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abstract

Article history:

Aims: Stem cells are a new hope to ameliorate impaired diabetic wound healing. The
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purpose of this study was to evaluate the effect of adipose tissue derived mesenchymal
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stem cells (AD-MSCs) on wound healing in a diabetic rat model.
Methods: Twenty-six rats became diabetic by a single intraperitoneal injection of streptozotocin. Six rats served as non-diabetic (non-DM). Diabetic rats were divided into two equal
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groups randomly; control and treatment. Six weeks later, a full-thickness circular excisional

AD-MSC

wound was created on the dorsum of each rat. AD-MSCs were injected intra-dermally

Diabetes

around the wounds of treatment group. PBS was applied to control and non-DM groups. The

Wound healing

wound area was measured every other day. After wound healing completion, full thickness
skin samples were taken from the wound sites for evaluation of volume density of collagen
fibers, length and volume density of vessels, and numerical density of fibroblasts by
stereological methods.
Results: AD-MSCs accelerated wound healing rate in diabetic rats, but did not increase
length and volume density of the vessels and volume density of the collagen fibers. ADMSCs decreased the numerical density of fibroblasts.
Conclusions: We concluded that AD-MSCs enhances diabetic wound healing rate probably by
other mechanisms rather than enhancing angiogenesis or accumulating collagen fibers.
# 2011 Elsevier Ireland Ltd. All rights reserved.

1.

Introduction

Diabetes is responsible for delayed or impaired wound
healing, often leading to chronic ulcer formation [1]. Chronic
wounds represent a relevant clinical and socioeconomic
burden [2]. The annual incidence of foot ulcers among people

with diabetes has been estimated at between 1% and 4.1%, and
the annual incidence of amputation is 0.21–1.37% [3].
The mechanisms underlying impaired wound healing in
diabetes are not completely understood [4]. The dynamic
process of normal wound healing includes recruitment of
inflammatory cells, formation of granulation tissue with
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angiogenesis, fibroblast proliferation, and migration of keratinocytes [5]. This orderly sequence of cellular and molecular
events is disrupted in diabetes, leading to compromise in
wound healing [6].
Treatment of chronic wounds in diabetes has remained a
challenging clinical problem [7]. Stem cell application is a new
hope to treat difficult-to-heal wounds [8]. Previous studies
have shown that different type of stem cells such as bone
marrow-derived mesenchymal stem cells (MSCs), adult
murine bone marrow (BM) stromal progenitor cells (SPCs),
and adipose tissue-derived stromal cells (ATSCs)-containing
atelocollagen matrix with silicon membrane are capable of
enhancing wound healing rate via different mechanisms in
experimental diabetic models [8–10].
In a study done by Kim et al. ATSCs accelerated woundhealing and exhibited antioxidant effects under various
conditions by the activation of dermal fibroblasts and keratinocytes via the paracrine mechanism [11]. ATSCs can be
obtained easily and have multi-lineage capacity, allowing them
to differentiate into adipose, bone, cartilage, skeletal muscle,
cardiac muscle, neuronal, hepatocytes, endothelial, hematopoietic, pancreatic, and epithelial cell types [12]. The frequency
of adipose derived mesenchymal stem cells is 1:1000–1500 and
is far higher than bone marrow derived stem cells [13].
Here, we studied the effect of local intra-dermal injection of
adipose tissue derived mesenchymal stem cells (AD-MSCs) on
wound healing rate in an experimental diabetes model. We
also evaluated the AD-MSCs effect on angiogenesis, collagen
accumulation, and fibroblast proliferation in the wound tissue
of diabetic rats with a new stereological method.

were removed by change of medium after 48 h. The adherent
fibroblast like cells were further expanded through 6 passages
[14].

2.2.

Subcultures of passage 3 were used for flowcytometric
analysis. Adherent cells were removed using a cell scraper.
Then cells were washed and approximately 106 cells
suspended again in 100 ml PBS for each reaction. Homogenized
cell suspension was transferred into polystyrene flowcytometry tubes (BD Falcon). Cells were washed 2 times in staining
buffer and fixed in 2% paraformaldehyde for 15 min at 4 8C.
Again cells were washed. Non-specific antibody binding was
blocked by adding 10% heat-inactivated goat serum in staining
buffer for 15 min at 4 8C. Rat IgG2a Isotype Control FITC
(eBioscience, San Diego, CA), rat IgG2a Isotype Control PE
(eBioscience, San Diego, CA), anti rat CD11b FITC conjugated
mouse antibody (Gene Tex, Inc.), anti rat CD31 FITC conjugated antibody (Serotec, Oxford, UK), anti rat CD45 FITC
conjugated (Biolegend, San Diego, CA) and anti Rat CD90 PE
conjugated antibody (eBioscience, San Diego, CA) were added
to six different reaction tubes.
They were then incubated for 45 min at room temperature
in a dark environment. Excess antibodies were washed off two
times. Cells in each tube were suspended again in 0.5 ml PBS
and then sorted on a FACSCalibur flowcytometer (BD
Biosciences, San Jose, CA). Acquired data were then analyzed
using WinMDI software [15].

2.3.

2.

Materials and methods

2.1.

MSC isolation and expansion

All the procedures and materials used in this study were
approved by the ethical committee of research dean in Shiraz
University of Medical Sciences (SUMS). A male SpragueDawley rat was anesthetized with ketamine (100 mg/kg IP;
Sigma–Aldrich, St. Louis, MO) and xylazine (10 mg/kg IP;
Sigma–Aldrich, St. Louis, MO), and then the rat abdominal
subcutaneous adipose tissue was separated under sterile
condition. The tissue was chopped into small pieces. The
pieces were incubated for 1 h at 37 8C in the same volume
solution of 3 mg/ml collagenase type 1 from clostridium
histolyticum (Sigma–Aldrich, St. Louis, MO). Thereafter,
EDTA–trypsin (1 liquid, Invitrogen) was added for an
additional 20 min incubation time. Afterwards, a-MEM media
(1 liquid, Invitrogen, Carlsbad, CA, USA), supplemented with
10% Fetal Bovine Serum (FBS) (Gibco/Invitrogen, Carlsbad, CA,
United States) was added to neutralize the trypsin. Depleted
cells during centrifugation were seeded into a T25 cm2 tissue
culture-treated flask (Nunc, Roskilde, Denmark) and cultured
in 6 ml standard growth medium at 37 8C in 5% CO2 in a
humidified incubator. Culture media consisted of a-MEM
media, supplemented with 10% Fetal Bovine Serum (FBS), 1%
L-glutamin (Gibco/Invitrogen, Carlsbad, CA, United States),
100 U/ml penicillin and 100 mg/ml streptomycin (Gibco/
Invitrogen, Carlsbad, CA, United States). Nonadherent cells

MSC characterization by flowcytometry

Animal study

Thirty-two male Sprague-Dawley rats weighing 180–250 g
were chosen for this study. Animals were kept in controlled
temperature condition (25 8C) with 12 h light–dark cycles.
Rats were divided into three groups randomly; treatment
(n = 13), control (n = 13), and non diabetic (non-DM) groups
(n = 6). Rats in treatment and control groups were given a
single intraperitoneal injection of streptozotocin (STZ)
(60 mg/kg, Sigma–Aldrich, St. Louis, MO), dissolved in sterile
citrate buffer (0.05 mol/L sodium citrate, pH 4.5). The rats in
non-DM group were injected intraperitoneally with equal
volumes of sterile citrate buffer. Five days later, 1 cc blood was
taken from each rat tail vein. After centrifuging the blood
samples, plasma glucose levels were measured using a
glucose analyzer (Easy Gluco Infopia Co., Ltd., Korea). Rats
with plasma glucose level of higher than 280 mg/dl were
considered diabetic. Six weeks later, all the rats underwent
general anesthesia with ketamine (100 mg/kg IP; Sigma–
Aldrich, St. Louis, MO) and xylazine (10 mg/kg IP; Sigma–
Aldrich, St. Louis, MO). The dorsum was clipped free of hair. A
circular full-thickness excisional wound with 1 cm diameter
was created on the dorsum of each rat using a fine scissor. ADMSCs were stained with PKH26 using red fluorescent cell
linker kit (Sigma–Aldrich, St. Louis, MO) [16]. 106 AD-MSCs
dissolved in 1 cc phosphate buffer saline (PBS) was injected
intra-dermally around the wound area of each rat in
treatment group. One cc PBS was applied to the wounds of
control rats in the same manner. Plasma glucose levels were
measured once again one day before euthanasia.
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2.4.

Wound closure analysis

Photographs were taken every other day from each rat wound
after debridement until wound closure. Using software
composed of a point grid (designed at Histomorphometry &
Stereology Research Centre, Shiraz University of Medical
Sciences) wound area was calculated as follows:
X
P  a= p
Area ¼
where ‘‘SP’’ was the total points laid on the favorable area of the
wound and ‘‘a/p’’ was the area associated with each point (mm2).
Wound closure rate ð%Þ ¼

area at visit 1  area at each visit
area at visit 1

3

positive cells in epidermis, dermis and muscle layer of the
wound tissue [17,18].

2.7.

Volume density of the collagen fibers

Using a video microscopy system, 5 mm section slides were
evaluated to measure the volume density of the collagen
fibers (Vv(collagen/dermis)) at magnification of 1400. A grid of 25
points was laid randomly on the live image of the
microscope (Fig. 1). Fields with more than half of the points
in dermis were acceptable. The number of points hitting the
collagen fibers (P(collagen)) and points in dermis (P(dermis))
were counted in 10 acceptable fields for each slide. Then
volume density of collagen was measured as:

 100
Vv ðcollagen=dermisÞ ¼

2.5.

Tissue preparation and processing

After wound closure, the rats were euthanized by ether
overdose and full thickness skin biopsies (1 cm  1 cm) were
taken from the wound site. All the samples were divided into
two halves. One half of the specimens were maintained in a
fresh state and underwent frozen section. The other halves
were fixed in buffered formaldehyde (pH = 7.2), and then cut
into small pieces. Nine 1 mm2 pieces were separated from
biopsies randomly. Then cylindrical paraffin blocks were
prepared from these pieces. Two types of slides with different
thicknesses (5 and 14 mm) were made from these blocks. The
cylindrical blocks were sectioned using orientator methods.
Briefly, each cylindrical block was placed on a circle that was
divided into 10 equal pieces using radial lines. The blocks were
sectioned along the lines bearing a randomly selected number.
The sectioned surface of the bar was placed on the 0–0 direction
of the circle with 10 unequal cosines-weighted divisions and the
second cut was done. The new surface was sectioned (5 and
14 mm thickness), and stained with Hedenhain’s azan.

2.6.

PðcollagenÞ
PðdermisÞ

Fluorescent microscopy

Fresh frozen sectioned slides were studied by fluorescent
microscopy with red filters to determine the presence of PKH

2.8.

Volume density of the vessels

The volume density of the vessels Vv(vessel/dermis) was measured as P(vessel)/P(dermis) where P(vessel) was the number of
points hitting the vessels.

2.9.

Length density of the vessels

5 mm section slides were used to measure the length density
(LV) of vessels. An unbiased counting frame was laid
randomly on the live image of the microscope at magnification of 1400. Any field in the dermis was acceptable. Two
borders of the frame were inclusion borders and two others
were exclusion ones. The number of vessels in the frame not
hitting the exclusion borders (Q) was counted in different
random fields for each slide [19,20]. LV of vessels was
measured as:
P
Q
P
LV ¼ 2 
ða= f Þ 
f
P
where ‘‘ Q’’ was the total number of the sectioned vessels, (a/
P
f) was the area of the counting frame, and ‘‘ f’’ was the total
number of frames counted in each slide.

Fig. 1 – (a) An unbiased counting frame laid randomly on the live image of the microscope for calculating length density of
the vessels and numerical density of the fibroblasts. (b) A grid of 25 points laid randomly on the live image of the
microscope for calculating volume density of the collagen fibers and vessels.
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Fig. 2 – Spindle shape cultured mesenchymal stem cells at (A) passage 1, (B) passage 2, (C) passage 6, (D) passage 6 and
higher magnification.

2.10.

Numerical density of the fibroblasts

An unbiased counting frame was laid randomly on the live
image of the microscope at magnification of 2000. 14 mm
section slides were used to measure the numerical density of
fibroblasts. Fibroblast nuclei located within the frame not
crossing the exclusion borders and in the defined 5 mm of
depth were counted in each field. For this purpose, the optical
section was moved downwards in z axis traveling (depth) and
a microcator (Heidenhain MT-12, Germany) showed the depth.
The first 5 mm of depth was ignored and the nuclei within the
second 5 mm of depth were counted [19,20]. Then numerical
density (NV) of fibroblasts was calculated as
:
P
Q
NV ¼ P  ða= f Þ  h
A
where ‘‘SQ’’ was the number of fibroblast nuclei, ‘‘(a/f)’’ was
the total area of the unbiased counting frame (1200 mm2), ‘‘SA’’
was total number of fields and ‘‘h’’ was the height in which the
nuclei were counted (5 mm) (Fig. 1).

3.

All STZ-injected rats showed gross hyperglycemia and maintained it during the study. Five days after STZ injection, the
mean serum glucose level was 449.4  65.4 in treatment group
and 429.6  56.3 in control group. One day before euthanasia,
the mean serum glucose level was 724.4  17.6 in treatment
group and 751  28.3 in control group. There was no significant
difference between serum glucose levels of two steps of blood
sampling between the treatment and control groups.

3.1.

MSC isolation and characterization

Attached cells had a high capacity of proliferation and became
confluent in culture plate within three weeks. This time
decreased in the following next passages. Cultured cells
became spindle shape (Fig. 2). Flowcytometric analysis
showed that the cells expressed CD90 and were negative for
CD45, CD31, and CD11b markers.

3.2.
2.11.

Results

Wound healing rate

Statistical analysis

Values are expressed as mean  standard error (SE) in the text
and figures. Statistical analyses were performed using SPSS
software (Ver. 16). Appropriate tests (One-way ANOVA
followed by Tukey post test, repeated measurement and
Mann–Whitney U-test) were used to analyze the data. P < 0.05
was considered significant.

The mean wound area was 121  29.1 mm2 at the first visit.
There was no significant difference in primary wound surface
area among the three groups. Diabetes lowered the wound
healing rate in control group compared to non-DM (P < 0.001).
Wound closure rate was significantly increased in AD-MSCs
treated rats compared to the control group (P < 0.001), without
any significant difference with non-DM animals (Fig. 3).
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4.

Fig. 3 – Effect of AD-MSCs on wound closure rate in diabetic
rats. Wound closure rate was significantly increased in
AD-MSCs-treated rats compared to control group
(P < 0.001), without any significant difference with non-DM
animals.

3.3.

Fluorescent microscopy

The presence of PKH positive cells in the dermis and epidermis
of the wound tissue of AD-MSCs treated rats was shown with
fluorescent microscopy (Fig. 4).

3.4.

Stereomicroscopic parameters

Vv(collagen/dermis) of collagen fibers, NV of fibroblasts, LV of
vessels, and Vv(vessel/dermis) of the vessels were significantly
decreased in wound tissue of control rats compared to nonDM animals (P < 0.001). There was no significant difference
between volume density of collagen and vessel and also length
density of vessels (LV) in treatment and control groups. NV of
fibroblasts was lower in treatment group in comparison to
control and non diabetic groups (P = 0.045) (Table 1).

5

Discussion

The present study demonstrates that AD-MSCs have the
capability to increase the wound healing rate in diabetic rats.
We proved the existence of AD-MSCs in both epidermis and
dermis of the wound tissue with fluorescent microscopy.
Contrary to our expectation, AD-MSCs did not significantly
increase the volume density of the collagen fibers and the
length density of the vessels evaluated by a new stereological
method. AD-MSCs caused a significant reduction in numerical
density of fibroblasts in the rats’ wound tissue. Local intradermal injection of AD-MSCs had no effect on the plasma
glucose level, so the observed effect on wound healing cannot
be attributed to this parameter.
It seems that stem cell application is a new promise to treat
difficult-to-heal chronic wounds such as diabetic ulcers [8].
Previous studies have shown that BM-MSCs enhance wound
healing rate through increasing the angiogenesis and woundbreaking strength [6,9,21]. The suggested mechanism is that
BM-mesenchymal stem cells (BM-MSCs) recruit macrophages
and endothelial lineage cells into the wound by increasing
vascular endothelial growth factor (VEGF)-a, insulin growth
factor-1, epithelial growth factor, keratinocyte growth factor,
angiopoietin-1, and stromal derived factor-1 release [22].
Application of BM-MSCs for accelerating wound healing rate
has certain limitations. For example, the low frequency of
progenitor cell populations and the large number of inflammatory cells in the bone marrow make it less attractive [23].
Also bone marrow aspiration is an invasive procedure.
We designed this study to evaluate AD-MSCs effect on
wound healing rate in diabetes due to multiple reasons. ADMSCs can be obtained easily and have multi-lineage capacity,
allowing them to differentiate into adipose, bone, cartilage,
skeletal muscle, cardiac muscle, neuronal, hepatocytes,
endothelial, hematopoietic, pancreatic, and epithelial cell
types [12]. The frequency of adipose derived mesenchymal
stem cells is 1:1000–1500 and is far higher than bone marrow
derived stem cells [13].
Previous studies have shown that adipose tissue-derived
stromal cells (ATSCs) improve the wound healing rate of non-

Fig. 4 – (A) Histological section of AD-MSC treated wound. (B) The same section under florescent filter showing PKH-26
positive cells (stained red). These cells are located both in epidermis and dermis.
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Table 1 – Mean W SE of the numerical density (NV) of the fibroblasts (T104 per mm3), volume density (Vv(collagen/dermis)) of the
collagen fibers (%), volume density (Vv(vessel/dermis)) of the vessels (%), length density (LV) of the vessels (mm/mm3) in nonDM, control and case groups.
Groups
Treatment
Control
Non DM
*
y
z

NV of fibroblasts

Vv(collagen/dermis) of collagen fibers

Vv(vessel/dermis) of the vessels

LV of vessels

37.9  17.1
54.7  20.2*
55  16.8y

48.5  6.3z
46.6  7.4
42.6  4.41y

1.54  1.09z
1.39  0.89
1.97  1.44y

163.6  146.2z
156.5  118.3
195.6  169.7y

P = 0.045 vs. treatment.
P < 0.001 vs. control.
P value was not significant vs. control.

diabetic mice through increasing the angiogenesis and
collagen accumulation in the wound tissue [11]. In another
study, ATSCs advanced granulation tissue formation, capillary
formation, and epithelialization in diabetic healing-impaired
wounds [10]. Moreover, Kim et al. showed that ATSCs
enhanced secretion of type I collagen by human dermal
fibroblasts through regulating the mRNA levels of extracellular
matrix proteins [24]. Nonetheless, our findings show that
ADMSCs cannot increase the volume density of collagen fibers
and the length density of the vessels, as an indicator of
angiogenesis, in the wound tissue of diabetic rats. This
controversy may be due to the differences between the
methods to evaluate angiogenesis and collagen accumulation
in the wound tissue.
Previous studies have shown the ATSCs capability to
increase fibroblast in the wound tissue. Sarojini et al. showed
that MSCs-conditioned medium has stimulatory effect on
chemo taxis of fibroblasts [25]. Another study showed that the
MSCs secretome may play a role in skin wound closure by
affecting both dermal fibroblast and keratinocyte migration,
along with a contribution to the formation of extracellular
matrix [26]. The other controversial result of this study is that
AD-MSCs injection caused a significant decrease in the
number density of the fibroblast in the stem cell treated
group. Our hypotheses for this observation is that the
stimulatory effect of ADMSCs on the fibroblasts makes them
hypertrophic, which may be the cause of decrease in
numerical density of these cells in the volume unit of the
wound tissue.
The result of our study showed that AD-MSCs do not have
significant effect on angiogenesis and fibroblast accumulation,
so other mechanisms may be involved in AD-MSCs favorable
effect on diabetic wound healing. Two suggested mechanism
are AD-MSCs’ anti-inflammatory and anti-apoptotic effects.
There is accumulating data that adult progenitor cells from
adipose tissue may secrete protective factors that limit
inflammation and apoptosis [27]. These progenitor cells can
exert tissue protection by regulating local inflammation and
repair mechanisms through secretion of protective and antiapoptotic factors such as VEGF and hepatocyte growth factor
(HGF) [28,29].
In summary, our data indicate that AD-MSCs can be
promising for the treatment of difficult-to-heal diabetic
wounds. AD-MSCs improved wound healing rate in diabetic
rats probably through mechanisms other than enhancing
angiogenesis, collagen accumulation and fibroblast proliferation. More investigations are needed to determine exact
mechanism involved in this process.
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