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ABSTRACT
Introduction: Wound healing is a complicated process that can be affected by various factors. Glucocorticoids delay the 
process of wound healing by several mechanisms. The ketogenic diet could aid in the treatment of several skin diseases 
especially those associated with oxidative stress.
Aim of the Work: To examine the role of the ketogenic diet in enhancing the delayed wound healing of thin skin in 
glucocorticoid-immunocompromised rats.
Material and Methods: Twenty-four adult male albino rats were equally allocated into four groups: Control, excisional 
wound in normal rats, excisional wound in immunocompromised rats (0.1 mg/kg/day of dexamethasone subcutaneously for 30 
days), and excisional wound in immunocompromised rats on ketogenic diet (75 % fat, 20 % protein, and 5 % carbohydrate). 
Wound samples were obtained on either the 7th or the 14th day and processed for different biochemical, histological, and 
immunohistochemical techniques.
Results: On both the 7th and 14th day, the wound of immunocompromised rats expressed a significant increase in both tissue 
malondialdehyde and myeloperoxidase compared with normal rats. The mean wound area was significantly larger, while both 
mean wound healing rate and mean epidermal thickness were significantly dropped compared with normal rats. A significant 
increase in collagen fiber deposition was associated with a significant reduction of the number of Ki67 positive cells and mean 
number of VEGF-positive blood vessels. The wound of immunocompromised rats on a ketogenic diet exhibited a significant 
restoration of most of the studied parameters, particularly on the 14th day.
Conclusions: The ketogenic diet enhanced delayed wound healing via suppressing oxidative stress, modulating inflammation 
and collagen deposition, promoting proliferation, and enhancing angiogenesis particularly on the 14th day.
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INTRODUCTION                                                                       

Wound healing is a complicated process that includes a 
series of independent and intersecting phases which starts 
with the hemostasis phase to stop blood loss followed by the 
inflammatory phase, in which cellular debris and combat 
infection are eliminated by the infiltrated immune cells. 
The proliferative phase then follows for restoration of the 
skin's barrier function through migration of keratinocytes 
and fibroblasts from the edges to the inside of the wound 
followed by their multiplication. Finally, the remodeling 
phase occurs when the dermis is reorganized, and the 
extracellular matrix is reformed to strengthen the wound 
area by minimizing scar tissue.[1,2] 

Wound healing can be affected by various factors 
including host factors, wound properties, and other external 
influences. Some chronic wounds have often failed to 
move through the typical stages of healing which resulted 
in their entrance into a state of pathologic inflammation 
due to delayed, partial, or disorganized healing process.
[3,4] Some drugs such as corticosteroids can slow down the 

healing process. Glucocorticoids can affect the process 
of wound healing by several mechanisms. They prevent 
the earliest manifestations of the inflammatory process, 
inhibit repair and proliferation of tissue, and act via their 
immunosuppressive activity by causing lymphocytopenia, 
neutrophilia, and counteracting the macrophages' activity[5,6] 
Therefore, glucocorticoids (particularly hydrocortisone) 
have been successfully employed in designing a model of 
delayed wound healing in immunocompromised rats.[5]

Dietary therapy has long been a promising treatment 
option for a range of clinical conditions, such as pain and 
inflammation. The ketogenic diet (KD) is a very high 
fat, very low carbohydrate diet in which fat accounts for 
90% of calories and carbohydrate accounts for only 1% 
of calories. As a result, glucose availability is limited and 
metabolic adaption to fatty acid oxidation is forced.[7] 

KD’s low carbohydrate content slows glucose metabolism 
and promotes ketolysis or the utilization of ketone bodies 
(acetone, acetoacetate, and b-hydroxybutyrate) as an 
alternative energy source.[8,9] Although the caloric and fat 
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intake is very high, KD consumption is associated with 
loss of weight in obese persons and improvement of their 
metabolic health.[10]

The identified cellular consequences and the 
currently proposed KD therapy mechanisms show that a 
mainly ketone-based metabolism can effectively lower 
inflammation and nociception in contrast to glucose-
based metabolism.[11] Previous researches proved that 
KD plays an effective role in reducing inflammation in 
mouse models.[12,13] The evidence for the efficacy of KD 
in treating epilepsy, brain tumors, type 2 diabetes, and 
neurodegeneration is progressively growing over the 
past decade.[14,15] Physicians and scientists have shifted 
their focus in recent years to study the use of KD in the 
treatment of cardiovascular disease, autoimmune illness as 
well as sports and combat performance improvement.[16,17]

Besides, KD may aid in the treatment of several skin 
diseases especially those associated with oxidative stress 
such as acne, psoriasis, cutaneous malignancy, varicose 
ulcers, cutaneous allergic reactions, and drug-induced skin 
photosensitivity.[18] KD can help to increase the body's 
natural antioxidant defenses through various mechanisms, 
consequently, it can be used as a part of the protocol of 
treatment of the above-mentioned skin diseases.[19] 

Taken together, this work is aimed to examine the role of 
the ketogenic diet in enhancing the delayed wound healing 
of thin skin in glucocorticoid-immunocompromised 
rats using different biochemical, histological, and 
immunohistochemical techniques.

MATERIAL AND METHODS                                              

Experimental design
This study was permitted by the Research Ethics 

Committee of Tanta Faculty of Medicine, Egypt. Twenty-
four adult male Wistar albino rats, weighing 150-170 
grams each, were kept under standard housing conditions. 
The animals were equally allocated into four groups:

Group I (Control group): was equally subdivided into 
2 subgroups; Animals of subgroup (Ia) were left untreated 
throughout the study period while being kept on a standard 
laboratory diet and animals of subgroup (Ib) were kept on 
a ketogenic diet throughout the study period.

Group II (Excisional wound in normal rats): Rats 
were anesthetized with a mixture of ketamine (20mg/kg) 
and xylazine (4mg/kg), got their back hair shaved and 
disinfected, then two punch wounds (6 mm wide, 2 mm 
deep) were induced in the interscapular area, each lateral 
to the midline. The rats were further subdivided into 2 
subgroups; subgroup IIa, whose animals were euthanized 
with pentobarbital (40 mg/kg)[20] on the 7th day and 
subgroup IIb, whose animals were euthanized on the 14th 

day.

Group III (Excisional wound in 
immunocompromised rats): Rats were administered 0.1 
mg/kg/day of dexamethasone subcutaneously for 30 days[5] 

while being kept on a standard laboratory diet. Afterwards, 
two punch wounds were induced as described in group 
II. The rats were further subdivided into 2 subgroups; 
subgroup IIIa, whose animals were euthanized on the 7th 
day and subgroup IIIb, whose animals were euthanized on 
the 14th day.

Group IV (Excisional wound in immunocompromised 
rats on a ketogenic diet): Rats were administered 0.1 mg/
kg/day of dexamethasone subcutaneously for 30 days[5] 

while being concomitantly kept on a ketogenic diet (75 % 
fat, 20 % protein, and 5 % carbohydrate).[21] Afterwards, 
two punch wounds were induced as described in group 
II. Both dexamethasone intervention and ketogenic diet 
proceeded till the end of the study. The rats were further 
subdivided into 2 subgroups; subgroup IVa, whose animals 
were euthanized on the 7th day and subgroup IVb, whose 
animals were euthanized on the 14th day.

Biochemical study
Tissue malondialdehyde (MDA) level, a pro-oxidative 

marker, was measured through spectrophotometry.[22] 

Tissue myeloperoxidase (MPO) level, an index of the 
degree of polymorphic mononuclear cell accumulation, 
was assayed using a commercial ELISA kit.[23]

Histological preparation for light microscopy
Skin wound specimens were fixed with 10% neutral 

buffered formalin, washed, dehydrated, cleared, and 
paraffinized. Sections of 5µm thickness were stained with 
hematoxylin and eosin (H&E)[24] and Masson’s trichrome 
stain.[25] 

Immunohistochemical staining 
Skin wound sections of 5 µm thickness were dewaxed, 

rehydrated, and washed. Thereafter, the sections were 
incubated overnight with the primary antibodies at 4°C; 
anti-Ki67 as a proliferation marker (ab15580; Abcam, 
Massachusetts, USA) and anti-vascular endothelial growth 
factor (VEGF) as an angiogenesis marker (RB-9031-
P-A, Thermo Fisher Scientific, Massachusetts, USA). 
The sections were washed thrice and incubated with 
biotinylated goat anti-rabbit IgG for an hour. Streptavidin–
biotin–horseradish peroxidase was added for another 
hour then washed thrice. Immunoreaction was visualized 
using 3,3'diaminobenzidine (DAB)-hydrogen peroxide. 
Counterstaining was done with Mayer's hematoxylin.[26] 

Morphometric study
A Leica optical microscope attached to a Leica digital 

camera (Switzerland) was used for photomicrograph 
acquisition. Image analysis was done with “ImageJ” 
software (version 1.48v National Institute of Health, 
Bethesda, Maryland, USA). Five non-overlapping fields 
for every section at a magnification power of 400 were 
analyzed for: 

1) Mean wound area, epidermal thickness, and the 
wound closure rate (%) which was calculated as (initial 
wound area–final wound area)/initial wound area) ×100.[27]
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2) Mean area percentage of collagen fiber content.

3) Mean percentage of Ki67-immunohistochemical 
positive cells. 

4) Mean number of vascular endothelial growth factor 
(VEGF)-positive blood vessels.

Statistical analysis
Data analysis was done with one-way analysis of 

variance (ANOVA) then Tukey’s test using statistical 
package for social sciences statistical analysis software 
(IBM SPSS Statistics for Windows, IBM Corp, Version 
22.0. Armonk, NY, USA). Differences were considered 
significant if the probability value (p) was less than 0.05.[28] 

RESULTS                                                                                           

Biochemical findings
Tissue malondialdehyde (MDA) level in both subgroups 

IIIa and IIIb was significantly elevated (p<0.001) than both 
subgroups IIa and IIb respectively. Whereas both subgroups 
IVa and IVb were significantly reduced (p<0.001) than 
both subgroups IIIa and IIIb respectively, yet they were 
non-significantly different (p=0.2545, 0.9283 respectively) 
from both subgroups IIa and IIb respectively (Table 1).

Moreover, tissue myeloperoxidase (MPO) level in both 
subgroups IIIa and IIIb was significantly raised (p<0.001) 
than both subgroups IIa and IIb respectively. Whereas 
both subgroups IVa and IVb were significantly reduced 
(p<0.001) than both subgroups IIIa and IIIb respectively. 
Besides, subgroup IVa was still significantly higher 
(p<0.001) than subgroup IIa, while subgroup IVb was 
non-significantly different (p=0.0963) from subgroup IIb 
(Table 1).

Histological findings

H&E staining
Group I (Control group): Examination of H&E 

stained sections from both control subgroups revealed the 
normal histological structure of the epidermal and dermal 
layers of the thin skin separated by a well-defined folded 
dermo-epidermal junction. The epidermis was composed 
of stratified squamous epithelium formed mainly of 
keratinocytes arranged into four layers; The basal layer 
(stratum basale) was formed of low columnar cells with 
basal oval nuclei. The overlying layer (stratum spinosum) 
consisted of polyhedral cells with central rounded nuclei. 
The next layer (stratum granulosum) consisted of spindle-
shaped cells with basophilic keratohyalin granules. 
Finally, the superficial non-cellular horny layer (stratum 
corneum) was formed of acidophilic scales. The dermis 
was composed of an outer papillary layer with abundant 
capillaries and connective tissue cells, whereas the inner 
reticular layer showed a denser connective tissue rich in 
fibers. The dermis had hair follicles and the associated 
sebaceous glands (Figure 1).

Group II (Excisional wound in normal rats): H&E 
stained sections from rats of subgroup IIa (7th day of the 

wound) showed that the wound area was covered by 
remnants of granulation tissue overlying thin epidermis 
with vacuolated keratinocytes and thin overlying keratin. 
The wound overlayed some spaces with inflammatory 
infiltrate of fibrin exudate and mononuclear cells. An ill-
defined flattened dermo-epidermal junction was detected. 
The dermal appendages were absent underneath the wound 
area (Figure  2).

Subgroup IIb (14th day of the wound) revealed the wound 
area was covered with an apparently intact multilayered 
epidermis with few vacuolated keratinocytes covered 
with intact keratin. A well-defined partially folded dermo-
epidermal junction was observed. Few mononuclear cells 
were encountered. The dermal appendages including hair 
follicles and sebaceous glands were frequently detected 
(Figure 3). 

Group III (Excisional wound in immunocompromised 
rats): H&E stained sections from rats of subgroup IIIa 
(7th day of the wound) showed that the wound area was 
completely covered by granulation tissue overlaying an 
inflammatory infiltrate of mononuclear cells and blood 
vessels. The dermo-epidermal junction was absent. The 
dermal appendages were absent underneath the wound 
area (Figure 4).

Subgroup IIIb (14th day of the wound) revealed that the 
wound area was covered by remnants of granulation tissue 
overlying thin epidermis with vacuolated keratinocytes 
and thin overlying keratin. The wound overlayed spaces 
with an inflammatory infiltrate of fibrin exudate and 
mononuclear cells. An ill-defined flattened dermo-
epidermal junction was detected. The dermal appendages 
were absent underneath the wound area (Figure 5).

Group IV (Excisional wound in immunocompromised 
rats on a ketogenic diet): H&E stained sections from 
rats of subgroup IVa (7th day of the wound) showed that 
the wound area was covered by remnants of granulation 
tissue being replaced by thin epidermis with vacuolated 
keratinocytes and very thin overlying keratin. The wound 
overlayed an inflammatory infiltrate of mononuclear 
cells and blood vessels. A well-defined flattened dermo-
epidermal junction was detected. The dermal appendages 
were absent underneath the wound area (Figure 6).

Subgroup IVb (14th day of the wound) revealed that 
the wound area was covered with an apparently intact thin 
epidermis with a few vacuolated keratinocytes and intact 
keratin. A well-defined partially folded dermo-epidermal 
junction was observed. Some mononuclear cells were 
detected. The dermal appendages including hair follicles 
and sebaceous glands were frequently detected (Figure 7). 

The mean wound area in both subgroups IIIa and IIIb 
was significantly larger (p<0.001) than both subgroups 
IIa and IIb respectively. Whereas both subgroups IVa 
and IVb were significantly reduced (p<0.001) than both 
subgroups IIIa and IIIb respectively, yet they did not 
significantly differ (p=0.0639, 0.1093 respectively) from 
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both subgroups IIa and IIb respectively. The calculated 
mean wound healing rate in both subgroups IIIa and 
IIIb was significantly dropped (p<0.001) than both 
subgroups IIa and IIb respectively, while both subgroups 
IVa and IVb were significantly accelerated (p<0.001) 
compared to both subgroups IIIa and IIIb respectively, 
which did not significantly vary (p=0.0825, 0.1639 
respectively) from both subgroups IIa and IIb respectively                                                       
(Table 1, Histogram 1 A,B).

Moreover, the mean epidermal thickness in both 
subgroups IIIa and IIIb was significantly diminished 
(p<0.001) than both subgroups IIa and IIb respectively. 
Whereas both subgroups IVa and IVb were significantly 
increased (p<0.001) compared to both subgroups IIIa and 
IIIb respectively. On the other hand, subgroup IVa was 
still significantly reduced (p<0.001) than subgroup IIa, yet 
subgroup IVb did not significantly differ (p=0.3903) from 
subgroup IIb (Table 1, Histogram 1 C).

Masson’s trichrome staining
Masson’s trichrome-stained sections from both control 

subgroups revealed few fine collagen fibers in both dermal 
papillary and reticular layers (Figure 8). Subgroups IIa and 
IIb showed an abundant amount of collagen fibers in the 
dermis (Figures 9,10 respectively). Whereas the dermis 
of subgroups IIIa and IIIb depicted an extensive amount 
of irregularly arranged collagen fibers in the dermis                      
(Figures 11,12 respectively). On the other hand, the dermis 
of subgroups IVa and IVb revealed a moderate amount of 
collagen fibers (Figures 13,14 respectively).

The mean area percentage of collagen fiber content 
in both subgroups IIIa and IIIb was significantly elevated 
(p<0.001) than both subgroups IIa and IIb respectively. 
Whereas both subgroups IVa and IVb were significantly 
reduced (p<0.001) than both subgroups IIIa and IIIb 
respectively, yet both subgroups IVa and IVb were still 
significantly greater (p<0.001) than subgroups IIa and IIb 
respectively (Table 1, Histogram 1 D).

Ki67 immunohistochemical staining
Ki67 immunostained sections from both control 

subgroups showed many ki67-positive cells with a 
nuclear reaction in the basal cells layer (stratum basale) 
and the sebaceous glands (Figure 15). Subgroups IIa and 
IIb showed numerous ki67-positive cells in the basal 
cells layer and other epidermal layers in addition to the 
sebaceous glands (Figures 16,17 respectively). Whereas 
subgroups IIIa showed almost no ki67-positive cells in the 
epidermal layers and were mainly confined to the dermal 
inflammatory cells (Figure 18), while IIIb depicted only 
a few ki67-positive cells in the basal cells layer and other 
epidermal layers (Figure 19). On the other hand, subgroups 
IVa and IVb revealed many ki67-positive cells in the basal 
cells layer and other epidermal layers in addition to the 
sebaceous glands (Figures 20,21 respectively).

The mean percentage of Ki67-positive cells in both 

subgroups IIIa and IIIb was significantly reduced (p<0.001) 
than both subgroups IIa and IIb respectively. Whereas 
both subgroups IVa and IVb were significantly increased 
(p<0.001) than both subgroups IIIa and IIIb respectively. 
On the other hand, subgroup IVa was significantly dropped 
(p<0.001) with referral to subgroup IIa, yet subgroup IVb 
did not significantly differ (p=0.1486) from subgroup IIb 
(Table 1, Histogram 1 E).

VEGF immunohistochemical staining
VEGF immunostained sections from both control 

subgroups depicted many dermal VEGF-positive blood 
vessels in the form of a cytoplasmic reaction in their 
lining cells (Figure 22). Subgroups IIa and IIb showed 
numerous VEGF-positive blood vessels in the dermis                                         
(Figures 23,24 respectively). Whereas the dermis of 
subgroups IIIa and IIIb revealed some VEGF-positive 
blood vessels (Figures 25,26 respectively). On the other 
hand, the dermis of subgroups IVa and IVb depicted many 
VEGF-positive blood vessels (Figures 27,28 respectively).

The mean number of VEGF-positive blood vessels in 
both subgroups IIIa and IIIb was significantly diminished 
(p<0.001) than both subgroups IIa and IIb respectively. 
Whereas both subgroups IVa and IVb were significantly 
elevated (p<0.001) compared to both subgroups IIIa 
and IIIb respectively, yet they did not significantly vary 
(p=0.0815, 0.1072 respectively) from both subgroups IIa 
and IIb respectively (Table 1, Histogram 1 F).

Fig. 1: Control subgroups show the normal histological structure of 
the epidermal (E) and dermal (D) layers of the thin skin separated by 
a well-defined folded dermo-epidermal junction (arrow). The epidermis 
is composed of stratified squamous epithelium formed mainly of 
keratinocytes arranged into four layers; stratum basale (1) is formed of 
low columnar cells with basal oval nuclei. Stratum spinosum (2) consists 
of polyhedral cells with central rounded nuclei. Stratum granulosum (3) 
consists of spindle-shaped cells with basophilic keratohyalin granules. 
Stratum corneum (4) is formed of acidophilic scales. The dermis is 
composed of an outer papillary (P) layer with abundant capillaries and 
connective tissue cells, the inner reticular (R) layer is composed of a 
denser connective tissue rich in fibers. The dermis contains hair follicles 
(H) and the associated sebaceous glands (S). (H&E x100, scale bar=200 
µm, inset x 200)
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Fig. 2: Subgroup IIa (7th day of the wound) shows the wound area covered 
by remnants of granulation tissue (G) overlying thin epidermis (E) with 
vacuolated keratinocytes (arrowheads) and thin overlying keratin. The 
wound overlays spaces with an inflammatory infiltrate of fibrin exudate 
(F) and mononuclear cells (M). An ill-defined flattened dermo-epidermal 
junction (arrow) is detected. (H&E x100, scale bar=200 µm, inset x 200)

Fig. 3: Subgroup IIb (14th day of the wound) shows the wound area 
covered with an apparently intact multilayered epidermis (E) with few 
vacuolated keratinocytes (arrowheads) covered with intact keratin. 
A well-defined partially folded dermo-epidermal junction (arrow) is 
observed. Few mononuclear cells (M) are encountered. The dermal 
appendages including hair follicles (H) and sebaceous glands (S) are 
frequently detected. (H&E x100, scale bar=200 µm, inset x 200)

Fig. 4: Subgroup IIIa (7th day of the wound) shows the wound area 
completely covered by granulation tissue (G) overlaying an inflammatory 
infiltrate of mononuclear cells (M) and blood vessels (V). (H&E x100, 
scale bar=200 µm, inset x 200)

Fig. 5: Subgroup IIIb (14th day of the wound) shows the wound area 
covered by remnants of granulation tissue (G) overlying thin epidermis 
(E) with vacuolated keratinocytes (arrowheads) and thin overlying 
keratin. The wound overlays some spaces with an inflammatory infiltrate 
of fibrin exudate (F) and mononuclear cells (M). An ill-defined flattened 
dermo-epidermal junction (arrow) is detected. (H&E x100, scale bar=200 
µm, inset x 200)

Fig. 6: Subgroup IVa (7th day of the wound) shows the wound area 
covered by remnants of granulation tissue (G) being replaced by thin 
epidermis (E) with vacuolated keratinocytes (arrowhead) and very thin 
overlying keratin. The wound overlays an inflammatory infiltrate of 
mononuclear cells (M) and blood vessels (V). A well-defined flattened 
dermo-epidermal junction (arrow) is detected. (H&E x100, scale bar=200 
µm, inset x 200)

Fig. 7: Subgroup IVb (14th day of the wound) shows the wound area covered 
with an apparently intact thin epidermis (E) with a few vacuolated (arrowheads) 
and intact keratin. A well-defined partially folded dermo-epidermal junction 
(arrow) is observed. Some mononuclear cells (M) are detected. The dermal 
appendages including hair follicles (H) and sebaceous glands (S) are frequently 
detected. (H&E x100, scale bar=200 µm, inset x 200)
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Fig. 8: Control subgroups show few fine collagen fibers (arrows) in both 
dermal papillary and reticular layers. (Masson’s trichrome stain x100, 
scale bar=200 µm)

Fig. 9: Subgroup IIa (7th day of the wound) shows an abundant amount 
of collagen fibers (arrows) in the dermis. (Masson’s trichrome stain x100, 
scale bar=200 µm)

Fig. 10: Subgroup IIb (14th day of the wound) shows an abundant amount 
of collagen fibers (arrows) in the dermis. (Masson’s trichrome stain x100, 
scale bar=200 µm)

Fig. 11: Subgroup IÌIa (7th day of the wound) shows an extensive amount 
of irregularly arranged collagen fibers (arrows) in the dermis. (Masson’s 
trichrome stain x100, scale bar=200 µm)

Fig. 12: Subgroup IIIb (14th day of the wound) shows an extensive amount 
of irregularly arranged collagen fibers (arrows) in the dermis. (Masson’s 
trichrome stain x100, scale bar=200 µm)

Fig. 13: Subgroup IVa (7th day of the wound) shows a moderate amount 
of collagen fibers (arrows) in the dermis. (Masson’s trichrome stain x100, 
scale bar=200 µm)
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Fig. 14: Subgroup IVb (14th day of the wound) shows a moderate amount 
of collagen fibers (arrows) in the dermis. (Masson’s trichrome stain x100, 
scale bar=200 µm)

Fig. 15: Control subgroups show many ki67-positive cells (arrows) with 
a nuclear reaction in the stratum basale and the sebaceous glands. (Ki67 
x100, scale bar=200 µm)

Fig. 16: Subgroup IIa (7th day of the wound) shows numerous ki67-
positive cells (arrows) in the basal cells layer and other epidermal layers. 
(Ki67 x100, scale bar=200 µm, inset x 200)

Fig. 17: Subgroup IIb (14th day of the wound) shows numerous ki67-
positive cells (arrows) in the basal cells layer and other epidermal layers 
in addition to the sebaceous glands. (Ki67 x100, scale bar=200 µm, inset 
x 200)

Fig. 18: Subgroup IIIa (7th day of the wound) shows almost no ki67-
positive cells in the epidermal layers and mainly confined to the dermal 
inflammatory cells (arrows). (Ki67 x100, scale bar=200 µm, inset x 200)

Fig. 19: Subgroup IIIb (14th day of the wound) shows few ki67-positive 
cells in the basal cells layer and other epidermal layers. (Ki67 x100, scale 
bar=200 µm, inset x 200)
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Fig. 20: Subgroup IVa (7th day of the wound) shows many ki67-positive 
cells (arrows) in the basal cells layer and other epidermal layers. (Ki67 
x100, scale bar=200 µm, inset x 200)

Fig. 21: Subgroup IVb (14th day of the wound) shows many ki67-positive 
cells (arrows) in the basal cells layer and other epidermal layers in addition 
to the sebaceous glands. (Ki67 x100, scale bar=200 µm, inset x 200)

Fig. 22: Control subgroups show many dermal VEGF-positive blood 
vessels (arrows) in the form of a cytoplasmic reaction in their lining cells. 
(VEGF x100, scale bar=200 µm)

Fig. 23: Subgroup IIa (7th day of the wound) shows numerous VEGF-
positive blood vessels (arrows) in the dermis. (VEGF x100, scale bar=200 
µm)

Fig. 24: Subgroup IIb (14th day of the wound) shows numerous VEGF-
positive blood vessels (arrows) in the dermis. (VEGF x100, scale bar=200 
µm)

Fig. 25: Subgroup IIIa (7th day of the wound) shows some VEGF-positive 
blood vessels (arrows) in the dermis. (VEGF x100, scale bar=200 µm)
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Fig. 26: Subgroup IIIb (14th day of the wound) shows some VEGF-
positive blood vessels in the dermis. (VEGF x100, scale bar=200 µm)

Fig. 27: Subgroup IVa (7th day of the wound) shows many VEGF-positive 
blood vessels (arrows) in the dermis. (VEGF x100, scale bar=200 µm)

Fig. 28: Subgroup IVb (14th day of the wound) shows many VEGF-
positive blood vessels (arrows) in the dermis. (VEGF x100, scale bar=200 
µm)

Histogram 1: Morphometrical and statistical analysis of [A] Mean wound area (mm2) [B] Mean wound healing rate (%) [C] Epidermal thickness (µm) [D] 
Mean area percentage of collagen fiber content [E] Mean percentage of Ki67-positive cells [F] Mean number VEGF-positive blood vessels. * denotes p<0.05 
versus group II subgroups.
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DISCUSSION                                                                              

In the present work, tissue MDA level in the excisional 
wound of immunocompromised rats was significantly 
higher than its level in the excisional wound in normal rats. 
This finding coincided with previous researches.[6] Recent 
studies attributed the elevated MDA level to the promoted 
peroxidation of cell membranes and subsequent alterations 
of their lipid structure. Corticosteroids can induce 
oxidative stress through the production of free radicals 
with subsequent oxidative DNA damage, peroxidation of 
membrane biomolecules, and cell death.[29] In addition, 
the balance between free radicals and antioxidants may be 
disrupted in wounding with reduction of the antioxidants[30] 

On the other hand, MDA level in the excisional 
wound of immunocompromised rats on KD was 
significantly decreased compared with the wound of 
immunocompromised rats. The dropped level of MDA 
after use of KD was previously related to the induction 
of β‐hydroxybutyric acid that inhibits class-I Histone, 
resulting in an increased acetylation at the Foxo3a and 
Mt2 promoters of genes that suppress oxidative stress.[31] 

Moreover, Ketone utilization can reduce the production of 
reactive oxygen species (ROS) by controlling the balance 
between oxidized and reduced forms of NAD to enhance 
mitochondrial function.[32]

In this study, MPO level in the wound of 
immunocompromised rats was significantly higher than in 
the wound of normal rats. The heme protein myeloperoxidase 
(MPO) is a major active component in activated neutrophils 
and monocytes.[33] The MPO enzyme assay is a reliable 
diagnostic tool for monitoring the progression of wound 
healing,[34] where the increase in the activity of MPO is 
the first response to inflammation starting instantly after 
the wounding process, as a defense mechanism of the 
tissue.[35] The inflammatory phase is the first and essential 
stage in the wound healing process. However, prolonged 
inflammation, as in immunocompromised state, enhances 
the release of cytokines such as IL-1β, IL-6, and TNF-α 
which results in serious healing disturbances, extensive 
fibrosis, and scarring,[36] particularly through the production 

and induction of proteolytic enzymes and arachidonic 
acid metabolites, thus delaying the initiation of the repair 
phase[37]

On the contrary, the wound of immunocompromised 
rats on KD revealed a significant decrease in tissue MPO 
compared to the wound of immunocompromised rats. 
Several studies explained this finding by the ability of 
the KD to reduce circulating some inflammatory markers 
including TNF-a, IL-6, IL-8, MCP-1, E-selectin, I-CAM, 
and PAI-1.[38,39] Pretreatment with KD was previously shown 
to significantly reduce subcutaneous inflammation in both 
juvenile and adult animals, where ketone metabolism can 
decrease the production of reactive oxygen species which 
contribute to inflammation.[8]

Moreover, in this work, immunocompromised rats 
showed a significant delay in the process of wound healing 
when examined at the 7th and the 14th day compared 
with normal rats as confirmed by measuring the mean 
wound area and calculating the mean wound healing 
rate, in addition to the mean epidermal thickness which 
was significantly lower than that in normal rats. Similar 
findings were previously reported.[40] These changes were 
previously attributed to the ability of corticosteroids to 
reduce inflammation, with subsequent affection of cell 
migration, proliferation, and angiogenesis resulting in 
delayed wound healing.[41]

On the other hand, immunocompromised rats on KD 
showed a significant improvement of the wound state 
particularly on the 14th day, where the wound area was 
covered with an apparently intact thin epidermis, intact 
keratin, well-defined dermo-epidermal junction, and 
the appearance of the dermal appendages. Besides, the 
mean wound area, wound healing rate, and epidermal 
thickness were significantly restored. Similarly, ketone 
supplementation in vivo and in vitro was proven to modify 
systemic physiology to enhance wound closure and was 
thus hypothesized that exogenous ketone supplementation 
could enhance metabolic and physiological features to 
boost healing in age-associated impaired wound healing.[42]

Table 1: Biochemical and morphometrical analysis 

Group I Group II Group III Group IV

IIa IIb IIIa IIIb IVa IVb

MDA nmol/g-tissue protein 58.37±3.24 65.67±5.66 60.88±4.28 88.64±6.58a,c 80.22±5.40a,c 69.26±7.81b 61.09±5.89b

MPO ng/mg tissue protein 4.49±0.15 8.57±1.12 5.26±0.94 17.19±1.97a,c 14.08±0.90a,c 12.09±2.66a,b 6.81±2.63b

Mean wound area (mm2) 0 15.92±1.15 5.34±0.82 24.67±3.10a,c 19.30±2.15a,c 18.09±3.28b 6.11±1.19b

Mean wound healing rate (%) 0 40.76±1.15 81.47±1.65 14.40±1.41a,c 33.03±2.5a,c 37.23±5.96b 78.76±5.67b

Epidermal thickness (µm) 35.58±3.64 19.08±2.10 30.34±2.64 1.61±0.21a,c 15.22±2.81a,c 15.79±2.96a,b 28.94±4.28b

Mean area percentage of collagen fiber content 8.06±1.15 11.01±1.5 9.41±1.33 16.27±2.31a,c 22.88±3.17a,c 13.10±1.56a,b 15.24±2.09a,b

Mean percentage of Ki67-positive cells 30.09±2.21 48.22±3.1 30.52±2.91 5.64±0.9a,c 12.46±1.24a,c 19.06±2.07a,b 27.89±4.68b

Mean number VEGF-positive blood vessels 11.03±1.7 15.28±1.29 12.55±1.51 10.05±1.32a,c 7.09±1.08a,c 13.01±3.67b 10.91±2.66b

Data are expressed as mean ± standard deviation. a, b, c denote p<0.05 vs group II, III, and IV respectively of the corresponding subgroup.
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In the current work, the wound of immunocompromised 
rats revealed an extensive amount of irregularly arranged 
collagen fibers in the dermis. Researchers have reported 
that the formation of pathological scar is mainly due 
to excessive collagen deposition.[1] Fibroblasts (FBs) 
and myofibroblasts (MFs) play a crucial role during the 
healing process through secreting and remodeling of the 
extracellular matrix mainly collagen proteins.[43,44] In the 
early phases of wound healing, FBs proliferate and undergo 
phenotypic changes into MFs in response to mechanical 
tension and cytokines, especially transforming growth 
factor-β that are produced by inflammatory cells migrated 
to the wound area and result in increased collagen synthesis 
and contraction of wound edges.[2] In the remodeling 
phase, collagen is constantly degraded to decrease wound 
thickness and bring the wound margins closer together.[45] 

Moreover, the extensive amount of irregularly arranged 
collagen fibers may be correlated to the oxidative stress 
state and free radicals that play an important role in skin 
fibrosis.[46] 

On the other hand, in the current work, collagen 
deposition in the wound of immunocompromised rats on KD 
was significantly lower than in the immunocompromised 
rats. This was previously related to the role of KD in 
regulating ROS levels, in addition to its anti-inflammatory 
effect, thus suppressing the excessive amount of collagen 
which is critical for optimal wound healing.[8,47] 

In the current work, the wound of immunocompromised 
rats showed almost no ki67-positive cells in the epidermal 
layers and was mainly confined to the dermal inflammatory 
cells. Ki67 antigen is the most reliable marker of proliferating 
cells. The expression of proliferation marker, Ki67 should 
be increased in damaged skin.[48] Glucocorticoids were 
proven to have antiproliferative effects in many normal and 
tumor cell systems through a G1-block in the progression 
of the cell cycle,[49] thus explaining the low expression of 
Ki67 in the wound of immunocompromised rats. 

On the other hand, the wound of immunocompromised 
rats on KD revealed a significant increase in ki67-positive 
cells compared with the immunocompromised rats, 
particularly on the 14th day. KD was suggested to elicit 
cellular proliferation similar to that of coconut oil which 
is a natural source of medium-chain triglycerides (MCTs) 
with a proven capacity to modulate cellular proliferation, 
cell signaling, and growth factor activities.[50]

Wound microenvironment mimics a hypoxic condition 
for injured cells that triggers expression of HIF-1α, resulting 
in promoting a transcriptional program that modulates 
cellular metabolism, redox homeostasis, vascular 
remodeling, and inflammation. HIF-1α binds to particular 
sequences of DNA that regulate VEGF expression, thus 
stimulating angiogenesis.[51,52] Angiogenesis is essential 
in the process of wound healing to support the new 
granulation tissue, the survival of keratinocytes, and re-
epithelialization through the delivery of nutrients and 
oxygen to the wounded area.[53,54]

The present study demonstrated a significant drop 
in dermal VEGF immunoexpression in the wound of 
immunocompromised rats. This finding was in accordance 
with some investigators in response to the suppressive 
effect of corticosteroids.[4,55] On the other hand, the 
wound of immunocompromised rats on KD revealed 
numerous VEGF-positive blood vessels. It was previously 
established that new microvascular patterns with an 
increase in capillary density, similar to hypoxia-induced 
angiogenesis, occurred in the brain of rats fed on KD,[56] 
thus was explained as an angiogenic response to ketosis. 

CONCLUSIONS                                                                   

It could be concluded that KD enhances delayed wound 
healing via suppressing oxidative stress, modulating 
inflammation and collagen deposition, promoting 
proliferation, and enhancing angiogenesis particularly on 
the 14th day.
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الملخص العربى

النظام الغذائي الكيتوني يعزز التئام الجروح المتأخر في الجرذان التي تعاني من نقص 
المناعة: دراسة هستولوجية و هستوكيميائية مناعية

نهى رمضان محمد السويدى1، رشا عبد العزيز عبد اللطيف2، مروة عوض عبد الحميد إبراهيم1

1قسم الهستولوجيا -2قسم التشريح - كلية الطب - جامعة طنطا

مقدمة: التئام الجروح عملية معقدة يمكن أن تتأثر بعوامل مختلفة. تؤخر الستيرويدات القشرية عملية التئام الجروح بعدة 
آليات. يمكن أن يساعد النظام الغذائي الكيتوني في علاج العديد من الأمراض الجلدية خاصة تلك المرتبطة بالإجهاد 

التأكسدي.
الهدف من العمل: دراسة دور النظام الغذائي الكيتوني في تعزيز التئام الجروح المتأخر للجلد الرقيق في الفئران التي 

تعاني من نقص المناعة.
أربع مجموعات:  في  بالتساوي  البالغة  البيضاء  الجرذان  ذكور  من  و عشرين  أربع  توزيع  تم  البحث:  و طرق  مواد 
الضابطة ، الجرح الاستئصالي في الجرذان الطبيعية، الجرح الاستئصالي في الجرذان التي تعاني من نقص المناعة 
)0.1 مجم / كجم / يوم من الديكساميثازون تحت الجلد لمدة 30 يومًا( ، والجرح الاستئصالي في الجرذان التي تعاني 
تم الحصول على  الكيتوني )75٪ دهون ، 20٪ بروتين ، 5٪ كربوهيدرات(.  الغذائي  النظام  المناعة مع  من نقص 
عينات الجرح في اليوم السابع أو الرابع عشر وتم معالجتها باستخدام تقنيات بيوكيميائية و هستولوجية و هستوكيميائية 

مناعية مختلفة.
النتائج: في كل من اليومين السابع والرابع عشر، أظهر جرح الجرذان التي تعاني من نقص المناعة زيادة ملحوظة في 
كل من المالونديالديهيد و الميلوبيروكسيديز النسيجي مقارنة بالفئران الطبيعية. كان متوسط مساحة الجرح أكبر بشكل 
ذي دلالة احصائية ، بينما انخفض متوسط معدل التئام الجروح وسماكة البشرة بشكل ذي دلالة احصائية مقارنة بالفئران 
الطبيعية. كان متوسط النسبة المئوية لمحتوى ألياف الكولاجين أعلى بشكل ذي دلالة احصائية مع انخفاض كبير في 
عدد خلايا Ki67 الإيجابية و متوسط عدد الأوعية الدموية الموجبة للعامل VEGF.أظهر جرح الجرذان التي تعاني 
من نقص المناعة مع النظام الغذائي الكيتوني استعادة ذات دلالة احصائية لمعظم العوامل المدروسة خاصة في اليوم 

الرابع عشر.
الاستنتاجات: عزز النظام الغذائي الكيتوني التئام الجروح المتأخر عن طريق قمع الإجهاد التأكسدي، وتعديل الالتهاب 

وترسب الكولاجين، وتعزيز النكاثر، وتعزيز الأوعية الدموية خاصة في اليوم الرابع عشر. 


