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Abstract

Background: The burn wound is one of the health problems in the world that affects physical and mental health. Today, adipose-
derived mesenchymal stem cells (ADSCs) have received medical attention for their accessibility and the ability to reproduce and
repair. The present study was designed to investigate the effect of ADSCs on burn wound healing.

Methods: The present experimental study was performed on 36 male Wistar rats divided into 1 comtrol group and 3 experimental
groups. The second-degree burns with a radius of 10 mm were induced after anesthesia. ADSCs and Dulbecco's Modified Eagle
Medium (DMEM) were injected into the dermis around the burn area in the ADSCs and DMEM groups, respectively. Silver
sulfadiazine (SSD) ointment was applied topically once daily as the SSD group. The control group did not receive any treatment. The
rats were evaluated for 21 days. Wound healing rate, histopathological parameters, and the number of fibroblasts were evaluated by the
immunofluorescence technique and vascular endothelial growth factor and transforming growth factor f (TGF-) gene expression by
reverse transcription-polymerase chain reaction. The results were entered into SPSS software (SPSS Inc) and analyzed with 1-way
analysis of variance and repeated measures analysis.

Results: The number of fibroblasts, the number of vessels, TGF-$, and VEGF gene expression in the burn area were significantly
higher in the ADSCs group than in the SSD, DMEM, and control groups. The results also showed that the amount of inflammation
was significantly lower in the ADSCs group compared with the control group (p<0.001). Moreover, the percentage of wound recovery
was significantly higher in the ADSCs group compared with other groups (p<0.001).

Conclusion: ADSCs accelerate and improve burn wound healing by affecting fibroblasts, keratinocytes, and inflammatory cells as
well as increasing the expression of the TGF-f and VEGF genes, and thus increase in angiogenesis.
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Introduction

Burns is one of the challenges of the international com-
munity that has a great impact on the mental and physical
health of people. Reducing burn treatment time to prevent
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infections and increase the quality o f repair is highly im-
portant (1). Burn repair is a dynamic process that includes
4 stages: bleeding (open or closed), inflammation, prolif-

1tWhat is “already known” in this topic:

Mesenchymal stem cells are useful in the treatment of many
wounds because of their high potential in cell division and
differentiation.

—What this article adds:

Adipose-derived  mesenchymal stem cells accelerate

angiogenesis, stimulate cells, and reduce

inflammation, which lead to faster and better-quality wound
recovery.

regenerative
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eration and angiogenesis, and the regeneration and rear-
rangement of the skin surface (2). The wound healing pro-
cess is performed by the interaction between skin cells,
inflammatory cells, and cytokines. With positive interven-
tions in each phase of wound healing, better quality heal-
ing, and a lower risk of infection can be achieved (2).

Silver sulfadiazine ointment is a topical and standard
medicine for the treatment of burns in the world. Despite
the many benefits, the release of high amounts of silver as
a result of the use of silver sulfadiazine ointment can lead
to silver poisoning and liver and kidney toxicities (3). Sil-
ver sulfadiazine can cause permanent discoloration of the
skin and a reduction in lymphocyte counts (4, 5). Consid-
ering the shortcomings of existing therapies, various new
remedies are emerging; the use of stem cells in wound
healing is one of them (6).

Mesenchymal stem cells used in wound areas can help
accelerate the wound healing process by secreting para-
crine and affecting cells involved in the healing (7).

Mesenchymal stem cells can be collected from various
sources, such as embryonic tissue, adipose tissue, and
bone marrow. Adipose tissue has become the focus of
considerable attention in wound healing and regenerative
tissue engineering because of its convenient material ac-
quisition and easy access, low damage, availability in
large quantities, and abundant sources. Cells must be cul-
tured in vitro to be proliferated under the appropriate con-
ditions until they occupy all of the available substrates. In
this regard, Dulbecco's Modified Eagle Medium
(DMEM), which is rich in amino acids, vitamins, and
nutrients provides a suitable environment for culturing the
extracted ADSCs (8).

Stem cells can help speed up the ischemic wounds heal-
ing process by secreting cytokines, such as vascular endo-
thelial growth factor (VEGF). In stem-cell therapy, the
amount of VEGF is increased. Consequently, angiogene-
sis and tissue repair are performed to a greater extent and
with better quality (9). Research has indicated that mesen-
chymal stem cells accelerate wound healing by affecting
the migration of keratinocytes as well as matrix-forming
fibroblasts (10, 11).

Studies have also shown that mesenchymal stem cells
can affect the rate of inflammation in the healing process
by affecting the secretion of specific types of cytokines
and inflammatory cells (6, 12). Moreover, the effect of
mesenchymal stem cells on the expression of genes,
growth, and healing factors, including TGF-B, has been
observed in a few studies evaluating the wound healing
process (7).

So far, many genes, including TGF-B, have been dis-
covered to be effective in wound healing. Studies con-
ducted on cell pathway analysis in the field of wound
healing has shown that an increase in TGF- gene expres-
sion would ameliorate wound repairing by various mecha-
nisms, including increasing fibroblast mitosis, angiogene-
sis, and myofibroblasts differentiation (13).

It has been proved that in the wound healing process,
stem cells in the hair follicles and the basal layer divide
and participate in healing, but the process of regeneration
and division is slow and takes a long time to heal (14). To
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speed up the process of regenmeration and division, more
stem cells should be injected into the wound area.

Because of the advantages of the mesenchymal stem
cells in the process of wound healing, we decided to eval-
uate the effects of locally administrated adipose-derived
mesenchymal stem cells (ADSCs) on histopathological
parameters in all phases of burn repair. Therefore, this
study was performed to investigate the effect of ADSCs
on the healing process of second-degree burn wounds in
an animal model.

Methods

Animals

36 adult male Wistar rats, weighing 200- 250 g and
aged 3 months old, were used in the study and randomly
divided into 4 groups. Rats were purchased from Pastor
Institute (Karaj, Iran). Rats were housed individually in
separate cages, under a 12-hour light/dark cycle, the tem-
perature of the animal room was set to 25 °C to 30 °C and
humidity (55 V 5%), with ad libitum access to food and
water. The study protocols were in compliance with the
Ethical Committee of Tehran University of Medical Sci-
ences (IR.TUMS.MEDICINE.REC.1399.609) and were
according to the ‘‘Principles of Laboratory Animal Care”’
NIH publication 82-23, revised in 1985 and further im-
proved in 1996.

Isolation and Culture of ADSCs

The ADSCs were harvested from the subcutaneous area
of the rat abdomen and exposed to collagenase type 1
(collagenase SCR-Merck KGaA) at 37 °C in an incubator
shaker for 1 hour to take out extra tissues. The solution of
ADSCs was centrifuged at 3,500 rpm for 45 minutes. The
stem cells were then placed in flasks containing DMEM
medium (GIBCO), 15% FBS, 100 pug/mL streptomycin
(Sina Darou), and 100 IU/mL penicillin (Sina Darou) and
were incubated (37 °C and 5% CO,) for 24 hours. After-
ward, the cells were washed with phosphate-buffered sa-
line, placed in a pure DMEM medium (GIBCO), and in-
cubated under standard conditions (15, 16).

The surface markers of cells were examined by conju-
gated antibodies of markers and the flow cytometry meth-
od to find the cells for CD34 and CD90 for injection after
third passages and at a confluency of 80%.

Labeling of Stem Cells and Injection

Adipose-derived stem cells at passage 3 were labeled by
lipophilic Dil stain (1,1"-Dioctadecyl-3,3,3",3'-
tetramethylindocarbocyanine  perchlorate,  Molecular
Probes). The stem cells were stained with a concentration
of 1 mg/uL in 0.2 mL lipophilic Dil/DMEM(GIBCO) and
incubated (5 min: 37 °C and 15 min: 4 °C, respectively).

On the day of surgery, 10° stem cells were divided into
4 sections and injected intradermally into the area around
the burn with a 31 gauge syringe (17). On the last day of
study, tissue samples were collected from the healing are-
as and investigated for the presence of labeled stem cells
with a fluorescent microscope (CX31-OLYMPUS, Japan).
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Burn Wound Model

On day zero, rats were anesthetized by injecting keta-
mine hydrochloride (Ketalar; Gedeon Richter) at a dose of
50 mg/kg, diazepam (Valium; Chemidarou, Iran) at a dose
of 4.5 mg/kg, and pentazocine (Pentazocine; Toliddaru) at
a dose of 0.4 mg/kg. Then, the hairs on the back of the
animal's neck were removed and the skin of that area was
disinfected with povidone-iodine (Betadine; Chemidarou,
Iran) (18). To create a second-degree burn wound on the
anesthetized rats, based on previous research (19), an
aluminum piece with a radius of 10 mm (314 mm?) heated
at 100 °C for 30 seconds was immediately placed on the
back of the animal's neck for 10 seconds without any pres-
sure (19). The development of second-degree burn was
confirmed by the pathology team.

Experimental Groups

Animals were classified into 4 main groups: control,
ADSCs, DMEM, and SSD groups (Table 1). The control
Group: 9 healthy rats with no treatment were separated to
be used as a reference group. ADSCs group: four areas
around the wound were injected intradermally once with
ADSC:s in this group. The DMEM group: rats were intra-
dermally injected with 100 uL. DMEM once in 4 areas
around the wound. SSD: The top of the ulcer was treated
once daily with 1% silver sulfadiazine cream. Each group
was divided into 3 subgroups (days 7, 14, and 21) with 3
rats in each subgroup. It should also be mentioned that
DMEM and ADSCs were intradermally injected around
the burn wound on day 0.

Rate of Wound Closure

To measure wound closure on days 4, 7, 10, 14, 17, and
21 photos were taken; the burn wound area was measured
using Image J software. Also, the wound closure rate was
calculated with the following formula (20).

Wound closure percentage (%)
_ (Wound area on day 0) — (Wound area on day x)

[Wound area on day 0]
X 100.

X is the wound surface measured on the given day.

Histopathological Examination

At the end of each of the study periods on days 7, 14,
and 21 the rats of the respective subgroup were sacrificed
by inhaling CO, gas. Then, a sample of wound bed with
epidermis and dermis and adjacent healthy skin was pre-
pared and placed in 10% neutral buffered formalin, dehy-
drated with ethanol, and cleaned with xylol; after covering
with paraffin, they were cut into 5 um thick pieces. Final-
ly, hematoxylin-eosin and Masson trichrome staining were
performed. Tissue samples were examined using an opti-
cal microscope (CX31-OLYMPUS) and ImagelJ software.
Inflammation was measured by counting inflammatory
cells, including neutrophils and macrophages. Further-
more, to obtain the number of blood vessels, 3 areas of
each tissue piece were evaluated and the number of blood
vessels was counted. The rate of collagen deposition was

Table 1. The Classification of Studied Animals

Main Number Interventions

Groups

1 9 rats 105(ADSCs) in 100 pl of DMEM

2 9 rats 100 pl of DMEM

3 9 rats 1% silver sulfadiazine cream once a day
Control 9 rats No treatment

Table 2. The histological Scoring for Collagen Deposition Based on
Abramov's Histological Scoring System (21)

Parameter Score
0 1 2 3
Collagen deposition ~ None  Scant Moderate Abundant

measured according to Abramov's histological scoring
system (21) (Table 2).

Reverse Transcription Polymerase Chain Reaction (RT-
PCR) for Transforming Growth Factor 8 (TGF-8) and
VEGF

We evaluated TGF-B3 and VEGF gene expression using
the RT-PCR technique. On days 7 and 14, tissue samples
were isolated and Ribonucleic acid (RNA) was extracted
using RNX Plus Solution (Cinnagen). After a quantitative
measurement and a qualitative analysis of the RNA, the
complementary deoxyribonucleic acid was synthesized
using the PreMixkit kit (Bioneer). Sequences of TGF-§
forward and reverse primers were 5-AGGAGACGGA
ATACAGGGCT-3" and  5-GGATCCACTTCCAACCC
AGG-3, respectively. Sequences of VEGF forward and
reverse primers were 5-TACCTCCACCATGCCA AGT-3
and 5-TGCATTCACATTTGTTGTGC-3, respectively.
The PCR program consisted of 30 cycles for the following
program: First, denaturation was performed at 94 °C for 3
minutes, secondary denaturation at 94 °C for 1 minute,
annealing at 57 °C for 1 minute, elongation at 72 °C for 1
minute, and final elongation at 72 °C for 10 minutes.
Moreover, 1% agarose gel was used to detect bands asso-
ciated with the PCR products at 150 volts for 25 minutes.
The agarose gel was stained with ethidium bromide. Gel
Doc (UVITEC) imaging was used to observe and interpret
resultant bands (18, 9).

Immunofluorescence Technique

Immunofluorescent staining with a specific marker of
Vimentin was used to determine the number of fibroblasts.
The formalin pigment was removed by exposing the fixed
samples to 10% ammonium in 95% ethanol for 10
minutes. To inhibit intracellular peroxidase activity, sec-
tions were treated with oxygenated water (DCytomation,
Denmark). To identify bound antibodies, sections were
further incubated at room temperature with mouse antivi-
mentin antibody (ab8978, dilution 1:00) as the primary
antibody for 120 minutes and the goat anti-mouse anti-
body (ab150113, dilution 1:150) as the secondary anti-
body for 30 minutes. Cells were finally stained using the
4',6-diamidino-2-phenylindole and allowed to stand for 20
minutes in a dark condition. Finally, morphological
changes (the percentage of vimentin markers) were
viewed using fluorescence microscopy (Olympus BX61)
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and ImagelJ software (22).

Statistical Analysis

Data are reported as means + standard deviation. Statis-
tical evaluation was done by 1-way analysis of variance
using SPSS 24 (Chicago). For all tests, P<0.05 were con-
sidered as statistically significant. Bar charts were created
for the rate of collagen deposition, VEGF, and TGF-
B gene expression, and frequency of vimentin marker of
fibroblasts. A line chart was created for demonstrating the
percentage of wound closure using GraphPad Prism.

Results

Wound Closure

The percentage of wound closure in all groups is shown
in Figure 1. The percentage of wound closure increased in
all groups from the 4th day. The stem cells which are
evaluated by surface markers (CD34 and CD90) and ob-
served at the wound site on day 21 (Fig. 2), provided the
most wound surface coverage in ADSCs group. The
wound closure rate in the ADSCs group was highest on
the 21 day comparing with other groups (97% vs 93% in
SSD, 88% in DMEM and 87% in the control group;
p<0.001). The results also showed that there was no sig-
nificant difference between DMEM and control groups
(p>0.05).

Histopathological Examinations

Figure 3 illustrates macroscopic and microscopic view
of the wound surface of control and ADSCs groups on
days 7, 14, and 21. The rate of collagen deposition on day
21 is ranked according to the histological scoring system
(Table 2 and Fig. 4). The highest amount of collagen be-
longs to the ADSCs group (score: 2.7). Besides, there was
a significant difference between the ADSCs and control
group on days 14 and 21 (p=0.043 and p=0.007, respec-
tively).

The highest number of inflammatory cells belonged to
the control group in all examined phases (Table 3), while
the lowest number of inflammatory cells was observed in
the ADSCs group on days 7, 14 (25.5 + 0.57, 18 = 0.81;
mean = SD; p<0.001 compared with control and DMEM,;
p=0.019 compared with SSD). The results indicated that
the rate of angiogenesis peaked in all groups on day 14
and then decreased (Table 3). The greatest rate of angio-
genesis was observed in the ADSCs group on days 7, 14,
and 21, which was statistically significant compared with
the control group.

Investigation of TGF- 8 and VEGF Genes Expression

As shown in Figure 5, the TGF- B gene expression in all
groups was higher on day 14 than on day 7. The VEGF
gene expression was higher on day 14 than on day 7 in
ADSCs and SSD groups, conversely, and it was lower on
day 14 than day 7 in DMEM and control groups. TGF- 3
gene expression was highest in the ADSCs group evaluat-
ed on days 7 and 14 (p<0.001 compared with other
groups). Also, VEGF gene expression was highest in the
ADSCs group (p< 0.001 compared with other groups).
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Fig. 1. Percentage of wound closure on days 4, 7,10, 14,17, and 21
post burns. There is significant difference between the control and
the ADSCs is indicated as * P < .05. (1-way analysis of variance;
values are presented as mean + SD.)
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Fig. 2. A. Image of adipose stem cells at the third passage of cul-
ture (scale bar = 100 pm). B, C. Representative flow cytometry
analysis of surface markers of ADSCs (CD34 and CD90). D. Fluo-
rescence microscopy showed Dil-labelled, red ADSCs on day 21,
Nuclei were stained with DAPI, blue. (magnification 400% ,scale
bar = 100 pm)

Immunofluorescence Evaluation of Fibroblasts

The immunofluorescence examinations revealed that the
percentage of fibroblasts in the ADSCs group was signifi-
cantly higher than other groups on day 14 (p<0.001). The
second highest number of fibroblasts were observed in the
SSD group (on day 7: compared with control and DMEM,;
p<0.001; on day 14: compared with other groups;
p<0.001) and the lowest number of fibroblasts were ob-
served in the control group (compared with other groups;
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On day 14 On day 21

Control

On day 21
(Masson's trichrome staining)

ADSCs

Fig. 3. Macroscopic and microscopic view; Hematoxylin-Eosin staining and Masson's trichrome staining of burn wounds in
the control and ADSCs groups: E, epidermis; S, scar. D, dermis, C, collagen. On day 21 complete epithelialization, consid-
erable collagen fibers, as well as granulation tissue are observed in the ADSCs group. (x10 scale bar = 100 pm).
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Fig. 4. Rate of collagen deposition in experimental groups based on the histological scoring system. (1-way analysis of vari-

ance; values are presented as mean = SEM vs control group [*P <.05])

p<.001) (Figs. 6 and 7).

Discussion

Burn wound healing is a dynamic process with the co-
operation of cells and various factors (1). By interfering in
this process, the speed and quality of therapy can be ad-
justed. In this study, the efficacy of ADSCs injection in
burn wound healing was evaluated. According to our find-
ings, burn wound treatment with ADSCs increases TGF-§
and VEGF gene expression, the number of fibroblasts, the

number of blood vessels, collagen deposition, and de-
creases inflammation. In our study, ADSCs treatment in
rats promoted wound healing by leading to an integrated
epidermis and a mature dermis, which made it preferable
to conventional treatment with silver sulfadiazine cream.
In one study, the wound healing rate was measured after
injecting ADSCs locally into the dermal area of both
groups of healthy rats and diabetic rats. They reported that
labeled ADSCs were not only observed in the dermis but
also the epidermis, indicating the ability of these cells to
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Table 3. Histopathological evaluation of the number of blood vessels and inflammatory cells on days 7, 14, and 21 (1-way ANOVA, mean + SD,

multiple comparisons with control group; *P <0.05)

Control DMEM SSD ADSCs

The number of blood vessels on day 7 7.25+0.5 *10+£0.816 *10.5+£0.577 *13.5+1
The number of blood vessels on day14 12.75+0.957 14+1.411 *17+0 *18.5+0.577
The number of blood vessels on day 21 3.25+0.5 *5.5+0.577 *7.75+0.5 *8.75+0.5
The number of inflammatory cells on day7 40.5+0.57 *37.5+0.57 *30.25+0.5 *25.5+¢0.57
The number of inflammatory cells on day 14 30.5+0.57 *27.7540.5 *19.75+0.95 *18+0.81
The number of inflammatory cells on day21 21.75+¢1.5 21.754¢1.5 *17+1.414 *14.7540.5
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Fig. 5. A. The VEGF gene expression on days 7 and 14. On days 7 and 14, the ADSCs group had a positive effect on VEGF gene expression com-
pared with the control group. B. The TGF-B gene expression in experimental groups on days 7 and 14. The ADSCs group has significantly in-
creased the expression of TGF-B. C.: PCR bands of the expression of the TGF-f, VEGF, and Gapdh genes. (1-way analysis of variance; values are

presented as mean = SEM vs control group [*P <0.05])

differentiate into various cells during wound healing and
having a positive effect on the healing of diabetic lesions
(23).

The paracrine effects of mesenchymal stem cells on
keratinocytes and fibroblasts, known as repair cells, was
examined by Lee et al. They investigated the extent of
repair and increase in keratinocyte and fibroblasts after
exposure to ADSCs. The results showed that the proximi-
ty of mesenchymal stem cells increased the fibroblasts and
covering keratinocytes leading to overall healing im-
provement. The study also showed that the expression of
alpha 1 procollagen gene (COL1A1), one of the most im-
portant collagen protein building chains, was significantly
higher in ADSCs treated group (7).

Wang et al examined the effect of ASC-Exosomes on
the wound healing process of diabetic models. The results
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showed that in the final stages of repair, the amount of
collagen in the ASC-Exosomes group was significantly
higher than in the control group. It turned out that the la-
beled exosomes enter the fibroblasts to help increase their
proliferation (24).

In another study, Smith et al discovered that paracrine
effects of stem cells cause the collection of fibroblasts to
the repair area, increase the proliferation of fibroblast,s
and the expression of its fundamental proteins, thus con-
tributing to the wound healing process. Furthermore, it
was found that stem cells give rise to the expression of
integrin genes and a decline in the expression of matrix
metalloproteinase genes in fibroblasts (25).

A few studies (23-25) have shown a significant increase
in healing rate and fibroblast cells in stem cell-treated
burn wounds, which is congruent with our study. Subse-
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Il Control
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Fig. 6. Frequency of vimentin marker of fibroblasts on days 7 and 14. The highest number of fibroblasts was observed in the ADSCs group. (1-way
analysis of variance; values are presented as mean = SEM vs control group [*P < 0.05])
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Fig. 7. Fluorescence microscopy images to confirm vimentin marker to evaluate the number of fibroblasts on days 7 and 14 in the studied groups.
DAPI: the nuclei that are blue using DAPI staining. Vimentin: Fibroblast cells using vimentin marker. Merged: the merged image shows the nucleus
conforming to the cytoplasm of the cells. Magnification: 400%, Scale Bar: 20 pm.

quently, fibroblast cells produce extracellular matrix and
dermal proteins and accelerate the wound healing process.
Accordingly, in our research ADSCs group was associated
with more collagen deposition than the other groups. Our
study showed that the presence of injected stem cells sig-
nificantly increased the expression of TGF-p and VEGF
genes compared with other groups. The effect of stem
cells on TGF-B levels and other factors and genes in-
volved in the wound healing process had already been

measured (26). One of the investigations performed on
Wharton's jelly mesenchymal stem cells proved the posi-
tive impact of mesenchymal stem cells on the secretion of
angiogenic and growth factors, such as TGF-B, VEGF,
and platelet-derived growth factor (27).

In line with our results, which showed that treatment
with ADSCs increases the levels of VEGF and the num-
ber of blood vessels, Lu et al reported that stem cells sig-
nificantly increased the healing capacity of the skin flaps
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by increasing blood flow through participation in new
endothelial tissues and increasing angiogenic factors (28).

Several investigations had shown a positive effect of
ADSC s in increasing hematopoietic factors, such as fibro-
blast growth factor 2, hepatocyte growth factor, and
VEGF, all of which increased vascular buds in the wound
bed, resulting in more angiogenesis (9, 29).

This study showed that treatment with ADSCs signifi-
cantly reduces the neutrophils and macrophages in the
burn repair area (p<<0.001). In this regard, various studies
evaluated inflammatory cells and factors, including Tumor
Necrosis Factor-a and interleukin-1 during the wound
healing process. The results showed that stem cells modu-
lated inflammation more efficiently along with repair (12).

In general, the results of our study showed that the AD-
SCs therapy can accelerate the burn healing process com-
pared with other groups. Finally, near the end of the study
in the ADSCs group, the wound surface was totally cov-
ered and a higher quality repair was performed. We did
not investigate the synergistic effects of ADSCs and silver
sulfadiazine cream in this study because of the budget
limits. We suggest future studies to investigate the syner-
gistic effects of ADSCs and silver sulfadiazine cream in
the burn wound healing.

Conclusion

Our study showed that ADSCs injection to the burn
wound increases TGF- and VEGF gene expression, the
number of fibroblasts, the number of blood vessels, colla-
gen deposition, and decreases inflammation of the wound
area comparing to SSD, DMEM, or control groups. We
conclude that ADSCs ameliorate histopathological param-
eters, accelerate the burn healing process, and ultimately
lead to better quality and faster healing.
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