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Objective: The relationship between the wound contraction and levels of a-
smooth muscle actin (a-SMA) has been revealed in different studies. We aimed
to investigate the effects of mesenchymal stem cells (MSCs), mainly bone-
marrow-derived stem cells (BSCs) and adipose-derived stem cells (ASCs), and
find out the a-SMA, fibroblast growth factor (FGF), transforming growth factor
beta, and vascular endothelial growth factor (VEGF) levels on an in vivo acute
wound healing model after the application of MSCs.
Approach: Four circular skin defects were formed on the dorsum of Fisher rats
(n = 20). The defects were applied phosphate-buffered saline (PBS), ASCs, BSCs,
and patchy skin graft, respectively. The healing time and scar area were noted.
Results: There was a statistical decrease in the healing time in ASC, BSC, and
skin graft groups ( p < 0.05). However, the scar was smaller in the PBS group
( p < 0.05). The a-SMA levels were statistically lower in ASC, BSC, and graft
groups ( p < 0.05). The FGF levels were statistically higher in ASC and BSC
groups ( p < 0.05). The differentiation of the injected MSCs to endothelial cells
and keratinocytes was observed.
Innovation and Conclusion: MSCs decrease the healing time and contraction of
the wound while increasing the epithelization rate by increasing angiogenesis.

INTRODUCTION
Wound healing is the natural

process of regenerating dermal and
epidermal tissues. A set of complex
biochemical events take place in a
closely orchestrated cascade to re-
pair the damage. These events have
been artificially categorized into four
steps: hemostasis, inflammation,
proliferation, and remodeling. The
stem cells of the tissue localized to
the region or from the blood circula-
tion supply the necessary cell source
and thus control this cascade. In its
natural course, named as secondary
healing, the wound is repaired as
soon as possible by granulation, epi-

thelization, and by contraction.1,2

The key elements are keratinocytes;
the fibroblasts rich in actin, called
myofibroblasts; and transforming
growth factor beta (TGF-b).3,4

Differentiation of fibroblasts into
myofibroblasts is closely associated
with the expression of a-smooth
muscle actin (a-SMA).5–7 Myofibro-
blasts are the main contractile ele-
ment during the wound healing and
it was shown that the levels of a-SMA
expression were correlated with the
contractile activity of the fibroblasts
in vitro and in vivo.8–10 Fibroblast
growth factor (FGF) is described to
downregulate a-SMA by increasing

Cagri A. Uysal, MD, PhD

Submitted for publication March 20, 2014.

Accepted March 26, 2014.

*Correspondence: Department of Plastic and

Reconstructive Surgery, Baskent University Faculty of

Medicine, Fevzi Cakmak Cad. 5. Sok. No: 48, Bah-

celievler, Ankara 06490, Turkey (e-mail: cagriuysal@

hotmail.com; cagriuysal@yahoo.com).

j 405ADVANCES IN WOUND CARE, VOLUME 3, NUMBER 6
Copyright ª 2014 by Mary Ann Liebert, Inc. DOI: 10.1089/wound.2014.0539



the apoptosis of the myofibroblasts.11 On the other
hand, TGF-b is known to promote the differentia-
tion of fibroblasts into myofibroblasts through up-
regulation of a-SMA expression.12

Regenerative medicine has established a new
promising experimental and clinical epoch.13 The
angiogenic potential of postnatal somatic stem cells
has been reported especially with bone-marrow-
derived stem cells (BSCs) and adipose-derived
stem cells (ASCs).14,15 Not only the angiogenic po-
tential by differentiation into endothelial cells but
also the control on the secretion of the cytoprotec-
tive cytokines and growth hormones could harmo-
nize the wound healing process.16

Clinical Problem Addressed: The relationship
between the growth hormones and the wound
contraction and levels of a-SMA has been revealed
in different studies17,18; however, the effect of
mesenchymal stem cells (MSCs), mainly BSCs and
ASCs, on acute wound healing was not investi-
gated. Thus, we aimed to find out the a-SMA, FGF,
TGF-b, and vascular endothelial growth factor
(VEGF) levels on an in vivo acute wound healing
model after the application of MSCs.

MATERIALS AND METHODS
Isolation and preparation of stem cells

Bone-marrow-derived stem cells. Ten-week-old
male inbred Fisher (F344) rats (Saitama Experi-
mental Animals Supply Corporation Ltd.) were
anesthetized with sodium pentobarbital (Nembu-
tal; Dainippon Sumi Tomo Pharma Co. Ltd.) at
35 mg/100 g and the areas of interest were shaved.
The bilateral femur and tibia were dissected and
then excised. The proximal and distal ends of the
bones were removed to access the bone marrow.
The bone marrow was placed in a 50-mL centrifuge
tube, followed by washing with phosphate-buffered
saline (PBS; Gibco-BRL). The cell suspension was
centrifuged at 1,300 rpm for 5 min and the pellet
was resuspended in control medium (Dulbecco’s
modified Eagle’s medium [DMEM]; Gibco-BRL)
containing 10% fetal bovine serum (FBS; Gibco-
BRL) and 1% antibiotic–antimycotic (Gibco-BRL).
Cells were plated in 100-mm2 tissue culture plates
(Becton–Dickinson) and maintained in control
medium at 37�C in 5% carbon dioxide. The medium
was replaced every 3 days and the nonadherent
cells were discarded. The cultures were monitored
with a microscope to assess expansion and cell
morphology. To prevent differentiation, cells were
harvested at 80–90% confluence with 0.25% trypsin/
ethylene diamine tetraaceticacid (EDTA; Gibco-
BRL) and neutralized with culture medium. The

resulting cell population was passaged and split
three ways at each passage. For subsequent in vivo
studies, we used cultured BSCs of passage 3, iso-
lated from a single rat. Finally, cells were suspended
in PBS at a concentration of 1 · 107 cells/1 cm3 for
injection into each experimental group.

Adipose-derived stem cells. Ten-week-old male
inbred Fisher (F344) rats (Saitama Experimental
Animals Supply Corporation Ltd.) were anesthe-
tized with sodium pentobarbital (Nembutal; Dai-
nippon Sumi Tomo Pharma Co. Ltd.) at 35 mg/kg
and shaved. ASCs were harvested and processed
according to our established protocol, as described
previously.19,20 The inguinal fat pads were excised
and extensively washed with PBS (Gibco-BRL).
They were thenfinely minced and incubated for
1 h on 100-mm2 tissue culture plates (Becton-
Dickinson) containing antibiotic medium—DMEM
(Gibco-BRL) with 10% FBS (Gibco-BRL), and 1%
antibiotic–antimycotic (Gibco-BRL). The tissue
was then rinsed three times in PBS for 5 min fol-
lowed by digestion with 0.15% collagenase (Wako)
and vigorous shaking for 30 min at 37�C in a 50-mL
centrifuge tube. Next, an equal volume of control
medium was added to neutralize the collagenase.
Then, the cell suspension was centrifuged at
1,300 rpm (260 g) for 5 min and the cell pellet was
resuspended with a control medium. After cell
counting using trypan blue, the cells were plated at
100-mm2 tissue culture plates and maintained in
the control medium at 37�C in 5% carbon dioxide.
The medium was replaced every 3 days and the
nonadherent cells were discarded. To prevent dif-
ferentiation, the cells were harvested at 80–90%
confluence and the cultured cells were detached
from the culture dishes with 0.25% trypsin/ethyl-
ene diamine tetraaceticacid (EDTA; Gibco-BRL),
neutralized with culture medium, collected by cen-
trifugation at 1,300 rpm for 5 min at room tempera-
ture, and then passaged into 1:3. Only cultured ASCs
of passage 3 isolated from one mouse were used in the
subsequent in vivo studies. The cells were suspended
in medium at a concentration of 1 · 107 cells/ mL for
injection into each experimental group.

1, 1¢-Dioctadecyl-3, 3, 3¢, 3¢-tetramethylindo
carbocyanine labeling of adipose-derived
stem cells

1, 1¢-Dioctadecyl–3, 3, 3¢, 3¢-tetramethylindo-
carbocyanine (DiI) was dissolved in 99% ethanol at a
concentration of 25% and stored at - 20�C for use.
Cells were labeled with fluorescent DiI (Molecular
Probes) according to the manufacturer’s recom-
mendations; cells in suspension were incubated
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with DiI at a concentration of 2.5 lg/mL in PBS for
5 min at 4�C.

Experimental model
All animal procedures were performed in accor-

dance with the guidelines of the Nippon Medical
School Animal Care and Use Committee (Approval
No. 18-030). On the dorsum of the rats (n = 20) four
identical skin defects with 20-mm diameter, until
the underlying muscle fascia, were done. One mil-
liliter of injection using 1 mL syringe with 26G
needle (Terumo) was done to the defect (0.5 mL)
and the surrounding wound edges (0.5 mL) de-
pending on the group. Group I: 1 mL PBS; Group II:
1 mL PBS mixed with 1 · 107 ASCs; Group III: 1 mL
PBS mixed with 1 · 107 BSCs; Group IV: patchy
full-thickness skin grafts harvested from the ex-
cised skin during defect formation. The wounds
were closed with dressings.

Macroscopical assessment
The wounds were photographed daily and the

day of total epithelization was noted. The healed
wound without any hair was accepted as the final
scar. The area of the scar was calculated using the
software Adobe Photoshop7.0�.

Neovascularization assessment
by capillary density

Tissue sections at the median line of the harvested
scar tissue were done. The tissues were embedded in
paraffin for conventional hematoxylin and eosin
(HE) stain. Neovascularization was assessed by
measuring the number of capillaries in 20 different
fields on HE-stained slides (40 · magnification).

Epithelial thickness
Tissue sections were taken at the median line

of the harvested scar tissue. The tissues were em-
bedded in paraffin for conventional HE stain.
Photographs were taken and scaled. Epithelial
thickness was evaluated by measuring the length
of the epithelial layer from the stratum basale to
the stratum corneum in 20 different fields on HE
slides (40 · magnification). Three length measure-
ments were noted in every field and, to standard-
ize, the measurements were done in every 0.1 mm
from the left border to the right border of the pho-
tograph of the field.

Evaluation of the DiI-stained ASCs
The consecutive specimens (4 lm) were done

from the tissue samples that were taken from the
median line of the harvested scar tissue and the
anti–von Williebrand Factor (vWF) antibody (Fac-
tor VIII [H-19]: sc-27647; Santa Cruz) was done for
the confirmation of the vessels. The tissue speci-

mens were incubated with the monoclonal anti-
body specific for vWF (1:100 dilution) for 1 h at
room temperature. Then, they were washed with
PBS and incubated with the secondary antibody
fluorescein-isothiocyanate (FITC; 1:100 dilution)
(fluorescein anti-goat IgG; FI-5000) with a maxi-
mum excitation at 490–500 nm for 30 min at room
temperature. Then, they were washed with PBS
again. The photographs were taken and evaluated
with software (LuminaVison; V220 Olympus).

DiI was visible at the 565-nm wavelength. The
DiI-positive cells and the hematoxylin staining
were also photographed and merged. The photo-
graphs were taken and evaluated with software
(LuminaVison; V220 Olympus).

Cytokeratin immunohistochemical staining
Consecutive specimens (4 lm) were done from

the tissue samples that were taken from the me-
dian line of the harvested scar tissue and the anti–
pan cytokeratin antibody (mouse monoclonal to
pan cytokeratin [ab11214]; Abcam) immunohis-
tochemical staining was performed. The sections
were incubated with anti–pan cytokeratin antibody
(1:100 dilution) at room temperature for 24 h (over-
night incubation) and then washed with PBS. The
antibody possessed FITC with a maximum excita-
tion at 490–500nm so no secondary antibody was
necessary. The photographs were taken and evalu-
ated with software (LuminaVison; V220 Olympus).

a-SMA immunohistochemical staining
Consecutive specimens (4 lm) were done from

the tissue samples that were taken from the me-
dian line of the harvested scar tissue and the anti–
a-SMA antibody (rabbit monoclonal to a-SMA
[ab32575]; Abcam) immunohistochemical staining
was performed. The sections were incubated with
anti–a-SMA antibody (1:200 dilution) at room
temperature for 1 h and then washed with PBS.
The specimens were incubated with the second-
ary antibody FITC (1:100 dilution) (fluorescein
anti-rabbit IgG, FI-5000; Vector) with a maximum
excitation at 490–500 nm for 30 min at room tem-
perature and then washed with PBS. The photo-
graphs of the specimens under 40 · magnifications
were taken in 20 different fields at 470–490 nm
wavelength under fluorescent filter. All the photo-
graphs were taken in same scale. The green color
ratio in groups was evaluated using histogram tool
(mean intensity value for green in pixels) of the
software Adobe Photoshop7.0�.

FGF immunohistochemical staining
Consecutive specimens (4 lm) were done from

the tissue samples that were taken from the median
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line of the harvested scar tissue and the anti-FGF
antibody (sc-1365; Santa Cruz) immunohisto-
chemical staining was performed. The sections
were incubated with anti-FGF antibody (1:200
dilution) at room temperature for 1 h and then
washed with PBS. The specimens were incubated
with FITC at room temperature for 30 min and
then washed with PBS. The photographs of the
specimens under 40 · magnification were taken in
20 different fields at 470–490-nm wavelength
under fluorescent filter. All the photographs were
taken in same scale. The green color ratio in
groups was evaluated using histogram tool (mean
intensity value for green in pixels) of the software
Adobe Photoshop7.0�.

TGF-b1, -b2, and -b3 immunohistochemical
staining

Consecutive specimens (4 lm) were done from
the tissue samples that were taken from the me-
dian line of the harvested scar tissue. The anti–
TGF-b1, -b2, and -b3 antibody (TGF-b1 [sc-146],
TGF-b2 [sc-90], and TGF-b3 [sc-82]; Santa Cruz)
immunohistochemical stainings were performed.
The sections were incubated with anti–TGF-b1,
-b2, and -b3 antibodies separately (1:200 dilution)
at room temperature for 1 h and then washed with
PBS. The specimens were incubated with FITC at
room temperature for 30 min and then washed
with PBS. The photographs of the specimens under
40 · magnification were taken in 20 different fields
at 470–490-nm wavelength under fluorescent fil-
ter. All the photographs were taken in same scale.
The green color ratio in groups was evaluated using
histogram tool (mean intensity value for green in
pixels) of the software Adobe Photoshop7.0�.

VEGF immunohistochemical staining
Consecutive specimens (4 lm) were done from

the tissue samples that were taken from the me-
dian line of the harvested scar tissue and the anti-
VEGF antibody (mouse monoclonal to VEGF
[ab28775]; Abcam) immunohistochemical stain-
ing was performed. The sections were incubated
with anti-VEGF antibody (1:200 dilution) at room
temperature for 1 h and then washed with
PBS. The specimens were incubated with FITC at
room temperature for 30 min and then washed
with PBS. The photographs of the specimens un-
der 40 · magnification were taken in 20 different
fields at 470–490-nm wavelength under fluores-
cent filter. All the photographs were taken in same
scale. The green color ratio in groups was evalu-
ated using histogram tool (mean intensity value
for green in pixels) of the software Adobe Photo-
shop7.0�.

Statistical analysis
One-way analysis of variance was used to com-

pare the means in each group. The Tukey test for
multiple comparisons was performed for the com-
parison of the epithelization time; scar area; vas-
cular density; and a-SMA, FGF, TGF-b1, TGF-b2,
TGF-b3, and VEGF levels between the groups.
Tukey test for multiple comparisons was used to
analyze the differences in between TGF-b sub-
family groups among the groups separately. Dif-
ferences were regarded as statistically significant
for two-tail values of p < 0.05 and the data were
presented as mean – standard deviation (SD). The
software Analyse-it for Microsoft Excel (version
2.12) was used in every evaluation (Analyse-it
Software, Ltd.).

RESULTS
Macroscopical assessment

The mean time for the total epithelization was
54.25 – 4.89 days in group I, 39.13 – 3.67 days in
group II, 41.52 – 4.01 days in group III, and
33.25 – 3.87 days in group IV. There was a statis-
tical difference between group I and groups II, III,
and IV ( p < 0.05). There was no statistical differ-
ence between groups II, III, and IV ( p > 0.5).

The mean area of the scar tissue was 117.33 –
21.26 mm2 in group I, 207.45 – 24.63 mm2 in group II,
212.67 – 25.19 mm2 in group III, and 253.13 –
30.56 mm2 in group IV. There was a statistical dif-
ference between group I and groups II, III, and IV
( p < 0.05). There was no statistical difference be-
tween groups II, III, and IV ( p > 0.5; Fig. 1).

Vascular density
The vascular density was 3.12 – 0.14 in group I,

7.39 – 0.36 in group II, 6.95 – 1.13 in group III, and
4.33 – 1.07 in group IV. There was a statistical
significance between group I and groups II and III
( p < 0.05). There was no statistical difference be-
tween group I and group IV ( p > 0.5).

Epithelial thickness
The epithelial thickness was found out to be

0.012 – 0.009 mm in group I, 0.024 – 0.007 mm in
group II, 0.029 – 0.015 mm in group III, and 0.032 –
0.017 in group IV. There was a statistical difference
between group I and groups II, III, and IV ( p < 0.05;
Fig. 2).

DiI-positive cells, vWF, and cytokeratin
immunohistochemical staining

DiI-positive cells were visible in the photographs
that were taken with the fluorescent filter at 545–
580 nm at the endothelial lining, which was con-
firmed with anti-vWF antibody. There were DiI
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Figure 1. (a) Four circular skin defects with a diameter of 20 mm were planned on the dorsum of the rat. (b) Group I (left cranial): 1 mL phosphate-buffered
saline (PBS) injection; Group II (right cranial): 1 mL PBS mixed with 1 · 107 ASCs; Group III (left caudal): 1 mL PBS mixed with 1 · 107 BSCs; Group IV (right
caudal): patchy skin grafts following 1 mL PBS injection. Wound healing progress was photographed on postoperative days 21 (c), 42 (d), 49 (e), and 56 (f). To
see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Figure 2. Photographs indicate the hematoxylin and eosin staining of the specimens: groups I (a), II (b), III (c), and IV (d). Braces ‘‘{’’ indicate the length
between the stratum basale and stratum corneum calculated in 20 different fields under · 40 magnification (scale bar = 100 lm). (e) Graph describing the mean
epithelial thickness. There was a statistical difference between group I and groups II, III, and IV (*p < 0.05). To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound
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and anti-cytokeratin antibody double-positive cells,
indicating the in vivo differentiation of the BSCs
and ASCs to keratinocytes (Figs. 3, 4).

Immunohistochemical evaluation
The mean intensities of the green color for anti–

a-SMA antibody immunohistochemical staining
were calculated as 45.12 – 3.68, 18.59 – 2.84, 19.27 –
2.17, and 16.33 – 3.17 in groups I, II, III, and IV,
respectively. There were statistically significant
decreases in groups II, III, and IV ( p < 0.05). The
mean intensities of the green color for anti-FGF
antibody immunohistochemical staining were cal-
culated as 14.81 – 1.74, 38.51 – 2.82, 35.28 – 3.13,
and 18.71 – 3.41 in groups I, II, III, and IV, respec-
tively. There were statistically significant increases
in groups II, III, and IV ( p < 0.05). The mean values
for anti–TGF-b1 antibody immunohistochemical
staining were calculated as 38.84 – 1.97, 22.37 –
2.72, 27.18 – 3.94, and 34.41 – 4.77 in groups I, II,
III, and IV, respectively. There were statistically
significant decreases in groups II and III ( p < 0.05).
The mean values for anti–TGF-b2 antibody immu-
nohistochemical staining were calculated as 36.71 –
3.58, 19.49 – 1.56, 22.45 – 2.62, and 34.83 – 3.57 in
groups I, II, III, and IV, respectively. There were
statistically significant decreases in groups II and
III ( p < 0.05). The mean values for anti–TGF-b3

antibody immunohistochemical staining were cal-
culated as 39.52 – 4.73, 24.72 – 2.98, 23.15 – 2.97,
and 34.37 – 4.23 in groups I, II, III, and IV, respec-
tively. There were statistically significant decreases
in groups II and III ( p < 0.05). The mean values for
anti-VEGF antibody immunohistochemical stain-
ing were calculated as 11.81 – 1.27, 29.73 – 3.84,
27.13 – 2.43, and 13.53 – 2.07 in groups I, II, III, and
IV, respectively. There were statistically significant
increases in groups II and III ( p < 0.05; Fig. 5).

DISCUSSION

In the natural course of the acute wound heal-
ing, the three main processes are epithelization,
granulation, and contraction. The MSCs of the
environment and from the blood circulation via

Figure 3. (a) Anti-vWF antibody immunohistochemical staining reveals
the endothelial lining (white arrows). (b) The hematoxylin staining and DiI
fluorescence photographs were merged to localize the DiI positivity. The
black arrow indicates a DiI-positive endothelial cell (scale bar = 50 lm). To
see this illustration in color, the reader is referred to the web version of this
article at www.liebertpub.com/wound

Figure 4. (a) The hematoxylin and anti-cytokeratin antibody immunohisto-
chemical stainings were merged to localize the positivity. The green arrows
indicate the keratinocytes at the basal membrane. (b) The hematoxylin
staining and DiI fluorescence photographs were merged to localize the DiI
positivity. The red arrows indicate keratinocytes originating from the injected
stem cell (scale bar = 100 lm). To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound
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capillaries control the process by paracrine and
autocrine effects. In addition, they supply the cell
source for necessary differentiation.1 Cellular phe-
notypic changes within the wound environment
play an essential role in response to injury.17 One of
the most investigated changes is the transforma-
tion of fibroblasts into myofibroblasts. The key fea-
ture of these activated fibroblasts or myofibroblasts
is the expression of a-SMA.21 The contraction of the
wound leads to faster epithelization as the defect
area is forced to be smaller by the myofibroblasts.
However, the mobility of the surrounding tissue
might be hindered because of the tension. Therefore,
in clinical cases of wound healing, surgeons prefer
any treatment modality to prevent contraction but
they seek for faster epithelization.

MSCs can differentiate not only into mesenchy-
mal lineage cells but also into various other cell
lineages. It was reported that MSCs can differen-
tiate into multiple skin cell types including kera-
tinocytes and contribute to wound repair.22 Several
studies in recent years suggested that MSCs, pro-
genitor cells such as endothelial progenitor cells,
and fibrocytes might have been involved in the
healing process, contributing to skin cells or re-
leasing regulatory cytokines. Direct injection of
BSCs or endothelial progenitor cells into injured
tissues showed improved repair through mecha-
nisms of differentiation and/or release of paracrine

factors.23 In the present study, the differentiation
of the BSCs and ASCs to endothelial cells and
keratinocytes would not only help in the neo-
vascularization but also help in the epithelization
of the wound resulting in a faster healing.

The paracrine effect of the MSCs in the wound
was described to be the main enhancer especially
with the capability to increase FGF and VEGF
levels.24,25 Akasaka et al.11 have shown that bFGF
inhibited the expression of a-SMA leading to re-
duction of wound contraction. Lamme et al.26 have
described that the inhibitory effect on wound con-
traction was positively correlated with the number
of fibroblasts seeded. However, the FGF-applied
models have exhibited less contraction than the
fibroblast-only groups, indicating the control on the
apoptosis of the myofibroblasts and the transfor-
mation of the fibroblasts into myofibroblasts.11 In
addition, TGF-b is known to induce a-SMA ex-
pression in fibroblasts both in vitro and in vivo.27 In
this complex interaction of cells and growth hor-
mones, FGF and TGF-b have an antagonist action.
We have indicated low levels of a-SMA in the BSC
and ASC groups when compared with the control
group, indicating the decreased contraction of the
wound. The high levels of FGF in the MSC-applied
groups and the low levels of TGF-b subfamily also
supported the a-SMA suppression enhanced by
the BSCs and ASCs. The skin graft group had low

Figure 5. The immunohistochemical staining graph for alpha smooth muscle actin (a-SMA); fibroblast growth factor (FGF); transforming growth factor (TGF)-
b1, -b2, and -b3; and vascular endothelial growth factor (VEGF). The anti–a-SMA antibody levels in groups II, III, and IV were statistically lower than group I
(*p < 0.05). The anti-FGF levels in groups II and III were statistically higher when compared with groups I and IV (Ap < 0.05). The anti–TGF-b subfamily antibody
levels were statistically lower in groups II and III (**p < 0.05). The VEGF levels were statistically higher in groups II and III when compared with groups I and IV
(#p < 0.05). To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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levels of a-SMA; however, the FGF, TGF-b, and
VEGF levels were not much different from the
control group, indicating that the main suppres-
sion of the contraction was caused by the epitheli-
zation from the patchy skin grafts.

The skin-grafted defects in clinical cases result
in scar formation. The absence of the hair follicles
in the skin grafts culminates in hairless scar for-
mation. However, skin grafting enables faster ep-
ithelization and closure of the defect.28,29 In our
experimental model, the scar was larger in the
skin-grafted, BSC, and ASC groups. A slower epi-
thelization in a larger scar area without any skin
grafting would be expected but the BSCs and ASCs
resulted in a faster healing due to the increased
FGF and VEGF levels. As correlated with the
previous published data,16,30–33 BSCs and ASCs
fastened the healing process, increased the vascu-
larity, increased the epithelial length, and formed a
better scar tissue by the paracrine effect.

The characterization of MSCs by CD markers
has been the golden standard. The debate on vari-
ous CD marker positivity among different cell
populations has been going on.34,35 Although the
purity of stem cells was not clearly analyzed in
this study, our previous flow cytometric data on
cell surface markers of cultured murine adipose-
derived cells showed that ASCs of passage 3 ex-
pressed CD 11 - /31 - /34 + /44 + /45 - /45R + /49d - /
49e + /54 + /81 + /90-2 + /106 + /161c - /184 + /c-kit-/
Sca-1 + , indicating that this cell population might
be relatively pure and be called ASCs.19,20

Angiogenesis is a critical step in wound healing
process.36 VEGF and FGF are potent angiogenic
factors. FGF application to wound was shown to in-
crease granulation, decrease contraction, and in-
crease angiogenesis.11 In addition, TGF-b and FGF
were clarified to activate fibroblast and keratinocyte
proliferation and migration, collagen synthesis, and
induce angiogenesis.37,38 Any pharmacological agent,
including growth hormones or cytokines, has a deg-
radation half-life in the organism and the effect might
be limited. Cell therapy, including MSCs, mainly
BSCs and ASCs, for wound healing would benefit
more as MSCs were described to be capable of ex-
panding in number while showing a stable phenotype,
multipotent to differentiate into other specialized
cells, and secrete or suppress the growth hormones
and cytokines necessary in the environment.23,39
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KEY FINDINGS
� MSCs decrease acute wound contraction by blocking

myofibroblasts.

� MSCs increase epithelization rate by paracrine effect on
growth hormones and cytokines.

� MSCs decrease scar formation by paracrine effect on
growth hormones and cytokines.
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Abbreviations and Acronyms

ASCs¼ adipose-derived stem cells
BSCs¼ bone-marrow-derived stem cells

FBS¼ fetal bovine serum
FGF¼ fibroblast growth factor

FITC¼ fluorescein-isothiocyanate
HE¼ hematoxylin and eosin

MSCs¼mesenchymal stem cells
PBS¼ phosphate-buffered saline

TGF-b¼ transforming growth factor beta
VEGF¼ vascular endothelial growth factor

a-SMA¼ alpha smooth muscle actin
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