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Abstract

Skin wounds cause damage to the body's first layer of protection. This, disclosed a person to further
injury. Wounds normally heal in a very orderly and efficient process. However, activation of this efficient
process is sometimes lost in pathologic conditions such as diabetes. The objective of the present study
was to evaluate the expression of some genes in Adipose Derived Mesenchymal Stem Cells (ADSCs) that
were used for the healing of the diabetic wound of mouse. ADSCs were separated from adipose tissue of
mice, confirmed by surface markers CD34, CD105, CD44 and bone or fat cells differentiation. Then 10 x
10 stem cells were immediately injected in four areas around the wound that previously were created on
the dorsal skin of each diabetic mouse. TIMP-1, MMP-2, MMP-9 and uPA genes expression folds in the
wound area were examined on 3", 7th  14th and 215 days, using q-PCR. Three groups’ mice were
evaluated: non-diabetic, diabetic without any treatment and diabetic with ADSCs treatment. The
expression level of uPA and MMP-9 genes were decreased in the stem cell-treated group but 7ZMPI and
MMP?2 genes folds were increased significantly (p<0.05) compared to the diabetes group without any
treatment. The results of this study suggest that stem cell transplantation maybe applicable in diabetic

wounds healing via changing the content of tissue gene expressions.
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Abbreviations:

MSCs: Mesenchymal Stem Cells; CD: Cluster of
Differentiation; STZ: Streptozotocin; ADSCs: Adipose-
Derived Mesenchymal Stem Cells; uPA: Urinary Plasminogen
Activator; MMPs:  Matrix ~ Metalloproteinase;  IP:

Intraperitoneally; ECM: Extracellular Matrix; MMP9: Matrix

Metalloproteinase 9; MMP2: Matrix Metalloproteinase 2;
TIMPs: Metalloproteinase Tissue Inhibitor; FBS: Fetal Bovine
Serum; GAPDH: Glyceraldehyde 3-Phosphate Dehydrogenase;
DMEM: Dulbecco's Modified Eagle Medium; F12: Ham's F12
Medium; DPBS: Dulbecco's Phosphate-Buffered Saline.

Introduction

Diabetes is a metabolic disorder as well as a serious health
threat [1]. Incidence of diabetes has increased significantly in
recent decades. According to the report of World Health
Organization in 2016, more than 350 million people worldwide
are affected by the disease [2]. Although various physiological
and genetic factors have a role in emergence and progression
of the disease, the main mechanisms that cause the condition
are still not fully understood [3,4]. One of the most common
and serious complications of diabetes mellitus is extremely
slow, or complete lack of the body to heal wounds.
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Identification of this healing defect in terms of the
pathophysiology of diabetes is still unclear [5,6]. Despite
significant advances in new therapies and wound care, in many
cases, wounds in diabetic patients do not heal and become
chronic, leading to amputation or death [7]. Peripheral
neuropathy and peripheral vascular disease are among factors
affecting formation and lack of healing of diabetic wounds,
which leads to reduced fibroblast growth, increased expression
of extracellular matrix metalloproteinase degradation and
reduced extracellular matrix synthesis [8]. Wound healing is a
complex biological process. It has four stages; haemostasis,
inflammation, proliferation and reconstruction [9]. The process
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requires precise organization by signals generated by growth
factors and cytokines and is set through complex molecular
and biological processes including cell migration, cell
proliferation and extracellular matrix remodeling [10-13].
Wounds are grouped according to acute and chronic
classification based on healing time. The wound healing
process is often incomplete in diabetic wounds and several
important factors of the process are impaired, which prolongs
the healing process. It is usually during the stage of
inflammation that a wound becomes chronic [14,15]. Since
Friedenstein and his colleagues separated the first
mesenchymal stem cells (MSCs) from rat bone marrow half a
century ago, these cells have been used in tests on several
diseases [16]. While in early studies, stem cells were separated
from bone marrow, in subsequent decades these cells were also
separated and tested from many adult tissues such as adipose
tissue, synovial fluid, gum tissue and such like. Stem cells have
the special feature of asymmetric proliferation, so with each
proliferation they create one stem cell with proliferation ability
and another cell that is directed into the differentiation [17,18].
The therapeutic potential of stem cells is largely attributed to
their ability for production of resuscitation cytokines. This has
made the stem cells suitable for treating many disorders
including chronic wounds. Up until now stem cells have been
separated from various sources of the body and have been
evaluated in preclinical and clinical tests for wound healing
and tissue regeneration [19]. The urinary plasminogen activator
(uPA) is a serine protease protein that activates conversion of
plasminogen to plasmin. The plasminogen/plasmin activation
system starts the proteolytic pathway and leads to fibrin
degradation and extracellular matrix metalloproteinase activity
[20,21]. Some studies have demonstrated proteolytic
degradation of the extracellular matrix using simultaneous
activity of plasmin and matrix metalloproteinase (MMPs).
MMPs have a key role in a variety of physiological and
pathological processes of tissue regeneration and cell migration
[22-24]. uPA is naturally secreted by endothelial, epithelial,
monocytes and neutrophils cells [25]. It has been observed that
a lack of precursor plasminogen plasmin or protease
responsible for the conversion of plasminogen to plasmin
reduces plasmin levels and this eventually leads to fibrin
deposition and disruption of inflammation and wound healing
processes [25,26]. Studies have shown that inhibition of uPA
activity reduces activity of MMP9 in wound healing which
confirms the start of proteolytic way with uPA protein [21].
MMPs are a group of endopeptidases related to zinc and
calcium which have the ability to destruction and restructure
all kinds of extracellular matrix (ECM) [27]. These enzymes
are secreted by keratinocytes migrated to the edge of a wound
and activity of these metalloproteinase enzymes is inhibited by
metalloproteinase tissue inhibitor (TIMPs) [28]. TIMPs act as
MMPs local inhibitor and thereby control degradation of
extracellular matrix. TIMP is a 29 kDa glycoprotein which is
synthesized by fibroblast cells, smooth muscle cells,
endothelial cells, and keratinocytes [29]. TIMPs react from the
N-terminal domain with active site of MMPs [30]. Although
the matrix metalloproteinase play an important role in wound
healing, but a failure of expression reduction causes a reversal
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role. An abnormal increase of the metalloproteinase enzymes
such as Matrix Metalloproteinase 2 (MMP2) and
Metalloproteinase Matrix 9 (MMP9) and reduction of TIMP
have been observed in other studies on chronic wounds
[31,32]. Since MMPs have been identified as the main group of
enzymes to destroy the extracellular matrix, TIMPs control the
rate of metabolism of an extracellular matrix during the natural
process of tissue regeneration [33]. TIMPs also have activity
independent of MMPs inhibition including an effect on cell
growth and differentiation, cell migration, angiogenesis
antioxidant activity, these activities have significant role in
wound healing [34]. The objective of this research was to
examine the ability of ADSCs in adjustment of MMP2, MMP9Y,
TMPI and uPA genes which play a role in degradation and
degeneration of tissue and wound healing process in diabetic
mouse.

Materials and Methods

All chemicals were purchased from Sigma-Aldrich (USA);
otherwise, they are specified within the text.

Mesenchymal stem cell isolation from mice adipose
tissue

The cells used in this study were extracted from inguinal
adipose tissue of BALB/c male mice under completely sterile
conditions [35]. For this purpose, adipose tissue was
fragmented into tiny pieces using a scalpel after removing
connective tissue and blood. Then, fragmented tissues were
incubated for 45 minutes at 37°C with 150 rpm rotation rate
and in exposure to collagenase I enzyme .Then, an equal
volume of medium containing 10% FBS was added to
neutralize collagenase 1. The solution was centrifuged for 10
minutes at 4000 rpm at 4°C and a pellet containing stem cells
was transferred into the cell culture flask containing DMEM:
F12 medium (DMEM: F12, 3: 1 (V/V)) with 15% FBS,
penicillin (100 IU/ml), streptomycin (100 pg/ml). Then, the
flasks were incubated in 37°C with 5% CO, and 90%
humidity. Culture medium was changed after 24 h and then
every three days; cells were sub-cultured when they reached
confluence of 75-80%.

MSCs differentiation into the adipocyte and osteocyte
lineages

In order to evaluate differentiation potential of cells isolated
from adipose tissue, initially the number of 10 x 103 cell/ml
were seed, then medium of cells was replaced with adipocyte
differentiation medium containing DMEM, 10% FBS, L-
Ascorbic-acid 2-phosphate, Dexamethasone, Indomethacin
after 48 h. The cell culture medium was changed every 3 days.
The differentiated cells were washed with DPBS after
completion of the course of differentiation and were fixed
using 4% paraformaldehyde, adipocyte differentiated cells
were then stained with Oil Red for 10-15 minutes. Ultimately
differentiated cells were observed by inverted microscope after
washing to make the cytoplasmic lipid droplets visible [35].
Differentiation into osteocytes was performed using osteogenic
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medium containing DMEM, 10% FBS, L-Ascorbic-acid 2-
phosphate, Dexamethasone, -glycerol phosphate for 21 days.
Visualization of calcium deposits was done using Alizarin Red
staining and after fixation according to the previously
described method [35].

Flow cytometry characterization of surface markers
of stem cells

For confirmation of isolated stem cells and evaluation of
contamination with blood cells, expression of specific cell
surface markers was evaluated using flow cytometry. For this
purpose, CD44 and CDI105, as specific surface markers of
mesenchymal stem cells, and CD34 as a surface marker of
blood cells were evaluated. The cells were initially isolated
from the flasks using Trypsin/EDTA treatment and centrifuged
for 5 minutes at room temperature and at 1000 rpm. Then, the
supernatant was removed and the resulting pellet was dissolved
in 1 ml DPBS. 1 x 10° cells/ml were counted. After mixing,
100 pl cell containing PBS solution was poured into test tubes
and 2 pl of specific anti-bodies was added to it in the dark
status. Used antibodies were FITC-Conjugated rat anti-mouse
CD44 (BD Bioscience, 553133), PE-conjugated rat anti-mouse
CD105 (BioLegend, 120407), FITC-Conjugated rat anti-mouse
CD34 (eBioscience, 11-0341-82). Further, 1 ml of the isotype
control antibody (Rat Isotype IgG2a kappa) was added to the
control tube. All tubes were placed at 4°C for 30 min in the
dark. After incubation, contents of the tubes were initially
vortexed for 1-2 seconds and the expression percentages of
surface markers were measured with a counter CyFlow.

Diabetic wound animal model

In this study, three groups of BALB/c mice were examined; a
control group (without diabetes), a diabetic group without
treatment and a group treated with stem cells. Examination of
wounds in each of these groups was made at 3, 7th, 14t and
218 days and three mice were considered for each group at
each day. For induction of diabetes, after 12 h of fasting, a dose
of 200 mg/kg streptozotocin was used intraperitoneally (IP)
[36]. Blood glucose level of each mouse was measured 48 to
72 hours after administration of STZ using a glucometer
(Bionime) and also polydipsia and polyuria were examined.
After confirmation that mice were diabetic, each one was
anesthetized using a solution of anaesthetic ketamine/xylazine
and a wound with diameter 8 mm was created in the dorsal
skin of mice using punch biopsy (Kai Biopsy Punch). Then,
mice were kept separately in sterile conditions in type A cages.

Treatment of diabetes wounds using mesenchymal
stem cells

Immediately after creation of the wound, one million MSCs
were isolated from adipose tissue at the third passage that had
been dissolved in 80 ul DPBS were injected into four points of
the dermis around the wound using 31-gauge 1 cc insulin
syringe with a short needle (BD Ultra-Fine™ II) [37].
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RNA extraction and cDNA synthesis

RNA extraction from tissue of wound area was done by
(Sigma, St. Louis, Missouri) reagent based on the protocol
[35]. Then, the extracted RNA was treated with DNase I
(Fermentas EN0525) in order to eliminate contamination with
DNA. The synthesis of cDNA was done with cDNA synthesis
kit (Bioneer, K-2046) and according to the kit instructions.

Real-time PCR

The real time PCR method was used to study gene expression.
GAPDH gene expression was measured in each test to
normalize the results. Forward and reverse primers were
designed with Oligo7 software for specific amplification of
each gene (Table 1). Real time PCR was done using SYBR
green (Takara, RR420B) and Rotor Gene 6000 (Corbett,
Australia). Real time PCR programme was performed as
follows: initial denaturation at 95°C for 5 min, followed by 40
cycles of denaturation at 95°C for 15 sec, annealing at the
temperature of 61°C for 15 sec and elongation at 72°C for 20
sec. All reactions were performed in triplicate and results were
analysed by the method 2224 CT. The obtained data were
analysed using SPSS software and ANOVA test and mean
comparison was done using the LSD method. Data were shown
based on mean + SD and p<0.05 was considered statistically
significant.

Table 1. Forward and reverse primers designed for genes analyses by
real time PCR, annealing temperatures and their expected product
sizes.

Product Annealing  Sequences of primers Name of
size (bp) temperatur genes
es (Tm, °C)

233 61 F: GGTGAAGGTCGGTGTGAACG GAPDH
R: CTCGCTCCTGGAAGATGGTG

137 61 F:CACTGCTTCATTCAACTCCCAAAG uPA
R:CTGTCTTCCCTGTAGTATTCGTGC

162 61 F: GCAAAGGCGTCGTGATCC MMP9
R: TGCCGTCCTTATCGTAGTCAG

130 61 F: TGTGTTCTTCGCAGGGAATGAG MMP2
R: ACTCCAGTTAAA GGCAGCATCTAC

152 61 F: TCTTGGTTCCCTGGCGTACTC TIMP1
R: GACCTGATCCGTCCACAAACAG

Results

Following the 48 h incubation period, the primary
mesenchymal stem cells were isolated from adipose tissue;
these single cells were attached to the surface area of the flask.
The majority of these cells showed elongated, spindle and
fibroblast-like appearance when observed under phase contrast
microscopy (Figure 1).
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Figure 1. Mice adipose derived MSCs, the first passage.

Characterization of isolated mouse ADSCs

The results of flow cytometry analysis of Adipose Derived
Mesenchymal Stem Cells (ADSCs) showed that expression
percentage of specific surface markers of mesenchymal stem
cells of mouse including CD44, CD105 and CD34 were
evaluated as 99.6%, 74.4% and 0.86%, respectively (Figure 2).
This result indicates isolated high purity of ADSCs and lack of
contamination of these cells with blood cells.

Formation of the cytoplasmic lipid droplets was observed in
isolated MSCs which had been exposed to adipogenic
differentiation medium for 21 days after staining with Oil Red
(Figures 3a and 3b), also Alizarin Red staining showed the
presence of calcium and mineralization for cell receiving
osteogenic differentiation medium for 21 days (Figures 3C and
3D).

Figure 2. Multi-lineage cells differentiation of the isolated MSCs
derived from adipose derived mesenchymal stem cell. A) Osteogenic
control cultured in normal medium with negative for alizarin red S
staining, B) Differentiated osteocytes stained with alizarin red S, C)
Adipogenic control in normal culture medium with normal
morphology stained with oil red, D) Differentiated adipocyte stained
with alizarin red S (200X magnification).

Verification of diabetes in mice after STZ injection

After 48 h, serum blood sugar level of the mice that had
received a single high dose of STZ was more than 250 mg/dl,
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which was a significant increase compared to the control group
(p=0.03). (Figure 4), Polyuria and polydipsia were also
observed in these animals.
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Figure 3. Characterization of specific surface markers of
mesenchymal stem cells isolated from adipose tissue of mice by flow
cytometry, cells isolated have shown strongly expression of CD44 and
CDI105, also CD34 as hematopoietic marker was negative in the
isolated cells.

Figure 4. Increased serum levels of blood sugar of mice 48 h after
STZ injection. After STZ injection, serum blood glucose levels of mice
increased significantly (p=0.03).

Evaluation of expression of genes using gPCR

Results of expression of MMP9, MMP2, TIMPI and uPA genes
at intervals of the 31, 7th, 14th and 215t days in three evaluated
groups are shown in Figures 5-8, respectively. Results of
evaluation of gene expression of MMP9 in the area of the
wound in the group treated with stem cells using the RT-qPCR
technique showed reduction at 3% 7t 14t and 21t days
compared to the diabetic group (Figure 5). In diabetes group
treated with ADSCs, MMP2 and TIMP1 genes showed higher
expression at all days compared to the diabetic groups, gene
expression of MMP-2 was the same in both groups; those
treated with stem cells and non-diabetes (Figures 6 and 7). uPA
gene expression had normal process on 3™, 7 14th and 21st
days at the wound area. Expression of this gene increased at
the early stages of the repair process, an indication of uPA
activity in the inflammatory phase that activates MMP
enzymes in the wound; while expression of uP4 decreased on
3rd 7th 14t and 21t days compared to the diabetic group
without treatment (Figure 8). These results show that stem cells
had an effective role in healing diabetes wound through
expression of MMPs, TIMPs and uPA genes.
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1
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Figure 5. MMP9 gene expression in stem cell-treated group
compared with diabetic group and the control group without
treatment. MMP9 gene expression in stem cell transplantation group
decreased on 3™, 7™, 14" and 215" days compared to diabetes group
without treatment, which was significant on 3rd and 7" days

(p=0.01).
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Figure 6. MMP2 gene expression in stem cell-treated group
compared with diabetic group and the control group without
treatment. MMP2 gene expression in stem cell transplantation group
increased on 3% 7" 14" and 21" days compared to diabetes group
without treatment.
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Figure 7. TIMP] gene expression in stem cell-treated group
compared with diabetic group and the control group without
treatment. TIMP1 gene expression in stem cell transplantation group
increased on 3%, 7" 14" and 215 days compared to diabetes group
without treatment which was significant on 3@ and 21° days

(=0.04).
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Figure 8. uPA gene expression in stem cell-treated group compared
with diabetic group and the control group without treatment. uPA
gene expression in stem cell transplantation group decreased on 7th,
14" and 215 days compared to diabetes group without treatment
which was significant on 7" (p=0.01) and 21* days (p=0.04).

Discussion

Several studies to date have reported therapeutic effects of
stem cells in wound healing. Many mechanisms have been
reported for healing potency such as secretion of growth
factors including PDGF, VEGF, TGF-B and FGF. These
Growth factors have a role in skin tissue regeneration with
different properties such as anti-apoptotic, being angiogenic,
increasing oxygenation, increasing migration of fibroblasts and
increasing expression of extracellular matrix proteins [38-45].
Also, researchers showed that these cells have paracrine effects
on adjacent cells in the skin and its role in healing wounds
[46]. Other known mechanisms for the effect of stem cells in
wound healing are related to the reduction of matrix
metalloproteinase enzymes and in turn increased amounts of
collagen and elastin, increased epidermal thickness and
increased effect of dermal appendages in skin regeneration
[47,48]. Considering the multilateral application of MSCs in
the treatment of diseases, including wound healing, these cells
are separated from various sources of the human body and are
evaluated in related clinical and para-clinical trials [28]. MSCs
can be isolated from various sources; adipose tissue is easily
accessible and is considered as a source of stem cells that can
be used to obtain a high number by a non-invasive method.
Beneficial effects of these cells have been reported on skin
regeneration. These cells secrete a variety of growth factors
that can lead to restoration and replacement of defective cells.
These factors are useful for skin regeneration, wound healing
and wrinkle treatment [40-43]. In the present study, isolated
MSCs from mouse adipose tissue were characterized by
adipogenic and osteogenic differentiation, as well as CD44,
CD105 and CD34 cell surface markers. Similar our study,
regarding characterization of mice mesenchymal stem cells,
Zhu et al,. Shen et al., Sagi observed positive expression of
CD90 and CD105 as well as differentiated into adipocyte and
osteocyte lineage [49-51].

Studies have shown that one of the most important factors in
chronic wounds such as diabetic wounds is imbalance of
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protease and protease inhibitors that favor an increase in
protease. Madhyastan et al. showed that uPA protein dissolved
fibrin, increased migration, created cell proliferation and
adhesion and healed the wound and a critical role in the early
phase of wound healing [52]. Similarly, in our study, stem cells
therapy in diabetic group significantly was increased
expression of uP4 gene compared with diabetic group in early
stages of wound healing. Stem cells maybe cause increase
expression of #P4 in the wound area by increasing keratinocyte
proliferation. Vaalamo et al. showed that MMPs and uPA
proteins are secreted in acute and chronic wounds by
leukocytes and keratinocytes, while T/IMPs are not secreted in
chronic wounds and balance between MMPs and TIMPs is
disrupted in chronic wounds [53]. Also, results of this study
showed that level of expression of uPA diabetic wounds
without treatment was significantly increased compared to the
level in normal mice (p<0.05). Studies have shown that
abnormality in the inflammatory phase, formation of fibrin
deposition, and ultimately impaired wound healing can be
caused by a deficiency of plasmin due to decreased expression
of TIMPs [25,26]. We have shown that, injection of
mesenchymal stem cells in wound after induced diabetes
increased expression of T/IMPI. This increased expression of
TIMPI maybe accelerates healing process. Similarly, in a study
done by Brew et al. showed that TIMPs have a role in wound
healing activities such as cell growth and differentiation, cell
migration and extracellular matrix synthesis process [34].
Annette showed that if tPA activity is inhibited then activity of
some of MMPs including MMP9 decreases in wound healing
[21] and greater activity of some of MMPs such as MMP9
disrupts cell migration and breaks down some essential matrix
proteins and growth factors [12]. In this study, one of the most
important changes observed after injection of the stem cells
was decreased expression of MMP9 gene in diabetic wound
area. These result indicated that stem cells can inhibit abnormal
increase of MMP9 through increased expression of TIMPI.
MMPs and their specific inhibitor have activity in some wound
healing processes such as haemostasis, formation of epithelium
and granulation tissue formation [53]. Results similar to those
reported by Salo et al. was related to MMP2 gene expression,
MMP?2 expression remained constant during the wound healing
process in group treated with stem cell and group without
diabetes who had normal wound healing [54]. In this study, the
expressions of MMP2, MMPY9, TIMPI and uPA after
mesenchymal stem cells therapy in diabetic mice adjusted.
This adjustment of expression affected on healing process.

Conclusion

Although presence of MMPs, uP4 and TIMPs in the wound is
required for the normal wound healing but an increase or
decrease of each of these important factors could disrupt the
healing process. According to the results obtained in this study,
it seems that stem cells through expression of genes related to
extracellular matrix remodeling at the wound area can have a
significant role in improve diabetic wound healing of animal
model.
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