or “"p < 0.01 or

Discussion

Chronic skin ulcers are rather hard to heal spon-
taneously. ADSCs have been identified as
a particularly promising therapeutic strategy for
these wounds by virtue of their well-confirmed
efficacies [42], which could promote wound heal-
ing by intradermal injection or using the tissue
engineering technique [43,44].

Stem cell therapy is costly and the cell survival rate
is extremely low. Polypeptides consist of amino acids,
and VAP rich in amino acids [45]. VAP could pro-
mote cell proliferation [8], exhibit immunomodula-
tory effects [46], and suppress inflammation [12]. In
the present study, we demonstrated that VAP treat-
ment generally dose-dependently promoted the via-
bility, proliferation, colony formation, migration and
invasion rates of ADSCs and the angiogenesis rate of
HUVECs co-cultured with ADSCs, which would be

p < 0.001 vs. ADSCs; p < 0.05 or *¥p < 0.01 vs. VAP-PLGA.

partially abrogated when PI3K/Akt/HIF-1a pathway
was blocked. Thus, we could speculate that the angio-
genesis of HUVECs could be boosted through the
activated PI3K/Akt pathway [47].

We therefore further probed into whether VAP
treatment can promote the beneficial effect of
ADSCs on wound healing. The main problems
with the application of VAP are its short half-life
and susceptibility to the degradation of various pro-
teases within the organism. VAP with PLGA micro-
spheres, as a long-acting slow-release dosage form,
effectively improves its bioavailability. In the present
study, VAP with PLGA microspheres enhanced the
promoting effect of ADSCs on wound surface
repair, pathological changes and the angiogenesis
rate of chronic skin ulcers in vivo. A similar report
validated that topical treatment with an elk velvet
antler water-soluble extract promoted the healing of
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Figure 10. Velvet antler polypeptide (VAP)-PLGA enhanced the regulatory effect of adipose-derived stem cells (ADSCs) on the
expressions of wound healing-related molecules and HIF-1a in chronic skin ulcers in vivo. QRT-PCR indicated the mRNA levels of
VEGF (a), SDF-1 (b), CXCR4 (c), Ang-4 (d), HIF-1a (e), VEGFR (f), TGF-B1 (g), IL-1B (h), IL-18 (i), and IL-6 (j) in the blank, model, ADSCs,
VAP-PLGA, and VAP-PLGA +ADSCs groups on the 28th day after treatment. B-actin was used as an internal control. The average data
from three independent experiments were shown as mean + standard deviation. *p < 0.05 vs. Blank; *p < 0.05 or *p < 0.01 or
#h < 0.001 vs. Model; “p < 0.05 or “"p < 0.01 vs. ADSCs; ¥p < 0.05 or **p < 0.01 vs. VAP. qRT-PCR: quantitative reverse
transcriptase PCR; VEGF: vascular endothelial growth factor; SDF-1: stromal cell-derived factor-1; CXCR4: C-X-C motif chemokine
receptor 4; Ang-4: angiopoietin-4; VEGFR: VEGF receptor; TGF-f1: transforming growth factor-p1; IL: interleukin.



cutaneous wounds in diabetic rats [6]. In addition to
the effect of activating PI3K/Akt/HIF-1a pathway,
VAP treatment was also found to enhance the pro-
moting effect of ADSCs on the expressions of angio-
genesis-related VEGF, VEGFR, and Ang-4 in
wound tissues in chronic skin ulcers in vivo as well
as on the expressions of TGF-p1 and chemokine
SDF-1 and its receptor CXCR4, and also strength-
ened the inhibitory effect of ADSCs on the expres-
sions of inflammatory factors IL-1f, IL-18, and IL-6.

Wound healing is a well-orchestrated cascade
process that depends on intricate interactions
between different cell types, signaling factors and
connective tissue substances. Wound repair is
related to inflammation, migration, proliferation
and other cellular activities, involving various
growth factors and cytokines [48]. During wound
healing, ADSCs are known to proliferate and differ-
entiate into skin cells to repair damaged or dead
cells, may induce cell repair and activate the healing
process via an autocrine and paracrine pathway
[49], and are recruited rapidly into the wound site
through the great migration ability [44].
Angiogenesis may occur during wound healing
and occupy a pivotal position in the process
[50,51]. Up-regulated expressions of growth factors
VEGF, VEGFR, and Ang-4 play important roles in
granulation tissue matrix formation, wound ree-
pithelialization and scar tissue formation by facil-
itating vascular regeneration, local blood supply, the
division, proliferation and differentiation of fibro-
blasts and epithelial cells, extracellular matrix synth-
esis and collagen production [52]. TGF-fl1
accelerates wound healing through multiple path-
ways that affect cell infiltration, proliferation and
angiogenesis, extracellular matrix synthesis and
remodeling [53]. A previous report confirmed that
ADSC treatment up-regulates the levels of TGF-f1
and VEGF in wound environments [31]. VEGF is
considered as a critical regulator of angiogenesis
[54], while TGF-B1 plays a role in matrix deposi-
tion, cellular migration and wound contraction [55].
What is more, Guo et al. reported that SDF-1/
CXCR4 is a major regulator involved in the migra-
tion of epidermal stem cells during wound repair
[56]. Immediate inflammatory response, which is
defined as an infiltration of cytokine-releasing leu-
kocytes, occurs in the process of wound healing
[57]. Our results demonstrated that VAP meliorates
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ADSC-induced wound healing in chronic skin
ulcers by promoting angiogenic growth factors and
dermal collagen synthesis, enhancing cell migration,
and inhibiting inflammatory response, which might
involve the activation of PI3K/Akt/HIF-1a pathway.
Besides, VAP-PLGA can reinforce the effect of
ADSCs in all stages of wound healing, thereby pro-
viding a novel method for wound repair; however,
its efficacy and safety in wound treatment still need
to be confirmed in more research. Meanwhile,
further exploration and research on VAP are also
required. It is hoped that we can apply the com-
bined treatment of VAP with ADSCs to promote
wound healing in clinic, and provide a safe, effec-
tive, economical and convenient treatment for
patients suffering from chronic skin ulcers in the
future.

Nevertheless, neither an in vivo study using co-
injection with LY294002/perifosine and VAP/
ADSC, nor more intervention methods or thera-
pies were employed in our study, which might be
limitations to the current study.

Conclusion

VAP can promote the proliferation, migration,
and invasion of ADSCs by activating PI3K/Akt/
HIF-1a pathway, and VAP-PLGA reinforces the
function of ADSCs in promoting wound healing in
chronic skin wulcers by promoting angiogenic
growth factors and dermal collagen synthesis,
enhancing cell migration, and inhibiting inflam-
matory response.
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