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Abstract

Background: Researchers have explored the use of adipose-derived stem cells (ASCs) as a cell-

based therapy to cover wounds in burn patients; however, underlying mechanistic aspects are not

completely understood. We hypothesized that ASCs would improve post-burn wound healing after

eschar excision and grafting by increasing wound blood flow via induction of angiogenesis-related

pathways.

Methods: To test the hypothesis, we used an ovine burn model. A 5 cm2 full thickness burn wound

was induced on each side of the dorsum. After 24 hours, the burned skin was excised and a

2 cm2 patch of autologous donor skin was grafted. The wound sites were randomly allocated to

either topical application of 7 million allogeneic ASCs or placebo treatment (phosphate-buffered

saline [PBS]). Effects of ASCs culture media was also compared to those of PBS. Wound healing

was assessed at one and two weeks following the application of ASCs. Allogeneic ASCs were

isolated, cultured and characterized from non-injured healthy sheep. The identity of the ASCs was

confirmed by flow cytometry analysis, differentiation into multiple lineages and gene expression

via real-time polymerase chain reaction. Wound blood flow, epithelialization, graft size and take and

the expression of vascular endothelial growth factor (VEGF) were determined via enzyme-linked

immunosorbent assay and Western blot.

Results: Treatment with ASCs accelerated the patch graft growth compared to the control (p < 0.05).

Topical application of ASCs significantly increased wound blood flow (p < 0.05). Expression of VEGF

was significantly higher in the wounds treated with ASCs compared to control (p < 0.05).
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Conclusions: ASCs accelerated grafted skin growth possibly by increasing the blood flow via

angiogenesis induced by a VEGF-dependent pathway.

Key words: Wound healing, Burn, Adipose-derived stem cells, Angiogenesis, Vascular endothelial growth factor, VEGF, blood flow

Background

With the fairly recent discovery of stem cells in adipose tissue,
the use of adipose-derived stem cells (ASCs) to treat various
ailments and diseases has become more frequent [1]. Before
the discovery of ASCs, fat tissue removed during surgical
procedures was routinely discarded. The potential utilization
of ASCs as a wound healing therapy emerged after the latent
stem cell properties of ASCs were disclosed by Zuk and col-
leagues [2]. With more than 15.6 million cosmetic procedures
occurring every year, the procurement and isolation of ASCs
have become a relatively easy process, due in part to the abun-
dant availability of these cells [3]. Although many trials of the
clinical utility of ASCs are ongoing, there is a dearth of work
demonstrating how ASCs mediate and accelerate wound
healing [4].

ASCs have similar wound healing properties and cytokine
expression profiles as those of bone marrow-derived mes-
enchymal stem cells [5, 6]. The mechanisms by which ASCs,
applied topically or injected subcutaneously, facilitate and
accelerate wound healing are still largely unknown. His-
tological and flow cytometry studies have suggested that
ASCs are located around the vascularized networks in fat
tissue, in close proximity to pericytes and endothelial cells
[7–9]. These ASCs secrete myriad growth factors involved
in wound healing, including fibroblast grown factor, vascular
endothelial growth factor (VEGF), hepatocyte growth factor,
interleukin (IL)-6, IL-8, granulocyte colony-stimulating fac-
tor and granulocyte–macrophage colony-stimulating factor
[4, 6, 10–12]. Through the action of these secreted pro-
teins, ASCs can modulate the activities of endothelial cells,
fibroblasts and other resident cells [13–15]. Among the var-
ious growth factors secreted by ASCs, VEGF has been well
studied in small animal models, with limited data avail-
able from research in large animals or humans [16–22].
Modulation of endothelial cells by ASCs via paracrine or
contact-dependent interactions may result in de novo ves-
sel formation or increase the size of the blood vessels to
accelerate wound healing. Furthermore, ASCs themselves can
undergo endothelial differentiation under certain conditions
[23], which may also contribute to the acceleration of wound
healing.

We hypothesized that ASCs would improve post-burn
wound healing after eschar excision and grafting by increas-
ing wound blood flow through induction of angiogenesis-
related pathways. In order to test the hypothesis, we used
an established model of ovine burn wound healing. End-
points included wound closure, graft growth as a measure
of graft take, epithelialization, blood flow and expression of
VEGF.

Methods

ASC isolation and culture conditions

All animal studies were conducted in adherence with the
guidelines detailed in the NIH Guide for the Care and Use of
Laboratory Animals. The study was reviewed and approved
by the Institutional Animal Care and Use Committee of the
University of Texas Medical Branch, Galveston, TX, USA.

Allogeneic adipose tissue was isolated from healthy sheep
and washed extensively with phosphate-buffered saline (PBS)
containing 5% penicillin/streptomycin. The tissue was then
minced and incubated with 0.075% collagenase Type IA
at 37◦C for 70–90 minutes with constant shaking. Ovine
adipose tissue contains a higher percentage of saturated fat
compared to human adipose tissue, thus the duration of
the enzymatic digestion was extended [24, 25]. Following
complete digestion, an equal volume of complete media
(Dulbecco’s Minimum Essential Medium with 10% fetal
bovine serum (FBS) and 2% antibacterial/antimycotic
solution (10,000 IU/ml penicillin; 10,000 μg/ml streptomycin;
25 μg/ml amphotericin; 8.5 g/l NaCl)) was added in order to
inactivate the collagenase. The solution was aspirated and
centrifuged at 350 G for 5 minutes in order to separate the
ASCs from the adipose tissue. The cell pellet was reconstituted
with PBS and centrifuged at 350 G for 5 minutes. This step
was repeated 3 to 4 times until the supernatant became clear.
The pellet was then re-suspended in 4.5 ml of water for
30 seconds followed by the addition of 0.5 ml of 10X PBS in
order to lyse the red blood cells. Complete media was then
used to re-suspend the pellet and the solution was filtered
through a 70 μm cell strainer, suspended in complete media,
and washed twice with PBS. The final pellet was seeded into
a 25 cm2 tissue culture flask and incubated in 5% CO2 at
37◦C. After incubating for 18 hours, the media was replaced,
removing the unattached cells and cellular debris. Cells were
cultured and passaged until the second passage and frozen
down in aliquots. At the fourth passage, the cells were used
for the experiments.

Characterization of ASCs: differentiation and

stemness-related marker detection

Ovine ASCs were characterized following the guidelines
established by the International Society for Cellular Therapy
and the International Federation for Adipose Therapeutics
and Science [26] and previously published studies [27]. The
primary isolates were cultured and passaged for expansion,
to obtain the ASC-rich colonies and to preserve the aliquots
for future experiments. The primarily cultured ASCs were
frozen at the second passage. For differentiation, viability
test, and application of ASCs, cells at the second passage
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were thawed and again expanded until the fourth passage
for the applications and experimentations. At the fourth
passage, ASCs were differentiated into three different lineages
to confirm stemness, while flow cytometry and semi-
quantitative PCR were used to assess CD marker expression.

ASC differentiation

Following differentiation into three different lineages, as
described below, the stained and differentiated ASCs were
photographed using an inverted phase contrast microscope
(Leica DFC450) at ×10 magnification.

Osteogenic differentiation In a 6-well plate, 104 cells per cm2

were seeded in complete media. After 24 hours, the media was
replaced with osteogenic differentiation media composed of
complete media along with 0.1 μM dexamethasone, 50 μM
ascorbate-2-phosphate, 3 mM NaH2PO4 [28] and 0.1 μM
retinoic acid. Osteogenic differentiation was carried out for
28 days, with media changes performed every 3 days. Alizarin
red staining was used to detect calcium phosphate, a marker
of osteogenic differentiation.

Chondrogenic differentiation Cells were plated at a density
of 105 cells per cm2 for 24 hours in a complete media. The
cells were placed on a rotary shaker at a lower setting for 5
minutes to concentrate the cells in the middle of the culture
plates. After the cultures were confluent, cells were grown
in chondrogenic differentiation media (Dulbecco’s modified
eagle medium [DMEM] with 6.25 μl/ml of insulin, 10 ng/ml
of TGF-β, 50 nM ascorbate-2-phosphate and 2% FBS) for
28 days, with media changes performed every 3 days. Alcian
blue staining was used to determine the degree of chondro-
genic differentiation [29].

Adipogenic differentiation In a 6-well plate, 104 cells per
cm2 were plated in complete media for 24 hours. Differen-
tiation was initiated by replacing complete media with adi-
pogenic differentiation media (complete media with addition
of 1 μM dexamethasone, 10 μM insulin, 0.5 mM isobutyl-
methylxanthine and 200 μM indomethacin). Cells were incu-
bated in this media for 21 days, and the media changed every
3 days. Oil-red-o staining was used to evaluate adipogenic
differentiation [2].

Cell surface marker detection via flow cytometry Fourth-
passage ASCs were cultured in complete media until the
cultures were 70–80% confluent. The cells were harvested
with 0.25% trypsin/Ethylenediaminetetraacetic acid (EDTA).
Cell viability was assessed via trypan blue staining. Analysis
and determination of fluorescent cells, dead cells, debris and
background noise were made with the BD AccuriTM C6
flow cytometer software. For CD marker staining, the cells
were incubated in ice-cold PBS with 1% sodium azide for
15 minutes, washed three times with PBS and incubated
with 3% BSA for 30 minutes on ice. Following 3 more PBS
washes, aliquots of ASCs were incubated in 1% BSA per the

manufacturer’s guidelines with fluorescent dyes attached to
the primary monoclonal antibodies for CD73, CD90, CD11b,
CD34 and CD44.

Detection of mRNA transcripts via semi-quantitative

PCR

In addition to flow cytometry, semi-quantitative PCR was
used to detect the presence of transcripts for the CD markers
used to confirm the ASC identity. Fourth passage commer-
cially available human ASCs and laboratory-isolated ovine
ASCs were utilized. Total RNA was isolated following the
manufacturer’s protocol (RNA isolation kit, Qiagen, Hilden,
Germany). cDNA was made from the total RNA (iScript
cDNA Synthesis Kit, Bio-Rad, Hercules, CA). The expres-
sion of stemness marker transcripts was analysed with semi-
quantitative PCR using REDTaq® ReadyMixTM PCR Reac-
tion Mix (Sigma, St. Louis, MO) using a DNA Engine® Peltier
Thermal cycler. The primers used for the PCR reaction are
listed in Table 1. The reaction products were electrophoresed
on an agarose gel, which was photographed with the Syngene
GeneGenius Bio Imaging System for visual comparison.

An ovine model of grafted burn wound healing

Surgical preparation Seven female sheep, weighing 27–37 kg,
were housed in an animal facility with a 12-hour light and
dark cycle for two weeks to acclimate prior to the initiation
of the experiment. All animals received water and food ad
libitum and were monitored for the entire duration of the
study period.

After the acclimatization, the animals were transferred to
the Translational Intensive Care Unit and chronically instru-
mented with multiple vascular catheters for cardiopulmonary
hemodynamic monitoring, intermittent blood sampling,
core body temperature and microsphere injection. Briefly,
sheep were anesthetized with inhaled isoflurane (Piramal
Healthcare Ltd., India) using an inhalation mixture of 2–
5% in 60% oxygen, via endotracheal tube. Under aseptic
conditions, a 7 Fr. Swan-Ganz thermodilution catheter
(model 131F7; Edwards Critical Care Division, Irvine,
CA) was inserted into the right jugular vein through
an 8.5Fr. percutaneous introducer sheath (Edwards Life-
sciences, Irvine, CA) and was advanced into the common
pulmonary artery. Then, the right femoral artery was cannu-
lated, and a polyvinylchloride catheter (16-gauge, 24-inch,
Intracath; Becton Dickinson Vascular Access, Sandy, UT)
was positioned in the descending aorta. Through a left
thoracotomy at the level of the fifth intercostal space, a
Silastic catheter (0.062-inch inner diameter, 0.125-inch outer
diameter; Dow-Corning, Midland, MI) was positioned in
the left atrium. Following the operative procedure, sheep
were awakened and monitored in the Intensive Care Unit
in a conscious state for 5–7 days. During this time, they had
free access to food and water. Pre- and post-surgical analgesia
was provided with buprenorphine (0.05 mg/kg, subcutaneous
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Table 1. The list of primers used for determination of expression of stemness marker transcripts analysed with semi-quantitative PCR using

REDTaq ReadyMix PCR Reaction Mix (Sigma, St. Louis, MO, US)

Gene Forward primers Reverse primers Amplicon size

Human

Cyclophilin A CTCGAATAAGTTTGACTTGTGTTT CTAGGCATGGGAGGGAACA 165
CD34 TGGGCATCGAGGACATCTCT GATCAAGATGGCCAGCAGGAT 107
CD11b/c CTTGCCTTTCACCACCTGAT TCCCAGGCTCCAGTATTTTG 208
CD73 CAGACTCATGATGACAGAGG GAGATGTACAGGATCTTCCC 122
CD90 CACCAGTCACAGGGACATGA ACCTACACGTGTGCACTACCA 192
CD105 CGTGGACAGCATGGACC GATGCAGGAAGACACTGCTG 145
CD44 CAGGAAGAAGGATGGATATGG ATTACTCTGCTGCGTTGTC 105

Sheep

Cyclophilin A CATACAGGTCCT GGC ATC TTG TC TGC CAT CCA ACC ACT CAG TCT 56
CD34 TGGGCATCGAGGACATCTCT GATCAAGATGGCCAGCAGGAT 107
CD11b/c CCTTCATCAACACAACCAGAGTGG CGAGGTGCTCCTAAAACCAAGC 124
CD73 TGGTCCAGGCCTATGCTTTTG GGGATGCTGCTGTTGAGAAGAA 115
CD90 CAGAATACAGCTCCCGAACCAA CACGTGTAGATCCCCTCATCCTT 96
CD105 CGGACAGTGACCGTGAAGTTG TGTTGTGGTTGGCCTCGATTA 115
CD44 GTGTCGTGTGCCCAGTTATGA CTCGTCAGAGGTCCCATTTTC 511

Buprenorphine SRTM, SR Veterinary Technologies, Windsor,
CO).

Experimental protocol After 5–7 days of surgical recovery,
sheep were again anesthetized with intravenous ketamine.
Anesthesia was then maintained with 2–5% isoflurane in
60% oxygen. Two burn sites of approximately 25 cm2

(5×5 cm each) were made on each side of dorsum with 7 cm
between sites and 5 cm from the spine, yielding 4 wounds
per animal. All four wounds covered ∼2% of the total body
surface area. The burns were induced with a Bunsen gas
burner until the skin was thoroughly contracted. During and
after the burn procedure, until the surgery, all sheep were
resuscitated with Ringer’s lactate solution and had free access
to water.

Twenty-four hours after induction of burn sites, under
anesthesia (inhaled isoflurane) and analgesia (IV buprenor-
phine), the burned skin was excised to the level of the pan-
niculus carnosus according to the clinical protocol for early
excision established for human patients with third-degree
burns. The average size of the resulting defect was approx-
imately 25 cm2 for each site.

Wounds were autografted with 2×2 cm skin patches. The
autograft was harvested from the dorsum as split-thickness
skin grafts (0.4 mm thickness) with an air dermatome. After
the grafting procedure, the four wound sites were randomly
allocated to the following: (1) one site (at one of the dorsum
sides) was topically treated with 7 million ASCs reconstituted
in 1 ml of vehicle (PBS); (2) another site (at one of dorsum
sides) was topically treated with ASCs culture media; and (3)
the remaining two sites were treated with PBS and served as
controls at the contralateral dorsum side of either ASCs site
or the media site. Each patch was attached by suturing in the
center of the wound. The topically applied ASCs were allowed
to equilibrate in the wound site for 10 minutes before the
application of petroleum jelly. The ASC, culture media or PBS

was topically applied, using a pipette, to the entire wound
including the grafted patch graft. Aliquots were also applied
underneath the patch graft.

After the treatment, the grafted wounds were covered with
sterile non-adhesive polyurethane sheets and pressure ban-
dages. The pressure bandage was removed on day 7 and the
wounds were monitored for another week. During that time
period, the wounds were covered with petroleum jelly and
polyurethane to keep them moist. On the 15th day, sheep were
euthanized under deep anesthesia and the wound tissues were
sampled. Cardiopulmonary hemodynamic variables, such as
heart rate, mean arterial blood pressure and mean pulmonary
arterial pressure were monitored to ensure the wellbeing of
the sheep. The core body temperature was also recorded.

Wound planimetry After the initial autografting and during
each dressing change, standardized digital photographs of
the wound sites were taken with a calibrated benchmark
positioned adjacent to the wound. Photographs were analysed
using planimetric software (Image J 1.43u, Wayne Rasband,
National Institutes of Health, USA) to determine total wound
size and the area of grafted skin at days 7 and 15.

Wound blood flow measurement using laser Doppler Blood
flow in the treated and untreated wounds was measured using
a laser Doppler device (PeriFlux System 5000 ModelPF5001,
PERIMED) at 7 and 15 days after grafting as previously
described [30]. Five locations (center and four corners of each
site) were randomly chosen for measurement and the means
were analysed.

Wound blood flow measurement using microsphere injection
technique The wound blood flow was also measured by
fluorescent microsphere injection. Approximately 5 million
(two different colors) stable microspheres (15.0 ± 0.1 μ in
diameter; Interactive Medical Technologies LTD, Los Angeles,
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CA) were injected into the left atrium of the heart at day 0
(before burn induction), and 7 and 15 days after the skin
grafting, as previously described [31]. 20 ml of blood was
collected from the femoral artery within 2 minutes of injec-
tion with a Harvard pump (Harvard Apparatus Co. Model
55–1143, South Natick, MA) for the reference sample. At
15 days, sheep were euthanized and the wound was excised
and the number of microspheres was counted in 1 g of tissue.
Then, the blood flow was calculated as ml/g tissue per minute.

Ultrasound examination of autografted burn wounds
The epithelialization of treated or untreated wounds was
examined with high-resolution ultrasound (Vevo 2100
High-Resolution imaging system, VisualSonics), 7 and
15 days after grafting. The degree of epithelialization was
scored as follows: score of 0: incomplete epithelialization;
score of 1: partial epithelialization; score of 2: completed
epithelialization with irregular and uneven epithelium; and
score of 3: completed epithelialization with regular and
even epithelium. Nine locations were randomly chosen for
ultrasound measurements and the means were summarized.

Histological epithelialization score

The degree of uncovered wound epithelialization was
assessed in formalin-fixed wound tissue by two independent

and masked pathologists using light microscopy at 15 days
after burn induction or skin grafting.

Quantitation of the VEGF protein Expression of the VEGF
protein in the wound tissue was measured using enzyme-
linked immunosorbent assay (ELISA). The ELISA was per-
formed according to the manufacturer’s instructions (Blue
Gene Biotech, Shanghai, China). Tissue samples were also
digested in protein lysis buffer and Western blot was perfor-
med on cultured ovine ASCs, PBS-treated sites (control) and
ASC-treated sites (treatment), as previously described [27].

Statistical analysis

Prism 6 was used as the statistical analysis method. No
differences were observed between PBS-treated sites and ASC-
media treated sites at both the time points. The following
statistical tests were used where appropriate: analysis of vari-
ance followed by Tukey’s test; paired or unpaired Student’s
t-tests. Data are expressed as mean ± standard error of the
mean. Significance was accepted at p < 0.05.

Results

Characterization of ovine ASCs

Cultured ovine, (Fig. 1a) as well as human (Supplementary
Fig. 1), ASCs successfully differentiated into adipogenic,

Figure 1. Characterization of ovine adipose-derived stem cells (ASCs). (a) ASCs were differentiated into three different lineages and stained for (i) adipocytes with

oil-red-o, scale bar: 100 μM; (ii) chondrocytes with Alcian blue, scale bar: 500 μM; and (iii) osteocytes with Alizarin red, scale bar: 500 μM. (b) Characterization of

ASCs with flow cytometry (i) isotype control (ii) CD11b, (iii) CD34 (iv) CD44. (c) mRNA transcript abundance for CD markers in ovine and human ASCs
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Figure 2. Graphical representation and quantification of sheep wound healing model. (a) Full thickness burns were induced in an area of 5×5 cm, with a total of

four wounds per animal. (b) Pictorial representation of wound healing at day 15. (c) Graph depicts planimetric quantification of size of the skin graft at days 7 and

15 following the application of ASCs. The size of the ASC-treated graft is normalized to the size of the placebo-treated grafts. Error bars represent the standard

error of the mean (n = 5, ∗p < 0.05, two-way analysis of variance). ASCs adipose-derived stem cells

chondrogenic and osteogenic lineages as shown by oil-red-o,
Alcian blue and Alizarin red staining, respectively. Due to
the lack of ovine antigen-recognizing antibodies for CD90,
CD73 and CD105, only CD44 was detected on the ASCs via
flow cytometry (Fig. 1b). Expression of mRNA transcripts
for CD73, CD90, CD105 and CD44 was comparable in the
ovine ASCs as compared with expression in commercially
available human ASCs (Fig. 1c Commercial human ASCs
differentiated into different lineages).

ASCs improved graft take and graft size

Although no differences were observed in the size of the skin
graft at 7 days post-operation (Fig. 2), planimetry demon-
strated that the graft size in ASC-treated wounds was sig-
nificantly greater compared to control wounds at 15 days
post-operation (p < 0.05) (Fig. 2c). The ratio of graft size in

the ASC-treated to control wounds was 1.23 ± 0.12. Graft
size was normalized to PBS control. No difference was noted
between culture media and control groups, thus the data on
culture media group is not shown.

ASCs significantly increased wound blood flow

Blood flow measured by laser Doppler in the ASC-treated
wounds was normalized to the control-wound blood flow.
Following ASC application, blood flow was significantly
greater in ASC-treated wounds 7 days post-application
(ASC-treated: 204.8 ± 99.7% compared to control: 100%,
p < 0.0025), and tended to be higher 15 days post-application
(ASC-treated: 167.2 ± 39.6% compared to control: 100%,
p < 0.0545) (Fig. 3a).

The blood flow measured by microsphere injection tech-
nique was significantly higher at 15 days in the ASC-treated
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Figure 3. Adipose-derived stem cells (ASCs) significantly increased blood flow to the wound bed. (a) Measurement of blood flow by laser Doppler at days 7 and 15

(two-way analysis of variance). (b) Fluorescent microsphere injection technique. Error bars represent standard error of the mean (n = 7, ∗p < 0.05, Mann-Whitney

U test)

Figure 4. Topical application of adipose-derived stem cells (ASCs) increases wound epithelialization as measured by high-resolution ultrasound. (a) Epithelized

area estimated by ultrasound: (i) score 0 = incomplete epithelialization; (ii) score 1 = partial epithelialization; (iii) score 2 = complete epithelialization with irregular

and uneven epithelium; (iv) score 3 = complete epithelialization with regular and even epithelium. (b) Re-epithelized area measurement at 7 and 15 days after

application of ASCs. Analysis of wound re-epithelialized determined by high-resolution ultrasound. (c) Combination of wound epithelialization score from both

7 and 15 days determined by high-resolution ultrasound (n = 6, ∗p < 0.05, unpaired t test). Error bars represent standard error of mean

wounds (171.4 ± 85.2% compared to 100% in the controls,
p < 0.0169) (Fig. 3b). The culture media treatment did not
significantly affect the wound blood flow.

Wound epithelialization by ultrasound exam

The extent of epithelialization (white demarcation on top of
the epidermis) was estimated by high-resolution ultrasound.
Scores were given based on the extent of epithelialization: a
score of 0 indicates incomplete epithelialization while a score
of 3 indicates regular and complete epithelialization (Fig. 4a).

There was no significant difference in the re-epithelized area
at 7 and 15 days post-burn (Fig. 4b). However, when two time
points were combined, the wound epithelialization scores
were significantly higher in treated sites (1.71 ± 0.95) com-
pared to control sites (0.71 ± 0.75), p < 0.05) (Fig. 4c). There
was no difference found between media and PBS groups.

Comparable histological evidence of wound healing

Fig. 5a illustrates hematoxylin- and eosin-stained representa-
tive pictures of ASC-treated sites and control sites. There was
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Figure 5. Histological examination and quantification of ASCs treated sites compared with the controls. (a) Representative histological sections of non-excised

skin, PBS (control), and ASCs (treatment). First row ×2 magnification, scale bar: 500 μM; second row ×10 magnification, scale bar: 200 μM. (b) Quantification

of histological scoring on ASC-treated and control sites at day 15. Error bars represent standard error of the mean. ASCs adipose-derived stem cells, PBS

phosphate-buffered saline

Figure 6. Wound bed VEGF expression is elevated with ASC treatment. (a) Wounds treated with ASCs express significantly more VEGF as measured by ELISA

(n = 7, ∗p < 0.05, Wilcoxon test). (b) Western blot staining for VEGF. First lane represents sheep ASCs, next six lanes represent treatment (n = 6) and the remaining

5 lanes represent PBS control (n = 5). (c) Semi-quantitative score of VEGF protein. Error bars represent standard error of mean (∗p < 0.05, unpaired t test). ASCs

adipose-derived stem cells, VEGF vascular endothelial growth factor, ELISA enzyme-linked immunosorbent assay, PBS phosphate-buffered saline

no significant difference in re-epithelialization, as determined
by histological examination between ASC-treated wounds
(44.2 ± 9.2%) and control wounds (31.8 ± 7.3%) (Fig. 5b).

Wound bed VEGF expression is elevated with ASC

treatment

Wound biopsy tissue obtained from vehicle- (PBS) and ASC-
treated wounds 15 days post-application were pooled and
VEGF levels were measured. ASC treatment resulted in signif-
icantly higher levels of VEGF compared to vehicle treatment

(21.1 ± 2.5 pg/ml compared to 16.1 ± 1.7 pg/ml, respectively;
p < 0.05) (Fig. 6a). Wound biopsies were also measured for
VEGF with Western blot (Fig. 6b, c) and glyceraldehyde 3-
phosphate dehydrogenase was used as a loading control
(p < 0.05).

Discussion

The study was designed to evaluate the potential of allogeneic
ASCs for healing grafted burn wound closure. Here, we
first demonstrate beneficial effects of topically applied ASCs
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on grafted burn wound healing in a novel ovine model.
The wound care (escharectomy, wound closure and daily
care) mimicked the clinical care provided to severely burned
patients at our own institution. The sheep is a good alternative
to other pre-clinical models typically used for wound healing
studies, such as porcine models, in that sheep are easy to
work with, do not require full sedation for all manipula-
tions and the established model is clinically relevant. The
novel ovine model of burn wound healing enables us to
mimic a clinical situation: escharectomy, grafting, intermit-
tent blood and wound biopsy sampling and intermittent
wound assessment (blood flow by laser Doppler, photog-
raphy for planimetry assay) without sedation. These inter-
ventions are not feasible in small animals and are difficult
in pigs as sedation is necessary for all manipulations. The
model has been presented several times at the major crit-
ical care meetings, including the American Burn Associa-
tion meeting, and the model has been peer-reviewed and
published [30]. Our ovine model has aspects of similarity
to human burn wound healing that makes it appealing for
these studies, including caring for the grafted wound in a
conscious patient, contraction of the excised burn wound,
growth of granulation tissue, the survival of the grafted skin
and epithelialization from the grafted skin.

The beneficial effects of stem cell therapy on angiogenesis
have previously been reported. Studies done by Kondo et al.
on hind limb ischemic C57BL/6 J mice have demonstrated
that the application of ASCs increases angiogenesis via an
increase in stromal cell-derived factor 1 (SDF-1) mRNA and
serum SDF-1 levels [32]. The majority of the studies elucidat-
ing the effects of ASCs on wound healing have utilized either
ischemic or diabetic rat models to study vasodilation and
neovasculogenesis. However, there is a paucity of research
regarding how ASCs or other stem cells modulate the wound
environment in relevant large animal models [33–35].

Recently, Burmeister et al. reported that topically applied
ASCs in combination with PEGylated fibrin hydrogels
increased wound blood vessels and CD31 staining in the pre-
clinical Yorkshire model [36]. However, to our knowledge,
no studies investigated the effects of ASCs on grafted burn
wound healing in an ovine burn excision and grafted wound
model.

ASCs are believed to have great potential for improv-
ing wound healing. Like bone marrow-derived mesenchymal
stem cells, ASCs can regulate critical processes involved in
wound healing, including inflammation [37–39], vascularity
[11, 14] and immunity [40, 41]. Severe burn injury induces
a hypermetabolic, hypercatabolic state, activating inflam-
mation, vascular abnormalities and immune suppression. In
patients with extensive burn injuries, sufficient donor skin for
wound coverage may not exist, therefore use of ASCs may
be a better option for enhancing wound healing following a
severe burn injury [42, 43].

The main findings of the study were that ASCs, but not
ASC culture media, accelerated growth of grafted skin and
increased wound bed blood flow. ASCs promoted protein

expression of the growth factor VEGF. Our data suggest
that topically applied ASCs may have accelerated the growth
of grafted skin by promoting wound bed blood flow. The
increase in the blood flow around the wound bed may be
attributed to an increase in the expression of the VEGF
protein. Previous studies have elucidated the angiogenic influ-
ence of ASCs in different wound healing [35] and ischemic
[11, 14] models. The increase in blood flow around the
wound sites could be due to either the presence of more blood
vessels or increased vasodilation; the end result of either of
these scenarios is an increase in the blood volume circulating
around the wound site. Following severe burn injury, there
is extensive damage to the blood vessels. Additionally, there
is an increase in demand for oxygen and nutrients to fuel
the reparative and remodeling processes, defense mechanisms
and debris clearance, resulting in greater demand for nutri-
ents. The distress signals triggered by a burn injury within the
wound niche may have activated the applied ASCs, as stem
cells are known to modulate inflammation and angiogenesis
processes [44]. Depending on the surrounding niche, ASCs
may change from a pro- to anti-inflammatory phenotype.
Thus, applied ASCs may be induced to release signals which
can modulate the behavior of endothelial cells and other
neighboring cells [45]. Additionally, other researchers have
also observed an increase in angiogenesis following the appli-
cation of ASCs or ASC-conditioned media in different burn
and wound healing models [46–48].

One of the major limitations of the model used in this
study is the constitutive wound contracture in the sheep.
However, the impact of this issue was limited by comparing
the wound contracture in the ASC-treated sites to the placebo-
treated wounds. Comparisons were made between wounds
located in similar anatomical regions (contralateral loca-
tions). Thus, there was no comparison made between ASCs
and culture media sites. The duration was limited to only
15 days. Other limitations included the lack of appropriate
anti-sheep antibodies for the quantification of the cell surface
marker proteins, necessitating reliance on mRNA transcript
abundance for the characterization of the ASCs. Another
limitation of the study is that we did not clarify whether
the theraputic effects of ASCs on wound healing are derived
from paracrine effects of the proteins secreted by the ASCs
as opposed to the ASCs differentiating into other cell types
needed for wound healing. The use of tagged ASCs would
have made the study more focused and would have also
helped us to elucidate the molecular mechanism behind the
role of ASCs in wound healing. Furthermore, tagged ASCs
would have also helped us to answer whether the paracrine of
the differentiating properties of ASCs aids in wound healing.
However, we were unable to trace the dye-labeled ASCs in the
IHC sections in our previous study, thus, in this present study,
we avoided the use of dye to track the applied ASCs, which
is one of the limitations of our study. Finally, although the
grafting method is different than the meshed grafts applied
to human patients, the grafting of unmeshed grafts was pur-
posely selected in order to allow us to monitor graft take, the
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survival of the tissue and proliferation of cells at the edges that
expanded the area covered by the graft. Further limitations
are related to the lack of data (including data using sophis-
ticated histological methods) explaining underlying mecha-
nisms of beneficial effects of topically applied ASCs. Future
studies are warranted to determine the effects of ASCs on
particular signaling cascades that underlie angiogenesis and
wound healing.

In our animal study, following the topical application
of ASCs to the grafted wound, there was a significant
increase in VEGF protein expression, which may indicate that
angiogenesis or vasodilation is the process responsible for
increased blood flow. ASCs secrete growth factors known to
modulate angiogenesis [6, 13]. Dynamic interaction between
the ASCs and the surrounding niche can stimulate the
production of growth factors that drive wound healing and
regeneration. Nevertheless, our study supports the knowledge
that ASCs aid in wound healing by increasing the blood
flow.

Conclusions

The application of ASCs to burn wounds allows the wounds
to heal faster. The blood flow to ASC-treated wounds is also
greater. Future studies are warranted to elucidate the molec-
ular mechanisms underlying how ASCs improved the healing
of grafted burn wounds. Our data suggest that the topical
application of ASCs improved grafted burn wound healing
by promoting wound bed blood flow and increased VEGF
protein expression.
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