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ABSTRACT

Background: Treatment with BMMSCs has anti-inflammatory, tissue regenerative, angiogenic, and immune-
stimulating effects. When using as sheets or accumulate, BMMSCs causes the development of neoangiogenesis in
damaged skin tissue. Diabetes, a metabolic disorder, can negatively affect many physiological functions, including
the process of skin injury repair. This adverse impact may increase the risk of skin surgery. RSF is commonly used
in reconstructive surgery. The terminal part of the RSF is often affected by necrosis because of impaired blood
flow, which is exacerbated in diabetes. This study investigated the effect of stem cells, applied as accumulated or
cell sheets, along with RSF surgery on skin capillaries in STZ-induced diabetic rats. Methods: Thirty male Wistar
rats were divided into three groups (n = 10): diabetes-RSF control, diabetes-RSF local applied stem cells
(loc-BMMSCs), diabetes-RSF applied stem cells as accumulated or cell sheets (ac-BMMSCs). Two weeks after the
STZ injection, RSF surgery and stem cell therapy (6 x 10°) were carried out (day zero). Furthermore,
stereological methods were used to investigate the capillary patterns among the groups. Anti-CD31/PCAM1
immunohistochemistry was also used for further confirmation of changes in capillary parameters. Results: The
results demonstrated that capillaries were protected by MSC sheets in the flap tissue, and the thickness of the
epidermal layer was improved, indicationg the possible beneficial effects of MSC sheets on diabetic wound
treatment. Conclusion: Stem cells, as ac-BMMSCs, may decrease the levels of wound healing complications in
diabetes and can be considered as a cell therapy option in such conditions. DOI: 10.52547/ibj.25.5.334
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INTRODUCTION flap’s base, the distal part is more susceptible to

ischemia and necrosis®. In this sense, it is crucial to

process in chronic wounds. Due to the weakened

immune system in DM, most wounds become
infected™. RSFs are commonly used in plastic surgery
of various types of chronic wounds, including diabetic
wounds'?. Despite using skin flaps in the treatment of
different skin injuries, flap necrosis is one of the most
important complications after reconstructive and
plastic surgery. As the blood supply exists only in the

Stem cell therapy accelerates the wound healing

List of Abbreviations:

determine the size and ratio of the length to the width
of the flap™. Distal flap necrosis results in secondary
surgery, which may in turn delay the subsequent
treatments. However, plastic surgeons take a number of
steps to improve the skin flap survival. Therefore,
besides advanced technologies, the effectiveness of
therapy is of paramount importance.

One of the key factors in wound healing is the blood
flow enhancement through the improvement of

DM, diabetes mellitus; H&E, hematoxylin and eosin; hMSC, human mesenchymal stem cell; BMMSC, bone marrow mesenchymal
stem cell; PECAM-1, platelet endothelial cell adhesion molecule-1; RSF, random skin flap; SR, survival rate; STZ, streptozotocin
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vascular conditions or neoangiogenesis within the
tissue, which is especially demanding in diabetic skin
ulcers. In recent years, studies have focused mainly on
the administration of growth factors and the induction
of angiogenesis by gene transfection®. Stem cell
therapy is a method of accelerating angiogenesis in
ischemic tissues®”). Stem cells possess both the ability
to differentiate into multiple cell lineages and the
potential for secreting various growth factors and/or
cytokines, exertingz a beneficial therapeutic effect on
the ischemic tissue!®*.

Surveys have indicated that MSCs may effectively
improve the survival of ischemic skin flaps. For
instance, the topical delivery of mouse fat-derived
MSCs to RSF resulted in a significant increase in flap
survival®*?. Stem cells have been indicated to
stimulate  neoangiogenesis  through  paracrine
mechanisms in ischemic tissues™*. However, the
implantation of MSCs in ischemic tissues is severely
restricted due to poor survival™. Conventional stem
cell admimistration methods, which are sprayed or
topically injected, have many challenges and problems
owing to the heterogeneity of the cell suspension and
the lack of control at the injection site™*.

New engineering technologies, such as cell
compression engineering, can prevent such hazards by
preserving the extracellular matrix, cell-to-cell
connections, and cell matrix connections. As a result,
the transplanted cells are preserved at the transplant
site™®. In vivo studies have already proven that cell
sheets can provide a better long-term tissue survival as
compared to the injection of a cell suspension®.
Among all cell types used in angiogenesis studies,
endothelial cells have widely been applied in different
types of matrices to produce vascular networks" 8,
Endothelial cells, when cultured with human MSCs,
increase the release of angiogenic growth factors,
which enhances the maturation and stability of newly
formed vascular structures™. Therefore, engineered
cell sheets, if used around vessels, are more effective
than other sites employed in full-thickness skin
lesions?”. Hence, prevascularized cell sheets or
compact seem to improve skin flap survival by
accelerating local neoangiogenesis.

The aim of this study was to evaluate the inductive
effect of BMMSCs cell sheets or accumulated cells on
healing process of diabetic wounds, neovascularization
and increased skin flap survival.

MATERIALS AND METHODS
Animals
The study was conducted on 30 three-month-old
male Wistar rats (300 + 50 g). The rats were housed
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individually in hygienic cages with food and water
available ad libitum at the temperature of 22 + 2°C and
the humidity of 55 + 10% with a constant 12 h-light/12
h-darkness cycle. All surgical procedures were
performed under sterile conditions.

Isolation and identification of BMMSCs

The isolation and primary culture procedure of
BMMSC have previously been reported®. In brief,
the freshly collected BMMSCs were planted onto 90-
mm culture plates containing o-MEM medium
complemented by 2.5 mM of glutamine, 90 U/ml of
penicillin, and 90 mg/ml of streptomycin. The third
passage of BMMSCs was used in flow cytometry
analysis and documentation of stem cell features. The
procedure of flow cytometry analysis was similar to
the one previously reported®]. In brief, surface
markers CD90, CD45, CD34, and CD105 were
characterized by Iranian Biological Resource Center,
Tehran, Iran (code number; IB RCC10164). Following
the multilinage differentiation of MSC, the osteogenic
differentiation was induced in an o-MEM medium
containing 0.1 puM of dexamethazone, 50 uM of
ascorbic acid, and 10 mM of glycerophosphate.
Besides, adipogenic differentiation was induced in a-
MEM with 0.5 uM of dexamethazone, 0.5 mM of 3-
isobutyl-1-methylxanthine, and 01 mM of
indomethacine!®?4.

Cell accumulation and single cell suspension
preparation

BMMSCs of the third passage were used to prepare
BMMSC accumulation. The cells were seeded at a
density of 6 x 10%cm? on 50-mm diameter culture
dishes in a humidified atmosphere containing 5% CO,
at 37 °C. At a confluence rate of 80-90%, DMEM
condition medium was exchanged and the incubation
was carried out in the presence of 90 mg/ml of vitamin
C and 10 nM of dexamethasone until a white layer
structure was observed. The cultivation was continued
for 12 days to make the accumulation thicker. BMMSC
suspension was then enumerated by an electronic
cytometer for the average cell number in one
accumulation. Then the same number of the third
passage of BMMSCs was prepared into a single cell
suspension for in vivo administration experiments.
BMMSCs were also labeled with fluorescence
molecule (Dil cell-labeling solution)?®.

Induction of DM

DM was induced by STZ (dissolved in sterile sodium
citrate buffer, 50 mM, pH 4.7). Each rat received a
dose of 80 mg/kg by intraperitoneal injection of 600
puL of STZ. DM was verified when fasting blood
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glucose levels were higher than 250-300 mg/dL. The
diabetic animals were maintained for 30 days to ensure
the establishment of DM.
Ischemic RSF model and cell accumulation
implantation

All the rats were randomly divided into three groups
(n = 10 in each group). The control group was left
untreated. The local cell group (loc-BMMSCs)
received a subdermal injection of the BMMSCs
(volume; 6 x 10° in 1.0 ml DMEM) at eight points on
each flap, administered once immediately after surgery.
The accumulated cell group (ac-BMMSCs) received
the cells in the same place and date as in loc-BMMSCs
but in form of engineered sheets. All the animals were
anesthetized intramuscularly ~ with ketamine
hydrochloride (50 mg/kg) and diazepam (5 mg/kg)®.
After the rats’ skin was shaved, RSFs, including the
entire thickness of the skin and skin muscle
(panniculus carnosus), were made. The base of the
RSFs was located at the distal end of the animal on a
horizontal line between the crest of the iliac bones. The
dimension of the flaps was 1.5 x 7.5 cm (width:length
1:5). After lifting the tissue and cutting all the vascular
connecting, it was returned to its original location and
sutured using interrupted 4/0 nylon sutures. The day of
surgery was considered as day zero. Immediately seven
days after surgery, the surface area of the flap was
photo captured and measured by Image J©°.

Assessment of skin flap surviving areas and clinical
examination

All rats were sacrificed by inhaling chloroform on
day seven after surgery. Color, texture, edema, hair
growth, and necrosis area were observed and evaluated
in three groups. If the flap became black and withered,
with no bleeding after a needle inserion, it was
diagnosed as necrosis, and the rest of the flap area was
considered as surviving area. Samples were taken from
the survival areas to evaluate histological parameters
(Fig. 1A)® After then, the skin tissues were fixed
using 4% paraformaldehyde, and 5 pm-thick sections
were prepared and stained with H&E method and
examined by stereological methods.

Assessment of epidermal volumes in flap survival
region

H&E staining was performed to mark the epidermal
surface area in flap survival region (Fig. 1A%™). The
calculation was as follows 1 V/ (epi) = t x a (p) x ¥p
(epi) x 2. Where t signifies the slab thickness (1 mm),
a stands for the area associated with each point, and P
(epi) refers to the total number of points hitting the V
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(epi) in flap survival region. Calibration was performed
using a checkerboard pattern on a paper (Fig. 1B).

Immunohistochemistry

The prepared slabs were embedded in paraffin, and
the sector method was emplozyed to generate isotropic
and uniformly random slices®®. From each animal, 20
samples with a width of 5 pm were collected.

Immunostaining technique

The following steps were performed on each slide,
respectively. First, the slide was fixed in acetone for 10
minutes and then placed in citrate solution at high
temperature for 15 min. To inactivate the intra-tissue
peroxidase, the slide was exposed to 3% hydrogen
peroxide at 37 °C for 15 minutes, and nonspecific
staining was blocked by normal goat serum at 37 °C
for 30 min. The mouse monoclonal anti-CD31
antibody, also known as PECAM-1, was selected and
used for immunolabelling at 4 °C overnight.
Dyinobenzidine solution was used to visualize the
color. The largest size of of the selected capillaries was
10 um in diameter™ (Fig. 1C, 1D, and 1E).

Total length of capillaries in flap survival region

All images were evaluated randomly for capillary
structures (Fig. 1C). The following formula was
applied®®!:

LV (*lsr) = 2x3 0 (“PlsR)/T 4

2Q (**/sr) means the total number of capillary profiles
in survival region counted per rat. XA indicates the
total area of the counting frames used per rat. The total
length of the capillaries in the survival region could be
obtained by multiplying the length density of the
capillaries in SR, LV (“*/sg), by the SR volume (V

(SR)).

Total volume of capillaries in flap survival region

Every captured picture was randomly placed by a
transparent point grid (Fig. 1D). The volume fraction
of the capillaries in the SR, VV gcap/SR), was analyzed
using the following formula B3 WV (*gq) = =P
(“®1sr)/ ZP. The total volume of the capillaries in the
SR was analyzed by multiplying the volume fraction of
the capillaries in the SR, VV (**/sg), by the SR volume
(V(SR)).

Total area of capillaries in SR

The area employed by capillaries in SR was
estimated by the following equation (Fig. 1D)F:
SV (®lsg) = 2 x TL (B2, The SV (cap (SR))
expansion through the volume of SR (V (SR)) was
used.
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Fig. 1. Graphical explanation of stereology techniques. (A) Flap tissue at day seven. H&E staining was used to reveal the skin
partition; (B) epidermal layer marked by a green line (scale bar = 10 um); C, D, and E represent immunostained tissues using anti-
PECAM-1 antibody. (C) the computation technique of capillary length. The calculation method of capillary length was as follows:
each captured image was put on an unbiassed counting frame. The only vessel in the frame and to touch the black line were
considered; (D) The calculation method of capillary volume, the number of collisions per capillary with the in-frame algorithm was
calculated. (E) The calculation method of capillary surface area, the area employed by the capillaries was also estimated in a particular

frame by placing them on the pattern lines (scale bar = 200 um).

Data analysis

GraphPad Prism 8 software was used to statistically
analyze the data. One-way analysis of variance
(ANOVA) or multivariate analysis of variance was
performed by post hoc Tukey method for direct
comparison. Data were reported as the mean + standard
deviation of the mean. p < 0.05 was considered as
statistically significant.

Ethical statement

The above-mentioned sampling protocols were
approved by the Medical Ethics Committee of Lorestan
University, Lorestan, Iran (ethical  code:
IR.LUMS.REC.1397.111).

RESULTS

Blood glucose concentration evaluation

Blood glucose concentration was 84 + 5 (in a range
of 66-98) mg/dl before diabetes induction, but
following the induction, the glucose levels reached 408
+ 29 (in a range of 300-600) mg/dl in the control
groups and cells recipient groups, which were
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significantly higher than non-diabetic status (p = 0.02;
Fig. 2A). Also, abnormal high glucose levels were
detected in the three groups, and there was no
statistically significant difference between the three
groups (p = 0.32; Fig. 2B).

Dil + BMMSC accumulation and its specifications
Cells were cultured under standard conditions. The
process of bone and fat differentiation was induced,
and the specific phenotype changes were observed,
exhibiting fibroblast-like morphology (Fig. 3A). The
presence of CD105 and CD90 MSCs markers and the
absence of CD45 and CD34 hematopoietic markers
were confirmed by flow cytometry (Fig. 3D).
BMMSCs were incubated with vitamin C and
dexamethasone for 12 days. Then the densely packed
cells (sheet or memmbrane) were visible in the bottom
of the container. A cluster description of the BMMSC
differentiation (CD) was observed, as well (Fig. 3C).
Electronic cytometer revealed an average number of
1.24 + 0.06 x 10° cells for one accumulation.
Accordingly, single cell suspension containing 1.24 x
10° Dil + BMMSC was prepared in saline solution for
administration.  Dil-labeled  cells emitted red
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fluorescence on the seventh day after surgery (408 nm;
Fig. 3F), which could be seen with a fluorescence
microscope.

Assessment of skin flap surviving areas and clinical
examination

The blood supply of the RSF mainly depends on the
distance from the base of the flap. At seven days, after
the tissue in skin flaps was elevated, the skin flaps
showed symptoms of visible purple color. We
observed the color change and hair growth on the skin
flaps at the time point of day seven (Fig. 1A).

Increased volumes of the epidermal of the flap
survival region by ac-BMMSC

The total volume of epidermis in flap survival
regions were 51 + 6.9 mm? in the control group, 79.2 +
13.66 mm® in the ac-BMMSC group, and 55.33 + 6.74
mm?® in the loc-BMMSC group at seven days post
surgery. Total epidermal volume increased in Ac-
BMMSC group compared to control group, but it was
not significant (p = 0.121). Also, the total volume of
epidermis in ac-BMMSC group was significantly
increased (p = 0.01) compared to that of Loc-BMMSC
(Fig. 4A).

Variations in the total parameters of the capillaries
in flap survival region

Stereological methods were used to evaluate
capillary parameters in different BMMSCs treated
groups. To this end, immunostaining of skin tissues
using anti-PECAM-1 antibody was also carried out to
further confirm the morphological evidence (Fig. 1C,
1D, and 1E). The total lengths of the ca?illaries in the
flap survival region were 10.6 + 0.64 cm” in the control
group, 8.56 +0.81 cm? in the loc-BMMSC group, and
9.7 +0.865 cm’ in the ac-BMMSC group.
Accumulation of BMMSC significantly improved the
total length of the capillaries in the flap survival region
compared to the loc-BMMSC group (Fig. 4B). The
total volumes of the capillaries in the survival region
were 0.147 + 0.0120 cm? in the control group, 0.110 +
0.0170 cm’ in the loc-BMMSC group, and 0.134 +
0.0150 cm? in the ac-BMMSC group. Acumulation of
BMMSC significantly increased the total volumes of
the capillaries in the flap survival region in ac-
BMMSC group compared with that of the loc-BMMSC
group (Fig. 4C). The total surface areas of the
capillaries in the survival region were 1.2 0 + 0.203cm?
in the control group, 1.05 + 0.116 cm?® in the loc-
BMMSC group, and 1.28 + 0.174 cm’ in the ac-
BMMSC group. Accumulation of BMMSC
meaningfully improved the total surface area of the
capillaries in the survival region in the ac-BMMSC

338

group compared with that in the loc-BMMSC group
(Fig. 4D). There was no significant difference between
the control group and the ac-BMMSC group in all
three parameters assessed in the flap survival region (p
> 0.05).

DISSCUSION

With the development of stem cell technology,
therapeutic approaches in diabetic wound healing have
advanced™®. One of the new methods of using stem
cells in reconstructive medicine is the accumulated
form of these cells, which has been used with great
success in the treatment of limb wounds®. The
findings from this study indicated that the
administration of cell accumulation could improve skin
flap survival in ac-BMMSCs group. This effect may be
related to the promotion of angiogenesis and the
reduction of inflammation response. The extraction and
exudation of growth factors have been reported to
be an essential function of BMMSCs, and different
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Fig. 2. (A) Changes of blood glucose levels before and after
diabetic induction. (B) The comparison of blood glucose levels
between before and after diabetic induction in the cell recipents
and control group. The results of diabetic induction in blood
glucose levels are shown in three groups (*p < 0.05 and *p >
0.05).
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Fig. 3. Dil + BMMSC accumulate construction and expression characteristic. (A, B, and C) Multi-differentiation of BMMSCs. The
third passage of BMMSCs was used to determine multi-differentiationfor control (A), osteogenesis (B), or adipogenesis (C), and the
characterization of a cluster of differentiations (CDs) of BMMSCs. (D Positive expression of mesenchymal stem cell markers CD105
and CD90 and negative expression of the hematopoietic markers CD45, CD34. The whole aggregate was scratched off the dish (E). In
accumulation and under the excitation of 408 nm fluorescence, Dil + BMMSCs produced red light (F).

regenerative effects of BMMSCs in the skin have
already been demonstrated®?. On the other hand, the
quality of animal models is the key to the success of in
vivo experiments. We decided to use the RSF to avoid,
as far as possible, experimental errors, which is likely
due to the supplementary blood supply from adjacent
tissues and capillaries in skin flaps.

We demonstrated that ac-BMMSCs could modulate
inflammation and granulation tissue, as well as
stimulating better vascular growth at seven days post
operation in diabetic conditions. There was also no
evidence of differentiation of BMMSCs as
accumulated cells in vivo, which is revealed by Dil
fluorescent staining. However, BMMSCs may
accelerate wound healing by secreting a large amount
of vascular endothelial growth factor A. Studies have
demonstrated that the adminiatration of BMMSCs in
wound area may increase the levels of specific factors
on day seven, helping wound healing[35]. Vascular
endothelial growth factor is an necessary elements for

Iran. Biomed. J. 25 (5): 334-342

migration®! and proliferation of endothelial cells®*".
As the number of cytokines increases, more
inflammation occurs in the wound area. Following the
inflammation, BMMSCs exert their immune-regulating
properties and affect the wound site™. An earlier
research has shown the extent of cell loss during or
after transplantation at the wound site. The aggregated
forms,can provide a sufficient amount of the cells in
the wound healing microenvironment®. In the present
study, the volume of epidermal layer of flap survival
region, total length, total dimensions, and total surface
area of the vessels in flap survival region were
compared among different groups*’’. Researchers have
suggested that overcoming vascular disorders is one of
the most essential treatment options for diabetic
wounds™? and diabetic ulcers and vascular disorders
have similar challenges*?. We assumed that inducing
more blood flow at the site of these types of wounds
may improve the repairing process. After BMMSC
administration, the vascular density augmented as a
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Fig. 4. Influence of BMMSCs on the histology parameters of the flap survival regions. (A) Evaluation of the total volume of
epiderm; (B) evaluation of the capillaries’ total lengths; (C) comparison of the capillaries’ total volume; (D) comparison of the
capillaries’ total surface area in the flap survival region among the control group, loc-BMMSC group and ac-BMMSC group (*Reveals

p < 0.05, * p>0.05).

result of the metabolic need*. Vessel distribution in
the skin is enormously unequal, and the whole position
of capillaries cannot be represented by two-
dimensional information on the surface such as
thickness.  New  stereological  methods are
introduced to gain true three-dimensional construction
morphometric structures'?®.

In summary, administering stem cells in form of ac-
BMMSCs and allowing cells to migrate separately to
the impaired area are beneficial in cell therapies. Cell
sheet of BMMSCs using a scaffold could be a safer
and more effective therapeutic modality for various
systemic diseases. Stem cell sheets also enhance the
possibility of inexpensive treatments. However, the
description of active factors involved in wound healing
and BMMSC paracrine functions have been in the
early stages due to the low sensitivity of the analysis of
these factors. Therefore, identifying the active agents
of ac-BMMSC would be the next goal of our research.
It seems that these possible potential factors will
deeply affect the future strategies in regeneration
medicine.
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