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ABSTRACT
Background: Androgenic alopecia (AGA) is a common progressive hair loss condition that is mostly mediated by
dihydrotestosterone (DHT). In this context, Stromal vascular fraction (SVF) cells are capable of restoration hair follicle structure
and promoting hair growth as they contain regenerative and immunomodulatory cells.
Aim: the study investigated the therapeutic effect of SVF using a rat model of androgenic alopecia.
Materials and Methods: 60 male albino rats were separated into 4 groups: group I (control; subdivided into Ia negative control
and Ib positive control injected with SVF), group II (testosterone-induced alopecia), group III (SVF-treated), and group IV
(recovery). Alopecia was induced by daily subcutaneous testosterone injection for three weeks. Group III subsequently received
a single injection of 2 x 10¢ SVF cells. Skin and serum samples were obtained for histological, immunohistochemical, and
biochemical analysis.
Results: Alopecia-group (group II) resulted in follicular miniaturization, epidermal thinning, and disruption of collagen fibers in
the dermis. Immunohistochemical staining demonstrated weak Ki-67 and strong activated caspase-3 expression, while
biochemical analysis revealed increased serum level of testosterone, malondialdehyde (MDA), and DKK1 with decreased
glutathione (GSH) and WNTS3I levels. SVF-treated rats (group III) displayed marked improvement of epidermal thickness,
follicular architecture and collagen organization. SVF also attenuated caspase-3 overexpression, increased Ki-67 proliferative
activity, it resulted in decreased oxidative stress along with significant correction of androgen- and WNT-related biochemical
alterations, bringing them near-control levels.
Conclusion: In androgen-induced alopecia, adipose-derived SVF demonstrated strong regenerative, anti-apoptotic, and
antioxidant properties, underscoring its potential as a novel therapeutic approach for hair follicle regeneration.

KEYWORDS: Androgenic Alopecia, Stromal Vascular Fraction, Hair Follicle Regeneration, Oxidative Stress, Apoptosis.

How to Cite: Medhat Atta Salah, Abdel Hamid Sayed Abo Bakr, Mohamed Ahmed Desouky, Mary Malak Reyad, Manar Fouli
Gaber Ibrahim., (2025) The possible effect of Adipose-derived Stromal Vascular Fraction Cells on Hair Growth in rat model of
Androgenic Alopecia: Histological and Immunohistochemical Study, Vascular and Endovascular Review, Vol.8, No.9s, 383--402.

INTRODUCTION
Androgenic alopecia (AGA) is the predominant type of progressive hair loss, affecting both genders. It may begin as early as the
second decade of life, and its prevalence rises with age.

Androgens are the main cause in those who are genetically susceptible. Histologically, AGA is defined by progressive reduction
in hair follicular size, whereby thick terminal hairs are replaced by finer vellus hairs [1].

Hair follicles go through a dynamic cycle process under normal physiological conditions, which consists of a growth phase
(anagen), a regression phase (catagen), a resting phase (telogen), and a shedding phase (exogen). In AGA, the anagen phase is
shortened whereas the telogen phase is extended so the balance is disturbed resulting in a decreased anagen-to-telogen hair ratio

[2].

The pathophysiology of AGA involves a complex interaction of genetic, hormonal, and environmental variables. In predisposed
individuals, testosterone is converted to dihydrotestosterone (DHT) by 5Sa-reductase type Il in dermal papilla cells, which
enhances androgen receptor activity and induces inhibitory mediators such as Dickkopf-1 (DKK-1), while simultaneously
suppressing growth factors critical for anagen maintenance [3]. These alterations reduce the duration of the anagen phase, extend
the telogen phase, and promote the transformation of thick hairs into fine hairs.

Hair cycle impairment is exacerbated by genetic alterations in the androgen receptor (AR) gene and chromosome 20p11, which
further disrupt the signaling of Wnt/B-catenin pathway which plays a crucial role involved in regulation of hair cycling, especially
throughout the shift from telogen to anagen [4]. DHT inhibits this pathway through the production of DKK-1, an endogenous
Whnt antagonist, this disruption prevents follicle regeneration, resulting in progressive miniaturization and inability to reenter the
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growth phase [4]. Treatment of AGA aims to avoid and reverse the process of miniaturization. A variety of therapeutic modalities
exist, including medication, surgical procedures, and novel regenerative approaches [5].

Regenerative treatments have recently garnered interest owing to their efficacy in hair restoration by targeting the underlying
disease-related pathways [6]. These encompass platelet-rich plasma injections, micro-needling, and cell-based therapies,
including adipose-derived stromal vascular fraction (SVF) and stem cell applications, which seek to improve follicular
regeneration via growth factors and modulation of the hair follicle microenvironment [7].

SVFisacellular population extracted from subcutaneous fat via enzymatic or mechanical digestion. SVF comprises mesenchymal
stem cells, endothelial progenitors, pericytes, and immune cells, all of which enhance its healing capacity, rendering it a viable
treatment alternative for androgenetic alopecia [6].

This study examined the impact of adipose-derived stromal vascular fraction (SVF) cells on hair growth in a rat model of
androgenetic alopecia, employing histological and immunohistochemical analysis.

MATERIALS AND METHODS

Animals and Ethical Approval:

This research constitutes an experimental investigation. The study was done in the Department of Anatomy and Embryology,
Faculty of Medicine, Minia University, Egypt. The study used 60 adult male albino rats aged 10-12 weeks, with weights ranging
from 200 to 220 grams. Furthermore, ten male albino rats aged 4-6 weeks, with a weight range of 70-80 grams, were utilized as
a source of adipose-derived stromal vascular fraction (SVF) cells. All experimental protocols were carried out following the local
rules established by the ethics council of the Faculty of Medicine, Minia University (Approval number. 932/10/2023).

Chemicals and Reagents:

Testosterone was obtained in the form of Testonon ® 250 mg/mL (testosterone enanthate; Cat. No. 231277, Nile Company for
Pharmaceuticals and Chemical Industries, Egypt).

Collagenase type | (Cat. N0.C0130, Sigma-Aldrich, Egypt).

Dulbecco’s Modified Eagle Medium (DMEM) (Cat.No. D6546, Sigma-Aldrich, Egypt).

Phosphate Buffered Saline (PBS) (Cat. No. P3813, Sigma-Aldrich, Egypt) .

Antibodies: Anti-activated Caspase-3 (apoptotic, CAT#ab32351, Abcam, Egypt,) and anti-Ki-67 (proliferation, CAT#ab15580,
Abcam, Egypt, CAT#ab15580).

Enzyme-linked immunosorbent assay (ELISA) Kits for estimating the following:

Serum Testosterone (Catalogue No.CSB-E05100r, Bio-diagnostic, Egypt).

Serum Malondialdehyde (MDA) (Catalogue No.MD 25 29, Bio-diagnostic, Egypt).

Serum Reduced Glutathione (GSH) (Catalogue No.GR 25 11, Bio-diagnostic, Egypt).

Serum Wingless-related integration site 3(WNT3) (Catalogue No. RTDL01115, Bio-diagnostic, Egypt).
Tissue Dickkopf-related protein 1(DKK1) (Catalogue No.TR 118, Bio-diagnostic, Egypt).

Induction of Androgenic Alopecia:
Testosterone (0.1 ml) was injected subcutaneously into the shaved dorsal area once daily for 21 consecutive days to induce
androgenic alopecia.

Preparation of stromal vascular fraction cells (SVFCs):

1-Procurement of Adipose Tissue: from the abdominal fat of 10 healthy donor rats. Approximately 2—3 grams of adipose tissue
were taken and promptly immersed in a septic phosphate-buffered saline (PBS) with 1% penicillin-streptomycin to avert
microbial contamination [8].

2-Processing the Adipose Tissue: Under a laminar flow hood, the tissue was placed in a 35 mm tissue culture dish containing
HBSS (Hank’s Balanced Salt Solution) for thorough cleaning using sterile forceps. The adipose tissue was subsequently cut into
minute fragments with sterile scissors and transferred into sterile 50 ml centrifuge tubes. Subsequently, 5 ml of collagenase
solution per gram of adipose tissue was introduced into each centrifuge tube. The centrifuge tubes were sealed, disinfected with
70% ethanol, and subsequently covered in parafilm before to being placed in the incubator. Each tube was agitated at 100 rpm
for 60 minutes until the tissue appeared smooth.

3-lIsolation of the Stromal Vascular Fraction (SVFCs):

Enzymatic Digestion:

The tissue was finely chopped into small fragments (about 1-2 mmg3) using sterile scissors and subsequently digested in 0.1%
collagenase type | (Sigma-Aldrich) dissolved in PBS. The digestion occurred at 37°C in a shaking water bath or orbital shaker at
150-200 rpm for 30-45 minutes. Gentle pipetting was performed every 10 minutes to guarantee complete enzymatic interaction

(8].

Separation and Washing:
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The processed mixture was filtered through a 100 pum sterile nylon mesh to exclude undigested particles. The filtrate underwent
centrifugation at 1500 rpm for 10 minutes at ambient temperature, resulting in the deposition of the stromal vascular pellet. The
supernatant, which included mature adipocytes and enzymatic residues, was discarded. The pellet underwent two washes in
serum-free DMEM, utilizing moderate centrifugation (1000 rpm for 5 minutes) between washes to eliminate remaining enzymes.
The stromal vascular fraction cells were seen as dark red cells sedimented at the bottom. The oil at the surface and the primary
adipocytes, which manifested as a yellow layer of suspended cells, were meticulously aspirated. A minimal quantity of brown
collagenase solution remained, ensuring the pelleted stromal vascular fraction cells were undisturbed.

4-Detection of SVFCs viability and quantity:

The cell pellet was reconstituted in 1 ml of DMEM enriched with 1% fetal bovine serum (FBS). Viable nucleated cells were
enumerated with a hemocytometer following trypan blue staining. A cell viability threshold of 85% was deemed acceptable. A
suspension of 2 x 10° viable SVF cells in 200-300 pl of DMEM was prepared for injection. The final SVF preparation was
delivered subcutaneously in the dorsal region of Group 11l animals at the previously shaved and testosterone-injected site. SVF
injections were conducted within 2 hours of isolation to guarantee cell viability and biological activity [9]

Experimental design:

An area of 1cm x1cm on the dorsal region of the rats was delineated. Sixty adult male albino rats were utilized in this experiment,
allocated into four groups (n = 15 each group).

Group | (Control): was separated into two subgrups:

group la (Negative control): received no treatment

group Ib (Positive control): was given a single a single subcutaneous injection of 2 x 10° SVF cells into the dorsal skin area [10].
Group Il (Alopecia-group): was given a single subcutaneous injection of 0.1 ml testosterone into the dorsal skin daily for 3weeks
to induce androgenic alopecia [11].

Group 111 (SVF-treated): received subcutaneous injection of 0.1 ml testosterone into the dorsal skin daily for 3weeks followed by
a single subcutaneous injection of 2 X 10° SVF cells into the same area [10]

Group IV (Recovery): received subcutaneous injection of 0.1 ml testosterone into the dorsal skin daily for 3 weeks, followed by
no treatment for remainder of the duration [12].

The experiment was concluded by the sacrifice of the animals in Groups I and Il at the end of the third week, while the animals
in Groups 111 and IV were scarified at the end of the sixth week. The dorsal skin at the injection location was removed. Blood
specimens and skin tissues were taken. Blood samples were obtained by heart puncture using a needle attached to a 5 ml syringe
for biochemical analysis. The skin tissues were excised and irrigated with normal saline. Tissues were fixed in a 10% neutral
formalin for 24 twenty-four hours, subsequently rinsed with running water, and prepared as paraffin slices for histological and
immunohistochemical analysis.

Biochemical analysis:

Blood was collected and let to coagulate at ambient temperature. Serum was isolated using centrifugation at 3000 rpm for 15
minutes and thereafter were stored at —20 °C prior to analysis. Skin tissues were prepared as a tissue suspension in PBS and
preserved at —80 °C. The following biochemical parameters were assessed according to the manufacturer's instructions:

a- Serum Testosterone: Measured using a rat-specific ELISA kit (Cat. No. CSB-E05100r; Bio-diagnostic, Egypt).

b- Serum Malondialdehyde (MDA): Determined spectrophotometrically as a marker of lipid peroxidation (Cat. No. MD 25 29;
Bio-diagnostic, Egypt).

c- Serum Reduced Glutathione (GSH): Quantified colorimetrically using a commercial kit (Cat. No. GR 25 11; Bio-diagnostic,
Egypt).

d- Serum WNT3 Protein: Measured by rat-specific ELISA (Cat. No. RTDL01115; Bio-diagnostic, Egypt).

e- Tissue DKKZ1: Evaluated by quantitative real-time PCR (QRT-PCR) in skin homogenates (Cat. No. TR 118; Bio-diagnostic,
Egypt). Additionally, DKK1 protein levels in tissue homogenates were quantified using ELISA, following kit protocols. All
biochemical assays were conducted at the Pharmacology Department, Faculty of Medicine, Minia University.

I. Histological Study

All specimens were collected, preserved in 10% neutral-buffered formalin followed by tissue dehydration in successive
concentrations of ethyl alcohol, cleaned in xylene, impregnated with soft paraffin, followed by hard paraffin, and sectioned to a
thickness of 5 um. Sections were stained with Hematoxylin and Eosin to assess the overall histology of the skin and hair follicle,
and with Mallory’s trichrome to visualize collagen fibers [13]:

IMMUNOHISTOCHEMICAL STUDY

The immunohistochemical staining was conducted according to the manufacturer's instructions. In summary, skin slices were
subjected to deparaffinization and rehydration. Endogenous peroxidase activity was inhibited by the application of 0.01%
hydrogen peroxide for 10 to 15 minutes at 37°C. Sections underwent antigen retrieval by being incubated in EDTA solution and
subjected to microwave treatment for 20 minutes. Subsequently, slices were treated with primary antibodies at 4°C overnight.
The principal antibodies employed were anti-activated caspase-3 antibody (apoptotic, CAT#ab32351; Abcam, Egypt) and anti-
Ki-67 antibody (proliferation, CAT#ab15580; Abcam, Egypt). Subsequently, slices were submerged in a secondary antibody for
30 minutes, followed by washing and a 20-minute incubation with the HRP (horseradish peroxidase) Envision kit (DAKO).
Sections were rinsed and treated with diaminobenzidine (DAB) for 15 minutes. Hematoxylin was employed for counterstaining
the nuclei. Negative control sections were acquired by processing sections using the same technique, but with the exclusion of

385
VASCULAR & ENDOVASCULAR REVIEW

www.VERjournal.com


http://www.verjournal.com/

The possible effect of Adipose-derived Stromal Vascular Fraction Cells on Hair Growth in rat model of Androgenic Alopecia:
Histological and Immunohistochemical Study

the main antibody. The positive control for activated caspase-3 utilized rat thymus tissue, whereas the positive control for Ki-67
employed rat tonsil tissue, to confirm the specificity and reproducibility of the staining protocol. Immunoreactivity was seen as
dark brown cytoplasmic staining. Ki-67 expression was localized to the nucleus, but activated caspase-3 expression was seen in
both nuclear and cytoplasmic compartments [14]:

Image capture:

Photomicrographs of H&E, Mallory’s trichrome, and immunostained sections were obtained using a BX51 light microscope
(Olympus, Japan) with a high-resolution digital camera, connected to LC micro application software at the Histology and Cell
Biology Department, Faculty of Medicine, Minia University.

1VV) Morphometric Study

Morphometric analysis was done on histological and immunohistochemical sections to evaluate the following parameters:
Epidermal thickness, area percentage of Masson’s trichrome stained sections and activated Caspase-3 immunopositivity were
measured using Image J software (http://rsbweb.nih.gov/ij/; NIH, Bethesda)

The number of hair follicles, Ki-67 positive nuclei and number of activated Caspase-3 positive nuclei was quantified. All
parameters were evaluated in five consecutive non-overlapping fields from each rat in each group at a magnification of x400.The
histologist was blind for the different experimental groups.

V) Statistical Analysis

Quantitative data were analyzed using Graph Pad Prism (version 7.01 for Windows, Graph Pad Software, San Diego, California,
U.S.A., www.graphpad.com). The mean and standard error of the mean (SEM) were computed for the parameters of each group.
Values were presented as Mean £ SEM. Significant differences between each pair of groups were assessed using the student t-
test, while one-way ANOVA followed by the Tukey-Kramer post hoc test was employed for multiple comparisons. P-values less
than 0.05 are deemed statistically significant.

RESULTS

1. Biochemical Results:

1.1. serum testosterone level:

The results showed that there was a significant increase (P<0.05) in the serum level of testosterone in the Alopecia and Recovery
groups compared to the control group. In the SVF-treated group, the serum testosterone level showed a significant increase (P<
0.05) compared to the control group However, there was a significant decrease (P< 0.05) when compared to the Alopecia- group.
Additionally, the SVF- group also exhibited a significant decrease (P< 0.05) compared to the Recovery group. While there was
insignificant difference (P > 0.05) in level of testosterone in recovery group compared to alopecia- group (Figure 1a).

1.2. serum level of Malondialdehyde (MDA):

The serum level of MDA showed a significant increase (P< 0.05) in Alopecia and Recovery groups compared to the control
group. In the SVF-treated group, there was a significant increase (P< 0.05) compared to the control group and a highly significant
decrease (P< 0.05) compared to the Alopecia group. Moreover, the MDA level in the SVF group was also significantly lower
than that in the Recovery group (P< 0.05). While there was insignificant difference (P > 0.05) in level of MDA in recovery group
compared to alopecia group (Figurelb).

1.3. serum level of Reduced Glutathione (GSH):

The serum level of GSH results was significantly decrease in in Alopecia- and Recovery groups compared to the control group.
SVF-treated group showed a significant increase in the serum level of GSH compared to both the Alopecia group (P< 0.05) and
the Recovery group (P< 0.05). While there was insignificant difference (P > 0.05) in level of GSH in recovery group if compared
to alopecia group (Figure 1c)

1.4. serum level of WNT3:

The results showed that there was a significant decrease in the level of WNT3 protein in the Alopecia and recovery groups
compared to the control group (p value<0.05). SVF-treated group showed a significant increase (p value<0.05) compared to
both the Alopecia- and Recovery groups. While there was insignificant difference (P > 0.05) in level of WNT3 in recovery group
if compared to alopecia group (Figure 1d)

1.5. Tissue level of Dickkopf-1 (DKK1):

The results revealed that there was a significant increase (p value<0.05) in DKK1 levels in the alopecia- group compared to the
control group. The SVF-treated group showed a significant decrease (p value<0.05) compared to the alopecia group. While the
recovery group demonstrated no significant difference (P >0.05) compared to the alopecia group, but showed a significant
increase (p value<0.05) in DKK1 levels compared to both the control and SVF-treated groups (Figure 1e).

2. Histological Results:

A. Hematoxylin and Eosin (H&E) stains results:

Analysis of the skin samples from Group I:

The examination revealed typical architecture composed of three distinct layers: the epidermis, dermis, and hypodermis. The
dermis showed prominent dermal papillae interdigitating with the epidermis and contained many hair follicles surrounded by
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sebaceous glands of normal histology (Figure 2a). The epidermis was composed of well-organized successive layers, including
the stratum basale formed of a single row of columnar cells with basophilic cytoplasm and basal oval vesicular nuclei ,the stratum
spinosum consisted of polygonal cells with basophilic cytoplasm and central rounded vesicular nuclei, the stratum granulosum
composed of one to two layers of flattened cells with basophilic granules, and the stratum corneum which composed of flattened,
a nucleated, keratinized cells (Figure 2b).

The dermis displayed intact papillary and reticular layers with a well-preserved dermo-epidermal junction (Figure 2b). Hair shaft
was composed of medulla, cortex, and cuticle, which were surrounded by the inner root sheath, outer root sheath, and connective
tissue sheath (Figure 2c). The hair bulb consisted of dermal papilla cells which are fibroblast-like and adjacent polygonal matrix
cells (Figure 2d). Sebaceous glands presented as acinar structures originating from the outer root sheath, consisting of vacuolated
cuboidal cells lined by flattened basal cells (Figure 2¢). The telogen hair follicles showed the hair bulb was replaced by a dermal
papilla containing secondary hair germ cells (Figure 2f).

Examination of skin sections of the alopecia-group (Group Il) showed a marked decrease in epidermal thickness with loss of the
stratum corneum and decrease in the number of hair follicles. The epidermis showed marked alterations, including distorted cells,
cytoplasmic vacuolation, and deeply stained eccentric nuclei eccentric nuclei Hair root layers exhibited disruption and
degeneration with separation of follicular layers and presence of degenerated follicles. The hair bulbs showed vacuolation of
dermal papilla and matrix cells Sebaceous glands appeared lobulated. Catagen and telogen follicles predominated over anagen
follicles; catagen follicles were distinguished by epithelial strands linking dermal papillae to club hairs. The blood vessels in the
dermis were congested, (Figures 3,4,5).

Histological sections of the SVF-treated group (Group I1I) the examination showed a noticeable increase in the thickness of
epidermis and a notable increase in hair follicles count, with restoration of normal skin structure. The epidermis regained its
normal stratification and exhibited well-organized layers, including stratum basale, spinosum, granulosum, and corneum. Anagen
follicles predominated over telogen follicles and extended deep into the dermis and hypodermis. Sebaceous glands appeared
normal, and club hairs were noted, suggesting follicles in late telogen or early anagen stages. Matrix cells forming new hair shafts
were also observed (Figure 6)

Skin sections of Recovery group (Group IV) revealed decreased epidermal thickness and reduced hair follicle number.
Degeneration of hair follicles was evident, with swelling and vacuolation of dermal papilla and matrix cells. Catagen follicles
were distinguished by epithelial strands connecting dermal papillae to club hairs. Sebaceous glands appeared lobulated with acinar
morphology (Figure 7).

B. Mallory’s Trichrome Stain Results:

Examination of specimens from the control group revealed thin, delicate, and irregularly arranged collagen fibers in the papillary
dermis, whereas the reticular dermis showed coarse, wavy, and regularly arranged collagen bundles (Figure 8a, b). While,
examination of the alopecia -group showed a marked widening and separation between dermal collagen fibers (Figure 8c—f). The
SVF-treated group revealed a restoration of collagen architecture toward the normal, marked by regularly arranged fibers and
showed noticeable reduction in collagen fiber widening and separation (Figure 8g, h). However, in the recovery group, collagen
fibers remained widened and separated within the dermis (Figure 8i, j).

3. Immunochistochemical Results

3.1. Ki67 Immunoreactivity:

Ki67-stained sections of the control group revealed many cells with positive nuclear expression Primarily confined to the basal
cell layer and extending into the prickle cell layer of the epidermis, as well as within hair follicles. (Figure 9a, b). In the alopecia
group, Ki67 expression was markedly reduced, with only scattered positively stained nuclei in the stratum basale and within the
follicular components (Figure 9c). The SVF-treated group exhibited numerous Ki67-positive nuclei in both the basal and prickle
cell layers, along with strong positive nuclear expression within hair follicles (Figure 9d, €). In the recovery group, only a few
positively stained nuclei were observed in the stratum basale and within the follicular components (Figure 9f, g).

3.2. Activated Caspase-3 Immunoreactivity:

The examination of the control group displayed faint cytoplasmic expression in epidermal cells, with negative nuclear and
cytoplasmic expression in the inner and outer root sheath of hair follicles (Figure 10a, b). While the alopecia-group (1) showed
numerous epidermal cells with positive nuclear expression, along with strong nuclear and cytoplasmic positivity in the outer root
sheath of hair follicles (Figure 10c, d). Examination of the SVVF-treated group (I11) revealed faint nuclear positivity in epidermal
cells, whereas both the inner and outer root sheath of hair follicles exhibited negative expression (Figure 10e, f). The recovery
group (IV) showed many epidermal cells with positive nuclear and cytoplasmic expression, together with positive expression in
the outer root sheath of hair follicles (Figure 10g, h).

4. Morphometric study:

A. Epidermal thickness: The epidermal thickness was measured in all groups and the results showed that group Il displayed a
significant decrease (P<0.05) compared to the control group. While SVF-treated group showed a significant increase (P<0.05)
compared to Alopecia-group. However, there was no significant difference (P>0.05) between SVF-treated and the control group.
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The recovery group showed a significant decrease (P<0.05) compared to both control and svf-treated group, while there was no
significant difference (P>0.05) when compared alopecia-group (Figure 11a)

B. Total number of hair follicles: The total number of hair follicles was significantly decreased in alopecia-group compared to
the control group (P<0.05). SVF-treated group showed a significant increase (P<0.05) compared to alopecia-group, with no
significant difference (P>0.05) when compared to the control group. Meanwhile, the recovery group displayed a significant
decrease (P<0.05) compared to both control and SVF-treated groups, while no significant difference was observed compared to
alopecia-group. (Figure 11b)

C. Area percentage of collagen fibers: the results demonstrated that there was a significant decrease (P < 0.05) in the alopecia-
group compared to the control group. The SVF-treated group showed a significant increase compared to the alopecia-group (P <
0.05), with no significant difference from the control group (P > 0.05). The recovery group showed a significant decrease
compared to both the control and SVF-treated groups (P < 0.05), while showed no significant difference when compared to the
alopecia group (P > 0.05). (Figure 11c).

D. Number of Ki-67 positive cells: The alopecia-group showed a significant decrease in positive cells in the stratum basale , inner
and outer root sheath, and matrix cells compared to the control group (P<0.05). Svf-treated group showed a significant increase
(P<0.05) compared to both control and alopecia-group. While the recovery group displayed a significant decrease (P<0.05)
compared to control and SVF-treated groups, and no significant difference (P>0.05) compared to alopecia-group. (Figure 11d)
E. Mean area fraction of activated caspase-3 immunoreactivity: Alopecia-group showed a significant increase in mean area
fraction of activated caspase-3 compared to the control group (P<0.05). SVF-treated group revealed a significant decrease
(P<0.05) compared to alopecia-group. While the recovery group displayed a significant increase (P<0.05) compared to both
control and SVF-treated groups, with no significant difference (P>0.05) was observed when compared to alopecia-group (Figure
1le).

F. Number of activated caspase-3 positive cells: The number of activated caspase-3—positive cells was significantly increased in
the alopecia- group compared to the control group (P < 0.05). The SVF-treated group revealed a significant decrease relative to
alopecia-group (P < 0.05) and no significant difference compared to the control (P > 0.05). The recovery group showed a
significant increase compared to control and svf-treated group (P < 0.05), while no significant difference was observed relative
to alopecia-group (P > 0.05). (Figure 11f).
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Figure 1. Bar charts showing the biochemical parameters in the experimental groups. (a) mean level of serum testosterone (ng/ml).
(b) mean level of serum malondialdehyde (MDA)(nmol/ml). (c) mean level of serum reduced glutathione (GSH) (nmol/ml). (d)
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mean level of serum WNT3 (nmol/ml). (¢) mean level of tissue Dickkopf-1 (DKK1) (m/gm). Data are expressed as mean + SD.
Significant differences: ¢ versus control group, A versus alopecia group, sv versus SVF-treated group. p < 0.05 is significant.

Figure 2: Representative photomicrographs of H&E-stained skin sections of group | (control): (a) Showing the general
architecture of the skin; epidermis (E), dermis (D), and hypodermis (H). Dermal papillae (%), The dermis clearly displays hair
follicles (HF) and sebaceous glands (SG). (b) illustrating the layers of the epidermis: stratum basale (black arrow), stratum
spinosum (red arrow), stratum granulosum (yellow arrows), and stratum corneum (green arrow). Dermal papillae (%) are also
visible. (c) Showing a hair root with medulla (%), cortex (black arrow), inner root sheath (red arrow), outer root sheath (yellow
arrow), and connective tissue sheath (green arrow). (d) Showing a longitudinal section of an anagen hair bulb. Dermal papilla
cells (%) and matrix cells (arrowheads) are evident. (e) Showing dermis containing hair follicles (black arrows) attached to
sebaceous glands (red arrow) which composed of several layers of cuboidal vacuolated cells (green arrow) resting on a basal
layer of flattened cells (yellow arrow). (f) lllustrating a telogen hair follicle. The telogen germinal unit (circle) formed of dermal
papilla (black arrow) and secondary hair germ (red arrow) is observed. (a:H&E x100; scale bar = 200 pm; b—f: H&E x400; scale
bar = 50 pm).
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Figure 3. Representative photomicrographs of H&E-stained skin sections of the alopecia-group: (a) Demonstrating a visible
thinning of the epidermis (thick arrow) with few hair follicles scattered in the dermis (thin arrow). (b) Showing marked spacing
of collagenous fibers in the dermis (%) along with thinning of the epidermis (thick arrow). (c) Showing degenerated hair follicles
(circle) associated with reduced epidermal thickness (thick arrow). (d) Showing lobulated sebaceous glands (thin arrows) with

partial loss of the stratum corneum (thick arrow) and thinning of the epidermis (%). (a,b: H&E x100; scale bar =200 pm;c,d:H&E
x400; scale bar = 50 um).
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Figure 4. Representative photomicrographs of H&E-stained skin sections in the alopecia-group:
(a) Showing a catagen hair follicle with epithelial strand (thick arrow) connected to the dermal
papilla (thin arrow). (b) Showing another catagen hair follicle with the epithelial strand (thick
arrow) attached to the dermal papilla (thin arrow). (¢) Showing a congested blood vessel (black
arrow). (d) Showing a degenerated anagen hair bulb with wvacuolated dermal papilla cells
(arrowheads) and vacuolated matrix cells (). (H&E =400; scale bar = 50 um)
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Figure 5. Representative photomicrographs of H&E-stained skin sections of the alopecia-group: (a) Illustrating distorted
epidermal cells (yellow arrow), some vacuolated with deeply stained eccentric nuclei (red arrow), together with disruption and
degeneration of the hair follicle at the level of the root sheaths (black arrows). (b) Showing disruption and degeneration of hair
root layers including medulla, cortex, inner root sheath, and outer root sheath (black arrow). (c) Showing degeneration and
separation of hair follicle at the level of the root sheaths (black arrow). (d) Showing transverse sections of hair follicles with
degenerative changes and disrupted root layers (black arrows). (H&E x400; scale bar = 50 pm).

Figure 6. Representative photomicrographs of H&E-stained skin sections of the SVF-treated group: (a) Revealing a noticeable
reduction in epidermal thickness (%) with a notable increase in number of hair follicles (arrows). (b) Showing layers of the
epidermis: stratum basale (black arrow), stratum spinosum (red arrow), stratum granulosum (yellow arrow), and stratum corneum
(green arrow). (c) Showing many hair follicles (arrows) reaching deep layers of the dermis (d) and hypodermis (H). (D) Showing
abundant hair follicles distributed within the dermis (arrows). (e) Showing an apparently normal sebaceous gland (thick arrow),
with club hair (red arrow) and matrix cells forming a new hair (thin black arrow). (a,c,d: H&E x100; scale bars = 200 um; b,e :
H&E %400; scale bars = 50 um).
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Figure 7. Representative photomicrographs of H&E-stained skin sections of the recovery group: (A) Demonstrating a reduced in
thickness of epidermis (thick arrow) and few scattered hair follicles (thin arrow). (B) Showing thinning of the epidermis (thick
arrow) associated with widened collagen bundles in the dermis (thin arrow). (C) Showing destructed hair follicles (black arrows).
(D) Showing vacuolation and swelling of dermal papilla cells (arrowheads) together with vacuolated matrix cells (black arrow).
(E) Showing a catagen follicle characterized by an epithelial strand (thick arrow) attached to the dermal papilla (thin arrow). (F)
Illustrating lobulated sebaceous glands (black arrows). (a,b: H&E x100; scale bars = 200 um; c-f: H&E x400; scale bars = 50

Figure 8: Representative photomicrographs of Mallory’s trichrome—stained rat skin sections from the experimental groups.

(a, b) Control group: (a)Demonstrating thin, delicate, irregularly arranged collagen fibers in the papillary layer (P). (b) showing
coarse, wavy, regularly organized collagen bundles in the reticular layer (R). (c—f) Alopecia- group: (c) showing widening and
separation between collagen fibers (%) within the dermal layer. (d) showing disrupted collagen bundles with irregular, loosely
arranged fibers and expanded inter-fibrillar spaces (%). (e, f) showing pronounced loosening and disorganization of collagen
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fibers (). (g, h) SVF-treated group: (g) showing apparently normal organization of collagen fibers in both papillary and reticular
dermal layers. (h) showing minimal widening between collagen fibers (%) with preservation of the overall dermal architecture.
(i, j) Recovery group: (i) showing widening and separation between collagen fibers (). (j) showing loosening and disorganization
of collagen bundles (%). (a, c, e, g, i: Mallory’s Trichrome x100; scale bars = 200 pm; b, d, f, h, j: Mallory’s Trichrome x400;
scale bars = 50 um).
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Figure 9: Representative photomicrographs of rat skin sections immuno-stained for Ki67.
(a, b) Control group:(a) showing many cells with positive nuclear expression in the basal cell layer (arrows) and prickle cell layer
(dotted arrow). (b) showing many cells with positive nuclear expression within the hair follicles (arrow) (c) Alopecia- group:
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showing scattered cells with positive nuclear expression in the stratum basale (green arrows) and within the hair follicles (black
arrow). (d, e) SVF-treated group:(d) showing numerous cells with positive nuclear expression in the basal (arrows) and prickle
cell layer (dotted arrow). (e) showing numerous cells with positive nuclear expression in the basal (black arrows), prickle (dotted
arrow), and within the hair follicles (green arrows). (f, g) Recovery group:(f) showing some cells with positive nuclear expression
in the basal cell layer (arrow). (g) showing some cells with positive nuclear expression within the hair follicles (arrow). (Ki67

immunohistochemistry x400; scale bars = 50 pm).
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Figure 10: Representative photomicrographs of rat skin sections immuno-stained for activated caspase-3. (a, b) Control group:
(a) showing faint positive cytoplasmic expression among cells of the epidermis (arrows). (b) showing negative nuclear and
cytoplasmic expression in cells of the inner (dotted arrow) and outer root sheath (arrow) of the hair follicle. (c, d) Alopecia -
group: (c) showing many cells with positive nuclear expression in the epidermis (arrows). (d) showing strong positive nuclear
(arrows) and cytoplasmic expression (dotted arrows) in cells of the outer root sheath of the hair follicle. (e, f) SVF-treated group:
(e) showing faint positive nuclear expression in the cells of the epidermis (arrows). (f) showing negative immune expression in
the inner and outer root sheath of the hair follicle (arrows). (g, h) Recovery group: (g) showing many epidermal cells with positive
nuclear and cytoplasmic expression (arrows). (h) showing positive expression in the cells of the outer root sheath of the hair
follicle (arrows). ((a—h: Activated caspase-3 immunohistochemistry x400; scale bars = 50 pm).
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Figure 11. Bar charts illustrating the morphometric parameters in the experimental groups. (2) Mean epidermal thickness. (b)Mean
total number of hair follicles. (c) Area percentage of collagen fibers. (d) Mean number of Ki 67 positive cells. (¢) Mean area
fraction of activated caspase-3 immunoreactivity. (f) Mean number of activated caspase-3 positive cells. Data are expressed as
mean + SD. Significant differences: c versus control group, a versus alopecia group, sv versus SVF-treated group. p < 0.05 was
considered statistically significant

DISCUSSION

Androgenic alopecia (AGA) is one of the most common causes of hair loss which is characterized by a gradual miniaturization
of hair follicles. It is predominantly influenced by androgens in genetically susceptible people [2]. The stromal vascular fraction
(SVF), extracted from subcutaneous fat, has lately garnered interest as a regenerative treatment for androgenetic alopecia (AGA)
because of its abundant supply of mesenchymal stem cells and endothelial progenitor cells that produce growth factors facilitating
tissue repair and regeneration [15].

SVF is proposed to promote hair regrowth by facilitating angiogenesis, regulating inflammation, and activating the Wnt/p-catenin
pathway, potentially mitigating the pathological alterations in  AGA [1].

This study investigated the histological alterations in rat skin associated with androgenetic alopecia and assessed the efficacy of
stromal vascular fraction cells in ameliorating these histological abnormalities. This study also examined the immunoreactivity
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of Ki67 as a proliferation marker and activated-caspase-3 as an apoptotic marker. Also evaluated the level of testosterone,
Malondialdehyde (MDA), reduced glutathione (GSH)and Wnt family member 3 (WNT3) in the serum, as well as the levels of
Dickkopf-related protein 1 (DKKZ1) in skin tissues among several groups.

The biochemical findings of this study offer essential insights into the mechanisms underlying androgenic alopecia (AGA),
presenting compelling evidence for the pathophysiological role of testosterone-induced oxidative stress and disruption of Wnt
signaling, while also emphasizing the potential modulatory effects of SVF therapy.

Testosterone levels were markedly higher in the alopecia group than in the control group, corroborating the androgen-dependent
characteristic of hair follicle shrinking [16]. The pathogenic mechanism is chiefly facilitated by the local conversion of
testosterone to dihydrotestosterone (DHT) via Sa-reductase in dermal papilla cells. Dihydrotestosterone (DHT) has a heightened
affinity for androgen receptors, and its binding triggers signaling pathways that reduce the anagen phase, initiate premature entry
into catagen, and facilitate progressive follicular shrinking [2].

DHT signaling has been demonstrated to inhibit the Wnt/B-catenin pathway, which is essential for the activation of hair follicle
stem cells and the onset of anagen phase. The hormonal disruption continued in the recovery group (Group 1V), suggesting a
prolonged androgenic impact despite the discontinuation of the inciting drug [17].

Notably, SVF-treated rats (Group 1) demonstrated a substantial decrease in testosterone levels, indicating a potential
downregulation of androgenic activity and increased local clearance. This impact could be ascribed to the paracrine function of
mesenchymal stem cells derived from the stromal vascular fraction, which release anti-inflammatory cytokines and growth factors
that regulate androgen receptor signaling, inhibit Sa-reductase activity, and reestablish the equilibrium of Wnt/B-catenin signaling
essential for hair follicle cycling [1]. This aligns with the findings of El-Khalawany et al. [7], who studied the Effectiveness of
self-derived stromal vascular fraction in treating androgenic alopecia.

The current study demonstrated markedly increased serum MDA levels and reduced GSH in both the alopecia and recovery
groups. These changes indicate that androgen exposure induces oxidative stress, potentially leading to hair follicle damage and
miniaturization by disrupting redox equilibrium and exacerbating cellular lipid degradation. These findings correspond with Prie
et al. [18], who documented elevated plasma MDA and diminished antioxidant capacity in individuals with androgenic alopecia.
Comparable results have been noted in other cohorts, revealing increased MDA levels and reduced antioxidant enzyme activity
in alopecia patients relative to controls [18, 19]. The SVF therapy resulted in a observed reduce in serum MDA and a considerable
rise in GSH levels, indicating that SVF has antioxidative advantages. This action may be facilitated by the release of antioxidant
enzymes and growth factors which reinforce the tissue’s innate protective mechanisms [9].

Oxidative stress is recognized to induce premature apoptosis and follicular regression by impairing proteins, lipids, and DNA in
hair follicle cells (Prie et al., 2016; Cwynar & Olszewska Stonina, 2020). Increased Reactive Oxygen Species (ROS) cause hair
loss and cycle termination by endangering keratinocyte and dermal papillae survival [20].

The therapeutic advantages of SVF in androgenic alopecia can be primarily ascribed to its function in restoring oxidative
equilibrium within the hair follicle milieu. Our findings in this study align with those of Mantovani et al. [9], who documented
the importance of SVF in treating AGA and suggested that SVF functions by diminishing oxidative stress through a reduction in
MDA and restoration of GSH. Nonetheless, some studies have reported conflicting results concerning the antioxidant efficacy of
SVF treatment. Lee et al. [21] noted that while SVF enhances local tissue oxygenation, its long-term impact on oxidative stress
indicators may be affected by the mode of administration and dose. Fukuoka and Suga [22] observed no significant differences
in oxidative measures among some alopecia patients treated just with SVF, indicating that combination therapy may be necessary
to attain substantial antioxidant advantages.

The canonical Wnt/B-catenin signaling pathway is essential for the maintenance and regeneration of hair follicles. The present
study revealed a significant decrease in serum levels of WNT3 in both the alopecia and recovery groups, suggesting blocking of
the Wnt/B-catenin signaling pathway.The noted increase of WNT3 after SVF therapy indicates a reactivation of this essential
signaling pathway, aiding in follicular healing and regeneration. This conclusion aligns with the studies conducted by Liu et al.
[23]and Yan et al. [15].

WNT3 has been demonstrated to facilitate the transition from the telogen to anagen phase and preserve the integrity of dermal
papilla cells and hair follicles [2]. Furthermore, exosomes produced from SVF have been shown to promote follicular proliferation
and activate WNT3/B-catenin signaling [9].

Conversely, not all studies concur that SVF is an adequate stimulator of Wnt signaling; Pozo-Pérez et al. [24] contended that
while MSC-derived products can modulate Wnt pathways, the effect is significantly context-dependent and may be affected by
the patient's baseline inflammatory status or hair cycle phase. Furthermore, some studies indicated little or absent elevation in
Wht-related gene expression following SVF treatment in the absence of Wnt agonists [25].

DKK1 is a powerful antagonist of the Wnt/B-catenin pathway and is involved in triggering premature catagen phase and follicular
regression in androgenic alopecia [26]. The present analysis revealed that tissue DKK1 levels were markedly increased in both
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the alopecia and recovery groups, suggesting ongoing inhibition of Wnt signaling after the termination of androgenic exposure
[27]. In contrast, SVF administration markedly reduced DKKZ1 expression, reinforcing the notion that SVF might mitigate Wnt
inhibition and provide a follicle-supportive environment [28].

The current study's findings corroborate the inhibitory impact of SVF on DKKZ; however, some authors have argued this
mechanism. Chen et al. [29] noted that although there was clinical improvement in alopecia animals treated with SVF, DKK1
expression did not change, indicating that other pathways, such as Bone Morphogenetic Protein (BMP) or Notch, may potentially
play a role in the therapeutic response.

The sustained increase of DKK1 in the recovery group corresponds with the established enduring effects of androgen exposure
on follicular signaling. The noted reduction in DKK1 following SVF delivery may signify a pivotal mechanism of therapeutic
action by alleviating the inhibitory effect on Wnt signaling, hence facilitating normal follicular cycle and regeneration [30].

Histological examination with H&E demonstrated typical histological characteristics of the control group's skin, exhibiting well-
defined epidermal layers, a structured dermis consisting of papillary and reticular layers, and many anagen-phase hair follicles.
The hair bulb and dermal papilla were intact, and the sebaceous glands were of normal size. These data align with healthy, actively
cycling hair follicles and indicate the histological characteristics of the anagen phase [31].

Examination of alopecia group demonstrated characteristic degenerative alterations indicative of the recognized pathophysiology
of androgen-induced hair loss. The alterations encompassed a reduction in epidermal thickness and a decreased number of hair
follicles [32]. Furthermore, the analysis disclosed degeneration of follicular bulbs and a preponderance of catagen and telogen
follicles. The morphological alterations were quantitatively supported by morphometric analysis, revealing a marked reduction
in thickness of epidermis and total hair follicle count in comparison to the control group (P<0.05). These findings align with those
of Kidangazhiathmana and Santhosh [33], who documented the effects of DHT which binds with high affinity to androgen
receptors in dermal papilla cells (DPC), modifying gene expression in a way that interferes with the hair growth cycle. It facilitates
the early transition of follicles from the anagen phase to the catagen phase, leading to reduced follicular size and eventual hair
loss [10]. This androgenic activity hinders the release of growth factors, including Insulin-like Growth Factor 1 (IGF-1) and
Vascular Endothelial Growth Factor (VEGF), by dermal papilla cells, therefore impairing the survival and proliferation of matrix
keratinocytes [34].

DHT induces oxidative stress by elevating reactive oxygen species (ROS) generation and causing mitochondrial malfunction in
dermal papilla cells (DPCs), resulting in apoptosis and structural degradation of the hair bulb [35]. The oxidative damage was
histologically apparent in this group, characterized by vacuolation and degeneration of dermal papillae and matrix cells, consistent
with the findings of Nada et al. [36]. Additionally, dermal vascular congestion seen in tissue sections may signify impaired
microvascular supply, restricting oxygen and nutrient access to the follicle and exacerbating apoptosis-induced damage [37].

The alterations noted in alopecia-group illustrate the intricate interaction of hormonal signaling, oxidative damage, and pathway
inhibition that contributes to androgenic alopecia. These modifications emphasize the constraints of spontaneous healing and
accentuate the necessity for specific therapies capable of adjusting the molecular and structural disturbances [38].

The SVF-treated group exhibited enhancements in all previously described pathology results. Histological analysis of skin
sections from this group demonstrated a marked rise in the hair follicles count, a reduction in telogen hair follicles, and an
increased epidermal thickness relative to the alopecia group [12].

The structural enhancements were supported by morphometric analysis, revealing a considerable elevation in both epidermal
thickness and total hair follicle count relative to Group Il (P<0.05). Additionally, this group exhibited reduced vacuolations and
swelling of both matrix and dermal papilla cells, signifying a reduction in cellular stress and enhanced follicular integrity. The
findings indicate that SVF therapy successfully reinstates follicular structure and function [39].

The regenerative properties of SVF could be ascribed to the local signaling effects of SVF-derived cells, that produce growth
factors including Insulin-like Growth Factor 1 (IGF-1), Vascular Endothelial Growth Factor (VEGF), and Hepatocyte Growth
Factor (HGF), thereby promoting follicular proliferation, angiogenesis, and dermal remodeling [9, 21].

Our results aligned with the studies conducted by Stevens et al. [40] and Stefanis et al. [41], which examined the stromal vascular
fraction and its significance in treatment of AGA. The findings were corroborated by Andia et al. [6], who asserted that SVF cells
had the ability for multilineage differentiation owing to the inclusion of mesenchymal stem cells (MSCs) among the SVF cell
components. Mesenchymal stem cells (MSCs) have the ability to regenerate damaged tissue by sensing their environment and
differentiating in a manner that addresses any necessary repair or replacement of the tissue.

Consistent with these findings, the study by Stachura et al. [42] demonstrated that the manner in which SVF manages AGA
involves the promotion of angiogenesis through enhanced tissue hydration, perfusion, and oxygenation, facilitated by the
secretion of various growth factors and cytokines, the presence of endothelial progenitor cells, supra-adventitial cells, and the
supportive function of MSCs exhibiting pericytic characteristics.
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While the current study exhibited notable histological restoration in SVF-treated sections, particularly regarding epidermal
thickness and hair follicle architecture, certain reports indicate that SVF may not consistently yield structural regeneration. For
example, Kim et al. [12] noted only partial epidermal enhancement in alopecia models post-SVF injection, lacking complete
normalization of follicular morphology. Fukuoka and Suga [22] also observed that histological regeneration was modest until the
stromal vascular fraction (SVF) was coupled with additional bioactive treatments, such as platelet-rich plasma (PRP) or
conditioned media. These data suggest that the regenerating ability of SVF may be affected by parameters such injection method,
concentration, or the duration of follicular injury [43].

In the recovery group (Group V), degenerative alterations persisted, characterized by a thin epidermis and diminished hair follicle
count. The observations were verified through quantitative morphometry which indicated a considerable reduction in both
epidermal thickness and total hair follicle number relative to the control and SVF-treated groups (P<0.05) [4].

Accompanied by consistent evidence of follicular degeneration and enduring manifestations of follicular degeneration, including
bulb disruption and vacuolated dermal papillae and matrix cells. The enduring presence of catagen follicles and hypertrophied
sebaceous glands indicates that the natural recuperation after androgen cessation is inadequate and fails to reinstate the follicular
structure [4]. This further substantiates the efficacy of SVF as a regenerative strategy that may reverse androgen-induced follicular
damage and restore skin histoarchitecture [44].

In our research, the histological analysis of skin sections stained with Mallory’s trichrome stain yielded significant insights into
the condition of dermal collagen fibers, essential indications of extracellular matrix integrity and tissue remodeling [45]. The
control group exhibited the characteristic architecture of the dermis: thin, fragile, and loosely organized collagen fibers in the
papillary layer, and coarse, wavy, and regularly ordered bundles in the reticular layer. This distribution aligns with the typical
histological structure of the skin, wherein type 11l collagen predominates superficially and changes to thick type I collagen in the
deeper dermis, as noted by Kroger et al. [46].

Conversely, the alopecia group had significant widening and separation of collagen fibers, signifying a deterioration of dermal
integrity and disrupted collagen homeostasis [47]. The morphometric analysis supported these histological alterations,
demonstrating a substantial reduction in the area %of collagen fibers relative to the control group (P < 0.05). The findings indicate
that pathogenic variables potentially associated with hormonal imbalance or inflammatory mediators may have elevated matrix
metalloproteinase (MMP) activity, leading to the breakdown and loosening of collagen fibers, consistent with [45]. The
disintegration and spatial disarray of the collagen matrix are characteristic traits in chronic skin injury, aging, or compromised
wound healing, indicating a deficiency in the fibroblast-mediated remodeling phase [48].

The histological assessment of the SVF-treated demonstrated a significant decrease in collagen fiber separation and a
reconfiguration into a pattern akin to that of the control group [39]. This observation was validated by morphometric data, which
indicated a substantial rise in the area % of collagen bundles relative to the alopecia group (P < 0.05). These results align with
other histological studies that revealed the capacity of SVF to repair and enhance collagen architecture [7, 49]. This indicates a
partial repair of the dermal matrix, probably resulting from fibroblast activation and enhanced collagen production, maybe
facilitated by the bioactive components in the SVF. Many studies indicate that regenerative therapies, including SVF and PRP,
promote collagen deposition and control the function of matrix metalloproteinases (MMPs), enzymes responsible for breaking
down the extracellular matrix and remodeling, thus averting excessive collagen depletion and maintaining tissue integrity in AGA
[39].

In the recovery group (Group 1V), collagen fibers exhibited irregularity, characterized by ongoing widening and separation.
Morphometric analysis consistently revealed a significant reduction in the area percentage of collagen fibers compared to both
the control and SVF-treated groups (P < 0.05). These findings indicate persistent disorganization of dermal connective tissue and
suggest that passive recovery alone is inadequate to reverse fibrotic alterations linked to androgen-induced damage. This
underscores the essential function of SVF in reestablishing cutaneous homeostasis and averting fibrotic remodeling. These results
concurred with the findings of Shi et al. [32].

Ki-67 is a well-established nuclear marker expressed during all active phases of the cell cycle (G1, S, G2, and mitosis), but absent
in quiescent (GO) cells, making it a reliable indicator of proliferative activity [50] In the current experment, Ki-67
immunoreactivity was highly expressed in the control group with many positively stained nuclei were seen in the basal and prickle
cell layers of the epidermis as well as within the hair follicles. This indicates the elevated proliferative activity of follicles during
the anagen period. These findings were verified using morphometric analysis. [36]

Conversely, the alopecia group (Group I1) had significantly diminished Ki-67 expression, characterized by just sporadic positively
stained nuclei in the basal epidermal layer and within hair follicles. The notable reduction was validated morphometrically, as the
quantity of Ki-67—positive cells in the stratum basale, outer and inner root sheaths, and matrix cells was dramatically diminished
in comparison to the control group (P < 0.05). These findings underscore the inhibitory influence of androgens on follicular
proliferation and the induction of premature catagen onset [11]. Recent studies indicate that DHT downregulates Wnt/B-catenin
signaling and diminishes growth factor availability, resulting in a reduction in cell cycle progression and stem cell activation
within the hair follicle niche [51].
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The SVF-treated group demonstrated a significant restoration of Ki-67 expression, with numerous positive nuclei identified in
both the basal layer and the prickle layer of the epidermis, as well as abundant positive nuclear expression within hair follicles

[9].

Morphometric findings further validated a substantial rise in the quantity of Ki-67—positive cells relative to both the control and
alopecia groups (P < 0.05). This result demonstrates SVF's capacity to regenerate epidermal and follicular growth. Our
observations correspond with previous reports performed by [21, 52].

Concurrently, the recovery group had just a few cells with positive nuclear expression in the basal epidermal layer and within the
hair follicles, indicating restricted proliferative recovery. Morphometric analysis revealed a substantial reduction in Ki-67—
positive cells relative to the control and SVF-treated groups (P < 0.05), suggesting inadequate spontaneous regeneration without
therapeutic intervention. This indicates that the restoration of androgen-induced dormancy necessitates the intentional activation
of proliferative signaling [53].

Activated caspase-3 is an essential cysteine-aspartic protease that is pivotal in the execution phase of apoptosis. Initially
synthesized as an inactive zymogen (procaspase-3), it undergoes activation by proteolytic cleavage by upstream initiator caspases,
including caspase-8 or caspase-9, in reaction to intrinsic or extrinsic apoptotic signals. Upon activation, caspase-3 cleaves
numerous structural and regulatory proteins within the cell, resulting in chromatin condensation, DNA fragmentation, membrane
blebbing, and ultimately, regulated cell death [54]. This physiological function is pathologically exaggerated in conditions like
androgenic alopecia (AGA), where dihydrotestosterone (DHT)-induced signaling facilitates premature follicular regression
through the upregulation of apoptotic pathways, including increased caspase-3 activation [55].

In the control group, the expression of activated-caspase-3 was very low in epidermal cells with weak or absent in follicular
compartments, indicating the low apoptotic activity in healthy, growing follicles [10]. Conversely, the alopecia-group (I1)
exhibited many epidermal cells with intense nuclear expression, with strong positive nuclear and cytoplasmic expression in the
outer root sheath of hair follicles. These were verified through quantative morphometry, which revealed a significant increase in
both the mean area fraction of activated caspase-3 immunoreactivity and the number of caspase-3 positive nuclei relative to
groupl (P<0.05). These results align with studies demonstrating that DHT promotes oxidative stress and initiates death in
follicular keratinocytes [10, 35].

The SVF-treated group exhibited a significant reduction in caspase-3 expression, characterized by minimal nuclear positivity in
dispersed epidermal cells and a total lack of expression in the inner and outer root sheaths of hair follicles. These findings were
corroborated by morphometric analysis, which indicated a substantial decrease in both the mean area fraction of activated caspase-
3 immunoreactivity and the count of caspase-3 positive nuclei in comparison to the alopecia group (P<0.05) [39]. This indicates
a significant anti-apoptotic impact SVF, which serves a protective function in maintaining follicular integrity during androgen-
induced stress [56].

SVF mitigates apoptosis by secreting anti-apoptotic factors such as hepatocyte growth factor (HGF), vascular endothelial growth
factor (VEGF), and insulin-like growth factor-1 (IGF-1), which enhance cell survival and tissue regeneration. Furthermore, SVF
comprises mesenchymal stem cells (MSCs), pericytes, and endothelial progenitor cells that release exosomes capable of
downregulating pro-apoptotic genes like Bax (Bcl-2—associated X protein) and upregulating anti-apoptotic mediators such as Bcl-
2 (B-cell lymphoma 2) [7, 52].

Conversely, the recovery group showed many epidermal cells demonstrating positive nuclear and cytoplasmic expression,
alongside substantial positivity in the outer root sheath of hair follicles. Morphometric analysis corroborated this, revealing a
significant elevation in both the mean area fraction of activated caspase-3 immunoreactivity and the number of caspase-3—positive
nuclei relative to the control and SVF-treated groups (P<0.05). These results imply that spontaneous recovery is inadequate to
counteract apoptosis once triggered by androgen exposure, highlighting the efficacy of SVF in reinstating follicular homeostasis
[57].

CONCLUSION

This study revealed that androgen-induced alopecia in rat model was accompanied by histopathological and
immunohistochemical changes. The administration of adipose-derived stromal vascular fraction (SVF) markedly improved these
pathological alterations and exhibited robust regeneration benefits due to its antioxidant, anti-inflammatory, and anti-apoptotic
characteristics. These findings underscore the regeneration capacity of SVF therapy in androgenic alopecia and advocate for its
evaluation as a viable cell-based therapeutic modality.
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