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Prevention of Burn Wound Progression by Mesenchymal
Stem Cell Transplantation

Deeper Insights Into Underlying Mechanisms
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Emre Entok, MD,|| Fikriye Yasemin Özatik, MD,¶ Dilek Bahar, MSc,‡

Zehra Burcu Bakır, PhD,# and Ahmet Musmul, PhD**

Introduction: Burns are dynamic wounds that may present a progressive expan-
sion of necrosis into the initially viable zone of stasis. Therefore, salvage of this
zone is a major subject of focus in burn research. The beneficial effects of mesen-
chymal stem cells (MSCs) on the survival of the zone of stasis have been previously
documented. However, many gaps still exist in our knowledge regarding the under-
lying protective mechanisms. Hence, this study was designed to evaluate the path-
ophysiological basis of MSCs in the prevention of burn wound progression.
Methods: Wistar rats received thermal trauma on the back according to the “comb
burn” model. Animals were randomly divided into sham, control, and stem cell
groups with sacrifice and analysis at 72 hours after the burn. The stasis zones were
evaluated using histochemistry, immunohistochemistry, biochemistry, real-time poly-
merase chain reaction assay, and scintigraphy to evaluate the underlyingmechanisms.
Results:Gross evaluation of burn wounds revealed that vital tissue percentage of
the zone of stasiswas significantly higher in the stem cell group. Semiquantitative
grading of the histopathologic findings showed that MSCs alleviated burn-
induced histomorphological alterations in the zone of stasis. According to CC3a
staining and expression analysis of Bax (B-cell leukemia 2–associated X) and
Bcl-2 (B-cell leukemia 2) genes, MSCs attenuated increases in apoptosis postburn.
In addition, these transplants showed an immunomodulatory effect that involves
reduced neutrophilic infiltration, down-regulation of proinflammatory cytokines
(tumor necrosis factor α, interleukin 1β [IL-1β], and IL-6), and up-regulation of
the anti-inflammatory cytokine IL-10 in the zone of stasis. Burn-induced oxida-
tive stress was significantly relieved with MSCs, as shown by increased levels of
malondialdehyde, whereas the expression and activity of the antioxidant enzyme

superoxide dismutase were increased. Finally, MSC-treated interspaces had en-
hanced vascular density with higher expression levels for vascular endothelial
growth factor A, platelet-derived growth factor, fibroblast growth factor, and
transforming growth factor β. Gamma camera images documented better tissue
perfusion in animals treated with MSCs.
Conclusions: The protective effects of MSCs are mediated by the inhibition of
apoptosis through immunomodulatory, antioxidative, and angiogenic actions.

Key Words: angiogenesis, apoptosis, burn, mesenchymal stem cell,
oxidative stress, stasis zone

(Ann Plast Surg 2018;81: 715–724)

B urns are dynamic wounds that may present a progressive expansion
of necrosis into viable neighboring tissues. The initial pattern of

thermal injury is characterized by a central zone of irreversible tissue
damage surrounded by a potentially salvageable stasis zone.1 In face
of suboptimal treatment, the initially viable tissue in the stasis zone
may progress to coagulation necrosis through several mechanisms dur-
ing the first few days following the burn.2 This progression is clinically
relevant because it influences the extent and depth of a burn, which are
the key determinants of morbidity and mortality.3

Although both apoptosis and necrosis have been shown to con-
tribute to cell death during burn wound progression, several studies sug-
gested a prominent role of apoptosis.4,5 While necrotic cell death is
thought to be an unpreventable passive event that results from the direct
effects of the thermal trauma, apoptosis can be thought of as resulting
from preventable secondary damage from the burn.6 The pathophysiol-
ogy of burn-induced apoptosis involves highly complicated mecha-
nisms, and recent studies have shown that prolonged inflammatory
reaction, oxidative stress, and impaired tissue perfusion are central to
this event.7 Therefore, a logical strategy to save the stasis zone would
be to limit apoptosis by ameliorating these secondary sources of tissue
damage. From this point of view, mesenchymal stem cells (MSCs) are
an attractive choice because of their ability to differentiate, modulate
immune response, and provide trophic support.8

The beneficial effects of MSCs on wound healing were docu-
mented in many in vivo models and in reported clinical cases.9–22 In
these studies, MSCs were applied either directly into the burn site (zone
of coagulation) or systemically. All evaluationswere made in tissues ob-
tained from the burn area (zone of coagulation). Despite this large num-
ber of studies, only 2 studies evaluated the effects of MSCs on burn
wound progression and found that the implantation of these cells exerts
benefits for the survival of the stasis zone.23,24 However, many gaps still
exist in our knowledge regarding the protective mechanisms of MSCs
in the prevention of burn wound progression and local tissue effects.
Hence, we designed this study to evaluate the pathophysiological basis
ofMSCs in the prevention of burn wound progression. Considering that
main therapeutic effects of such cells are mediated by paracrine mech-
anisms,25 we focused on how these cells could limit burn wound pro-
gression rather than their transdifferentiation.
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METHODS

Ethical Consideration
This study received approval of the Ethical Committee for

Experimental Research on Animals. Housing and care of the animals
met the criteria outlined by the National Research Council.

Isolation and Culture of Rat Bone
Marrow–Derived MSCs

The rat was killed by overdose anesthesia and soaked in 75% al-
cohol for 1 minute. The bilateral femur and tibiawere aseptically excised
and washed by phosphate-buffered saline (PBS). After removing the
proximal and distal ends of the bones, 21-gauge needlewas used to flush
the bone marrow cavity with low-glucose Dulbecco modified eagle me-
dium, supplemented with 10% fetal bovine serum and 1% penicillin/
streptomycin. Cells were seeded into 25-cm2 culture flask containing
standard culture medium (low-glucose Dulbecco modified eagle me-
dium with 10% fetal bovine serum, 1% penicillin/streptomycin solution,
and 1% stable glutamine; Biological Industries, Kibbutz Beit Haemek,
Israel) at 37°C and 5% CO2. After 3 days of first culture, the medium
was refreshed and subsequently replaced twice a week. Bone marrow
stem cells were isolated on the basis of their adhesiveness to the culture
plates. After cells reached 85% to 90% confluent in culture, cells were
detached by 0.05% trypsin-EDTA solution for 4 minutes. The cells were
washed with PBS (Biological Industries) and replated at 1:4 ratio for
subculture. Mesenchymal stem cells from passage 3 were used.

Labeling of MSCs
Mesenchymal stem cells were transfected by the Neon transfec-

tion system (Invitrogen) at room temperature using one 1200-voltage,
20-millisecond pulse to express green fluorescence protein (GFP) be-
fore transplantation. Mesenchymal stem cell viability was measured
by trypan blue (Sigma T8154) under an invert microscope at the day
of transfection and 24 hours later.

Characterization of MSCs by Flow Cytometry
Immunophenotyping characterization of MSCs was performed

with antibodies against the CD11b, CD29, CD44, CD45, CD73,
CD90, and CD105 antigens. All antibodies were from BD Biosciences.
Flow cytometry was performed by using Navios (Beckman Coulter,
USA). The data were analyzed with Kaluza software (Beckman Coulter,
USA). More than 50% staining was regarded as positive.

Count and Viability Assay
Viable cells were detected by using dual fluorescent probes of

Muse Count & Viability Assay Kit (Merck Millipore, Germany) on a
flow cytometer (Muse EasyCyte; Merck Millipore).

Burn Injury Model
Burn wounds were created according to a previously described

contact thermal trauma model.26 In this model, a brass comb with 4
prongs separated by 3 notches is used to produce 4 burn sites (coagulation
zones) separated by 3 unburned interspaces (stasis zones). The comb was
preheated in boiling water for 5 minutes and then placed on the shaved
dorsal skin of each anesthetized animal and held for 30 seconds with
gravity alone. No postburn dressing was applied.

Experimental Design
Fifty adult male Wistar rats (300–325 g) were randomly divided

into 3 groups as follows:

(1) Stem cell group (n = 20): Thirty minutes after burn induction,
0.2 mL of PBS containing 1� 106 MSCs was uniformly injected
subcutaneously to each interspace.

(2) Control group (n = 20): Thirty minutes after burn induction,
0.2 mL of PBS was injected into the subcutaneous plane of
each interspace.

(3) Sham group (n = 10): The comb was placed in 25°C water and
applied on the back of each rat. Thereafter, 0.2 mL of PBS was
given subcutaneously to the corresponding areas of unburned skin.
Seventy-two hours after the burn, 10 rats were randomly selected

from the control and stem cell groups for scintigraphic evaluation. In
the remaining animals, gross examination of burn wounds was per-
formed. Thereafter, the exact areas of the 3 interspaces were biopsied.
One band of the interspace with 2 mm of burned skin on each side was
used for histological and immunohistochemical evaluations, whereas
the remaining 2 bands of interspace skin (without burn tissue) were
used for biochemical and genetic evaluations.

Gross Assessment of the Burn Wound
Seventy-two hours after the burn, the animals were reanes-

thetized, and the viable interspace areas were determined. To this end, a
template was drawn on each interspace, and the viable area was outlined.
The template was then scanned on a computer, and the survival area was
measured as a percentage of the total interspace using Adobe Photoshop
CS5 (Adobe Systems, Inc, San Jose, Calif ).

Scintigraphic Assessment
Scintigraphic evaluation was performed in 10 randomly selected

rats from the control and stem cell groups.27 Animals were injected with
3 mCi of technetium Tc 99m methoxyisobutylisonitrile through the
femoral vein. After 30 minutes, the dorsal wounded areas were excised
with 1-cm margins. The specimens were immediately put under a gamma
camera, and imageswere obtainedwith a pinhole collimator for 15minutes
with a 256 � 256 matrix.

Histological Analysis
Histological examination was performed on hematoxylin-eosin

(H&E)–stained sections using conventional microscopy. A systematic
examination of 20 random fields under 40� magnification was per-
formed in order to semiquantitatively score the following histological
variables (0, none; 1, mild; 2, moderate; 3, severe)28: epidermal desqua-
mation, collagen disorganization, fluid shift, leukocyte infiltration, and
damage to the skin appendages.

Immunohistochemical Analysis
Skin biopsies were probed with anti–cleaved caspase 3a antibod-

ies (CC3a; Thermo Scientific, Waltham, Mass) for evidence of apopto-
sis,29 anti–high mobility group box 1 antibodies (HMGB1; Thermo
Scientific) for evidence of necrosis,29 antimalondialdehyde antibodies
(Thermo Scientific) for evidence of oxidative stress, and anti-CD31 an-
tibodies (Thermo Scientific) to identify endothelial cells. All staining
procedures were performed according to the manufacturers' instruc-
tions. For each antibody, the number of stained cells was determined
at 40�magnification, and the mean value of 20 random fields per slide
for each animal was used.

Measurement of Tissue Malondialdehyde Level
Tissue malondialdehyde, as a marker of oxidative stress, was de-

termined in tissue homogenates of the skin by thiobarbituric acid reac-
tion. The principle of this technique is based on measuring absorbance
of the pink color produced by the interaction of thiobarbituric acid with
malondialdehyde at 532 nm.30

Measurement of Superoxide Dismutase Activity
Superoxide dismutase (SOD) enzyme activity was measured in

tissue homogenates of the skin based on a previously describedmethod.31
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This method is based on the principle that SOD neutralizes superoxide
anion radical produced by xanthine/xanthine oxidase system and subse-
quently blocks the reduction of water-soluble tetrazolium salt to water-
soluble tetrazolium salt formazan.

Measurement of Myeloperoxidase Activity
Activity of myeloperoxidase was determined in tissue homoge-

nates according to a previously described method.32 Following a series
of reactions with hexadecyltrimethylammonium bromide, H2O2 solu-
tion, and o-dianisidine, 1 unit of enzyme activity was defined as the
amount of myeloperoxidase that changes the absorbance measured at
460 nm for 3 minutes.

Real-Time Polymerase Chain Reaction Analysis
Real-time polymerase chain reaction (RT-PCR) assay was per-

formed in order to determine the mRNA expression levels of selected in-
flammatory cytokines (tumor necrosis factor α [TNF-α], interleukin 1β
[IL-1β], IL-6, and IL-10), angiogenic growth factors (vascular endothe-
lial growth factor A [VEGF-A], platelet-derived growth factor [PDGF],
basic fibroblast growth factor [FGF], and transforming growth factor β
[TGF-β]), antioxidant SOD, and apoptotic proteins (B-cell leukemia 2
[Bcl-2] and B-cell leukemia 2–associated X [Bax]) using Light Cycler
Fast Start DNA Master SYBR Green I Kit (Roche Diagnostics GmbH,
Mannheim, Germany). Housekeeping gene β-actin served as internal
control. Primer sequences of the target genes are shown in Table 1.

Collagen Assay Method
Hydroxyproline was chosen to determine the collagen content of

the tissues. Hydroxyproline was determined as previously described.33

For the assay, the tissuewas stored in phosphate buffer until homogeniza-
tion. Homogenizationwas performedwith a homogenizator for 1minute.
Aliquots of hydroxyproline standards (20–90 μg/mL) and the homoge-
nates were mixed gently with 2 N NaOH in a total volume of 100 μL.
The samples were hydrolyzed by autoclaving at 120°C for 20 minutes.
Then 900 μL of chloramine-Twas added to the samples, and the oxida-
tion was allowed to proceed for 25 minutes at room temperature. Finally,
a chromophore was developed by adding 1000 μL Ehrlich reagent and
incubating the samples at 65°C for 20 minutes. The absorbance of
reddish purple complex was measured at 550 nm using a Shimadzu
UV-1601 spectrophotometer (Kyoto, Japan). Absorbance values were
plotted against the concentration of standard hydroxyproline, and the
presence of hydroxyproline in unknown tissue extracts was deter-
mined from the standard curve. The collagen content of the tissues
was calculated from assuming that 12.5% of collagen is hydroxypro-
line. Results are expressed as g/100 g of tissue weight.

Statistical Analysis
Data analyses were performed using the Statistical Package for

the Social Sciences, version 21.0 (SPSS Inc, Chicago, Ill). Samples
with normal distribution were evaluated by independent-samples t test
and 1-way analysis of variance. Non–normally distributed variables were
compared across the groups by using Kruskal-Wallis 1-way analysis of
variance on ranks test. Tukey test was used for the multiple comparisons.
P < 0.05 was considered statistically significant.

RESULTS

MSCs Expressed Commonly Accepted MSC Markers
The flow cytometry analysis data indicated that the cells

expressed MSC markers such as CD29 (99.78%), CD44 (90.29%),
CD73 (99.31%), CD90 (99.48%), and CD105 (94.76%); and CD45
(1.87%) and CD11b (4%) (Fig. 1). Viability was quantified by flow

cytometer analysis after staining with count and viability kit before
application, and more than 90% live cells were detected.

Green Fluorescence Protein–Labeled MSCs Were Not
Identified in the Unburned Interspaces

Before and after transfection, viability results were figured out in
Table 2. Higher number of viable cells of GFP was found at 24 hours
than that on the day of transfection. The illumination of the expression
of GFP-transfected cells was observed under a fluorescence microscope
(Nikon Ti Eclipse) in culture conditions (Fig. 2). However, after 72 hours
of transplantation, the labeled cells were not found in any of the sectioned
skin specimens.

MSC Transplantation Reduced the Area of Necrosis in
the Zone of Stasis

Gross evaluation of burn wounds in animals of the control and
stem cell groups revealed more dramatic expansions from the burn sites
to the unburned interspaces in the control animals. The mean percentage

TABLE 1. Primers Used for RT-PCR Analysis

Gene Sequence

TNF-α
Forward CAGCAACTCCAGAACACCCT
Reverse GGAGGGAGATGTGTTGCCTC

IL-1β
Forward CACCTCTCAAGCAGAGCACAG
Reverse GGGTTCCATGGTGAAGTCAAC

IL-6
Forward TCCTACCCCAACTTCCAATGCTC
Reverse TTGGATGGTCTTGGTCCTTAGCC

IL-10
Forward TTGAACCACCCGGCATCTAC
Reverse TGGAGAGAGGTACAAACGAGGT

VEGF-A
Forward GTCACCGTCGACAGAACAGT
Reverse GACCCAAAGTGCTCCTCGAA

PDGF
Forward TTCTTGATCTGGCCCCCAT
Reverse TTGACGCTGCTGGTGTTACAG

Basic FGF
Forward AGCGGCTCTACTGCAAGAAC
Reverse GCCGTCCATCTTCCTTCATA

TGF-β
Forward AAGAAGTCACCCGCGTGCTA
Reverse TGTGTGATGTCTTTGGTTTTGTC

SOD
Forward GAGCATTCCATCATTGGCCG
Reverse GGCAATCCCAATCACACCAC

Bcl-2
Forward GGATGACTTCTCTCGTCGCT
Reverse GACATCTCCCTGTTGACGCT

Bax
Forward CAAGAAGCTGAGCGAGTGTCT
Reverse CCCCAGTTGAAGTTGCCGT

β-Actin
Forward ACAACCTTCTTGCAGCTCCTC
Reverse CTGACCCATACCCACCATCAC
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of the calculated living area by the paper template method in the stem cell
group (33.1% ± 7.58%) was significantly higher than that of the control
group (14.8% ± 6.36%) (P < 0.001).

MSC Transplantation Alleviated Burn-Induced
Histomorphological Alterations in the Zone of Stasis

Histological assessment of H&E-stained sections in the control
group documented obvious morphological alterations such as epidermal
injury, loose collagen matrix, profound edema, and extensive damage to
skin appendages. On the other hand, MSC transplantation markedly at-
tenuated these signs of injury (Fig. 3). Semiquantitative grading of the
histopathologic findings revealed significantly higher (P < 0.001) dam-
age scores in the control group (Fig. 3). There were no significant dif-
ferences (all P > 0.05) between the sham (0.0241 g/100 g), control
(0.0235 g/100 g), and stem cell (0.0232 g/100 g) groups with respect
to tissue collagen content.

MSC Transplantation Reduced Apoptotic But Not
Necrotic Cell Death in the Zone of Stasis

To evaluate the effects of MSCs on apoptosis, immunohisto-
chemical assessment using antibodies against CC3a was conducted.
Comparedwith the healthy tissues of the shamgroup, significant increases
(P < 0.001) in the number of apoptotic cells were observed in the burned
tissues of the control and stem cell groups. When both burn groups were
compared, the number apoptotic cells in the control group was signifi-
cantly higher (P < 0.001) than that in the stem cell group (Fig. 4).

Bax and Bcl-2 are 2 important regulator genes in the mitochon-
drial apoptotic pathway. While the product of Bcl-2 gene protects cells
from apoptosis, Bax is one of the most important proapoptotic pro-
teins.34,35 In the control group, the expression of the antiapoptotic
Bcl-2 did not show significant changes compared with the sham group
(P = 0.153). However, significantly up-regulated expression was no-
ticed in the stem cell group (P < 0.001). On the other hand, proapoptotic
Bax expression in the control group was significantly up-regulated
compared with the sham group (P < 0.001). This up-regulation was sig-
nificantly prevented (P < 0.001) in the stem cell group, maintaining the
level close to the sham values (Fig. 4).

As a marker of cell necrosis, we evaluated the translocation of
HMGB1 from the nucleus to the cytoplasm and extracellular space as
a signal of cell damage.29 Healthy tissues of the sham group showed
a strict normal nuclear localization of HMGB1, whereas burned tissues

of the control and stem cell groups revealed nuclear-to-cytoplasmic and
cytoplasmic-to-extracellular redistribution of HMGB1. Compared with
the healthy tissues of the sham group, significant increases (P < 0.01) in
the number of necrotic cells were observed in the burned tissues of the
control and stem cell groups. However, there was no significant differ-
ence (P = 0.087) between both burn groups with respect to necrotic cell
count (Fig. 5).

MSC Transplantation Alleviated Early Inflammatory
Response to Thermal Trauma

Examination of H&E-stained sections revealed that the number
of infiltrating neutrophils significantly increased (P < 0.001) after the
burn, and MSC transplantation significantly decreased (P < 0.001) this
elevation. Correspondingly, myeloperoxidase activity, indicative of tis-
sue neutrophil accumulation, was increased significantly (P < 0.001)
after the burn, and MSC transplantation prevented this alteration
(P < 0.001) (Fig. 6).

We then evaluated the expression of selected inflammatory cyto-
kines using RT-PCR. Compared with the baseline levels of the sham
group, the relative expression levels of the proinflammatory cytokines
TNF-α, IL-6, and IL-1β significantly increased (P < 0.001) in the con-
trol group. In addition, the expression of the anti-inflammatory cytokine
IL-10 significantly (P < 0.01) elevated. After MSC transplantation, the
relative expression levels of the aforementioned proinflammatory cyto-
kines displayed significant reductions (P < 0.001) in comparison with

FIGURE 1. Representative flow cytometry analysis of cell-surfacemarkers inMSCs at passage 3.Mesenchymal stem cells expressedMSC
markers including CD29, CD 44, CD73, CD90, and CD105, but negative for CD 11b/c and CD45.

TABLE 2. Rates of Viable MSCs Before and After Transfection

Rate of Viable MSCs

Before transfection 95.3%
After transfection Day of transfection 66.71%

24 h after transfection 87.48%

FIGURE 2. The illumination of the GFP-transfected cells was
observed under a fluorescence microscope in culture
conditions.
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the control group. Furthermore, the elevation of the anti-inflammatory
cytokine IL-10 became more significant (P < 0.001) (Fig. 6).

MSC Transplantation Relieved Burn-Induced Oxidative
Stress in the Zone of Stasis

Tissue malondialdehyde level, as a marker of oxidative stress,
was evaluated by thiobarbituric acid reaction. Compared with the healthy
tissues of the sham group, burned tissues obtained from control rats pre-
sented with elevated malondialdehyde levels (P < 0.001). On the other
hand, MSC transplantation significantly decreased (P < 0.001) this eleva-
tion. Correspondingly, immunohistochemical labeling of malondialdehyde
revealed higher number of stained cells in the control group in comparison
with the stem cell group (Fig. 7).

We then evaluated the local expression of antioxidant SOD using
RT-PCR. In comparison with baseline levels of the sham group, signif-
icantly decreased (P < 0.001) expression levels were detected in the
control group. However, MSC transplantation significantly decreased
(P < 0.001) this reduction. Correspondingly, we documented a signifi-
cant reduction (P < 0.001) in the activity of SOD after the burn, and
MSC transplantation significantly (P < 0.001) decreased this down-
regulation (Fig. 7).

MSC Transplantation Increased Capillary Density and
Enhanced Tissue Perfusion in the Zone of Stasis
Through the Expression of Various
Proangiogenic Factors

To investigate the effects MSCs on neovascularization, the capil-
laries that were counted on H&E-stained slices were confirmed by

CD31 immunostaining. The number of CD31-positive vessels in the
stem cell groupwas significantly (P < 0.001) higher than either the con-
trol or sham group (Fig. 8).

Scintigraphic evaluation gave information about the circulation
status of burn wounds. Visual examination of static images revealed that
the uptake of the radioactive marker by burn sites was too low in both
burn groups. However, it was difficult to map out the borders of the burn
areas in images of the control group. On the other hand, there were ob-
vious borders between the viable and necrotic areas in the images of the
stem cell group (Fig. 8). Moreover, quantitative assessment documented
that the average radioactivity uptake in the stem cell group was signifi-
cantly (P < 0.001) higher than that in the control group (Fig. 8).

We finally evaluated the expression of some candidate factors
that could mediate the obtained vasculotropic effects. Compared with
the baseline levels of the sham group, the relative expression levels of
the proangiogenic factors VEGF-A, PDGF, basic FGF, and TGF-β sig-
nificantly increased (P < 0.001) in control animals. After MSC trans-
plantation, the up-regulation of expressions became more significant
(P < 0.001) (Fig. 8).

DISCUSSION
In this study, we investigated the effects ofMSCs on burn wound

progression and found that MSC transplantation significantly reduced
the area of necrosis in the zone of stasis. This finding is in line with re-
sults from Öksüz et al23 and Singer et al,24 who both reported similar
beneficial results in similar models after MSC application. Although
the results of such animal studies cannot always be extrapolated
directly to humans,36 we think that they are predictive of human

FIGURE 3. Hematoxylin-eosin staining of burn wounds in the control and stem cell groups 72 hours after burn (above). Note the
following histological characteristics in the control group: marked epidermal injury, loose collagen matrix with profound interstitial
edema, and extensive damage in the hair follicles (above, left). On the other hand,MSC transplantationmarkedly attenuated these signs
of injury (above, right) (�40magnification). Scales = 100 μm. Semiquantitative assessment of burn-relatedmorphological alterations
in hematoxylin-eosin–stained sections (below). The sample sizewas n = 10 for each group. Data are presented asmean ± SD.✤P < 0.001
versus sham; ✢P < 0.001 versus control.

Annals of Plastic Surgery • Volume 81, Number 6, December 2018 Burn Wound and Mesenchymal Stem Cell Transplant

© 2018 Wolters Kluwer Health, Inc. All rights reserved. www.annalsplasticsurgery.com 719

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

http://www.annalsplasticsurgery.com


responses and suggestive of the protective potential of MSCs against
burn wound progression.

Further histological assessment revealed that MSC application
effectively ameliorated the histopathologic changes associated with
burn wound progression. The main observed histopathologic improve-
ments were significant decreases in tissue edema, contributing to better
tissue perfusion; less damage to adnexal structures that act as a reservoir
of keratinocytes and stem cells, resulting in better epidermal prolifera-
tion; and longer microscopic length of survived epidermis, indicating
limited expansion of burn injury.

Despite the aforementioned beneficial results after MSC trans-
plantation, GFP-labeled cells could not be detected in any of the sec-
tioned skin specimens. This is because evaluations occurred at a time
point at which it is highly unlikely that MSCs would integrate into the
tissue, differentiate, and replace damaged cells. This finding is in line
with the notion that the ability of such cells to modify the tissue micro-
environment through trophic support contributes more significantly
than their capacity for differentiation in affecting tissue repair.25 In par-
ticular, exosomes have been shown to play a dominant role in paracrine
mechanisms.37–39 Although the exact nature of these paracrine factors

FIGURE 4. Evaluation of apoptosis in the zone of stasis using immunohistochemical labeling of caspase-3 (above). Higher numbers of
apoptotic cells were observed in the control group (above, left) in comparison with the stem cell group (above, right) (�40
magnification). Scales = 100 μm. Quantitative assessment of apoptotic cell death (below, left) and apoptosis-related gene expression
levels (below, right). The sample size was n = 10 for each group. Data are presented as mean ± SD. ✤P < 0.001 versus sham;
✢P < 0.001 versus control.

FIGURE 5. Evaluation of necrotic cell death in the zone of stasis using immunohistochemical labeling of HMGB1 (left). HMGB1 was
positively stained in the nuclear (★), cytoplasmic (✪), and extracellular (✩) compartments in tissues obtained from the stem cell group
(�40magnification). Scale = 100 μm.Quantitative assessment of necrotic cell death (right). The sample size was n = 10 for each group.
Data are presented as mean ± SD. ✤P < 0.01 versus sham.
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remains to be elucidated in further studies, evaluation of local tissue ef-
fects around the injected cells gave us information about the local tissue
effects and potential mechanisms of action. We documented that the
protective effects ofMSCswere mediated by the inhibition of apoptosis
through immunomodulatory, antioxidative, and angiogenic actions.

Assuming that apoptosis in the zone of stasis is causally linked
to the progression of burn wounds,7 we examined apoptotic cell death
immunohistochemically and observed that MSC transplantation sub-
stantially ameliorated burn-induced apoptosis in the zone of stasis.
Moreover, genetic evaluation revealed that MSCs prevented the up-
regulation of proapoptotic Bax, while further up-regulating the expres-
sion of antiapoptotic Bcl2. Taken together, these findings suggest that
MSCs prevented burn progression by decreasing the susceptibility of
cells to apoptosis through an improved balance between antiapoptotic
and proapoptotic proteins.

To better understand the cellular events behind the protective
effects of MSCs, the contribution of necrosis to cell death in the zone
of stasis was evaluated using antibodies against HMGB1. Nuclear-to-
cytoplasmic and cytoplasmic-to-extracellular redistribution of HMGB1
was evident in the unburned interspaces of both burn groups, indicating
that necrosis is prominent mechanism of cell death during burn injury
progression.29 However, the number of necrotic cells did not differ be-
tween both groups. This could be associated with the fact that necrosis
in the stasis zone is a passive and unpreventable event that results from
the direct effects of the burn.40

While inflammation is an integral component of wound healing, a
prolonged inflammatory reaction may limit the rate and quality of wound
healing.41 The overabundance of leukocytes, especially neutrophils, is
assumed to result in burn wound progression by the overproduction
of cytotoxic inflammatory mediators, plugging the microvasculature,
and generation of reactive radicals.42,43 In this study, we documented that
MSC transplantation reduced neutrophilic infiltration into the stasis zone,
as evidenced by significant reductions in tissue neutrophil count and
myeloperoxidase activity. It is thus possible that a reduced inflammatory
response may have contributed to the protective effects of MSCs by reduc-
ing cytotoxicity, relieving oxidative stress, and preserving vascular patency.

Considering that inflammation is controlled by the balance be-
tween proinflammatory and anti-inflammatory factors in a complex cy-
tokine network,44 we assessed local changes in the expression levels of
various inflammatory cytokines. In agreement with previous reports,45

we found that thermal trauma significantly up-regulated the expression
of the proinflammatory cytokines TNF-α, IL-1β, and IL-6 in the stasis
zone, and the anti-inflammatory cytokine IL-10 also displayed a corre-
sponding elevation. The activation of such proinflammatory mediators
has been implicated as a potential mechanism in many systems as an
inductor of apoptosis.46 On the other hand, MSC transplantation down-
regulated the expression of TNF-α, IL-1β, and IL-6 while further elevat-
ing IL-10. Taken together, these finding suggest thatMSC transplantation
ameliorates burn wound progression through an immunomodulatory ef-
fect that involves the reduced neutrophilic infiltration, down-regulation

FIGURE 6. Quantitative analyses of infiltrating neutrophils (above left), myeloperoxidase activity (above, right), and inflammatory
cytokine expression levels (below). The sample size was n = 10 for each group. Data are presented as mean ± SD. ✤P < 0.001 versus
sham; ✢P < 0.001 versus control; ✮P < 0.01 versus sham.

Annals of Plastic Surgery • Volume 81, Number 6, December 2018 Burn Wound and Mesenchymal Stem Cell Transplant

© 2018 Wolters Kluwer Health, Inc. All rights reserved. www.annalsplasticsurgery.com 721

Copyright © 2018 Wolters Kluwer Health, Inc. All rights reserved.

http://www.annalsplasticsurgery.com


of proinflammatory cytokines, and up-regulation of anti-inflammatory
cytokines in the local tissue.

The contribution of oxidative stress on progressive tissue de-
struction in the stasis zone has been extensively recognized.47 In the set-
ting of acute burns, the overproduction of reactive oxygen species
results in tissue injury by peroxidation of membrane lipids, degradation
of proteins, and damage of nucleic acids.48 In this study, oxidative stress
significantly increased after the burn, as shown by increased levels of
malondialdehyde. However, MSCs relieved burn-induced oxidative
stress in the zone of stasis, which could be associated with the reduced
inflammatory response.

While thermal trauma up-regulates free radical production, this
type of injury also impairs antioxidant defense mechanisms, rendering
burned tissue more susceptible to oxidative injury.43 In agreement with
previous reports,45,49 we documented significant reductions in the ex-
pression and activity of the antioxidant SOD after the burn. This could
be associated with the fact that severe levels of oxidative stress may
overwhelm antioxidant defense machinery.50 On the other hand, MSC
transplantation significantly reversed burn-induced down-regulation
of antioxidant SOD, indicating that MSCs attenuate oxidative stress
by the stimulation of endogenous antioxidant enzymes.

Another key factor in the progression of tissue destruction is the im-
paired blood flow in the stasis zone.7 In addition to the direct induction of
apoptosis and necrosis, impaired blood flow in the deep dermal vascular
plexus further compromises the viability of the keratinocytes in the adnexal
structures, leading to delayed wound healing.51 Diminished microcircula-
tion in this partially burned tissue is thought to result from a combination
of factors including vasoconstriction, tissue edema, microthrombus
formation, neutrophil plugging, and free radical–mediated endothelial

injury.52 In the current study, we showed that MSC-treated interspaces
had enhanced vascular density, with scintigraphic evaluation confirm-
ing the maintenance and restoration of blood supply. Besides the direct
induction neoangiogenesis, the decreased number of CC3a-positive en-
dothelial cells in the stem cell group further supports the idea that
MSCs may protect endothelial cells against apoptosis, thereby main-
taining their critical functions in the regulation of microvascular blood
flow, coagulation, and neutrophil adhesion.

Because we excluded significant engraftment of MSCs into the
vasculature, our findings indicate that the obtained proangiogenic ef-
fects are mediated mainly by paracrine mechanisms. While the exact
underlying mechanisms remain to be determined in further experi-
ments, we evaluated some candidate factors that are known to mediate
vasculotropic effects. Higher expression levels for VEGF, PDGF, FGF,
and TGF in the stem cell group indicate this mix of factors collectively
mediates, at least in part, the vasculotropic properties of MSCs. Charac-
terization of these mediators may lead to the possibility of replacing
stem cell–based therapies with soluble factor–based therapies.

The main limitation of the current study is that all assessments
were made only at 72 hours after the injury. This timing was chosen in
order to investigate the early changes in necrotic and apoptotic cell deaths,
inflammatory cell infiltration, oxidative stress, and new vessel formation.
However, long-term studies are required to assess long-term results and
the reliability of our short-term assessments in predicting them.

CONCLUSIONS
Our data suggest that MSC transplantation into the stasis zone

significantly reduced burn wound progression. Although this result is

FIGURE 7. Evaluation of oxidative stress in the zone of stasis after the burn using immunohistochemical labeling of malondialdehyde
(above). Note higher number of stained cells in the control group (above, left) in comparison with the stem cell group (above, right)
(�40 magnification). Scales = 100 μm. Quantitative assessment of malondialdehyde levels (below, left), SOD gene expression levels
(below, center), and SOD activity (below, right). The sample size was n = 10 for each group. Data are presented as mean ± SD.
✤P < 0.001 versus sham; ✢P < 0.001 versus control.
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consistent with the results of previous research, new important findings
regarding the underlyingmechanismswere obtained. The protective effects
of MSCs were mediated by the inhibition of apoptosis through immuno-
modulatory, antioxidative, and angiogenic actions. However, important

questions remain to be answered before clinical translation: what is the bet-
ter source of MSCs? What is the optimal dose of MSC transplantation?
What is the best route of MSC administration? Do MSCs integrate into
the tissue to replace damaged cells during longer follow-up periods?

FIGURE 8. Evaluation of microvascular density in the zone of stasis after MSC transplantation using immunohistochemical labeling of
CD31 (above, left). Note enhanced microvascular density (�40 magnification). Scale = 100 μm. Quantitative assessment of vascular
density (above, right). Representative scintigraphic images of the stem cell and control groups (center, left). Note the obvious borders
between the viable and necrotic areas in the image of the stem cell group. Quantitative assessment of scintigraphic uptake (center,
right) and angiogenic cytokine expression levels (below). The sample size was n = 10 for each group. Data are presented as mean ± SD.
✤P < 0.001 versus sham; ✢P < 0.001 versus control.
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