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ABSTRACT

Introduction: We investigated the effects of mesenchymal stem cells (MSCs) on cutaneous wound
healing in pigs in order to develop new therapies to enhance wound healing in humans.

Methods: We cultured bone marrow cells from the femurs of male pigs, and the multipotency of these
cells were then confirmed. The characteristics of the cultured cells were determined by flow cytometric
analyses. The MSCs were injected intradermally into the skin of pigs as auto-transplantation, and linear
full-thickness incisional wounds were made through the injected area immediately afterward.

Results: The MSCs were found to be positive for SWC3a, CD44, SLA class I, CD29, CD44H, and CD90. At 28
days post-surgery, wounds treated with MSCs had healed well, with only very fine scars visible
macroscopically. Histologically, collagen architecture was thick and elastic fibers appeared in the
wounds. Histomorphologic scale analysis demonstrated that the wounds treated with MSCs scored
better than the controls. Significantly larger fibroblasts were observed in the wounds treated with MSCs
than controls.

Conclusion: These results indicate that transplantation of MSCs causes wounds to heal almost
completely, possible indicating regeneration to normal skin. We hypothesize that the transplantation
protocol described in this study may also be applicable to human wound healing.

© 2017, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

brain, lung, liver, kidney and eyes [1,2]. MSCs have also been
investigated as a potential therapy in cutaneous wound healing. For

Recent reports have shown that bone marrow-derived mesen-
chymal stem cells (MSCs) are multipotent cells, and can be induced
in vitro and in vivo for the regeneration and repair of damaged
tissue in almost all major organs of the body, including the heart,
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stem cell transplantation therapy, MSCs and embryonic stem cells
(ESCs) have been most common cell types used, and they have been
effective in promoting wound healing when injected into wound
sites, alone or in combination with biological materials [3—5].
However, the objectives of most of these studies were to increase
acceleration of wound closure for chronic non-healing wounds,
such as diabetic ulcers or burns.

The biological response to wounds in higher organisms falls into
two categories: regeneration and wound repair [6]. We have
studied regeneration in wounds with the aim of suppressing scar
formation after surgery. It is known that the fetal skin of mice
possesses a regenerative activity before embryonic day 13, and that
dermal mesenchymal cells are vital in this process [7]. Accordingly,
the local application of multipotent cells such as fetal mesenchymal
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Fig. 1. Cell transplantation into incisional wounds of pigs. a. Bone marrow tissue was aspirated from the pelvises of two 4-month-old male LW.D. pigs under general anesthesia. b.
Cultured MSCs were suspended and injected intradermally into 20 points of the dorsal skin of each pig. Linear full-thickness incisions were created through the cell injected points.

The wounds were closed with 4-0 nylon sutures.

cells on cutaneous wounds may result in wounds that heal without
scars.

In a previous study, we transplanted rat MSCs into the incisional
cutaneous wounds of rats [8] and found that wounds transplanted
with rat MSCs had healed well, with very fine scars macroscopi-
cally. Significant differences were observed between the controls
and the wounds transplanted with MSCs. These results indicate
that wounds transplanted MSCs healed and resulted in skin that
appeared to be essentially normal; thus, the process we induced
was essentially regeneration of the structure of the skin.

In order to test the clinical application of our skin regeneration
process, we investigated cutaneous wound healing in pigs. Pigs are
often chosen to evaluate the biology of cutaneous wounds because
they are an excellent model for human skin; they possess high
similarity with humans in terms of anatomy, physiology, the wound
healing response and chromosomal structural homology [9].

In the present study, we determined that acute cutaneous
wounds in pigs treated with MSCs healed leave only very fine scars,
and that MSCs can contribute to skin regeneration in such wounds.
We hypothesize that further research may show similar effects in
humans.

Score 2 1 0
Crust Absent Slightly present Present
Texture Present Slightly present Absent

Visible scar Absent Slightly present Present

Fig. 2. Macroscopic assessment scale. Based on the images of digital camera and
dermascope, scoring of wounds was performed according to the presence of crust,
texture and visible scarring by three specialists in plastic surgery.

2. Materials and methods
2.1. Bone marrow cell preparation

This study was conducted according to the Guide for the Care
and Use of Laboratory Animals published by the United States
National Institutes of Health. The experimental protocols used for
pigs were approved by the Animal Care and Use Committee of
Showa University School of Medicine. Surgical treatments were

Epidermis
0 normal
1 some restoration of rate ridges
2 no restoration of rate ridges
Dermis

A. Collagen fiber orientation
B. Collagen fiber density
C. Collagen fiber maturity

0 normal

1 <25% abnormal
2 26-50% abnormal
3 51-75% abnormal
4 76-100% abnormal
5 Keloid-like fiber

Fig. 3. Histologic assessment scale. Histologic assessment was done based on the
method of Beausang et al. [12]. For evaluating epidermis, the presence of rate ridge was
scored. For evaluating dermis, collagen fiber orientation, density, and maturity were
determined.
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Fig. 4. Quantitation of adipogenesis and osteogenesis. Bone marrow-derived plastic-adhesive cells that had been passaged 3—4 times were induced to differentiate for quantitation
of adipocytes and osteocytes. a. The droplets in the cytoplasm were positive for oil red O staining: these are adipocytes (Magnification x400; scale bar = 10 um). b. Diffuse deposits
of calcium were found by Von Kossa staining: these are osteocytes (Magnification x400; scale bar = 10 um).

Table 1
Flow cytometric analysis of cultured MSCs.
MSCs MSCs MSCs
SW(C3a-PE + CD44-FITC + SLAClassI-PE ++
CD29-PE ++ CD44H-PE ++ SLA DR-PE —
CD31-PE — CD90-PE ++ SLA DQ-PE -

MSCs are positive for SWC3a, CD44, SLA class I, CD29, CD44H, and CD90, and
negative for CD31 and SLA-DQ. Scores of peak intensity, compared with isotype
controls. “++": strongly positive (10-fold and above of the isotype control), “+":
weakly positive (less than 10 times, and twice and above of the isotype control), “—":
negative (less than twice of the isotype control).

performed under general anesthesia. Bone marrow tissue was
aspirated from the femurs of two 4-month-old male LW.D. pigs.
Bone marrow tissue samples were plated in plastic dishes. The
nonadherent cell population was removed after 24 h and the
adherent layer was washed once with fresh media; the cells were
then continuously cultured for 4 weeks. Medium was completely
replaced every 3 days. When the dishes became nearly confluent,
the adherent cells were released from the dishes with 0.25%
trypsin-EDTA (Sigma, USA), at 37 °C for 5 min. Trypsin digestion
was stopped by the addition of fetal bovine serum (FBS; Sigma,
USA). Cells were collected, centrifuged, resuspended in complete
medium, split 1:3, and seeded onto fresh plates. Three to four
passages were performed. The cells were routinely cultured in a
complete medium consisting of Dulbecco's modified Eagle's me-
dium (DMEM; Sigma, USA) containing 20% FBS and 100 U/mL
penicillin-streptomycin (Sigma, USA) at 37 °C in a humidified at-
mosphere of 5% CO,.

2.2. Quantitation of adipogenesis and osteogenesis

To induce adipocyte differentiation, cells were cultured in a
medium consisting of DMEM plus 10% FBS supplemented with
5 pg/ml insulin and 10~° M dexamethasone for 21 days. To induce
an osteochondrogenic phenotype, cells were cultured in a medium
consisting of DMEM containing 10% FBS, 10 mM a-glycer-
ophosphate, 50 pg/ml ascorbic acid, and 10~7 M dexamethasone
[10]. Cells were cultured for 14 days.

The cultures were examined daily using a microscope (Power
BX-51, Olympus, Japan). For quantitation of adipocytes, cultures

were fixed with formalin for 10 min at 4 °C and stained with oil red
O. For quantitation of osteocytes, cultures were fixed with acetone
for 10 min at room temperature, and Von Kossa staining was
performed.

2.3. Flow cytometric analysis of MSCs

Flow cytometric analysis was performed with an FC 500 cy-
tometer (Beckman-Coulter, Hialeah, FL, USA). MSCs were harvested
by brief trypsinization, washed twice in ice-cold blocking buffer
(PBS with 1% FBS), and then incubated with primary antibodies
(2 pg/5 x 10° cells/0.2 ml) for 30 min in ice-cold blocking buffer and
immunofluorescent secondary antibodies. Antibodies against
SWC3a (monocyte/granulocyte; BD PharMingen, San Diego, CA),
CD44 (Pgp-1; BD PharMingen), SLA-class I (MHC class I; BD Phar-
Mingen), SLA-DR (MHC class II), CD29 (integrin f1; BD PharMin-
gen), SLA-DQ (MHC class II; BD PharMingen), CD31 (PECAM-1; BD
PharMingen), and CD90 (Thy-1; PE-labeled, BD PharMingen) were
used. The antibody against CD44H (Pgp-1, Hermes antigen; BD
PharMingen) was FITC-labeled, and FITC-labeled nonimmune
isotype-matched antibody was used as a negative control [11].

2.4. Cell transplantation into incisional wounds of pig

Two of the five-month-old male LW.D. pigs that had been
subjected to bone marrow aspiration 28 days previously were
anesthetized with propofol. Their dorsal hair was shaved, and 20
injection points were chosen 7 cm apart (Fig. 1a). The bone
marrow-derived, plastic-adhesive cells that had been passaged 3—4
times were suspended, collected, and centrifuged, and
1.5 x 107 cells were resuspended in 200 pl of PBS. These MSCs were
injected intradermally into the 20 points of the dorsal skin of each
pig as auto-transplantation. One-mL syringes with 23-gauge nee-
dles were used for injection. The same volume of PBS was injected
intradermally as controls. Linear full-thickness incisions, each
30 mm long, were made in the dorsal skin of pigs through the in-
jection points immediately after injection. Injection was performed
before surgical incision in order to prevent cell leakage out of the
wounds. The wounds were closed with 4-0 nylon sutures; no
wound dressing was applied and no antibiotics were used (Fig. 1b).

Macroscopic observation of the wounds was documented on
day 28, and the wounds were harvested on the same day.
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Fig. 5. Macroscopic findings of control wounds. PBS was injected for the control wounds, and the wounds were photographed with a digital camera and dermascope (x30) 28 days
after operation. The crust remained and epithelialization progressed only in the center of wound. a. Image from digital camera (Scale bar = 1 cm). b. Image from digital camera
(Scale bar = 1 cm). c. Image from dermascope of 5a. (Scale bar = 1 mm). d Image from dermascope of 5b. (Scale bar = 1 mm).

2.5. Macroscopic findings and scoring of incisional wounds

The wounds were photographed with a digital camera (Konica
Minolta DiMAGE A1, Japan) and a dermascope (USB microscopeM2,
Scalar, Japan). Based on the images, scoring of wounds was per-
formed according to the presence of crust, texture and visible scar-
ring by three specialists in plastic surgery (Fig. 2). The maximum
score is 6 points, which indicates that the wound healed very well.

2.6. Sample processing

Each wound sample was harvested for examination as a square
of 4 x 3 x 1.5 cm. The harvested tissues were bisected and half of
each sample was fixed with 10% neutral buffered formalin solution.
Briefly, 3-um paraffin sections were prepared from the fixed tissue
in a standard fashion. The tissues were observed in detail using
Masson trichrome and Elastica van Gieson staining. The remainder
of each sample was dipped into OCT compound (Sakura, Japan) and
frozen in liquid nitrogen. Cryosections 7 um in thickness were
made using a cryostat (Leica, Germany), and immunostaining was
performed. The sections were incubated for 1 h at 37 °C with the
primary antibodies of anti-human muscle actin (a-SMA) mouse
monoclonal antibody (1:200, DAKO North America, Inc., USA) or
anti-human vimentin rabbit polyclonal antibody (1:200, Bethyl
Laboratories Inc., USA). The samples were incubated with the sec-
ondary antibody for 30 min at 37 °C with Simple stain MAX PO
MULTI (for mouse and rabbit primary antibodies; Nichirei, Japan).

The sections were stained with the Liquid DAB+ Substrate Chro-
mogen System (DAKO). A microscope was used for observation of
the slides.

2.7. Evaluation with Masson trichrome staining and Elastica van
Gieson staining

The samples were examined histologically, and the appearance
of the rate ridges and collagen fibers were assessed after Masson
trichrome staining. In order to compare the orientation of the
collagen fibers, one field of 640,000 pum? was observed in each
wound. Histologic assessment was done based on the method of
Beausangetal.[12](Fig. 3). For evaluating epidermis, the presence of
rate ridge was scored. For evaluating dermis, three collagen fiber
characteristics were determined: collagen fiber orientation, density,
and maturity. The mean scores were calculated and compared be-
tween the control and the MSCs. Scores range from 0 to 32, and lower
scores indicate nearly normal skin histology. The elastic fibers of the
samples were examined after Elastica van Gieson staining.

2.8. Evaluation with immunostaining

Anti-vimentin antibody staining was performed to evaluate fi-
broblasts, and anti-aSMA antibody staining was performed to
evaluate myofibroblasts. Four fields (1 field = 200 pm?) in each
wound was observed, and the number of fibroblasts and myofi-
broblasts were counted. The mean value of cell counts for each
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Fig. 6. Macroscopic findings of wounds transplanted MSCs. The wounds transplanted with MSCs were photographed with a digital camera and dermascope (x30) 28 days after
operation. The wounds had already healed very well and epithelialization had almost completed. a. Image from digital camera (Scale bar = 1 cm). b. Image from digital camera
(Scale bar = 1 cm). c. Image from dermascope of 6a. (Scale bar = 1 mm). d. Image from dermascope of 6b. (Scale bar = 1 mm).
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|
1

Control MSCs

Fig. 7. Macroscopic scores of incisional wounds. Macroscopic assessment of the
wounds at 28 days after surgery. The mean score of control was 1.84 and MSCs was
3.55. The MSCs group had significantly higher scores than the control. Results show
that MSC-transplanted wounds healed rapidly and similar to normal skin. (Control:
n = 17, MSCs: n = 17, mean =+ SE, *p < 0.01, paired t-test).

specimen in the four fields was calculated and compared between
the control and the MSC-treated tissue.

2.9. Statistical analysis

Statistical significance of scoring of macroscopic and histologic
findings was determined by t-test between the control and the

MSC-treated animals. We used the Mann—Whitney U test to
compare the score values for myofibroblast and fibroblast count
between the control and the MSC-treatment groups. All statistical
analyses were performed using Graph Pad Prism 5 (GraphPad
Software, La Jolla, CA, USA) SPSS 20.0 (IBM Corp, NY, USA). Data are
expressed as mean + standard deviation (mean + SD). For all cases,
a p-value of <0.05 (one-sided) was considered as statistically
significant.

3. Results
3.1. Quantitation of adipogenesis and osteogenesis

To determine whether the cells that adhered to the plastic plates
could be induced to differentiate into adipocytes, they were
cultured as described in Materials and Methods and stained with
oil red O. A large number of cells, each with several clear droplets
were observed, and the droplets in the cytoplasm of these cells
stained positive with oil red O (Fig. 4a). These results indicate the
presence of lipid, and that the cells with these droplets are
adipocytes.

The cells were also tested for osteogenetic by Von Kossa staining
differentiation after the treatment described in Materials and
Methods. Diffuse deposits of calcium were found in almost all
cells, suggesting that osteocytes were present (Fig. 4b).
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Fig. 8. Histology images of Masson trichrome staining of the wounds. a. In the control group, the wounds are wide and collagen fibers are thin, compact, and disoriented (Thickness
of sections, 10 um; magnification x100; scale bar = 200 um). b. The MSCs group showed thicker and well-oriented collagen architecture compared to the control (Thickness of

sections, 10 pm; magnification x100; scale bar = 200 pm).

10 F

Score

Control MSCs

Fig. 9. Histologic scores of incisional wounds. Histologic scales of the wounds at 28
days after operation. The mean score of the control was 6.31, and the MSCs was 3.75.
Statistical significance was determined by t-test between the control and the MSCs.
The score of the MSCs was significant lower, it meant that the wounds transplanted
MSCs were similar to normal tissue. (Control: n = 17, MSCs: n = 17, mean + SE,
*p < 0.01, paired t-test).

Together, these results confirm the multipotency of the cells we
prepared from bone marrow-derived cells of pigs.

3.2. Phenotype of MSCs from pigs

The characteristics of the cultured MSCs were confirmed by flow
cytometric analyses using purified or conjugated antibodies. The
cells were positive for SWC3a, CD44, SLA class I, CD29, CD44H, and
CD90, and negative for CD31 and SLA-DQ (Table 1).

3.3. Macroscopic findings and scoring of incisional wounds

After MSCs were transplanted, full-thickness incisional wounds
were made and sutured. At 28 days after surgery, wounds were
photographed with a digital camera and dermascope.

The macroscopic appearance of the wounds of the controls were
examined 28 days after wounds were made (Fig. 5a and b). In the
30x dermascope images, crust remained and epithelization pro-
gressed only to the center of wounds (Fig. 5c and d). In contrast,
wounds with MSCs had already healed very well, and epitheliza-
tion was almost complete (Fig. 6a and b). In dermascope images,
the skin texture was re-created and the wounds were difficult to
distinguish from the surrounding normal skin (Fig. 6¢ and d).

Based on the results described above, each wound was scored.
Fig. 7 shows the results of macroscopic assessment of the wounds
at 28 days post-surgery. The mean score of controls was 1.84 and
MSC-treated animals was 3.55. The MSC group had significantly
higher scores than the controls. These results show that wounds
transplanted with MSCs healed rapidly and appeared similar to
normal skin.

3.4. Histomorphologic evaluation of wounds

The samples were examined histologically after Masson tri-
chrome staining. In the control group, the wounds were wide and
collagen fibers were thin, compact, and disoriented (Fig. 8a). The
MSC-treatment group showed thicker and well-oriented collagen
architecture in the wounded site compared to the control (Fig. 8b).
There was no significant difference between the groups when the
rate ridges were examined.

Based on the pathological findings, we developed a histologic
assessment scale for all specimens. Fig. 9 shows the histologic
scales of the wounds 28 days after surgery. The mean score of the
controls was 6.31, and for the MSC-treated tissue, the mean score
was 3.75. The score of the MSC-treated wounds was significantly
lower, meaning that they were similar to normal tissue.

The elastic fibers in the samples were examined after Elastica
van Gieson staining, in which collagen fibers stain red and elastic
fibers are dark purple. The controls showed thin, compact, and
disoriented collagen fibers in the wound site (Fig. 10a). In the MSC-
treated tissue, collagen fibers were thicker, and well organized
(Fig. 10b). Higher-power images are shown in Fig. 6¢ and d. On the
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Fig. 10. Histology images by Elastica van Gieson staining of the wounds. Collagen fibers stain red and elastic fibers are dark purple. a. In the control group, collagen fibers are thin
and disoriented (Thickness of sections, 10 pm; magnification x100; scale bar = 200 um). b. The MSCs group showed well-oriented collagen architecture (Thickness of sections,
10 um; magnification x100; scale bar = 200 pm). c. Enlarged image of Fig. 6a. The right side of the dotted line is the area of the wound. In the control group, we hardly observed
elastic fibers in the control (Magnification x200; scale bar = 30 um). d. Enlarged image of Fig. 6b. The right side of the dotted line is the area of the wound. In the MSCs group, elastic

fibers (arrows) are obvious in wound sites (Magnification x x200; scale bar = 30 um).

right side of the dotted lines, the ranges of the wounds are shown.
We observed few elastic fibers in the control (Fig. 10c); but in
contrast, elastic fibers (pointed by arrows) are obvious in wound
sites of the tissue treated with MSCs (Fig. 10d), which resemble
normal skin.

Anti-vimentin staining was performed to evaluate the presence
of fibroblasts. Positive cells at the wound site were counted, and the
average of one visual field was determined and compared between
samples (Fig. 11). The mean number for the controls was 154.5, and
for the MSC-treated animals, 110.75. There was a significant dif-
ference between the control and the MSC-treated groups, and for
the treated animals, the number of fibroblasts was similar to
normal tissue.

Anti-aSMA antibody staining was also performed to evaluate
myofibroblasts. When positive cells at the wound sites were
counted, the mean value for the control tissue was 46, and for the

MSC treatment group, 30.5. There was no significant difference
between the control and the MSC groups. However, it was
considered that there were more total myofibroblasts in one wound
of the control than in the MSC-treated group, because the wound
area tended to be wider in the control group.

4. Discussion

Cutaneous scarring is a clinical burden in humans with serious
wounds. When human fetal surgery is performed, the wounds heal
without scarring, but the processes involved do not continue after
birth. Several methods for reducing scarring have been developed,
such as subcuticular sutures, radiotherapy, laser therapy, pressure
garments, and paper tape application, but have met with limited
success [13].
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Fig. 11. Histologic scale of anti-vimentin staining. Vimentin positive cells of the wounded site were counted. The mean number of the control was 154.5, and the MSCs was 110.75.
The number of fibroblasts of the MSCs was strongly similar to normal tissue (mean + SE, *p < 0.05, Mann—Whitney U test).

In vivo rodent models are often used for studying cutaneous
wound healing, because they are small, easy to handle, and rela-
tively inexpensive. In contrast, porcine models require careful
handling, but they have emerged as promising models to study
wound healing, with over 1500 publications on the pathophysi-
ology of various types of wounds in these animals. Similarities
between pig and human skin make pigs an appropriate model for
cutaneous wound healing. Like humans, they have a relatively thick
epidermis, distinct rate pegs, dermal papillae, and dense elastic
fibers in the dermis [14]. However, despite the similarities in
cutaneous wound healing between pigs and humans, there are
critical differences. The pig dermis and its hair follicles are less
vascular, and pig skin has only apocrine sweat glands, but whether
these facts are relevant in cutaneous wound healing was not
determined in this study. Our long-term goal is to reduce post-
surgical scarring after operations performed to correct congenital
diseases of childhood and after general cosmetic surgery. Therefore,
we used the pig as an experimental model to simulate human
wound healing after operation.

MSCs have been isolated from several types of animals such as
mouse, rat, rabbit, pig dog, goat, and man [15,16]. They exist in
almost all tissues and can be easily obtained from the bone marrow,
adipose tissue, and other tissues [17,18]. MSCs are known to secrete
growth factors and cytokines that have autocrine and paracrine
activities. MSCs produce VEGF, SCF-1, LIF, G-CSF, IL-1, -6, -7, -8, -11,
-14, and -15, and other growth factors and cytokines [19—21]. The
expression of these factors may be modulated through interactions
with other cell types [22,23]. MSC homing to sites of dermal injury
has been observed, particularly at the site of tail clipping wounds in
animal models [24,25]. MSCs were detected in the dermis and
dermal appendages of sheep and had fibroblastic features, indi-
cating possible participation in wound regeneration [25]. There-
fore, MSC treatment is expected as a possible therapy for
enhancement of the regenerative dermal wound microenviron-
ment by cell therapy [26].

We tried to mark a part of MSCs of pigs with 0.25% Dil (Mo-
lecular Probes, Inc., Eugene, OR) before injection, but we couldn't
detect the cells among harvested tissue. There are two possibilities
to explain this result. One is that the fluorescent dye; Dil was dis-
appeared 28 days after injection. The second is that transplanted
MSCs didn't survive, which might mean that MSCs enhance wound

healing by a paracrine effect. Likewise, Chen et al. have demon-
strated that MSCs can promote the proliferation, migration, and
collagen secretion of fibroblasts through a paracrine mechanism
[27]. Other recent studies have also demonstrated that stem cell
transplantation therapy promotes wound healing mainly through
in a paracrine manner [28—30].

The biological response to wounds is divided into two cate-
gories: regeneration and wound repair [6]. Regeneration involves
the gross replacement and restoration of adult tissue mass with
normal architecture and function. Generally, it has been observed
that the capacity for tissue regeneration in mammals is limited.
Wound repair involves the migration of fibroblasts, formation of
granulation tissue, and the deposition of collagen in a disorganized
fashion, with the formation of scar tissue. Appendages rarely return
and normal architecture and function are not fully restored. During
the process of wound repair, the formation of granulation tissues
provides a scaffold for the assembly of neighboring cells at wound
margins, contributing to wound closure. Fibroblasts are the major
cell type found in granulation tissue. They are present in the dermis
and proliferate rapidly and migrate to wound sites where they can
secrete Type I and III collagens and elastin, which are the central
components of the extracellular matrix [28,29]. MSCs are able to
promote the proliferation and activity of fibroblasts [27].

In the present study, at 28 days post-surgery, wounds trans-
planted with bone marrow-derived MSCs healed with very fine
scars, and collagen architectures were thick and similar to normal
dermis. Elastic fibers developed, and appearance of fibroblast was
similar to normal skin. This process appears to be similar to skin
regeneration.

It is important to note that there are limitations to the clinical
application of MSCs in humans. The procedures involved in har-
vesting MSCs from adult tissues are invasive, the proliferation and
differentiation capacities of MSCs are limited after several passages
in culture, and it takes a great deal of time to generate enough MSCs
for treatment.

5. Conclusions
In this study, wounds transplanted with MSCs healed with less

scarring as determined macroscopically, and the dermal structure
appeared as normal skin microscopically. We predict that MSC
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transplantation can contribute to skin regeneration in acute cuta-
neous wounds of pigs. Further research may show similar effects in
human post-surgical wounds.
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