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ABSTRACT

Background: About 15% of the 150 million people with diabetes worldwide suffer from foot ulcerations, which often
become non-healing chronic wounds. Atorvastatin has anti-inflammatory, fibro proliferative, microvascular pleiotropic
properties and able to control wound healing process. Adipose-derived stem cells (ADSCs) provide an attractive source of
cell therapy for regeneration of damaged skin being able to self-renewal and differentiating into various cells.

Aim of the Work: To evaluate and compare the effect of atorvastatin versus ADSCs on cutaneous wound healing in diabetic
rats.

Materials and Methods: 85 adult male albino rats one for ADSCs preparation and others were divided into six groups each
of them was subdivided into subgroups a & b as follow: Subgroup a was sacrificed after 7 days of wounding. Subgroup b
was sacrificed after 14 days of wounding. GI control, GII (wounded, non-diabetic rats), GIII (non-treated, wounded diabetic
group), GIV (Vaseline and lanoline treated wounded diabetic), GV (ADSCs treated, wounded diabetic rats) injected with single
intradermal ADSCs at the edge of the wound one day post wounding. GVI (atorvastatin treated wounded diabetic rats) .Skin
specimens were taken from the wound site, processed and stained with H&E, Masson’s trichrome and immunohistochemical
stain for vascular endothelial growth factor (VEGF).

Results: Wounds of diabetic groups (III &IV) showed delayed healing of wound as compared to the non diabetic group
II with failure of re-epithelization and weak to moderate positive VEGF immunoreactions.Whereas, groups treated with
atorvastatin or ADSCs exhibited better healing of the wound. However ADSCs group (V) showed better organization of
collagen together with reappearance of skin appendages which were missed in atorvastatin group (VI).

Conclusion: Both atorvastatin and ADSCs proved a definite ameliorating effect on the wound healing of diabetic rats.
However, ADSCs administration denoted a more remarkable therapeutic healing effect compared to Atorvastatin.
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INTRODUCTION

Wound healing involves a complex chain of events
which interact with different cells and tissues. It comprises
three overlapping phases: inflammatory, proliferative, and
remodeling which requires well-coordinated interplay
of cell-signaling. This interplay is impaired in a number
of medical conditions, including diabetes. Treatments of
chronic wounds remain unsatisfactory increasing the need
for more effective new treatment strategies!!-?.

Diabetes mellitus (DM) is a serious chronic metabolic
disorder leads to diabetic vascular complications. These
complications can injure some important tissues such as
kidney, heart, and arteries. Diabetic foot ulcer (DFU) is one
of the most serious complications in diabetic patients due
to its particular difficulty to heal®. It consists of lesions
in deep tissues associated with neurological disorders and
peripheral vascular diseases in the lower extremities. DFU
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is associated with increased disability rate and mortality'.

Undifferentiated cells for cell-based tissue repair and
regeneration giving a new approach for chronic wound
healing strategies®. Mesenchymal stem cells have been
proved to enhance cell regeneration rather than fibrosis at
the wound site, mainly through paracrine signaling with
the surrounding cells/tissues®. Adipose derived stem cells
(ADSCs) appear to be an ideal population of stem cells
because they are autologous, non-immunogenic, plentiful,
and easily obtained. Both preclinical and clinical studies
have revealed that ADSCs have potential for wound
healing®!.

Statins have exhibited an anti-inflammatory action
in acute model of skin inflammation®. Atorvastatin
(3-hydroxy-3-methylglutaryl coenzyme A reductase
inhibitor) shows promise for wound healing!”. It has been
also reported to exert vasculo-protective action in diabetes
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which is mediated by maintenance and restoration of
endothelial function via several mechanisms!®,

The present study aimed to evaluate and compare the
effect of atorvastatin versus ADSCs on cutaneous wound
healing in diabetic albino rats.

MATERIALS

1-Drugs
A. Streptozotocin (STZ)

STZ was purchased from Sigma company in 0.1 mol/L
ice-cold citric acid-sodium citrate buffer, pH 4.55!,

B. Atorvastatin

The original drug powder was obtained from Egyptian
International Pharmaceutical Industries (EIPICO) company
in the form of powder then it was transformed into cream
form 5% as follow:- S5gm of statin powder in 95 gm 1:1
mixture of lanolin and vaseline as a cream basel”.

2- Adipose-Derived Stem Cells (ADSCs)"

Single intradermal injection of 0.1 ml PBS containing
1x 10 labeled ADSC at the edge of the wound.

ADSCs were Isolated from rat abdominal subcutaneous
fat and then cultured. They were detected of by their
adhesiveness, fusiform shape , specific surface marker
and by their characterization like CD45 and CD29
(eBioscience, San Diego, CA, USA). Detection was by
flow cytometry analyses using antibody concentrations
which were recommended by the manufacturers!”,
Labeling of stem cells with PKH26 dye were performed
according to the manufacturer’s instructions, ADSCs cells
were harvested during the 3rd passage and were labeled
with PKH26 fluorescent linker dye (Sigma-Aldrich, Saint
Louis, USA, Catalog Number: PKH26GL)!"!. All steps
were performed at the Unit of Biochemistry and Molecular
Biology at Medical Biochemistry Department, Faculty of
Medicine, Cairo University, Egypt!'>13].

3- Animals

The study was carried on eighty five adult male albino
rats ranging from 40 to 44 days age weighing from 200
to 250 gm each. The animals were housed in the Animal
House of Histology Department, Faculty of Medicine,
Cairo University under good hygienic conditions of air,
temperature, fed ad libitum and allowed for free water
supply. The animals were treated according to the ethical
guidelines of Cairo University. One rat for preparing
ADSCs. Eighty four rats were divided randomly into six
groups as follow:-

Group I (control, non wounded non diabetic group)

Twenty four controls non-wounded non diabetic rats
received single intraperitoneal injection (IP) of 0.1 mol/L

ice-cold citric acid-sodium citrate buffer, pH 4.5 then
subdivided into:

e Twelve of the rats received 0.1 ml PBS as one
intradermal injection at the right upper quadrants
of the back of the rats. Six rats were sacrificed
with subgroups a (7 days subgroups) and the other
six were sacrificed with subgroups b (14 days
subgroups).

*  Twelve of the rats received daily topical cream
formed of mixture of vasline and lanoline at the
right upper quadrants of the back of the rats. Six of
them were sacrificed with subgroups a (one week
subgroups) and the other six were sacrificed with
subgroups b (14 days subgroups).

The animals of other groups are subjected to wound as
follow:

Wound creation

The animals were anesthetized using (IP) injection of
ketamine100 mg/kg of body weight - and xylazine at 10
mg/kgl'4. A full-thickness excisional wound with 15 mm
diameter using a sharp blade was made on right upper
quadrant of the back of the animals. Intramuscular antibiotic
(penicillin  5mg/kg) and intramuscular analgesic and
anti-inflammatory (Meloxicam.2mg/kg) were administered
for three consecutive days after wound induction. The day
of wound creation was considered as day 0.

Group Il (wounded non diabetic group)

Twelve rats were injected with single (IP) injection
of 0.1 mol/L ice-cold citric acid-sodium citrate buffer,
pH 4.5. Wound is created after 72 hours. Then, the rats
received 0.1 ml PBS as single intradermal injection at the
wound edges. They received daily topical cream formed of
mixture of vasline and lanoline on the wound. Six of them
were sacrificed one week after wounding (subgroup a) and
the other six rats were sacrificed 2 weeks after wounding
(subgroup b).

Induction of diabetes

Forty eight animals each received single IP injection
of streptozotocin (STZ; in 0.1 mol/L ice-cold citric acid-
sodium citrate buffer, pH 4.5) at dose of 70 mg/kgP. After
72 hours of STZ administration, blood samples from the tail
vein were collected for measuring glucose levels. Diabetes
was diagnosed when blood glucose concentration >16.7
mmol/L. After diagnosis of diabetes wound was created as
described above. The animals were then randomly equally
classified into four groups:

GpllII (non treated wounded diabetic group)

Twelve rats were injected with 0.1 ml PBS once
intradermally at the edge of the wound. Six of them were
sacrificed after 7 days of wounding (subgroup a) and the
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other six rats were sacrificed after 14 day of wounding
(subgroup b).

GplV (Vasline and Lanoline Treated Wounded
Diabetic Group)

The wounds of rats of this group were treated with
Vaseline and lanoline cream daily. Six of them were
sacrificed after 7 days of wounding (subgroup a) and the
other six rats were sacrificed after 14 day of wounding
(subgroup b).

GpV(ADSCs Treated Wounded Diabetic Group)

Twelve rats were injected once intradermally at the
wound edges at a dose of 1x106ADSCs (in 0.1 ml PBS)
one day post wounding. Six of them were sacrificed after 7
days of wounding (subgroup a) and the other six rats were
sacrificed after 14 day of wounding (subgroup b).

Gp VI (Atorvastatin Treated Wounded Diabetic
Group)

The wounds of diabetic rats of this group were treated
daily with 5% atorvastatin cream. Six of them were
sacrificed after 7 days of wounding (subgroup a) and
other six rats were sacrificed after 14 day of wounding
(subgroup b).

At time of sacrifice, Animals were anesthetized using
ketamine100 mg/kg of body weight - and xylazine at 10
mg/kg!'4. Full-thickness skin specimens including about
0.5 cm around the healing wound were taken. Flattened
skin specimens were processed for paraffin blocks. Serial
sections of 5 um thickness were cut and subjected to the
followings:

1. Histological study
¢ Hematoxylin& Eosin staining!'*!,
e Masson's trichrome staining®!.
2. Immuno histochemical

Kits used in this study were supplied by Thermo
Scientific and Lab Vision Corporation, CA 94539, USA
for staining for VEGF!),

Anti VEGF

It is a mouse monoclonal primary antibody, [code MA1-
16629 Isotype: Mouse/ IgG1, Kappa, cloneVG1 (Ready to
use for immunohistochemical staining)] for the detection
of proliferating blood vessels. This antibody reacts with
VEGF in human, mouse, rat and canine samples. It was
supplied in a liquid form and should be stored at 4xc short
term. For long term storage, store at -20xc, avoiding freeze/
thaw cycles. The cellular staining pattern for VEGF is
cytoplasmic.

Detection System

Ultravision large volume  detection  system:
Anti -polyvalent kit (ready to use); [catalogue number
TP -060 -HL].

2) Diaminobenzidine tetra hydrochloride (DAB)
substrate system

[Catalogue number TA -060 -HD] and was supplied as
6 ml DAB chromogen and 6 ml DAB substrate to be stored
at4-6°C.

Counterstain

Mayer's hematoxylin [catalogue number TA -060 -MH]
was used for counterstain. -For the detection specificity
of primary antibody additional sections of skin were
processed in same way but omitting steps of applying the
primary antibody (negative control).

(3) Detection of homing of injected cells in rat skin
by fluorescent microscope

The unstained paraffin sections from specimen of the
wound site were examined with a fluorescent microscope
to detect the cells stained with PKH26 dye to ensure
homing and to trace the injected cells in ADSCs treated

group.
(4) Morphometric study and Statistical Analysis'"®

Image analyzer of " LeicaQwin 500 C " computer system
Ltd. (Cambridge, England)used to take measurements.
(Histology Department, Faculty of Veterinary Medicine,
Beni-sweif University).

Epidermal thickness in standered low power
fields(x100) in H&E stained sections using interactive
measurements menu.

Area percent of collagen fibers in standard low power
fields (x 100) in Masson’s trichrome stained sections.

3. Area percent of positive VEGF — immunopostivity in
standard high power fields (x 400).

All previous measurements were taken in 10 non
overlapping randomly chosen fields for all specimens
of each animals of all groups. All Quantitative data
were collected as means and standard deviations (SD)
then compared by using one-way analysis-of-variance
(ANOVA). Any significant ANOVA was followed by post
hoc Tukey test to detect which pairs of groups caused the
significant difference. P-values <0.05 were considered
statistically significant. Calculations were made on SPSS
software version 21(Chicago, USA).

RESULTS

No deaths were observed in all rats
One week subgroups
Histological results
A. Hematoxylin and Eosin stain(Plate 1 and Table 1)

All rats of subgroup I a (control, non-wounded non diabetic
group) showed similar results and showed the well-known
normal histological structure. Skin sections showed
epidermal layer as a stratified squamous epithelium
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with a thickness of 54.75 + 3.11um and apparent well
developed epidermal rete-ridges. The dermis exhibited
well organized, tightly packed collagen bundles and hair
follicles with apparent sebaceous glands. Sweat acini
and ducts are also present in the dermis. Skin sections in
the wound of non-diabetic rats subgroup II a (wounded,
non-diabetic rats) showed thin discontinuous epidermis. It
decreased significantly to become (4.76 £ 2.32) compared
with subgroup Ia. The dermis showed mononuclear
cellular infiltrate, newly formed blood vessels, thin
dispersed collagen fibers with loss of skin appendages.
Otherwise, the wound area of subgroup Illa (Non-treated
wounded diabetic rats) revealed ulceration with failure
of re-epithelization. The adjacent epidermis showed
proliferation of keratinocytes and was seen encroaching
at the edge of the wound. The wound bed was filled with
cellular granulation tissue. Many neutrophils were detected
at the wound area. Skin sections of subgroup Iva (vasline
and lanoline treated wounded diabetic group) revealed no
epidermal regeneration and some degenerative changes at
the wound site. Disorganized dermal matrix and wispy thin
connective tissue bundles were seen. Collagen fibers in the
matrix were widely separated demonstrating edema. Some
congested blood vessels, extravasated RBCs, mononuclear
inflammatory cell infiltrate and thickened vessel wall
were also seen. The wound area of subgroup Va (ADSCs
treated wounded diabetic group) was covered with thin
epidermis (19.63+ 1.31, significant increase compared
to III and IV) with absent rete-ridges. Granulation tissue
with mononuclear cellular infiltrate and many newly
formed capillaries were seen. Fibroblasts overlapping the
newly formed collagen fibers were seen. The skin section
of subgroup Vla (atorvastatin treated wounded diabetic
group) showed that the area of the wound completely
covered with epidermis (14.08 + 2.37; significant increase
compared to II, IIT ,IV) which exhibited good degree of
maturation with newly formed epidermal rete ridges.
Massive granulation tissue was observed represented by
newly formed collagen fibers and newly formed blood
vessels. Few mononuclear inflammatory cells could be
distinguished. No skin appendages were seen.

B. Masson'strichrome stain (Plate 2)

The dermis of subgroup (I a) showed well organized,
tightly packed collagen bundles. The collagen bundles
in papillary layer were thinner than those present in the
reticular layer of the dermis which were coarse and dense.
However, animals of subgroup (II a) , (Illa) exhibited thin
dispersed collagen fibers. Few newly formed irregularly
arranged collagen fibers appeared at the wound site of
subgroups (IVa) , (Va) with more density in papillary
dermis.

(2) VEGF immunohistochemical results (Plate 3)

Subgroup I a (control, non-wounded non diabetic
group) exhibited nearly absent immunoreactivity to VEGF
in the dermis, but the positive cytoplasmic reaction was
prominent in the epidermal keratinocytes. However,

animals of subgroup II a (wounded, non diabetic rats)
showed strong positive cytoplasmic reaction in many
endothelial cells lining the newly formed blood vessels,
perivascular mononuclear inflammatory cells and
also in many fibroblastic cell. The reaction decreased
to become moderate positive reaction and expressed
in positively reacted endothelial cells, mononuclear
inflammatory cells and fibroblastic cells in subgroup I1la
(Non-treated wounded diabetic rats). Furthermore, the
reaction in subgroup Iva (vasline and lanoline treated
wounded diabetic group), still positive to VEGF but it
is faint, localized and expressed by some perivascular
mononuclear inflammatory cells, endothelial cells and in
some fibroblastic cells. Then, the reaction was increased
in subgroup Va (ADSCs treated wounded diabetic group)
to become strong positive cytoplasmic immunostaining
reaction in large number of endothelial cells, fibroblastic
and mononuclear inflammatory cells. Moreover, in
subgroup VIa (atorvastatin treated wounded diabetic
group). Skin sections exhibited moderate to strong
positive immunohistochemichal reaction to VEGF in
many endothelial cells, fibroblasts as well as mononuclear
inflammatory cells.

Two week subgroups
(1) Histological results
A. Hematoxylin and Eosin stain (Plate 4)

The wound site in subgroup II b (wounded, non-diabetic
rats) was covered by fully regenerated epidermis but with
no rete-ridges. Massive granulation tissue was seen in the
dermis represented by newly formed disorganized collagen
fibers and newly formed blood vessels. Inflammatory cells
mostly mononuclear cellular infiltrate were also detected.
No skin appendages were seen.

Compared to subgroup II a, animals of this subgroup
(I1I b; non-treated, wounded diabetic rats) showed widely
separated wound edges indicating ulcer area with failed
epithelial migration to cover the entire wound. The dermis
showed massive infiltration of mononuclear inflammatory
cells and congested blood vessels which is one of diabetic
signs. In subgroup IVb (vasline and lanoline treated,
wounded diabetic group) the periphery of the wound was
covered by thin epidermis while the center showed absent
epidermis. Mononuclear inflammatory infiltrating cells
were detected mostly perivascular. The upper dermis was
deficient in collagen fibers. The lower dermis showed
disorganized collagen fibers with few numbers of newly
formed small blood vessels.

The wound area of rats of subgroup Vb (ADSCs
treated, wounded diabetic group) was covered with thin
epidermis. The dermis showed reappearance of skin
appendages in the form of newly formed hair microfollicles
with central keratin and newly formed sebaceous glands.
Collagen bundles appeared in different directions. Minimal
inflammatory cellular infiltrate was detected. Otherwise,
the wound site of rats of subgroup VIb (atorvastatin
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treated ,wounded diabetic group) showed scar with no skin
appendages The dermis exhibited thick collagen bundles in
different directions with moderate reduction in number of
newly formed blood vessels.

B. Masson'strichrome stain (Plate 5)

The wound areas of subgroubs IIb, IIIb, IVb showed
thin disorganized dermis collagen fibers. While in subgroup
Vb (ADSCs treated group), the dermis showed collagen
bundles in different directions. On the other hand, thick
disorganized collagen bundles were seen in the dermis of
subgroup VIb (atorvastatin treated group).

(2) VEGF immunohistochemical stain (Plate 6)

The dermis in the wound area of subgroup II b
exhibited strong widely spread immunoreactivity to
VEGF as expressed by positively reacted endothelial cells,
mononuclear inflammatory cells and fibroblastic cells. In
subgroup I1Ib, IVb moderate cytoplasmic immunoreactivity
was represented by positively reacted endothelial cells,
mononuclear inflammatory cells and fibroblastic cells.
Moderate positive reaction to VEGF immunostaining was

seen in subgroups Vb (ADSCs treated) and subgroup VIb
(atorvastatin treated) represented in fibroblasts, endothelial
cells and few mononuclear inflammatory cells. Added to
that moderate positive reaction to VEGF appeared in newly
formed sebaceous glands in subgroup Vb.

(3) Fluorescent microscopic results (Plate 7)

PKH-labeled adipose stem cells were seen at the wound
area in subgroup Va (ADSCs treated wounded diabetic
group). There was more PKH labeled adipose stem cells
homed in the wound area in subgroup Vb (ADSCs treated
wounded diabetic group) comparing with subgroup V a.

(4) Morphometric and statistical results

a-The mean epidermal thickness, the mean area
percent of collagen fiber and mean area percent for
VEGF= standard deviation of the one week subgroups(a):
(Table 1, Figures 1, 2,3).

b-The mean epidermal thickness, the mean area
percent of collagen fiber and mean area percent for VEGF
of the + standard deviation two weeks subgroups(b):
(Table 2, Figures 1, 2,3).

Plate 1: A (GLcontrol group): a photomicrograph of skin showing thick epidermis(E) with epidermal rete-ridges. The dermis (D) exhibts tightly packed,well
organized collagen bundles(curved arrows) with apparent dermal papillae(dp). Multiple hair follicles(HF)and sebecous glands are seen(Sb). B (Glla, wounded,
non diabetic rats): show thin discontinuous epidermis in the site of the wound (the arc).Newly formed blood vessels(thin arrows) and few collagen fibrils
overlapped by fibroblasts (the circles) . In addition, massive mononuclear cellular infiltrate (the star) can be seen in the dermis. C (GIIL, non-treated wounded
diabetic rats): The wound bed shows highly cellular granulation tissue with mononuclear cellular infiltrate (articulated arrows) and many congested blood

vessels (c).The wound surface shows absent epidermis.
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Plate 2:A photomicrograph of skin sectionfrom group (I).The dermis (D) exhibits tightly packed ,well organized collagen bundles(curved arrows) and is
covered by thick epidermal layer (E). Notice that collagen bundles in papillary layer were thinner than those present in the reticular layer of the dermis which
were coarse and dense. B:from subgroup Ila. The dermis shows few thin dispersed collagen fibers (curved arrows) and many new blood vessels (thin arrows).
C:skin section in rats of subgroup III a. The wound site shows newly formed collagen fibers (curved arrows). D:skin section from subgroup IVa showing the
wound area (W)with absent epidermis. Dermis (D) shows newly formed few thin irregularly arranged collagen fibrils (curved arrows) and disorganized dermal
matrix . E:A Photomicrograph of wound section in group Va .The dermis(D) shows newly formed collagen fibers mostly in the upper dermis (curved arrows).
Newly formed blood capillaries (thin arrows) and thin epidermis are seen (E).F:A Photomicrograph of wound section in group Va .The dermis(D) shows newly
formed collagen fibers mostly in the upper dermis (curved arrows).Newly formed blood capillaries (thin arrows) and thin epidermis are seen (E) . (Masson's
trichrome: A, B, C, D,E&F x200).
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Plate 3: A photomicrograph of skin sections showing A:nearly absent immunoreactivity to VEGF in dermis (D), However, positive cytoplasmic reaction
in the epidermal keratinocytes(E).B: Many cells show strong cytoplasmic immunoreacivtity for VEGF : endothelial cells (thin arrows), perivascular
mononuclear inflammatory cells (articulated arrows) and fibroblasts (thick arrows). C: moderate positive reaction to VEGFin some endothelial cells (thin
arrows),mononuclear inflammatory cells(articulated arrows) and fibroblasts (thickarrows) D: showing the dermis (D) with faint localized positive reaction
to VEGF immunohistochemical stain. Reaction is seen in some endothelial cells (thin arrows), fibroblasts (thick arrows) and perivascular mononuclear
inflammatory cells (articulated arrow). E:showing strong widespread positive reaction to VEGF immunostaining expressed by large number of endothelial cells
(thin arrows), fibroblasts (thick arrows) and perivascular mononuclear inflammatory cells (articulated arrows). F: showing moderate to strong positive reaction
for VEGF immunostaining. The reaction is seen in the endothelial cells (thin arrows), fibroblastic cells(thick arrows) and few mononuclear inflammatory cells
(articulated arrows).(VEGF immunostaining: A, B, C, D, E &F x400).
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Plate 4: photomicrographs of skin two weaks after wounding of A(wounded, non diabetic rats) b showing the wound area covered with the regenerating
epidermis (E) . The dermis (D) exhibits massive granulation tissue represented by newly formed disorganized collagen (curved arrows) and many blood
vessels (thin arrows) . Many inflammatory cells (articulated arrows) are also noticed. B(Non-treated wounded diabetic rats) showing non healed wound with
failed epithelial migration. The dermis at the wound area exhibits little disorganized collagen (curved arrows) and some congested blood vessels (c¢). C (vasline
and lanoline treated wounded Diabetic group): The center of the wound area is not covered with epidermis ( green curve) . Thin epidermis is covering the edges
of the wound (E).The upper dermis is deficient in collagen fibers and shows mononuclear inflammatory cellular infiltrate (star). Perivascular inflammatory
cellular (articulated arrow) is also seen. D (ADSCs treated wounded diabetic group) : showing newly formed hair follicles (HF) , newly formed sebaceous
glands (Sb) and collagen bundles in different directions are seen in the dermis.(curved arrows). Minimal inflammatory cellular infiltrate is seen (articulated
arrows). E ( atorvastatin treated wounded diabetic group): showing area of wound with thin newly formed epidermis (E) and newly formed epidermal rete-
ridges. The dermis (D) shows newly formed collagen (curved arrows) and newly formed blood vessels (thin arrows). (H&E: A, B, C, D & E x200).
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Plate 5: A Photomicrograph of skin sections A: from subgroup II b showing irregularly arranged thin blue-stained collagen fibers ( curved arrows )and
many blood vessels( thin arrows) in the dermis. The wound area is completely covered by regenerated epidermis (E).B Photomicrograph of skin section from
subgroup I1I b showing the wound area with disorganized collagen fibers (curved arrows).C subgroup IV b The dermis (D) shows newly formed disorganized
collagen fibers (curved arrows). E from subgroup Vb showing collagen bundles in different directions (curved arrows). Skin appendages; hair follicles (HF)
and sebaceous glands (Sb) are seen. F in group VI b showing thick disorganizedcollagen bundles are seen (curved arrows). (Masson's trichrome: A, B, C,
D&E x200).
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Plate 6: APhotomicrograph of skin section.A:subgroup II b . The dermis (D) exhibits many cells with strong immunoreactivity to VEGF represented by
positively reacted endothelial cells (thin arrows), mononuclear inflammatory cells(articulated arrow) and fibroblastic cells (thick arrow).The wound area
completely covered with regenerated epidermis. Positive reaction is also seen in epidermal keratinocytes (E). B:subgroup III b showing moderate cytoplasmic
reaction to VEGF expressed by positively reacted endothelial cells (thin arrows), mononuclear inflammatory cells(articulated arrows) and fibroblasts (thick
arrows). C:from subgroup IVb showing moderate cytoplasmic reaction to VEGF immunostaining in some fibroblastic cells (thick arrows), endothelial cells(thin
arrows) and mononuclear inflammatory cells.D:subgroup V b showing moderate positive immunoreactivity to VEGF in sebaceous glands, and fibroblasts
(thick arrows) and few mononuclear inflammatory cells (articulated arrows). E:group VIb showing moderate positive reaction to VEGF in fibroblastic cells
(thick arrows) , endothelial cells (thin arrows) and mononuclear inflammatory cells (articulated arrows). (VEGF immunostaining: A, B, C, D& E x400).
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Plate (7) A: Photomicrograph of skin section from subgroup V a showing red fluorescent PKH-labeled adipose stem cells (yellow arrows). B: A photomicrograph
of skin section in group IV b showing large number of PKH labeled adipose stem cells (yellow arrows) (A,B :PKH X 400) .

Table 1: The mean epidermal thickness, the mean area percent of collagen fiber and mean area percent for VEGF+ standerd deviation of the

one week subgroups(a)

Subgroups (a) Mean epidermal thickness ( um) = SD Mean area percent of collagen fibers + SD Mean area percent of VEGF + SD
I 54.75+3.11 39.85+£5.06 1241 +£1.04
I 4.76 £2.32" 22.59 +6.23" 22.94 +5.69°
111 0+0 17.71 £0.91 0.74 £0.62
v 0+ 00 15.21 +3.69 11.75 +4.86
\% 19.63 +£1.31° 32.18 +2.06™ 4420 £10.46™
VI 14.08 £2.37™ 29.78 £ 1.35" 42.39+£2.37"

* Significant increase compared to 111, IV

Table 2: The mean epidermal thickness, the mean area percent of collagen fiber and mean area percent for VEGF =+ standerd deviation of the

two weeks subgroups(b)

** Significant increase compared to II, III ,IV

Subgroups (a) Mean epidermal thickness ( pm) = SD

Mean area percent of collagen fibers + SD

Mean area percent of VEGF + SD

1 54.75+3.11
II 16.73 +4.72
11 1.76 £ 1.35
v 1.19+1.53
\Y 40.74 £ 6.39"
VI 26.66 £ 5.06™

39.85+5. 66
26.57+2.82
19.06 = 1.38
18.74 +3.78
39.08+ 5.02"
33.66 +1.66

12.41 £ 1.04
3352+ 1.73
9.75+4.16

16.62 £2.55
24.39 £2.24"
22.41+1.04

* Significant increase compared to 111, IV

** Significant increase compared to I, III ,IV
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Fig. 1: A histogram of the mean epidermal thickness in mm for different
experimental groups.
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Fig. 3: A histogram of the mean area percent of VEGF for different
experimental groups.

DISCUSSION

DM is one of the most common chronic diseases all
over the world. The diabetic patients are continuously
increasing in numbers with increase in representation of
diabetic complications"!. The pathogenesis of a diabetic
wound is complicated, and involves many factors.
Conventional empirical wound care strategies have shown
limited efficacy. So, there is an urgent need to develop
novel therapeutic strategies/?*-21-22,

In the present study, the wound area of the diabetic
non treated group III and vasline- lanoline treated group
IV after one week (III a, IV a) exhibited delayed epidermal
migration which is supposed to be as a result of diabetes.
However, the wound edge was covered by proliferated
epidermis and excessive inflammatory cellular infiltrate
was seen. After 2 weeks, animal of subgroups (IIl b, IVb)
exhibited delayed epidermal regeneration compared to the
non -diabetic subgroup II b. Diabetic changes in skin such
as perivascular inflammatory infiltrate and congestion
of the blood vessels in the dermis were found. Few fine
collagen fibers were noted by Masson's trichrome.

The impaired wound healing occurs in DM is due to lack
of epithelial migration (absence of the epithelial tongue) at
the non-healing wound edge resulted in chronic ulcers. This
occurs as the high glucose environment is accompanied by
changes in cellular morphology, reduction of proliferation,
and abnormal keratinocyte differentiation!!* 2°),

Hyperglycemia is the main cause of abnormalities
and altered healing associated with diabetic wounds.
This led to prolonged inflammatory phase, impaired
neovascularization, decreased synthesis of collagen, and
increased levels of proteases and abnormal macrophage
function!. Blood vessels congestion seen in the subgroup
[Ila and Iva explained by tissue hypoxia which leads to
degenerative changes and focal areas of necrosis?41.

However, some inflammation is beneficial, and
necessary for the timely repair of injured skin, while
excessive inflammation compromises wound healing
outcomes®’l. Diabetes leads to chronic persistent
inflammatory state of wounds by elevation levels of
pro-inflammatory cytokines , reactive oxygen species
(ROS) and proteases together with impaired expression
of growth factors®¥. Some studies concluded that
diabetes activates neutrophils to overproduce neutrophils
extracellular traps (NETs) which are key factors for wound
healing delay!'®-2¢,

Moreover, groups III and IV exhibited a significant
decrease in collagen production compared to group II as
seen by Masson’s trichrome stain. DM leads to decrease
in production of collagen fibers by alteration collagenesis
causing delay in the healing process through altering
the balance between the syntheses, degradation and
remodeling of collagen®®”. Also, glycation of extracellular
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matrix leads to defective proliferation and migration of
dermal fibroblasts??®.

Weak immunoreactivity for VEGF stain was recorded
in both subgroups Illa, IV a compared to non-diabetic
subgroup Ila. It exhibited a non-significant increase in
subgroups III b and VDb but still weak reaction. VEGF
locally produced by keratinocyte in the wound area is
important to stimulate both migration and proliferation
of keratinocytes?”). Diabetes cause altered sensitivity to
VEGF and decreased its production resulting in impaired
wound healing!"**%!. Chronic hyperglycemia leads to loss of
endothelial cells integrity and increased their susceptibility
to apoptosis, detachment and circulation into the blood
stream(*'l.

ADSCs were chosen in this study as a great opportunity
for the treatment of chronic wounds, due to the simplicity
of the technique and the application of cell treatment in the
operating room immediately following debridement>33),
The capability of ADSCs to secrete growth factors, to
differentiate into multiple cell types, and to promote
angiogenesis renders them a viable skin substitute*.

In this study intradermal injection of ADSCs at the
edge of the wound was done in group V. The wound of
this group appeared more re-epithelialized, normalized
and closed than diabetic and vehicle non- treated groups
(IIT and IV). There was rapid subsidence of inflammation
and appearance of newly formed blood vessels which
represent good degree of angiogenesis with massive
granulation tissue. The dermis showed reappearance of skin
appendages in the two week subgroup Vb. PKH labeled was
detected in the skin subgroup Va with progressive increase
in two weeks subgroup V b. In this study, improvement
in the wound of subgroup Va was accompanied with a
significant increase in area % of positive reactivity VEGF
compared to subgroups I1la and IVa. This positive reaction
decreased gradually in subgroup Vb indicating subsidence
of new blood vessels formation.

ADSCs promote a new tissue formation rich in vascular
structures with remodeling collagen. They also activate
fibroblast, keratinocyte proliferation and migration,
collagen synthesis and induce angiogenesis. It was
suggested that ADSCs are attracted to the wound site and
influence regeneration processes via paracrine mechanisms
as well as differentiation either for keratinocytes or dermal
fibroblasts®2l.

It was reported that ADSCs secrete soluble factors that
promote angiogenesis, keratinocyte re-epithe—lization and
protect against apoptosis®**3]. Stem cells accelerate wound
healing through activation of other stem cells in tissues,
secretion of inflammatory cytokines and growth factors
with subsequent increased graft neo-vascularization?®¢37,

In agreement with these results, it was reported that
VEGF initiate angiogenesis via activation the endothelial
cells of existing vesselsi***]. Other researchers suggested
that stem cells work through two mechanisms of action,

firstly they attenuate the general inflammatory response
and secondly, they transform into mature native cell types
involved in wound healing such as fibroblasts, antigen
presenting cells and endothelial progenitor cellst*4%,

The significant increase in VEGF immunoreactivity
in subgroup Va (ADSCs treated) in comparison with
subgroups I1la and I'Va could be explained by some authers
who reported that ADSCs have angiogenic effects on both
endothelial cells and keratinocytes which are sources of
VEGEF contributing to the acceleration of re-epithelization
and wound closure?*4!,

The dermis exhibited appearance of newly formed
collagen fibers increased gradually into collagen bundles
in different directions in the two week subgroup Vb and
these results was confirmed with Masson’s trichrome stain.

Wound healing is a highly regulated process. The
mechanisms responsible for full regeneration of the skin
or fibrosis (scar formation) are still not obvious*. The
present study revealed reappearance of skin appendages
in ADSCs treated wounds. Some researches proved that
the use of ADSCs rehearsed the process of skin appendage
regeneration and achieved functional recovery of the
wounded skin[**#41,

Typically, wound healing in adult mammals results
in scar tissue that lacks skin appendages. Although
scar formation can meet the requirements of the skin’s
fundamental function in preventing infection and
dehydration, the scar formed as a result of injuries or
burns can result in devastating cosmetic and psychological
consequences, reducing the quality of life of the
individual®!. Consequently, recovery of skin function is
incomplete by scar formation. Thus, the ability to restore
the skin to its original state is highly valued“®. This study
suggested that intradermal injection of ADSCs at the edge
of the wound may be a promising factor to achieve scar-free
wound healing. This basic animal study paves the way to
clinical trials to control scar formation in diabetic humans.
Type I collagen represent the predominant collagen and it
produces the greater tensile properties of the normal skin,
whereas type III collagen is mainly found in early wound
healing stages and is reabsorbed in the later stages. The
ideal ratio between type I and type III collagen is important
for wound healing and plays vital roles in the prevention
of scarring. This ratio is reduced from 4:1 to 2: 1 due to
an early increase in the deposition of type III collagen
during wound healing. In accordance ASCs increased
I /IIT collagen ratio by increase production of antiscar
factor TGF-B3147,

In group VI the use of topical atorvastatin daily on
the wound area exhibited rapid epidermal regeneration,
new vessel and collagen formation compared to groups
II, IIT and IV. These results was confirmed by the use
of VEGF immunostain which showed high degree of
positivity in the one week subgroup (VIa) compared
to subgroups Il a, Il a, IV a indicating its ability for
improving angiogenesis. However this positive reaction
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of immunohistochemical stain for VEGF decreased in
subgroup VIb suggesting cessation of proliferative phase.
Collagen fibers began deposition in subgroup VIa and
progressed into disorganized bundles in subgroup VIb.
All results of collagen confirmed by Masson’s trichrome
stain. Atorvastatin, possesses various pleiotropic effects,
independently of their cholesterol-lowering function, such
as anti-inflammatory, immunomodulatory, antioxidant,
metabolic and antibacterial™®,

The use of atorvastatin was significantly reduced
number of neutrophils, in addition to dampening the pro
inflammatory response, reduction of oxidative stress
leading to enhanced re-epithelialization and improved
vascularization of the wound bed . In accordance with
other studies, the results of VEGF can be explained by ability
of atorvastatin to promote neovascularization via multiple
mechanisms which contribute to the beneficial effect of
statin therapy on the viability of skin flaps. Atorvastatin
treatment improved the blood perfusion, vascular density,
and improves endothelial function to secret pro-angiogenic
factors including VEGF™%, Treatment with atorvastatin
improved the angiogenic responsiveness of endothelial
from normal and diabetic rats, but only in the presence of
VEGFB!,

Statins modulate the immune reaction and reduce the
inflammation. It promotes an earlier transition from the
inflammatory to the proliferative phase which leads to
acceleration of the healing proces?®!-),

Comparing the results of both treatments (ADSCs
versus atorvastatin) for cautenous wound healing in diabetic
rats, according to this study both treatments accelerated
wound healing of fully thickened wound in diabetic rats.
This was indicated by morphometric study which revealed
non-significant difference between the two treated groups
in all measured parameters except for epithelial height.
However, the ADSCs treated wounds revealed more
physiological wound repair than the atorvastatin treated
group .As the dermis exhibited more organized collagen
bundles with reappearance of skin appendages.

CONCLUSION

The well-known delayed wound healing with diabetes
may be accelerated by topical administration of either
ADSCs or atorvastatin by promoting tissue regeneration,
re-epithelization , neovascularization as well as formation
of collagen and elastic fibers. However, the ADSCs had
a better effect as evidenced by reappearance of skin
appendages and more organized collagen bundles in the
healed wound area.

It is recommended to use ADSCs to accelerate wound
healing and prevent scar formation in diabetic patient and
as a new strategy for prevention of diabetic foot ulcer.
Also, it is advised to try using of ADSCs in other causes
of impaired wound healing like some genetic disorders,
glucocorticoid treatment and vit C deficiency.
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