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ABSTRACT

Introduction: Non-healing wounds are a significant public health issue and a significant financial drain on the healthcare
system. Platelet-rich plasma (PRP) was proved to be successful in numerous experiments as it is rich in many cytokines and
proteins important for wound healing. Bone marrow- derived mesenchymal stem cells (BM-MSCs) release trophic factors that
control inflammation and remodelling, thus it can aid in wound healing.

Objective: The aim of this study was to assess morphological, histological and immunohistochemical effects of PRP and/or
BM-MSCs on cutaneous wound healing in diabetic rats.

Materials and Methods: Hundred healthy male albino rats; ten rats were used as mesenchymal stem cells and PRP donors.
Eighteen rats were used as negative control group (A). Seventy-two rats (B) were divided into 4 groups 18 rats each after
induction of diabetes by streptozotocin (STZ) drug and formation of skin wounds; Group I: positive control group, Group
II: received single dose of PRP injection in the wound, Group III: received single dose of BM-MSCs injection in the wound,
Group IV: BM-MSCs plus PRP. Cutaneous wounds were inspected and photographed every 2 days of the study period
for morphological study. Six rats from each group were operated upon on days 7, 14, 30 of the study for histological and
immunohistochemical studies.

Results: The best healing results were seen in group IV regarding morphological, histological and immunohistochemial results
with a statistically significant difference between group IV and other study groups. Group III showed better healing results than
in group II which was better than that of group I.

Conclusion: There is a synergistic effect of combined BM-MSCs and PRP on healing of skin wounds in STZ-induced diabetic

rats which is better than to use either of them alone.
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INTRODUCTION

In vertebrates, the skin is the most substantial organ, it
covers the whole surface area of the body and represents
about 15% to 20% of body mass!!). The skin is a substantial,
complex immunological organ that regulates body
temperature, performs a variety of sensory functions, and
protects the host. It is very important in the defence against
infections and in allergic responses!?. The skin is formed
of two crucial layers which are epidermis and dermis?.
There are many types of cells in the dermis. The fibroblast
is the main cell in dermis, it is responsible for producing
extracellular matrix material, elastic and reticular fibres,
and collagen. Inflammatory mast cells are located in
dermal perivascular regions. These cells secrete vasoactive
and proinflammatory mediators which play a necessary
role in inflammatory responses, collagen remodelling, and
wound healing!.
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A wound is a disruption of the skin's natural anatomical
structure and functional integrity®™. Wounds that remain
unhealed are a significant public health issue and a
significant financial drain on the healthcare system. They
are present in a variety of illnesses, including cancer, burns,
trauma, venous and pressure ulcers, diabetes mellitus and
ischemial®. Serious problems including amputation in cases
of diabetic foot ulcers (DFUs), scarring and deformity
from burns, and life- threatening functional disability are
all related to non-healing wounds!”. Cancer development is
also linked to non-healing wounds, particularly squamous
cell carcinoma, most likely as a result of repeated tissue
injury and accelerated cell growth®],

Around 415 million people globally have diabetes,
which is now the third most dangerous chronic illness
affecting the health of humans®'”. Each year, 2 % of
diabetic individuals get foot ulcers, and from 14 to 24%
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of them require amputation®. Actually, the typical healing
process is messed up in wounds of diabetics because
there aren't enough growth hormones, there's too much
inflammation, and there aren't enough cells that normally
repair damage. Consequently, the urgent problem of
diabetic wound healing has emerged™.

Haemostasis / inflammation, angiogenesis / cell
proliferation, and remodelling are the three or four
overlapping phases of the process of healing wounds that
are controlled by different cells, cytokines, and growth
factors!”'!,

Numerous studies have focused on creating better
tools and methods in order to speed up diabetic patients'
wound healing process. However, treating DFUs is still
difficult for doctors, and many patients end up needing
amputationst'>3l.  Recently, regenerative methods for
treating DFUs have included growth factors, different
cell-based treatments, and platelet-rich plasma (PRP)!+15),
Stem cells of mesenchymal type (MSCs) or PRP have been
studied extensively for promoting the renewal of a variety
of tissues, as the skin!3l.

Growth factors (GFs), particularly PRP, have received
a great deal of interest since the 1990s because they can
preserve normal tissue structure and heal tissue damage!'®l.
PRP is a naturally occurring medical technology, its ability
to promote and enhance tissue regeneration was the cause
to attract interest in the field of regenerative medicine!'.

To recover from diabetic wounds, researchers have
been looking at the use of PRP. It has been proved to be
successful in numerous animal and clinical experiments
because it is rich in several cytokines and proteins
necessary for wound healing®.

The MSCs are one type of stem cells which is now
the subject of extensive research. Some tissues have been
effectively treated and regenerated using stem cell-based
therapies, and it has been demonstrated that MSCs have
a variety of therapeutic applications. These stem cells
have the capacity for differentiation into a wide variety
of cells!'”. Moreover, they have the capacity to release
specific cytokines and many growth factors that promote
the healing process at injury sites!!”1%],

Bone marrow- derived mesenchymal stem cells (BM-
MSCs) can develop into many types of cells, as osteoblasts,
adipocytes, myoblasts and neuronal cells, as well as
epithelial cells of skin, lung, liver, kidney, and the digestive
tract!'*?), By releasing various trophic factors regulating
regeneration and inflammatory processes, BM-MSCs can
aid in wound healing®!l.

The purpose of this study is to assess the possible
morphological, histological and immunohistochemical
effects of PRP and/or BM-MSCs on cutaneous wound
repair in a model of induced diabetes in rats.

MATERIALS AND METHODS

Materials

Compounds

1. Streptozotocin (STZ):
Company, U.S.A.

2. Polyurethane dressing (Tegaderm film): From
Alex Company for Medical Equipment.

From Sigma Aldrich

3. Platelet-rich plasma (PRP): was prepared in
the laboratory of biochemistry department (EIl
Mowasah), Faculty of medicine, Alexandria
University, Alexandria, Egypt.

4. Bone marrow-derived mesenchymal stem cells
(BM-MSCs): It was extracted in center of
excellence in research for regenerative medicine

and its applications (CERMA), Faculty of
medicine, Alexandria University, Alexandria,
Egypt.

Experimental Animals

This study was done on 100 healthy male albino rats.
Ninety-five of which were adults at an age of six weeks
and had a weight ranged from 200 to 250 g. The other
five rats were at an age of two weeks and their average
weight is 30 g and they were used for preparation of MSCs.
The rats were from Animal House Center of Physiology
Department (El Mowasah), Faculty of Medicine,
Alexandria University. The rats were put in stainless steel
cages under certain conditions as follows: 12 h dark/light
cycle with temperature 22+2° C and humidity 50+10%,
food and water were given ad libitum.

The rats were divided into:
1. Donor group (ten rats)
*  Five rats to prepare MSCs.
*  Five rats to obtain PRP.
2. Experimental study groups (ninety rats)

* A (negative control group): 18 healthy non
diabetic non injured rats.

* B (diabetic study groups): 72 rats

The rats were divided by random into four study groups
and each group included 18 rats as follows:

Group I (positive control group): the wound
was dressed daily by normal saline and application of
polyurethane dressing!®*!.

Group II (PRP group): Single dose of 1 ml PRP
was injected in wounds at the first day of the study (day
0) and then application of the polyurethane dressing was
done!!*1,

Group III (BM-MSCs group): Single dose of 1ml
(3x106 cells/ml) of BM-MSCs was injected into the wounds
at the first day of the study (day 0) and then application of
the polyurethane dressing was done?*!.
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Group IV (BM-MSCs plus PRP): Single dose of 1ml
(3x10° cells/ml) of BM-MSCs plus single dose of 1 ml
of PRP were injected into the wound at the first day of
the study (day 0) and then application of the polyurethane
dressing was done!'?*!,

Methods
Preparation of BM-MSCs

Bone marrow- derived mesenchymal stem cells (BM-
MSCs) were extracted by flushing the bone marrow of the
femurs and tibias of the rats with complete culture medium
(CCM) under aseptic conditions using a 26-gauge needle.
The culture medium was made up of Dulbecco’s modified
eagle medium with 10% fetal bovine serum as well as 1%
penicillin-streptomycin. Centrifuging the bone marrow
was done for twenty minutes then the cells were isolated
and resuspended in CCM and then put into T-25 culture
flask and incubated in humidified carbon dioxide incubator
with 5% CO, for formation of colonies. After reaching
80% confluency, the cells were washed with phosphate
buffer saline (PBS) and trypsinization was performed
using 0.25% trypsin. Then the cells were centrifugated and
put back in the culture medium and placed in the incubator
in T-75 culture flask. BM-MSCs at passage 3 were used in
the present study!'*20:2425],

Characterization of BM-MSCs

Characterization was done by the following methods of
investigation:

Morphologic characterization of BM-MSCs by
inverted phase contrast microscope Nikon TSM inverted
phase contrast microscope combined with a DCM 510
digital camera was used to follow-up the cultured cells”.
Cultures from passages 0, 1, 2, and 3 were photographed
when they were almost semiconfluent (at 50%, 60%, 70%
and 80% confluency) respectively.

Immunophenotyping of BM-MSCs using flow
cytometry To verify the phenotypic of BM-MSCs, the
cultured cells after third passage were characterized for
CD44, CD73 and CD90 as surface markers that are linked
with MSC. In addition, other surface markers CD45 and
CD11b which are predicted to be absent. After isolating
the cells using a 0.25% trypsin-EDTA solution, the cells
were rinsed with PBS and incubated for 30 minutes in
the dark with monoclonal PE-conjugated antibodies for
CD44 and CD45, AlexFlour555-conjugated antibodies for
CD73, as well as FITC-conjugated antibodies for CD90.
After three PBS washes, the cells were placed in 500 pL of
FACS buffer. The FACS flow cytometer, using Cell Quest
software (Becton Dickinson, USA), was used to analyze
the cells22¢!,

Preparation of PRP

The rats were anaesthetized, ventral midline incision
was done and then rat dissection was performed till
reaching the inferior vena cava. The whole venous blood
was extracted from the rats' inferior vena cava by a syringe

and transferred to test tubes containing 3.2% sodium citrate.
Then the blood was spun in a centrifuge for 10 minutes at
400g. After that, the supernatant was put in another tube
to be recentrifuged at 800g for 10 minutes followed by
removing the upper 2/3 of plasma as it contains platelet
poor plasma. The lower 1/3 was considered as PRP. PRP
was isolated using a pipette technique!?*?"),

Diabetic study groups
All rats were exposed to the following:
a. Induction of diabetes

In order to induce diabetes, STZ dissolved in
sodium citrate at a dose of 40 mg/kg was injected once
intraperitoneally®®. Levels of glucose in blood were
measured seven days after STZ injection with a glucometer
by blood tail sampling, rats whose levels of glucose >300
mg/dl were regarded to be diabetic!'*?*!,

b. Development of skin wounds

After diabetes mellitus (DM) induction with two
weeks, the rats were anesthetized; the skin on the dorsal
aspect of the trunk was shaved. A circular full thickness
incision and dissection of this circular skin area was done
leaving a circular raw area of 2 cm diameter under aseptic
technique!". Wounds were daily examined and dressed by
polyurethane dressing. The day of formation of wound was
regarded as day 0%,

Wound healing assessment

The cutaneous wounds in all study groups were cleaned
daily with saline and new polyurethane dressing was
applied.

a. Morphological study

1- By inspection

The cutaneous wounds were inspected for any signs
of inflammation as redness of skin, signs of infection as

pus formation, scab formation and for scar formation. The
Time of complete wound healing was reported.

2- By image analysis software

The wounds were photographed every 2 days by digital
camera till the end of study period (30 days) and were
compared to that of day 0. The photographs were analyzed
by image analysis software (FIJI/ImagelJ software (NIH,
Bethesda, NJ)) regarding the surface area of the raw
areal!®?2,

Closure of the wound was assessed by quantifying
the re epithelialization of the open wound as a percentage
of the area of original wound, it was measured by the
following equation:

1 — (Open wound surface area/original wound surfaces
area) x100%!%1%,

Degree of re-epithelialization was rated on a scale from
0 to 4 as follows:
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0: wound closure is 0%.

1: wound closure is more than 0% and less than or
equal 30%.

2: wound closure is more than 30 % and less than or
equal 60%.

3: wound closure is more than 60% and less than or
equal 99%.

4: wound closure is 100%!.
b. Histological study

On the 7%, 14" and 30" day of the study period,
from each group six rats were selected randomly and
anesthetized then removal of the whole wound with intact
skin margin was performed?”. Skin specimens were fixed
in 10% formol saline, then prepared by standard method
and placed in paraffin wax. Then the blocks were sectioned
into 5-6 p thick sections followed by staining with:

1. Hematoxylin and eosin (H&E) stain

2. Masson's trichrome stain to demonstrate collagen
fibers.

Then, the slides were examined and photographed by
the light microscope. From each group stained by Masson's
trichrome, six random high-power fields (HPF) in each
specimen were selected on 7", 14" and 30" day of the study
period and analyzed by the color threshold tool using NIH
FlJI/ImagelJ software to measure collagen percentage in
each sample. Data were presented as mean + SDP%,

¢. Immunohistochemical analysis

After deparaffinization and rehydration in decreasing
alcohol grades, to block the activity of endogenous
peroxidase 4 p thick paraffin-embedded sections were
treated for 10 minutes with 3% hydrogen peroxide and
then 1% bovine albumin for 1 hour. Primary anti-CD68
antibody (mouse monoclonal Ab, clone KiM6, diluted
1:100) as well as secondary antibody conjugated with
horseradish peroxide (rabbit antimouse IgG, diluted 1:
100) were used after antigen retrieval. The sections were
incubated overnight to observe macrophage infiltration.
Lastly, slides were counterstained with hematoxylin.
After that, light microscope with a digital camera was
used for semiquantitative microscopic assessment of
the macrophage infiltration. Six high-power fields at
random (HPF) were assessed in each specimen to count
macrophages that have infiltrated. Data were displayed as
mean + SDU?2%,

Statistical analysis

Data was fed to the computer, then version 20.0 of the
IBM Statistical Package of Social Sciences (SPSS) software
was used to analyze data. (Armonk, NY: IBM Corp.). In
order to check the normal distribution of data, Shapiro-
Wilk test was used. Numbers and percentages were used
to describe the qualitative data. The terms range (minimum
and maximum), mean, standard deviation, and median were

used to describe quantitative data. P values lower than or
equal 0.05 were considered as statistically significant. To
compare between different groups for categorical variables
Chi-square test was used. To compare between the studied
groups for normally distributed quantitative variables
F-test (ANOVA) was used and for pairwise comparisons
Post Hoc test (Tukey) was used. Abnormally distributed
quantitative variables were tested using Friedman test to
compare between the studied groups and Post Hoc (Dunn's)
was used for pairwise comparisons?®!-32!,

RESULTS
Characterization of BM-MSCs

By examination with inverted phase contrast
microscope, it was demonstrated that primary cells were
adherent fusiform or polygonal in shape having multiple
small cytoplasmic projections. The cultures from passages
0, 1, 2, and 3 denoted that morphology of cells and their
proliferative abilities were maintained in all passages in the
present study (Figures 1 a,b,c,d respectively)

A flow cytometry analysis of the BM-MSCs from
passage 3 detected that they were positive for typical
CD44, CD 73 and CD 90 surface marker and negative
for CDIl and hematopoietic CD45. FACS analysis
demonstrated that 98.3%, 96.6% and 98% of the cultured
BMSCs expressed CD44, CD73 and CD90 respectively
(Figures 2 ab,c respectively). Two percnt, 3% only
of the cells expressed CD45 and CDI11b respectively
(Figures 2 c,d respectively).

Morphological results
By inspection

The size of the wound area decreased obviously with
statistical significance in groups II, III, IV in comparison
with group I. Best and earliest healing was seen in group
IV then group III then group II. The last group to heal was
group I (Figures 3a,b,c,d).

Cardinal signs of inflammation represented in redness
of skin of the wound edges obviously appeared in group I
(control group) and with a lesser extent in group II (PRP
group). While group III (stem cells group) and group IV
(PRP + stem cells group) showed the least cardinal signs of
inflammation (Figure 3a).

Signs of infection appeared in group I, this was seen as
pus secretion (Figure 3a). Scab formation was demonstrated
in groups I, 11, III (Figure 3a).

After complete healing on day 30, the skin wound
healed with obvious scar formation in group I (Figure
4a) while group II showed less prominent scar formation
(Figure 4b) whereas, groups III & IV showed well healed
skin wounds with intact skin with no scar formation
(Figures 4 c,d respectively).

Regarding mean time of complete healing, there was a
difference with a statistical significance between the four
studied groups and between control group and other study
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groups (p < 0.05) as group IV was the first group to reach
complete healing with mean time (18.50 £ 1.05), followed
by group Il with mean time (23.17 £ 1.17), then group
II with mean time (25.50 £ 1.05), and lastly group I with
mean time (28.67 + 0.82) (Figure 4¢).

By image analysis software

During the study period, the surface area (SA) of the
induced skin wound decreased with a statistical significance
in study groups II, III, IV in comparison with group I and
also between the four study groups (p <0.05) in most of the
study days (Figures 3 b,c,d). The means of SAs of induced
skin wounds have reached zero level in group I on day 30,
in group II on day 28, in group III on day 26 and in group
IV on day 20 (Figure 3d).

Throughout the period of research there was increase in
the wound closure percentage with a statistical significance
in study groups I, IIl and IV in comparison with group I and
hence an improvement in the degree of re-epithelialization.
By the end of the first week the mean of wound closure %
increased significantly in group Il and was (47.62% + 7.52)
re-epithelization grade: 2 compared to group I that was
(29.50% = 7.27) re-epithelization grade: 1 and increased
significantly in group III (56.92% + 7.37) re-epithelization
grade: 2 relative to groups I&II, and in group IV (66.42% +
6.99) re-epithelization grade: 3 compared to other studied
groups (Figures 5 a,b). By the end of second week the mean
of wound closure % increased significantly in group II and
was (90.48% =+ 2.25) re-epithelization grade : 3 relative to
group I that was (75.06% + 4.79) re-epithelization grade
: 3, and increased significantly in group III (94.58% +
1.49) re-epithelization grade: 3 compared to groups 1&II,
and in group IV (98.93% + 0.70) re-epithelization grade: 3
compared to other studied groups (Figure 5 c,d). The mean
of wound closure % has reached 100% re-epithelization
grade: 4 on day 30 in group I, day 28 in group II, day 26 in
group III and day 20 in group IV (Figures 5 e,f).

At the end of 1st week, groups III & IV were the first to
reach grade I1I by 33.3% & 72.2% respectively (Figure 5b)
(Table 1). By the end of 2™ week there was no significant
difference between the studied groups, and they all reached
grade III by 100% (Figure 5d, Table 2). During the 3rd
week of the study (day 18), only group IV was the first to
reach grade IV. 100% of the same group reached grade IV
on day 20. 100% of groups I, 11, and III reached grade IV
on days 30, 28 and 26 of the research period respectively
(Figure 5f, Table 3).

Histological results
Hematoxylin and eosin (H&E) stain

Histological sections of group A, at higher
magnification, showed thick epidermis covered by
keratin with well-organized keratinocytes lying on intact
basement membrane. Abundant keratohyaline granules
were detected in stratum granulosum layer (Figure 6a). At
lower magnification, the sections showed thick epidermis
covered by keratin covering the dermis. Blood vessels,

abundant hair follicles and sebaceous glands were found
in the dermis. Papillary layer showed abundant deposition
of fine interlacing collagen fibers. The reticular layer has
thick organized collagen bundles running in different
directions (Figure 6b).

On day 7, Histological sections of group I; at higher
magnification, the epidermis showed disorganized
keratinocytes, wide intercellular spaces in the stratum
basale. Vacuolated cytoplasm and pyknotic nuclei were
detected in stratum spinosum and the stratum granulosum
layer showed a few keratohyaline granules (Figure 7a). At
lower magnification, the sections showed most of the wound
surface is covered by a scab with absence of epidermis but
intact basement membrane with thin epidermis only at the
edge of the wound. Areas of large fluid filled spaces seen
between epidermis and underlying dermis (Figure 8a).
Massive granulation tissue is filling the wound bed. Massive
inflammatory cell infiltration, congested blood vessels, as
well as minimal deposition of fine collagen fibers with
absence of skin appendages were demonstrated in wound
area (Figures 7a, 8a). Group II showed wound surface
covered by a thin layer of epidermal cells. Moreover, the
epidermis is covered by exudation (Figures 7b, 8b). Areas
of large fluid filled spaces seen between epidermis and
underlying dermis (Figure 7b). At higher magnification,
the epidermis showed disorganized keratinocytes lying on
an intact basement membrane, wide intercellular spaces in
stratum basale, vacuolated cytoplasm and pyknotic nuclei
in the stratum spinosum (Figure 7b). Massive granulation
tissue was found in the wound bed with massive infiltration
of inflammatory cells as well as many congested blood
vessels with mild deposition of fine collagen fibers and
increased number of spindle shaped cells (myofibroblasts)
with absent skin appendages in wound area (Figure 8b).
Group III showed wound surface covered by regenerated
thin epidermis at the edge of wound area which is covered
by scab (Figure 7c). At higher magnification, the epidermis
showed more organized keratinocytes, vacuolated
cytoplasm and few pyknotic nuclei in the stratum spinosum
and few keratohyaline granules in stratum granulosum
layer (Figure 7c). The wound bed is filled with moderate
granulation tissue. Moderate infiltration of inflammatory
cells and blood vessels were seen in the wound dermis
with deposition of fine collagen fibers. It is also showed
increased number of large spindle shaped fibroblasts and
increased number of cells with large basophilic granules
(mast cells) with absent skin appendages in the wound area
(Figure 8c). Group IV showed regenerated epidermis on
wound surface (Figures 7d, 8d). At higher magnification, the
epidermis showed organized keratinocytes, some cells show
vacuolated cytoplasm in the stratum spinosum and a few
keratohyaline granules in stratum granulosum layer (Figure
7d). Mild inflammatory cell infiltrate as well as few newly
formed blood vessels were found in the dermis. Papillary
layer displayed prominent deposition of fine collagen fibers.
Reticular layer has thick collagen bundles with emergence
of regenerating hair follicles and high deposition of large
spindle shaped fibroblast cells (Figure 8d).
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On day 14, Group I showed regenerated thin epidermis
with keratin at wound edge covering most of the wound
surface (Figures 9a, 10a). At higher magnification,
histological sections showed thin epidermis with
disorganized keratinocytes, few cells showed vacuolated
cytoplasm & few pyknotic nuclei in stratum spinosum
layer were detected and minimal keratohyaline granules
were seen in stratum granulosum layer with a small area
of the wound surface lacking epidermis (Figure 9a). The
wound bed contained massive granulation tissue. Massive
infiltration of inflammatory cells and small blood vessels
were identified in the dermis with absent skin appendages in
the wound area (Figure 10a). Group II clarified regenerated
thick epidermis with keratin at wound edge covering the
wound surface (Figures 9b, 10b). At higher magnification,
thick epidermis with organized keratinocytes was seen.
Wide intercellular spaces in the stratum basale, vacuolated
cytoplasm & pyknotic nuclei in stratum spinosum layer
and few keratohyaline granules in stratum granulosum
layer were recognized (Figure 9b). The wound bed is filled
with moderate granulation tissue. Moderate infiltration
of inflammatory cells and moderate blood vessels were
observed in the dermis. Papillary layer showed prominent
deposition of fine collagen strands. Reticular layer has
thick interlacing collagen bundles. It also showed high
deposition of large spindle shaped fibroblast cells and
absence of skin appendages in the wound area (Figure 10b).
Group III showed wound surface covered by regenerated
well-formed epidermis which is covered by keratin at the
edge of the wound with well-organized keratinocytes and
moderate keratohyaline granules in stratum granulosum
layer at high power magnification (Figure 9c). The wound
bed contains minimal granulation tissue. Mild infiltration
of inflammatory cells and moderate reformed blood vessels
were identified in the dermis (Figures 9¢c, 10c). Papillary
layer displayed fine interlacing collagen fibers. Reticular
layer has thick collagen bundles with increased number
of large spindle shaped fibroblasts and emergence of
regenerating hair follicles (Figure 10c). Group IV showed
thick complete regenerated epidermis which is covered by
keratin covering the wound surface (Figures 9d, 10d). At
higher magnification, thick regenerated epidermis with
well organised keratinocytes and moderate keratohyaline
granules in stratum granulosum layer were detected
(Figure 9d). Very few infiltrations of inflammatory cells
and moderate complete regenerated blood vessels were
seen in the dermis. Papillary layer showed many delicate
interlacing collagen fibers. Reticular layer has thick
more organized collagen bundles running in different
directions. Regenerated hair follicles were detected with
increased number of large spindle shaped fibroblasts
(Figures 9d, 10d).

On day 30, Group I showed wound surface covered
with regenerated complete epidermis covered by keratin
with few keratohyaline granules in the stratum granulosum
and some cells showed vacuolated cytoplasm in stratum
spinosum layer. Minimal infiltration of inflammatory cells
with few newly formed blood vessels were identified in

the dermis with absent skin appendages in the wound area.
Abundant tiny, interlacing collagen fibers were visible in
papillary layer. Reticular layer displayed thick collagen
bundles (Figure 11a). Group II showed the same results as
group I but with moderate reformed blood vessels were seen
in the dermis and increased number of large spindle shaped
fibroblasts (Figure 11b). Group III showed wound surface
covered by regenerated well-formed complete epidermis
which is covered by keratin with abundant keratohyaline
granules in stratum granulosum layer. Moderate
regenerated blood vessels were seen in the dermis. A lot
of tiny, interlacing collagen fibers were visible in papillary
layer. Reticular layer has thick organized collagen bundles
running in different directions (Figures 11c,d). Increased
number of large spindle shaped fibroblasts was detected
(Figure 11c) with presence of complete regenerated hair
follicles and sebaceous gland (Figures 1lc,d). Group
IV showed the same results as group III. Reticular
layer displayed thick more organized collagen bundles
running in different directions and complete regenerated
well developed hair follicles and sebaceous gland
(Figures 11e,f).

Masson's trichrome stain

Group A (negative control group) revealed extensive
deposition of of dense thick well organized collagen
bundles (blue colour) running in different directions like
a meshwork in the dermis (Figure 12) with a statistically
significant increase in its percentage (73.19 + 6.17%),
(73.86 = 6.13%), (74.35 = 6.73%) on days 7, 14 and 30
respectively (Figure 16).

On day 7, group I (positive control group) revealed
scanty fine pale collagen fibers (blue colour) running in one
direction in the dermis with percentage (13.24 + 4.13%)
(Figure 13a). Group II (PRP group) demonstrated few fine
pale collagen fibers passing in one direction parallel to
each other in the regenerated dermis (Figure 13b) with a
statistically significant increase in its percentage (19.58 £
2.99%) in relation to group 1. Group III (Stem cells group)
showed mild deposition of fine collagen fibers running
in one direction in the regenerated dermis (Figure 13c)
with a statistically significant increase in its percentage
(34.06 + 3.37%) relative to groups I, II. Group IV (PRP+
stem cells group) demonstrated moderate deposition of
dense collagen bundles running in different directions in
the regenerated dermis (Figure 13d) with a statistically
significant increase in its percentage (42.38 + 3.97%) in
comparison with other diabetic study groups (B) (Figure
16). On day 14, group I showed mild deposition of fine
collagen bundles running in one direction in the reformed
dermis with percentage (27.51 + 2.78%) (Figure 14a).
Group II demonstrated more significant collagen bundle
deposition running in one direction in the reformed dermis
(Figure 14b) with a statistically significant increase in its
percentage (43.10 = 1.80%) relative to group 1. Group III
revealed moderate dense collagen bundles being deposited
running in different directions in the reformed dermis
(Figure 14c) with a statistically significant increase in

545



THE EFFECT OF PRP & STEM CELLS ON WOUND HEALING

its percentage (54.90 + 3.32%) in relation to groups I,
II. Group 1V displayed massive deposition of thick well
organized collagen bundles running in different directions
in the regenerated dermis (Figure 14d) with a statistically
significant increase in its percentage (62.38 + 0.94%)
relative to other diabetic groups (Figure 16). On day 30,
group I showed moderate deposition of thick bundles of
collagen running in a single direction in the reformed
dermis with percentage (44.43 + 2.61%) (Figure 15a).
Group II demonstrated more significant deposition of
thicker collagen bundles running in a single direction in the
reformed dermis (Figure 15b) with a statistically significant
increase in its percentage (53.06 + 2.62%) relative to
group 1. Group III revealed massive dense collagen bundle
deposition running in different directions in the reformed
dermis (Figure 15c) with a statistically significant increase
in its percentage (61.48 + 1.02%) relative to groups I, II.
Group IV showed massive deposition of dense thick well
organized collagen bundles running in many directions like
a meshwork in the reformed dermis (Figure 15d) with a
statistically significant increase in its percentage (69.31
+ 1.12%) compared to other diabetic groups (Figure 16).
The percentage in group IV was closer to normal level
(group A) as there was no significant statistical difference
between both groups.

Immunohistochemical results

Immunohistochemical evaluation of  CD68
macrophages in dermis of normal skin in rats of group
A (negative control group) showed very few positive
immunoreacted CD68 macrophages (brown dots)
(Figure 17) with statistically significant decrease in its
mean number (1.65 +0.27), (1.68 £ 0.26), (1.68 £ 0.26) on
days 7, 14 and 30 respectively (Figure 21).

On day 7, immunohistochemical evaluation of CD68
macrophages in dermis of the induced skin wound
demonstrated a numerous strong positive immunoreacted

CD68 macrophages (brown dots) in group I (positive
control group) (Figure 18a) and group II (PRP group)
(Figure 18b). A statistically significant decline in CD68
macrophages count was seen in group II (40.40 + 1.86)
compared to group I (50.18 £ 1.69) (p < 0.05). Group
III (stem cells group) demonstrated moderately positive
immunoreacted cells (Figure 18c) with statistically
significant decrease in its mean number (22.74 £ 1.97) in
relation to groups I, II. Group IV (PRP+ stem cells group)
revealed mildly positive immunoreacted cells (Figure
18d) with statistically significant decrease in its mean
number (14.09 + 1.41) relative to other diabetic studied
groups (Figure 21). On day 14, immunohistochemical
evaluation revealed a moderately positive immunoreacted
CD68 macrophages in group I (Figure 19a) and group II
(Figure 19b). A statistically significant decline in CD68
macrophages count was seen in group II (26.16 £ 0.85)
compared to group I (30.90 £ 2.49) (p < 0.05). Group III
demonstrated mildly positive immunoreacted cells (Figure
19¢) with statistically significant decrease in its mean
number (12.71 + 1.03) relative to groups I, II. Group IV
revealed few positive immunoreacted cells (Figure 19d)
with statistically significant decrease in its mean number
(9.22 £ 0.93) in relation to other diabetic studied groups
(Figure 21). On day 30, immunohistochemical evaluation
revealed a mildly strong positive immunoreacted CD68
macrophages in group I and group II (Figures 20 a,b
respectively). A statistically significant decline in CD68
macrophages count was noted in group II (17.30 + 1.29)
compared to group I (22.06 = 1.89) (p < 0.05). Groups III,
IV demonstrated scanty immunoreacted cells (Figures 20
c,d respectively) with statistically significant decline in its
mean number in group III (3.18+ 0.83) relative to groups
I&II. Statistically significant decline in the mean number
in group IV (2.26 £ 0.64) was noted relative to groups I, II
(Figure 21). The mean number in groups III, IV was close
to normal level in group A.
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Fig. 1: Photomicrographs of BM-MSCs showing large, flattened spindle shaped fibroblast like cells. (a): Passage 0 that shows adherent fusiform cells with
small cytoplasmic projections at 50% confluence. (b): Passage 1 that shows spindle shaped cells with 60% confluence. (c): Passage 2 that shows large spindle
shaped cells at 70% confluence. (d): Passage 3 that shows large spindle shaped cells with 80% confluence. [Inverted phase contrast microscope, X100]
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Fig. 2: A representative flow cytometry analysis of surface markers of cultured BM-MSCs at P3 showing: (a): High expression of CD44 (98.3%). (b): High
expression of CD73 (96.6%). (c): High expression of CD90 (98%) and absence of expression of CD45 (2%). (d): Absence of expression of CD11/b (3%).
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Fig. 3: (a): A photograph of induced skin wounds on the back of rats in group I (control), group II (PRP), group III (stem cells), and group IV (PRP + stem cells)
taken at days 0, 7, 14, and 21. It shows anteroposterior diameters of induced skin wounds among the four groups measured in cm by F1JI/ImageJ software. The
size of the wound area decreased obviously in all study groups compared to group I. Best and earliest healing was seen in group IV then group III then group II.
Group I was the last to heal. Note pus exudate (black arrow) is seen in group I on day 7, redness in wound and its margins (green arrows) in groups I, I on day
7 and scab formation (blue arrows) in groups I, 11, Il on day 7. (b, ¢, d): Bar charts showing comparison between the study groups regarding mean of surface

area of skin wound in the first week, in the second week and in last two weeks of the study period respectively.

Fig. 4: Photograph of healed skin wounds (black arrows) on the back of rats in group I (a), group II (b), group III (c), and group IV (d) taken at day 30. (a):
shows obvious red scar in group L, (b): shows less prominent scar in group II. (¢, d): show well healed skin wounds with intact skin in groups III, IV. (e): A bar
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Fig. 5: (a, c, e): Bar charts showing comparison between the study groups regarding wound closure % in the first week, in the second week and in last two
weeks of the study period respectively. (b, d, f): Bar charts showing comparison between the study groups regarding scale of reepithelization in the first week,
in the second week and in last two weeks of the study period respectively.

Fig. 6: Photomicrographs of normal histological structure of the skin in rats of group A (negative control group). (a): High magnification of epidermis showed
thick epidermis (E) covered by keratin (K) with well-organized keratinocytes (blue arrows) lying on intact basement membrane (green arrow). Abundant
keratohyaline granules (white arrows) were detected in stratum granulosum layer. Blood vessels (V) and a lot of hair follicles (F) were found in the underlying
dermis (D). (b): Low magnification showed thick epidermis (E) covered by keratin (K) covering the dermis with a lot of keratohyaline granules (white arrows).
Abundant hair follicles (F) and sebaceous glands (SG) were found in the dermis. Papillary layer (P) showed abundant deposition of fine interlacing collagen
fibers (black arrows). The reticular layer (R) has thick organized collagen bundles (red arrows) running in different directions. [H&E stain, a X400, b X100]
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Fig. 7: Photomicrographs of the epidermis (E) of induced skin wounds in diabetic rats on day 7. (a): The epidermis of group I (positive control group)
showed disorganized keratinocytes lying on an intact basement membrane (yellow arrow). Wide intercellular spaces (red arrows) in the stratum basale (1),
vacuolated cytoplasm (VC) and pyknotic nuclei (black arrows) were detected in stratum spinosum layer (2) and the stratum granulosum layer (3) showed a few
keratohyaline granules (white arrow). Areas of large fluid filled spaces (green arrow) seen between epidermis and underlying dermis (D) that showed massive
inflammatory cell infiltration (I), congested blood vessels (V) and minimal fine collagen deposition (*). (b): The epidermis of group II (PRP group) showed
disorganized keratinocytes lying on an intact basement membrane (yellow arrow), wide intercellular spaces (white arrows) in stratum basale (1), vacuolated
cytoplasm (VC) and pyknotic nuclei (blue arrows) in the stratum spinosum (2). The epidermis is covered by exudation (black arrow). Areas of large fluid
filled spaces (green arrows) were seen between epidermis and underlying dermis (D) that showed increased number of spindle shaped cells (myofibroblasts)
(red arrows). (c¢): Group III (stem cells group) showed thin epidermis (E) at the edge of wound area which is covered by scab (S). It showed more organized
keratinocytes, vacuolated cytoplasm (VC) and few pyknotic nuclei (yellow arrow) in the stratum spinosum (1) and few keratohyaline granules (white arrows)
in stratum granulosum layer (2) covering moderate granulation tissue (GT). Moderate inflammatory cell infiltrate (I) and moderate blood vessels (V). (d): group
IV (PRP + stem cells) showed thick epidermis (E). It showed organized keratinocytes, some cells show vacuolated cytoplasm (VC) in the stratum spinosum
(1) and a few keratohyaline granules (white arrow) in stratum granulosum layer (2) covering mild infiltrate of inflammatory cells (I), few newly formed blood
vessels (V) and thick collagen fibers (blue arrows) in underlying dermis (D). Dotted line: link between normal skin and twound area.

[H&E stain, a, b, ¢ X400, d X200]
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Fig. 8: Photomicrographs of the dermis of the induced skin wounds in diabetic rats on day 7.
(a): Group I (positive control group) showed most of the wound surface is covered by a scab (S) with absence of epidermis but intact basement membrane
(yellow arrow) with thin epidermis (E) only at the edge of the wound. Areas of large fluid filled spaces (green arrow) seen between epidermis and underlying
dermis (D). The wound bed filled with massive granulation tissue (blue arrows) with a massive inflammatory cell infiltration (I), congested blood vessels (V),
and minimal fine collagen deposition (*). Note the absence of skin appendages. (b): Group II (PRP group) showed wound bed covered by exudation (black
arrow) and filled with granulation tissue (GT), massive inflammatory cell infiltrate (I) and many congested blood vessels (V) with mild deposition of fine
collagen fibers (*). Note the increased number of spindle shaped cells (myofibroblasts) (red arrows) and absent skin appendages. (c): Group III (stem cells
group) showed the wound bed filled with moderate granulation tissue (GT). Moderate inflammatory cell infiltrate (I) and blood vessels (V) were found in the
dermis. Note the deposition of fine collagen fibers (blue arrows). It also showed increased number of large spindle shaped fibroblasts (red arrows) and increased
number of cells with large basophilic granules (mast cells) (black arrows). Note the absence of skin appendages in the wound area. (d): Group IV (PRP+ stem
cells) showed regenerated epidermis (E) covering wound surface. Mild inflammatory cell infiltrate (I) and few newly formed blood vessels (V) were found
in the dermis (D). Papillary (P) layer showed prominent deposition of fine collagen fibers (green arrows). The reticular (R) layer showed deposition of thick
collagen bundles (blue arrows). Note the emergence of regenerating hair follicles (F) and deposition of large spindle shaped fibroblast cells (red arrows).
Dotted line: link between normal skin and wound area.

[H&E stain, a, d X100, b, ¢ X200]
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Fig. 9: Photomicrographs of the epidermis (E) of induced skin wounds in diabetic rats on day 14. (a): Group I (positive control group) showed regenerated thin
epidermis (E) with keratin (K) at the edge of the wound covering most of the wound surface with disorganized keratinocytes. Few cells showed vacuolated
cytoplasm (VC) & few pyknotic nuclei (black arrow) were detected in Stratum spinosum layer and minimal keratohyaline granules were seen in stratum
granulosum layer (white arrow) covering massive granulation tissue (GT) with massive inflammatory cell infiltrate (I). Note a small area of the wound surface
not covered by epidermis (blue arrow). (b): Group II (PRP group) showed regenerated thick epidermis (E) with organized keratinocytes, keratin (K) at the
edge of the wound, wide intercellular spaces (yellow arrows) in the stratum basale (1), vacuolated cytoplasm (VC) & pyknotic nuclei (red arrows) in stratum
spinosum layer (2) and few keratohyaline granules (white arrows) in stratum granulosum layer (3) covering moderate granulation tissue (GT) and moderate
inflammatory cell infiltrate (I). (c): Group III (stem cells group) showed regenerated well-formed epidermis (E) which is covered by keratin (K) at the edge of
the wound with well-organized keratinocytes and moderate keratohyaline granules (white arrows) in stratum granulosum layer covering dermis (D) with mild
inflammatory cell infiltrate (I) and moderate infiltration of newly formed blood vessels (V). Note the increased number of large spindle shaped fibroblasts (red
arrows). (d): Group IV (PRP+ stem cells) showed thick complete regenerated epidermis (E) which is covered by keratin (K) with well organised keratinocytes
and moderate keratohyaline granules in the stratum granulosum (white arrows) covering very few inflammatory cells infiltrate (I) and moderate complete
regenerated blood vessels (V). Papillary (P) layer showed abundant fine interlacing collagen fibers (green arrows). The reticular (R) layer showed thick more
organized collagen bundles (blue arrows) running in different directions. Note the presence of regenerated hair follicles (F) increased number of large spindle
shaped fibroblasts (red arrows).

[H&E stain, a, b, ¢, d X400]
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Fig. 10: Photomicrographs of the dermis of the induced skin wounds in diabetic rats on day 14

(a): Group I (positive control group) showed regenerated thin epidermis (E) with keratin (K) at the wound edge covering most of the wound surface with
few cells showed vacuolated cytoplasm (VC) and minimal keratohyaline granules (white arrow). The wound bed is filled with massive granulation tissue
(GT). Massive inflammatory cell infiltrate (I) and small blood vessels (V) were found in the dermis (D) with no skin appendages. (b): Group II (PRP group)
showed regenerated thick epidermis (E) covering wound surface with keratin (K) at the edge of the wound and few cells showed vacuolated cytoplasm (VC).
The wound bed is filled with moderate granulation tissue (GT). Moderate inflammatory cell infiltrate (I) and blood vessels (V) were found in the dermis (D).
Papillary (P) layer showed prominent deposition of fine collagen fibers (green arrows). The reticular (R) layer showed interlacing collagen bundles (blue
arrows). Note high deposition of large spindle shaped fibroblast cells (black arrows) and absent skin appendages. (c): Group III (stem cells group) showed the
wound bed is filled with minimal granulation tissue (GT). Mild inflammatory cell infiltrate (I) and moderate infiltration of newly formed blood vessels (V)
were found in the dermis (D). Papillary (P) layer showed fine interlacing collagen fibers (green arrows). The reticular (R) layer has thick collagen bundles (blue
arrows). Note the increased number of large spindle shaped fibroblasts (red arrows) and presence of regenerated hair follicles (F). (d): Group IV (PRP+ stem
cells) showed wound surface covered by thick complete regenerated epidermis (E) which is covered by keratin (K). Very few inflammatory cells infiltrate (I)
and moderate complete regenerated blood vessels (V) were found in the dermis (D). Papillary (P) layer showed abundant fine interlacing collagen fibers (green
arrows). The reticular (R) layer showed thick more organized collagen bundles (blue arrows) running in different directions. Note the presence of regenerated
hair follicles (F) with increased number of large spindle shaped fibroblasts (red arrows).

Dotted line: link between normal skin and wound area.
[H&E stain, a, b, ¢, d X100]
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Fig. 11: Photomicrographs of skin wounds in rats on day 30:
(a): Group I (positive control group) showed regenerated complete epidermis (E) covered by keratin (K) covering wound surface with few keratohyaline
granules (white arrows) in the stratum granulosum (1) and some cells show vacuolated cytoplasm (VC) in stratum spinosum layer (2). Minimal inflammatory
cell infiltrate (I) and few newly formed blood vessels (V) were found in the dermis. The papillary layer (P) showed abundant deposition of fine interlacing
collagen fibers (green arrows). The reticular layer (R) showed thick collagen bundles (blue arrows). (b): Group II (PRP) showed the same as (a) with moderate
newly formed blood vessels (V) were seen in the dermis and increased number of large spindle shaped fibroblasts (red arrows). (¢ & d): Group III (stem cells)
showed wound surface covered by regenerated well-formed complete epidermis (E) which is covered by keratin (K) with abundant keratohyaline granules
(white arrows) in stratum granulosum layer. Moderate regenerated blood vessels (V) were found in the dermis. Papillary layer (P) showed abundant deposition
of fine interlacing collagen fibers (green arrows). The reticular layer (R) has thick organized collagen bundles running in different directions (blue arrows).
Note the increased number of large spindle shaped fibroblasts (red arrows) and presence of complete regenerated hair follicles (F) and sebaceous gland (SG).
(e & f): Group IV (PRP+ stem cells) showed the same as (¢ & d). The reticular layer (R) has thick more organized collagen bundles (blue arrows) running in
different directions and complete regenerated well developed hair follicles (F) and sebaceous gland (SG).

[H&E stain, a, b, d &f X200, ¢, e X100]
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bundles running in different directions like a meshwork in the dermis. Black arrows: collagen bundles (blue colour).
[Masson's trichrome stain, X200]

Fig. 13: Photomicrographs of the skin wound in the studied groups (B) on the 7th day. (a): Group I (positive control group) showed wound bed filled with
scanty fine pale collagen fibers in the regenerated dermis passing in one direction. (b): Group II (PRP group) showed wound bed with few fine pale collagen
fibers passing in one direction in the reformed dermis. (C): Group III (stem cells group) showed wound bed containing mild deposition of fine collagen fibers
running in one direction in the reformed dermis. (d): Group IV (PRP+ stem cells group) showed the wound bed has moderate deposition of thick collagen
bundles running in different directions in the regenerated dermis. Black arrows: collagen fibers and bundles (blue colour).

[Masson's trichrome stain, X200]

555



THE EFFECT OF PRP & STEM CELLS ON WOUND HEALING

Fig. 14: Photomicrographs of the skin wound in the studied groups (B) on the 14th day. (a): Group I (positive control group) showed wound bed filled with
mild deposition of fine collagen bundles running in one direction in the reformed dermis. (b): Group II (PRP group) showed prominent deposition of collagen
bundles running in one direction in the reformed dermis. (c): Group III (stem cells) group showed moderate deposition of thick collagen bundles running in
different directions in the regenerated dermis. (d): Group IV (PRP+ stem cells group) showed massive deposition of thick organized collagen bundles running

in different directions in the regenerated dermis. Black arrows: collagen bundles (blue colour).
[Masson's trichrome stain, X200]

Fig. 15: Photomicrographs of the skin wound in the studied groups (B) on the 30th day. (a): Group I (positive control group) showed moderate deposition of
thick collagen bundles running in one direction in dermis. (b): Group II (PRP group) showed more prominent deposition of thicker collagen bundles running in
one direction in the reformed dermis. (c): Group III (stem cells group) showed massive deposition of thick collagen bundles running in different directions in
the regenerated dermis. (d): Group IV (PRP+ stem cells group) showed massive deposition of dense thick well organized collagen bundles running in different

directions like a meshwork in the regenerated dermis. Black arrows: collagen bundles (blue colour).
[Masson's trichrome stain, X200]
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Fig. 16: A bar chart showing comparison between the study groups
regarding percentage of collagen.
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Fig. 17: Photomicrograph for immunohistochemical evaluation of CD68
macrophages (black arrows) in dermis of normal skin in rats of group A
(negative control group) showed very few positive immunoreacted CD68
macrophages. [Anti CD68 counterstained with hematoxylin, X400]
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Fig. 18: Photomicrographs for immunohistochemical evaluation of CD68 macrophages (black arrows) in dermis of the induced skin wound on the 7th day in
group I (a), group II (b), group III (c), and group IV(d). (a, b): show a numerous strong positive immunoreacted CD68 macrophages in groups I and II. (c):
show moderately positive immunoreacted cells in group III. (d): show mildly positive immunoreacted cells in group IV.

[Anti CD68 counterstained with hematoxylin, X400]
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Fig. 19: Photomicrographs for immunohistochemical evaluation of CD68 macrophages (black arrows) in dermis of the induced skin wound on the 14th day in
group I (a), group II (b), group III (c), and group IV (d). (a, b): show a moderately positive immunoreacted CD68 macrophages in groups I and II, (c): shows
mildly positive immunoreacted cells in group III. (d): shows few positive immunoreacted cells in group IV.

[Anti CD68 counterstained with hematoxylin, X400]

Fig. 20: Photomicrographs for immunohistochemical evaluation of CD68 macrophages (black arrows) in dermis of the induced skin wound on the 30th day in
group I (a), group II (b), group III (¢), and group IV (d). (a, b): show mildly positive immunoreacted CD68 macrophages in groups I and II. (c, d): show scanty
immunoreacted cells in groups III and IV.

[Anti CD68 counterstained with hematoxylin, X400]
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Fig. 21: A bar chart showing comparison between the study groups regarding Infiltrating CD68 macrophages count

Table 1: Comparison between the study groups regarding scale of reepithelization in the first week

Scale of reepithelization in the first week Group I (n = 18) GroupII (n=18) GroupIlll (n=18) GrouplIV (n=18) c? P
Day 0
Grade 0 18 (100%) 18 (100%) 18 (100%) 18 (100%)
Grade | 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade II 0 (0%) 0 (0%) 0 (0%) 0 (0%) - -
Grade III 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Day 2
Grade 0 6(33.3%) 3 (16.7%) 1 (5.6%) 0 (0%)
Grade I 12 (66.7%) 12 (66.7%) 12 (66.7%) 11 (61.1%)
Grade II 0 (0%) 3 (16.7%) 5(27.8%) 7 (38.9%) 15.370" OM(C;Z;
Grade III 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Dy 0.190 0.017 0.001"
Sig.bet.Grps p,=0.537, p,=0.111, p,=0.728
Day 4
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade | 18 (100%) 6(33.3%) 2 (11.1%) 0 (0%)
Grade 11 0 (0%) 12 (66.7%) 16 (88.9%) 18 (100%) 46.957°  <0.001"
Grade III 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
D, <0.001" <0.001" <0.001"
Sig.bet.Grps p,=0.228, p,=0.019", p.=0.486
Day 6
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade | 9 (50%) 0 (0%) 0 (0%) 0 (0%) ]
Grade II 9 (50%) 18 (100%) 12 (66.7%) 5(27.8%) 49.801" <0N.[(()]())9*
Grade III 0 (0%) 0 (0%) 6(33.3%) 13 (72.2%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Dy 0.001" <0.001" <0.001"
Sig.bet.Grps ,=0.019, p,<0.001", p,=0.019"
y*: Chi square test , MC: Monte Carlo p: p value for comparing between the studied groups
P, p value for comparing between Group I and each other group p,: p value for comparing between Group II and I11
p,: p value for comparing between Group Il and IV D,: p value for comparing between Group Il and IV *: Statistically significant at p <0.05
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Table 2: Comparison between the study groups regarding scale of reepithelization in the 2nd week

Scale of reepithelization in the 2™ week Group I (n=12) GroupII (n=12)  GroupllI (n=12) Group IV (n=12) c? P
Day 8
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade I 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade 11 12 (100%) 8 (66.7%) 1(8.3%) 0 (0%) 33.439°  <0.001"
Grade I11 0 (0%) 4 (33.3%) 11 (91.7%) 12 (100%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Py 0.093 <0.001" <0.001"
Sig.bet.Grps p,=0.009", p,=0.001", p,=1.000
Day 10
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade [ 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade 11 9 (75%) 0 (0%) 0(0%) 0 (0%) 25.756" <Ohil;]81,,
Grade I1I 3 (25%) 12 (100%) 12 (100%) 12 (100%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Py <0.001" <0.001" <0.001"
Day 12
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade [ 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade 11 0 (0%) 0 (0%) 0 (0%) 0 (0%) - -
Grade I1I 12 (100%) 12 (100%) 12 (100%) 12 (100%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Day 14
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade [ 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade 11 0 (0%) 0 (0%) 0 (0%) 0 (0%) - -
Grade I11 12 (100%) 12 (100%) 12 (100%) 12 (100%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
¥*: Chi square test MC: Monte Carlo p: p value for comparing between the studied groups
D, p value for comparing between Group I and each other group p,: p value for comparing between Group II and TII
P,: p value for comparing between Group Il and IV p,: p value for comparing between Group III and IV
*: Statistically significant at p < 0.05
Table 3: Comparison between the study groups regarding scale of reepithelization in last 2 weeks.
Scale of recpithelization from day 16— 1 (16} Groupll (n=6)  GroupIll (n=6)  GroupIV (n=6) o P
to day 30
Day 16
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade [ 0 (0%) 0 (0%) 0 (0%) 0(0%)
Grade 11 0 (0%) 0(0%) 0 (0%) 0 (0%) - -
Grade I1I 6 (100%) 6 (100%) 6 (100%) 6 (100%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Day 18
Grade 0 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade I 0 (0%) 0 (0%) 0 (0%) 0 (0%)
Grade 11 0 (0%) 0 (0%) 0 (0%) 0 (0%) 6.371"  MP=0.039"
Grade I1I 6 (100%) 6 (100%) 6 (100%) 3 (50%)
Grade IV 0 (0%) 0 (0%) 0 (0%) 3 (50%)

Continue Table 3
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Sig.bet.Grps

Day 20
Grade 0
Grade I
Grade II
Grade III
Grade IV

Py

Sig.bet.Grps

Day 22
Grade 0
Grade |
Grade II
Grade III
Grade IV

Py

Sig.bet.Grps

Day 24
Grade 0
Grade |
Grade 11
Grade III
Grade IV

Py

Sig.bet.Grps

Day 26
Grade 0
Grade I
Grade II
Grade III
Grade IV

Py

Sig.bet.Grps

Day 28
Grade 0
Grade |
Grade II
Grade III
Grade IV

Py

Sig.bet.Grps

Day 30
Grade 0
Grade I
Grade 11
Grade III
Grade IV

0 (0%)
0 (0%)
0 (0%)

6 (100%)
0 (0%)

0 (0%)

0 (0%)

0 (0%)
6 (100%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
6 (100%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
6 (100%)
0 (0.0%)

0 (0.0%)
0 (0.0%)
0 (0.0%)
3 (50%)
3(50%)

0 (0%)
0 (0%)
0 (0%)
0 (0%)

6 (100%)

p=-p,~0.182, p.=0.182

0 (0%)
0 (0%)
0 (0%)

6 (100%)
0 (0%)

== p,=0.002", p.=0.002"

0 (0%)

0 (0%)

0 (0%)
6 (100%)
0 (0.0%)

p,=0.455, p,=0.002", p,=0.061

0 (0.0%)
0 (0.0%)
0 (0.0%)

5(83.3%)
1 (16.7%)

1.000

,=0.080, p,=0.015", p.=1.000

0 (0.0%)
0 (0.0%)
0 (0.0%)
1 (16.7%)
5(83.3%)
0.015"

p,=1.000, p,=1.000, p,=

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0%)
6 (100%)
0.182

0 (0%)
0 (0%)
0 (0%)
0 (0%)

6 (100%)

0 (0%)
0 (0%)
0 (0%)

6 (100%)
0 (0%)

0 (0%)
0 (0%)
0 (0%)

4 (66.7%)

2(33.3%)

0.455

0 (0.0%)
0 (0.0%)
0 (0.0%)
1(16.7%)
5(83.3%)
0.015"

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
6 (100%)
0.002*

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0%)
6 (100%)
0.182
P= D P

0 (0%)
0 (0%)
0 (0%)
0 (0%)

6 (100%)

0.182

0 (0%)
0 (0%)
0 (0%)
0 (0%)

6 (100%)
0.002"

0 (0%)
0 (0%)
0 (0%)
0 (0.0%)
6 (100.0%)
0.002"

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)

6 (100.0%)

0.002°

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0.0%)
6 (100%)
0.002"

0 (0.0%)
0 (0.0%)
0 (0.0%)
0 (0%)
6 (100%)
0.182

0 (0%)
0 (0%)
0 (0%)
0 (0%)

6 (100%)

19.139°

16.610°

17.110°

17.154°

6.371°

MEp<0.001°

<0.001"

<0.001"

MEp<0.001°

MCp=0.042"

¥*: Chi square test

MC: Monte Carlo

D, p value for comparing between Group I and each other group
Pp,: p value for comparing between Group II and IV

*: Statistically significant at p < 0.05

p: p value for comparing between the studied groups
p,: p value for comparing between Group II and I1T
p: p value for comparing between Group I1I and IV
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DISCUSSION

Despite major healthcare resources being dedicated to
wound care, nonhealing wounds are linked to catastrophic
side effects including scarring, disfigurement, life-
threatening functional impairment and amputation in
various wounds especially those of diabetic patients!®.
one to two percent of the world's population is affected
by diabetic wounds, which cost 2.5 to 15 percent of
annual global health budgets®l. Diabetes mellitus causes
insulin resistance, ongoing inflammation, and decreased
cell proliferation in woundsP*. The methods utilized to
treat diabetic wounds at the moment emphasize reducing
excessive inflammation and encouraging the proliferation
of cells®. However, haemocytes, parenchymal cells
proteins of extracellular matrix, and soluble mediators
were all implicated in the wound healing process®®. As
a result, adopting a single approach to provide excellent
outcomes is never easy. Therefore, the necessity for a
perfect synergistic approach to solve the issue is crucial.

The present work was conducted to investigate and
compare the potential therapeutic effect of locally injected
bone marrow- derived mesenchymal stem cells (BM-
MSCs) as well as platelet rich plasma (PRP) individually
or combined in the healing of skin wound in induced
diabetic albino rats.

Platelet-rich plasma is a compound which is derived
from blood, and it possesses highly concentrated platelets
in plasma. Centrifugation is used to separate it from blood.
Activated platelets from PRP can secrete a lot of cytokines
and many growth factors, including transforming growth
factor-B (TGF-f), basic fibroblast growth factor (bFGF),
platelet-derived growth factor (PDGF), insulin-like
growth factor-1 (IGF-1), and vascular endothelial growth
factor (VEGF) that aid in stimulating tissue regeneration
and repair. PRP is used in many surgeries and clinical
treatments as it is an easily accessible simply prepared
cell therapy containing many bioactive growth factors
with low immunogenicity, its therapeutic application can
be achieved by simple techniques and its separation from
whole blood is not expensive!''*"). As a result, PRP was
injected intralesional in the present work to indicate PRP
effects on experimental cutaneous wounds in rats.

Because MSCs are readily extracted at clinical criteria
from a variety of tissues, such as bone marrow and adipose
tissues, and because they secrete a variety of soluble factors
that has trophic, cytoprotective and anti-inflammatory
properties, the use of MSCs is a powerful strategy for the
repair of damaged tissues and organs. Additionally, the use
of MSCs has been demonstrated to be secure and practical
in the clinic®3#,

In this study BM-MSCs were injected intralesional as
it has also been widely applied in the treatment of wounds.
As mentioned by Leonardi et a/*?. in their study, BM-
MSCs in synthetic dermal substitutes improved wound
healing. These stem cells were found to accelerate the
process of reepithelialization and improve vascular density
in the wounds as mentioned by Hu et a/*",

Albino Wistar strain rats were chosen as experimental
animals in this study as they are larger in size compared
to mice that leads to easy handling, sampling, and easy
performed procedures as well as their similarity to humans
regarding anatomical, physiological, and genetic features,
also, they can resist infectionst*!!. Male rats were favoured
to decrease the rapid impact of natural estrogens on the
healing of wounds™?.

Streptozotocin  (STZ) was chosen for induction
of diabetes in the present work as it is currently most
frequently used for diabetes induction in mice and rats due
to its diabetogenic effects as it causes damage of pancreatic
islet B-cells which results in insulin insufficiency,
hyperglycemia, polydipsia, and polyuria which are
indicative of diabetes mellitus as mentioned by Furman*"
in his study.

The dose of induction of diabetes in the present study
was 40 mg/kg as it was the least and safest dose to induce
diabetes with least mortality incidence based on the study
of Kaur et al**l,

Full thickness surgical incision was done on the dorsum
of rats to remove the endogenous stem cells effect that are
located in hair follicles and sebaceous glands™*. It involves
lower immune responses and regeneration processes than
other wound types, the sterile dermal incision is frequently
regarded as the "simplest" wound type in the broad subject
of tissue repair. In addition, the wounds were covered by
tegaderm dressing as it prevents the harmful bacteria from
invasion into the wound and reduces the inflammation
responsel®l,

Haemostasis / inflammation, angiogenesis / cell
proliferation, and remodelling are the three overlapping
phases of the wound healing process as mentioned by Yan
et al." As a result, skin wound specimens were taken on day
7 to examine wound healing inflammatory phase, day 14 to
assess the proliferative phase which matched with what was
said by Ebrahim et a/.®?% and on day 30 which was the end
of research period to assess full recovery of wounds.

In the present work regarding the gross morphological
results, it was demonstrated that the size of raw wound area
(total surface area) statistically significant decreased as well
as increase in percentage of wound closure and degree of
reepithelization of statistical significance in groups (11, III,
IV) relative to control group (group I) throughout the study
period. Best healing results were seen in group III (stem
cells) and group IV (combined stem cells and PRP) while
PRP group (group II) showed a lesser grade of healing,
but it was better than that of control group. Regarding
mean time of complete healing, there was a difference of
statistical significance between the four studied groups and
between control group and the other study groups as group
IV was the first group to reach complete healing in time
ranged from day 17 to day 20 of the study period, followed
by group 111, then group II followed by group I that reached
complete healing in range of time from day 28 to day 30 of
the research period.
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Cardinal signs of inflammation as redness of skin
surrounding the wound edges obviously demonstrated in
group I and with lesser extent in group II in this work.
While groups 111, IV showed the least inflammatory signs.

In the present study, signs of infection appeared only
in group I (control group) at days 4 and 7 post surgery that
manifested by pus formation but were not seen in other
groups. Increased risk of infection in diabetic wounds could
be explained by delayed wound healing and prolongation
of all 4 phases of healing especially the inflammatory
phase, thus impairing the immune function, and increases
the susceptibility to infection and microbial invasiont®.
The primary cause of ongoing inflammatory condition
in diabetic wound healing is impeded conversion of M1
to M2 macrophages. Persistence of M1 macrophages for
prolonged period leads to release of tumor necrotic factor
alpha (TNF-a) as well as interleukin 6 (IL-6), that severely
damage the tissue!***’), Infection may also be due to poor
vascular flow that mostly accompanies diabetic wounds
which interferes with normal wound healing?®*.

The reduced inflammation seen in PRP treatment
groups (IL, IV) could be expressed by the anti-inflammatory
mediators found in PRP such as IL-17A and IL-1BB".
This suggests that PRP has the ability to regulate wound
inflammation, and hence leads to improvement of skin
wound repair. Locally injected BM-MSCs have also been
shown to attenuate wound inflammation by inhibiting
inflammatory cell infiltration and by supressing the
expression of proinflammatory cytokine production as
CD45, IL-2 and matrix metalloproteinase 2 (MMP2)“8l,
This may explain the least cardinal signs of inflammation
that appeared in groups III and I'V.

Scab (crust) formation was demonstrated in groups I,
group II (PRP group) and in group III (stem cells group)
at days 4 and 7 post surgery while in group IV no scab
was formed. The goal of scab formation is to close the
wound so that microbial agents and other foreign objects
cannot enter, as well as to maintain humidity underneath
the scab™>%. The scab will come off the incision once
the new epidermis layer beneath it has fully developed
because The growing tissue will stretch fibrin and push
or breakdown collagen due to the enzymes released by
leukocytes and epidermal cellsP!". The collagen and fibrin
layer of the scab, however, can disrupt the migration of
epidermal cells from skin appendages, slowing the process
of re-epithelialization®-%. Thus, explaining the rapid
wound closure in group IV when compared to the other 3
groups as no scab was noticed morphologically covering
the wound.

Gross morphological examination on day 30 revealed
complete closure of the wound in all study groups but with
obvious scar formation, redness, and absence of hair in
group I. Group II showed less prominent scar formation
when compared to group I, whereas in groups III & IV
showed well healed skin wounds with intact skin with no
scar formation.

In addition to impeding wound healing, the loss or
injury of skin appendages affects skin function and leads
to scar formation as Weng et al.P?! demonstrated. This
explains the bad obvious scar formed in group I.

Rosadi et al.®¥ clarified that the use of PRP can improve
collagen deposition as well as it effectively shorten healing
time, and this minimizes the potential for scarring, which
is necessary to get better tissue remodeling quality as Zeng
et al.»Y mentioned.

Absence of scar formation and proper wound healing
in the BM-MSC:s treated groups (group III and IV) could
be explained by decreased expression of certain factors
as TGF-Bl and increased expression of others such as
TGF-B3 through inhibiting the signal pathway of TGF-f/
Smad which is an important pathogenic mechanism in
wound repairl®. Similar results were seen by Jiang et al.’%
who revealed that human bone marrow mesenchymal stem
cell-derived exosomes (hBM-MSC-Ex) could improve
healing of wounds by deactivating the signal pathway of
TGF-B/Smad and hence decreased expression of TGF-1
which is known to be a main factor in the scarring of
tissues®”). During wound repair, TGF-f3 possesses anti-
fibrotic or scar-less properties and is crucial in controlling
the migration of skin cells®®l.

Other factors secreted by stem cells include fibroblast
growth factor (bFGF) that shown to accelerate skin
regeneration, as it remarkably alleviates scarring in healing
of diabetic wound®”. Chen et al.®” reported that FGF
produced from stem cells might hasten kinetics of wound
repair in ulcers due to diabetes as it stimulates proliferation
of fibroblasts. In addition, Li et al.®'! mentioned that
MSC:s - derived products , as exosomes, led to deposition
of collagen and had antifibrotic role in hypertrophic scars.

Histological sections of the induced wound were
examined on days 7, 14 and 30 of the study period
to demonstrate the different stages of wound healing
mentioned before. Light microscopic examination of
groups [ and II on day 7 showed disturbed epidermis with
disorganized keratinocytes and areas of large fluid filled
spaces, the wound bed showed massive inflammatory
cells infiltration with congested blood vessels. No skin
appendages were noted.

In this study, the results that were recorded in control
group were in agreement with Kamar et a/.1” whose study
revealed gross and histological delay of wound healing in
the form of failure of wound closure, diffuse disfigurement
of keratinocytes and defective collagen formation in the
wound bed. These findings might be due to the ongoing
inflammatory process in diabetic wounds leading to
elevated inflammatory cytokines levels, which became
destructive and promoted apoptosis in the diabetic wounds
as Amer et al.®! mentioned in their study. Aryan et al.[¥
also found on days 7, 15, and 28 after surgery an increase
in inflammatory cells number in the control group of their
study that goes in line with the present results.
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Increased number of myofibroblasts was identified in
group II. The TGF-B pathway's modification resulted in
the accumulation of myofibroblastsi®l. Moreover, prior
research indicated that increased number of myofibroblasts
at the wound site was as a result of using PRP to promote
wound healing and this was assessed by measuring the
quantity of alpha smooth muscle actin (oo —SMA) which
particularly myofibroblasts express®. The contraction
of wounds is thought to be significantly influenced by
myofibroblasts. The granulation tissue formation and the
steady increase in the differentiation of fibroblasts into
myofibroblasts are what will actually cause the wound
margin to contract!®”68],

The epidermis improved in groups III and IV, but it was
thicker and more organized in group IV, moreover there
was a decrease in invasion of inflammatory cells as well as
congested blood vessels in both groups, few regenerating
sebaceous glands and hair follicles with newly formed
blood vessels were seen in group IV and increased number
of mast cells in group III was detected.

Aryan et al* mentioned that MSCs produce a lot
of elements that are crucial in the normal function of the
cell during the culturing process. They suggest that the
hBM-MSCs release several factors, as anti-inflammatory
cytokines that explains the reduced inflammation in groups
I & IV.

Additionally, Aryan et al.[*) demonstrated that healing
with granular tissue formation and thick dermis was
observed in human bone marrow mesenchymal stem cell
conditioned medium group (hBM-MSC-CM). They added
that on days 7 and 14 of their study, there was a notable
rise in fibroblast cells in the hBM-MSC-CM group,
suggesting that the hBM-MSC-CM groups began the
proliferation phase sooner. The findings offer compelling
proof that some factors (bFGF) within the hBM-MSC-
CM group could stimulate fibroblasts, keratinocytes, and
cell proliferation, leading to enhanced granulation tissue
development in the process of wound healing.

The observed increase in mast cells in group III in this
study was in agreement with Da Costa et a/.! who found
less mast cells in diabetic mice skin and increase in the
mast cells (MCs) count after MSC administration. MCs
occupy about 8% of cell count within the dermis, and they
are essential for wound healing””. This may explain the
improved healing of the skin wounds in groups III and I'V.

On day 14, histological examination of the induced
wound to assess proliferation and regeneration was
performed. Complete thick regenerated epidermis which
is covered by keratin with increased keratohyaline
granules were noticed in groups IV, the reappearance of
keratohyaline granules indicates restoration of the full
functional epidermis, least inflammatory cell infiltrate,
increased newly formed blood vessels, increased number
of fibroblast cells and regenerated hair follicles were
identified in the dermis of group IV compared to other
study groups. Group I showed thin, disorganized epidermis

and increased inflammatory cell infiltrate as well as few
blood vessels were seen in the dermis with absence of skin
appendages in groups I and II.

Diabetes impairs the angiogenesis process in healing
of wounds. Diabetic wounds affected by inadequate
angiogenesis reveal reduced vascularity. Diabetes causes
a marked inhibition of wound healing that leads to chronic
non-healing wounds. A lot of studies have revealed a link
between poor angiogenesis and the pathologic wound
healing found in diabetes patients®.

The decline in formation of blood vessels in group I in
the present work may be explained by alterations in factors
responsible for capillary maturation and anti-angiogenic
elements in wounds, in addition to the reduction in vascular
endothelial growth factor (VEGF) which is a factor that
promotes angiogenesis. Studies on diabetic wound healing
have examined the production of the pigment epithelium
derived factor (PEDF) which is an anti-angiogenic element
and it was discovered that individuals with diabetic foot
ulcers had greater circulating levels of PEDFBS),

Diabetes naturally reduces the number of endothelial
progenitor cells (EPCs) that are derived from bone marrow,
moreover, it alters the secretion of vascular maturation and
pro-angiogenic factors’!. Consequently, diabetic tissues
have less baseline vascularity due to this deficiency, which
probably has an impact on wound angiogenesis’?.Delayed
wound healing in diabetic control group may also be
explained by decrease of fibroblast cells that led to slow
proliferation ratel’].

Groups II, IV revealed more rapid wound healing
and significant improvement in wound closure relative to
the control group and this could be related to the growth
factors accumulated in the platelet granules as Amer
et al.!®! said. These factors include VEGF, which promotes
angiogenesis, PDGF, and TGF-B"#. This was in line with
Rezende et al.! who observed decrease in the size of the
wound in the PRP treated wounds after 14 and 21 days in
relation to the groups that were not treated .

The results of group II in this study matched with Wang
et al."® who mentioned that PRP enhanced angiogenesis
in open wounds as it led to production of large quantities
of VEGF, which is thought to be the primary growth
factor that is involved in the process of angiogenesis.
VEGF has a paracrine action on TGF-B during wound
healing to help in the regeneration of blood vessels in
the wound site’””. Furthermore, the study results of Hui
et al."® confirm that TGF-p and VEGF-a work in concert
to promote vascular regeneration. Moreover, FGF and
PDGF which are produced by PRP chemoattract smooth
muscle cells that leads to growth of smooth muscle cell
and vessel enlargement””. Badis and Omar™! stated that
the neovascularization that occurs during skin wounds
encourages the infiltration of inflammatory cells that serve
to debride the lesional focus which explains the increase of
inflammatory cells that were noted in this study.
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Moreover, MSCs secrete growth factors including
VEGF, bFGF, and keratinocyte growth factor (KGF)
throughout the proliferative and remodeling phase; these
factors encourage granulation and neovascularization®!,
Park et al.®”! added that epidermal growth factor (EGF),
KGF, and bFGF are well-known secretory factors that
can encourage the skin cells' migration and proliferation,
including keratinocytes, dermal fibroblasts, and vascular
endothelial cells which explains the increased number of
blood vessels with improvement of angiogenesis process
that were observed in groups I1I and V.

Yao et al™ demonstrated that some studies have
stated that MSCs improve wound healing because of
MSCs differentiation but other people have mentioned
that the good effects of MSCs may be exerted by reducing
inflammation instead of differentiating.

In this study, regenerated skin appendages were noted
in groups III and IV obviously at days 14 and 30 of the
study that agreed with Feng et al.®! who demonstrated
an increase in the hair follicles number after injection of
adipose -derived stem cells intradermally (ASCs). They
confirmed that ASCs accelerated appendage progenitor
cells proliferation and differentiation through secretion
of growth factors. Additionally, Duan et al.®? reported
that the skin in the epidermal stem cell-derived exosomes
group (EPSC-Exos) had more appendages than other study
groups.

On day 30, histological examination of the wound
areas concurred with the gross morphological results.
Group IV showed best healing with regenerated well-
formed complete epidermis covered by keratin containing
abundant keratohyaline granules followed by group III.
Moderate complete regenerated blood vessels were seen
in the dermis with complete regenerated well developed
hair follicles and sebaceous glands in comparison to the
other study groups. There was absence of skin appendages
in groups I, I and increased inflammatory cells in group I.

Re-epithelialization is the process by which epidermal
cells proliferate and differentiate. Numerous growth
factors, including epidermal growth factor (EGF), FGF,
VEGF, TGF -B, PDGEF, as well as IGF-1, are important in
this processt”. The process of re-epithelialization may be
impacted by the blockage of extracellular matrix (ECM)
formation'®!. Keratinocytes move through a temporary
matrix made of type I collagen as the wound first starts to
heal. Matrix metalloproteinases (MMPs) as well as tissue
inhibitor of metalloproteinases (TIMPs) must coexist
in harmony for this process to occur. While the gene for
TIMPs is silenced in diabetic wounds, MMP expression
is elevated, which intensifies collagen breakdown and
prevents re-epithelialization as Chang and Nguyen said™®*!.
This explains the deterioration in the repair of skin wound
in group L.

The above results agreed with Xu et /.3 who reported
that PRP enhanced re-epithelialization by increasing IGF-
1 production in wound tissue. It was mentioned that PRP

can stimulate tissue cells to secrete the growth factors by
exerting autocrine or paracrine activities. TGF-B. EGF
and IGF-1 has been shown to be some of these factors
that are crucial for the regeneration and repair of skin
tissues. According to certain research, PRP may increase
IGF-1 expression in injuries such osteoarthritis and nerve
damagef®>%1,

Additionally PRP could significantly enhance migration
of epidermal stem cells (ESCs)P". ESCs are essential for
effective reepithelialization and perform critical functions
in differentiation and proliferation of epidermal cellst**.
When a wound develops, ESCs rapidly replicate at the
wound's base, grow to the center of wound, and gradually
differentiate into daughter cells to repair the defect of skin
tissuel’l.

Improved healing seen in the form of well-developed
thick regenerated epithelium seen in groups III and IV
is explained by epithelial differentiation and secretion
by MSCs. Park et al.®” reported that a number of tissue
repair regulators as growth factors, cytokines, as well as
chemokines as bFGF, EGF, hepatocyte growth factor
(HGF), and TGF-B, have been reported to be secreted
by stem cells produced from different tissues. Increased
levels of three factors (HGF, EGF, and bFGF) were found
in secretome of stem cell. These secretory substances
dramatically increased wound reepithelialization and
encouraged keratinocyte migration in vivo.

You and Nam®! mentioned that EGF- secreting stem
cells hasten wound healing by promoting migration
and proliferation of fibroblast. Also, HGF has been
demonstrated to have anti-apoptotic and mitogenic actions
on epithelial and endothelial cells®.

As a result, on the level of histological evaluation, the
combined treated group IV showed the best results. This
might be clarified by the synergistic healing effect of
growth factors of PRP and BM-MSCs. Group IV showed
the best results regarding the timing of complete wound
healing in relation to other research groups as proteins,
growth factors, and enzymes that enhance MSC efficacy of
wound healing are released from PRP®!,

Additionally, using MSCs and PRP in combination with
each other is more effective in enhancing vascularization
and tissue regeneration compared to using PRP or MSCs
alone. Furthermore, PRP acts as an adjuvant to boost the
engrafted MSCs' therapeutic efficacy, as well as to increase
their adaptability and persistence at the site of the wound.
It also serves as a cytoprotectant that prevents oxidative
damage of MSCs by improving ATP-linked respiration and
consumption of oxygen(®.

Regarding the results of Masson's trichrome staining,
on the 7" day, the dermis showed fine pale collagen fibers
arranged in one direction in groups I, II. The amount of
collagen fibers increased significantly in group III, while
group IV showed dense collagen strands are deposited
moderately running in different directions. The amount
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of collagen increased at day 14 in the study groups, but
the greatest amount was observed in groups III and IV
and the collagen fibers were thick and running in different
directions. Collagen bundles were most organized and well
developed in group I'V. On day 30, it was observed a massive
increase in dense collagen bundle deposition running in
different directions in groups III, IV in comparison with
groups I, II in which there was less amount of collagen
running in one direction.

A crucial stage in wound healing is the organized
and sufficient deposition of collagen. The wound's
matrix composition changes over time: Initially, fibrin
and fibronectin make up the majority of the provisional
ECM. The granulation tissue, which is primarily made
of fibronectin, replaces the provisional ECM in the
proliferative phase, creates a scaffold for the following
deposition of collagen types I and T11#¥,

Deficient fibroblast proliferation in the dermis due to
diabetes mellitus may be linked to the observed deficient
collagen fibers creation in the control group. This may be
explained as high glucose environment inhibits M1 to M2
macrophage transformation, which lowers myofibroblast
counts, results in insufficient collagen release, and delays
wound contraction®™), and this was in agreement with
Amer et al.[®] Myofibroblast plays a very important role
in producing collagen and generating extracellular matrix
(ECM) during the proliferative stage of wound healing®"!.

Accordingly, Tan et al.’V reported that a variety of
proteases were active in diabetic wounds, readily breaking
down growth factors in the area of the wound and causing
a malfunction in the process of recovery of diabetic skin
ulcers.

The results regarding group II revealed increase in the
amount of collagen and improvement in its distribution at
day 14 and day 30 relative to group I. This can be explained
by that the PRP required additional time to encourage
granulation tissue maturation that aligned with the findings
of Farghali et al.’?.

In the present work, largest amount and best organised
collagen bundles were observed in groups III and IV. It
has been previously demonstrated that Mesenchymal
stem cells can stimulate collagen synthesis and promote
fibroblast proliferation and hence enhance wound healing
by directly secreting many factors as TGF-f and bFGF.
(64) In addition, Hsu et al.® claimed that, MSCs derived
exosomes could increase the amount of TGF-p secreted
by monocytes or macrophages in the wound area. TGF-3
enhances the growth of fibroblasts by triggering the
signaling pathway of TGF- /Smad3 and increases the
synthesis oftype I collagen. When TGF-f binds to fibroblast
receptors, Smad3 complex is activated promoting nuclear
transcription and initiating the production of collagen®®.

Regarding the immunohistochemical results, a
statistically significant decrease in number of infiltrating
CD68 macrophages was observed in group IV compared

to other studied groups. Also group III showed statistically
significant decrease in infiltrating CD68 macrophages
number in comparison to groups I, II and there was
statistically significant decrease in number of these cells
in group II relative to group I at days 7, 14 and 30 of the
study period.

Moreover, the number of infiltrating CD68
macrophages declined in all studied groups at day 30 in
comparison to day 14, and day 7. This may be explained as
the macrophages’ infiltration increases in the inflammatory
stage of the healing of wound that was assessed on day
7 and decreases during the proliferative phase which was
assessed on day 14 and it decreased much more during the
remodeling stage of wound healing that was assessed on
day 30 post wound formation.

The above results agreed with Miao et al who
documented that the number of CD68 macrophages
increased significantly in both normal and diabetic groups
and reached the peak on day 3, then decreased on day 13.
They added that the quantity of CD68 cells was higher
on day 3 in the normal nondiabetic group, but lower
at day 7 than in the diabetic group which proves that
diabetes prolongs the inflammatory stage and delays the
proliferative stage of healing of wounds.

Macrophages show up in the wound 48 to 72 hours
post injury and regulate proliferation. There are two types
of wound-associated macrophages: classically activated
M1 macrophages as well as alternatively activated M2
macrophages, and by day 2 there are about 3000 cells in
each wound®. This is stable for the first five days before
progressively declining to stable values by day 140, In the
initial phase of inflammation, M1 macrophages are drawn
to the area of the wound and release proinflammatory
cytokines like IL-6, TNF- o, and other elements that speed
up the beginning phases of wound healing®”. These cells
are in charge of angiogenesis and production of collagen
in the wound during the late stages of the inflammatory
responsel®l,

Lei et al.”! mentioned in their study that there was
a prominent decrease in macrophages count in the PRP
treated groups on 7" day of their study which agreed with
the results in this study and this may be due to microparticles
in PRP that cause apoptosis., that have the ability to
convert monocytes to M2 macrophages. Moreover, platelet
microparticles are able to decrease the release of TNF-a
and decrease production of CD40L, that attaches to CD40
on the macrophages to activate inflammatory processes!*®l.

The results in this work were in line with Yao et al.*¥]
as they said that MSCs treatment decreases inflammatory
cells and CD68 macrophages infiltration, MSCs inhibit
infiltration of macrophages maybe by decreasing the
production of the macrophage inflammatory protein-
lalpha (MIP-1a).

The results of this research matched with that of Aryan
et al.l* who showed significant decrease in macrophages
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and neutrophils numbers in hBM-MSC-CM group.
This might be due to its various factors, that can resolve
and decrease the phase of inflammation and activate
proliferative phase; thus, by secreting several factors like
granulocyte/macrophage colony-stimulating factor (GM-
CSF) in the wounded area.

Moreover, it was demonstrated in previous study that
MSCs released an enormous quantity of HGF hat was
highly expressed after its application. It leads to down-
regulation in expression of monocyte chemoattractant
protein 1 (MCP-1) expression, thus reducing macrophages
infiltration in diabetic tissuet’..

Using MSCs has been shown to either decrease
macrophage infiltration in the target tissue in several
animal models or flip macrophages to the alternative M2
type, which contributes to homeostasis of tissues as well
as it primarily secretes anti-inflammatory cytokines during
the repair phaset®..

The above results were in contrast with Park er /.’ as
they demonstrated that there was extensive rise in CD68
macrophages cell numbers in wounds treated by stem cell
secretome in comparison with the control groups. This may
be explained by the stimulating signaling of PI3K/Akt or
FAK/ERK1/2 by stem cell secretome leading to increase
in dermal cellular components migration and proliferation
throughout the repair of tissues.

CONCLUSION

The best healing results were seen in group [V(PRP +
stem cells group) followed by group III (stem cells group)
and group II (PRP group) relative to group I (control group).
In this study, the results showed a synergistic effect of the
combination between BM-MSCs and PRP on STZ-induced
diabetic cutaneous wounds. As this combination promoted
wound closure progress and healing by activation of surface
re-epithelization, differentiation, and improving angiogenesis.
So this combination might be used as a new approach to the
treatment of foot ulcers in diabetics to decrease the progress
of gangrene and accelerate wound healing.
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