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aFGF gene-modified adipose-derived 2
mesenchymal stem cells promote healing
of full-thickness skin defects in diabetic rats
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Abstract

Background Chronic diabetic wounds pose a significant clinical challenge due to the limited efficacy of current
treatments. This study aimed to investigate the role and potential mechanisms of adipose-derived mesenchymal stem
cells (ADSCs) overexpressing acidic fibroblast growth factor (@FGF) in diabetic wound healing in a rat model.

Methods ADSCs were genetically modified to achieve stable overexpression of aFGF. Varying doses of aFGF-ADSCs
(1x10°, 2x10% 3% 10° 4 x 10°) were injected into the muscular tissue surrounding diabetic rat wounds. We assessed
aFGF expression and its impact on various stages of wound healing, including angiogenesis, inflamnmatory response,
epithelialization, and collagen deposition. Transcriptomic sequencing was performed to explore the underlying
mechanisms driving enhanced wound healing.

Results Lentiviral transduction successfully induced stable aFGF overexpression in ADSCs. In vivo experiments
revealed that varying doses of aFGF-ADSCs markedly enhanced wound healing in diabetic rats in a dose-dependent
manner. The dose of 3x 10° aFGF-ADSCs demonstrated the most significant effect. In the 3 x 10° aFGF-ADSCs group,
expression levels of aFGF, CD31, and CD163 were significantly higher than in other groups (p < 0.05), while CD86
expression was significantly lower (p <0.05).

Conclusion Single doses of aFGF-ADSCs comprehensively improved various aspects of wound repair in diabetic rats,
offering a potential new approach for treating chronic diabetic wounds. The mechanism of action involves promoting
angiogenesis, modulating inflammatory responses, accelerating epithelialization, and optimizing collagen deposition.
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Introduction

The skin, as the largest organ in the human body, serves
as a natural physical barrier against external stimuli [1].
Normal wound healing commences with blood coagula-
tion and activation of inflammatory cells, followed by
proliferation and migration of fibroblasts and keratino-
cytes, along with matrix deposition and angiogenesis [2].
Chronic wounds are defined as long-term injuries that
fail to achieve complete anatomical and functional repair
through normal healing processes after one month of
clinical treatment [3, 4]. Various diseases or specific inju-
ries can impede wound healing, notably diabetes, which
disrupts the typically ordered and overlapping healing
process. Common characteristics of chronic wounds
include persistent bacterial biofilms, defective epithelial
regeneration, reduced angiogenesis, and delayed extra-
cellular matrix (ECM) remodeling [5, 6]. In the United
States, annual medical expenditures related to wound
care are estimated to range between $31.7 billion and
$96.8 billion [7]. Traditional treatments for chronic, non-
healing wounds include wound cleaning and dressing
changes, local or systemic antibiotic application, various
physical therapies, and skin grafting or flap transplanta-
tion when feasible. However, these treatments often yield
unsatisfactory results due to the persistent and complex
pathophysiological features of chronic wounds.

In recent years, many scholars domestically and inter-
nationally have proposed and applied new treatment
concepts and methods for chronic, non-healing wounds.
Particularly, numerous novel bioengineered artificial skin
products have gained attention in wound repair. Research
on bioengineered artificial skin primarily involves three
aspects: seed cells, scaffold materials, and growth fac-
tors, which work synergistically to promote wound repair
[8]. Seed cells provide a vital source for scaffold materials
and can form cells with functional tissue properties [9].
Common stem cells in wound repair include epidermal
stem cells, dermal stem cells, and mesenchymal stem
cells. As a potential therapeutic approach to promote
chronic wound regeneration and closure, stem cells pos-
sess self-renewal capabilities, multi-directional differen-
tiation potential, and the ability to promote tissue repair
and immune regulation [10-12]. Adipose-derived mes-
enchymal stem cells (ADSCs) are a type of multipotent
stem cell found in adipose tissue with multi-directional
differentiation capacity. Under different induction condi-
tions, ADSCs can exhibit osteogenic, chondrogenic, and
adipogenic abilities, and can even differentiate into car-
diomyocytes, endothelial cells, and hematopoietic cells,
among other lineages [13, 14]. Recent preclinical and
clinical trials have greatly improved the application of
ADSCs in treating severe burns and non-healing ulcers
[15]. ADSCs can produce various growth factors, such as
vascular endothelial growth factor (VEGF), hepatocyte
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growth factor (HGF), and basic fibroblast growth factor
(bFGF), which promote the restoration of wound blood
supply and thereby improve graft survival rates [16].
ADSCs not only enhance fibroblast migration and prolif-
eration but also inhibit collagen deposition and a-smooth
muscle actin (a-SMA) expression in hypertrophic scar
fibroblasts [17].

Acidic fibroblast growth factor (aFGF) is an autocrine
or paracrine hormone. It is considered a mitogen due to
its ability to broadly promote mitosis in various cell types
and has garnered widespread attention for its roles in
promoting angiogenesis, wound healing, and metabolic
regulation [18—20]. aFGF was first identified in 1979 as
an endothelial cell growth factor derived from bovine
hypothalamus extracts [21]. Shortly thereafter, research
revealed that heparin could bind to this growth factor
and greatly enhance its mitogenic potential [22, 23].

Previous studies have shown that aFGF exerts concen-
tration-dependent mitogenic and chemotactic effects on
key cells involved in wound healing. For instance, the
response of epidermal keratinocytes and vascular endo-
thelial cells exhibits a typical “S”-shaped dose-response
function, with no inhibitory effects at high concentra-
tions. However, dermal fibroblasts show inhibitory
effects at high aFGF concentrations, displaying a narrow,
bell-shaped dose-response curve [24—26].

This concentration dependence also influences the
application of aFGF in wound treatment. Blaber et al.
demonstrated that topical application of 1.0 pg/cm® of
aFGF combined with heparin showed significant thera-
peutic effects; however, doses of 0.1 pg/cm?® or 10.0 pg/
c¢m? did not show efficacy [27]. Hagerott et al. conducted
a topical aFGF dose study using 0.6, 2.0, and 6.0 pg/cm?,
revealing that topical aFGF doses between 0.6 and 2.0 pg/
c¢m® promoted wound healing, while the 6.0 pg/cm?® dose
significantly inhibited wound repair [28].

Both ADSCs and aFGF have demonstrated remarkable
skin regeneration and vascularization capabilities in ani-
mal experiments and clinical applications. Hoseini et al.
conducted an innovative study where they transfected
ADSCs with aFGF in vitro and collected the culture
supernatant to treat 3T3 cells and vascular endothelial
cells (VECs) in vitro. The study revealed that, compared
to the control group using regular culture medium, the
experimental group’s treatment significantly promoted
the proliferation and migration of 3T3 cells and VECs,
further enhancing the formation of new blood vessels
[29]. However, in-depth research on the combination
of aFGF and ADSCs for wound repair has not yet been
conducted.

Based on these studies, we hypothesized that the com-
bination of aFGF and ADSCs could promote wound
repair, with the effect potentially exhibiting dose depen-
dence. To test this hypothesis, we established a diabetic
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rat wound model and evaluated the effects of different
concentrations of aFGF-ADSCs (1x10° 2x10° 3x10°,
4% 10° on wound healing.

The results showed that, compared to the negative con-
trol PBS and ADSCs alone, aFGF-ADSCs significantly
promoted wound healing in diabetic rats. This effect
was primarily achieved through the following mecha-
nisms: promoting angiogenesis, suppressing inflamma-
tory responses, and enhancing collagen deposition and
remodeling (as shown in Fig. 1). Among these, 3x10°
aFGF-ADSCs demonstrated the optimal promoting
effect.

Our findings not only expand the understanding of the
mechanisms by which ADSCs and aFGF promote wound
healing but also offer a potential new approach for treat-
ing diabetic wounds.

Materials and methods

Isolation and culture of ADSCs

Three-week-old male Specific pathogen-free (SPF)
Sprague-Dawley (SD) rats were purchased from Shang-
hai SLAC Laboratory Animal Co., Ltd. After one week
of adaptive feeding, rat ADSCs were isolated from the
inguinal adipose tissue of the rats and washed with
phosphate-buffered saline (PBS; Gibco). The tissue was
then minced and digested with 0.1% type I collagenase
(BioFroxx) at 37 °C for 1 h. Enzyme activity was neutral-
ized in DMEM/F12 (Gibco) containing 10% fetal bovine
serum (FBS; Wisent, Thermo Scientific, USA). The neu-
tralized cells were centrifuged at 1000 rpm for 5 min.

Diabetic /

wound?’ /

— o
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After centrifugation, the pellet was resuspended in
DMEM/F12 containing 10% FBS. The isolated cells (2000
cells/cm2) were maintained in culture flasks and cultured
in a 37 °C, 5% CO2 incubator. Fresh culture medium was
replaced every 2-3 days; cells were digested with trypsin
(Gibco) for passaging when they reached 95% confluence,
and were passaged to the second generation.

Confirmation of adipose-derived mesenchymal stem cell
characteristics

Third-generation ADSCs were collected, washed with
PBS, and incubated in the dark at 4 °C for 30 min with
phycoerythrin (PE)-labeled anti-CD34, anti-CD45, anti-
CD90, and anti-CD29 antibodies (eBioscience). Cells
were stained with PE-labeled non-specific IgG and
IgG1 « (eBioscience) to assess background fluorescence.
Cells were analyzed using a FACS Calibur flow cytom-
eter (Becton Dickinson), and histograms were generated
using FlowJo software V10.

For adipogenic and osteogenic differentiation, experi-
ments were conducted according to the manufacturer’s
instructions (Cyagen). When third-generation ADSCs
reached 80% confluence, the culture medium was
replaced with adipogenic differentiation medium A for 3
days, then alternately replaced with medium B for 24 h.
After approximately 21 days, cells were fixed with 50%
ethanol for 5 min and stained with Oil Red O to confirm
the formation of lipid droplets. When third-generation
ADSCs reached 70% confluence, the culture medium
was replaced with osteogenic reagent every 3 days. After
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Fig.1 aFGF gene-modified ADSCs promote wound healing in diabetic rats by enhancing angiogenesis, inhibiting inflammatory responses, and promot-

ing collagen deposition and remodeling
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21 days of culture, the presence of calcium nodules was
evaluated by Alizarin Red staining. Finally, photographs
of stained cells were taken using a microscope (Nikon,
Japan).

Construction and identification of lentiviral vector carrying
aFGF gene

The GV416-EF1a-MCS-3FLAG-aFGF-EGFP-T2A-PURO
overexpression plasmid was purchased from Shanghai
GeneChem Co., Ltd. To verify the aFGF overexpression
plasmid, the synthesized overexpression plasmid was sent
to Sangya Company for sequencing, and the sequencing
results were compared with aFGF (NM_012846.2) using
SnapGene.

Transfection was performed using Lipofectamine
3000 (Invitrogen, Thermo Scientific, USA) according to
instructions. Viral supernatant produced by 293T cells
through plasmid and Lipofectamine 3000 kit packaging
was collected and mixed with ADSCs culture medium to
obtain transfected cells.

Western blot

Total protein extraction was performed using RIPA buf-
fer (Beyotime, Shanghai) supplemented with protease
inhibitor cocktail (Beyotime, Shanghai). Protein concen-
tration was measured using a bicinchoninic acid (BCA)
protein assay kit (Beyotime, Shanghai) according to the
manufacturer’s instructions, and proteins were separated
by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Separated proteins were trans-
ferred to polyvinylidene difluoride (PVDF) membranes
(Beyotime, Shanghai) and blocked with 5% skim milk
(BD Difco, Thermo Scientific, USA).

Subsequently, PVDF membranes were incubated over-
night at 4°C with rabbit polyclonal antibodies against
aFGF (Abcam), GAPDH (Abcam), and mouse mono-
clonal antibody against Flag (Proteintech), followed by
incubation with horseradish peroxidase-conjugated sec-
ondary antibodies (Abcam, Thermo Scientific, USA).
Signal bands were detected using the Supersignal West
Femto kit (Thermo Scientific, USA).

Quantitative real-time polymerase chain reaction (qRT-
PCR)

Total cellular RNA was extracted using TRIzol (Invit-
rogen) and reverse transcribed using the PrimeScript®
RT reagent kit (Takara) according to the manufacturer’s
instructions. The first-strand cDNA obtained from 800
ng of total RNA was used to measure aFGF expression
and served as a template for quantitative real-time PCR,
using the following primers: aFGF (F): AAGAAGCACG
CGGAGAAGAA, (R): GCTTTCTGGCCGTAGTGAGT;
18 S (F): AGAAACGGCTACCACATCCA, (R): CACCA
GACTTGCCCTCCA. Quantitative real-time PCR was
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performed using corresponding primers and cDNA tem-
plate, mixed with reagents from the SYBR Premix Ex Taq
II kit (DRRO81, Takara). Data were analyzed and quanti-
fied using the AACt method, with the transcription level
of each gene normalized to 18 S in the same sample.

Diabetic wound model and wound healing assessment
Forty-eight SPF male SD rats, 3 weeks old, weighing
60—80 g, were obtained from Shanghai SLAC Labora-
tory Animal Co., Ltd. and housed in the Animal Center
of Mengchao Hepatobiliary Hospital of Fujian Medical
University. The animals were maintained in individually
ventilated cages (IVCs) under controlled environmental
conditions, with a temperature of 25+2 °C, humidity of
50+ 10%, and a 12-hour light/dark cycle, with ad libitum
access to food and water. Following a 1-week acclimati-
zation period, rats were fasted for 16 h and subsequently
administered streptozotocin (45 mg/kg, Rhawn) via intra-
peritoneal injection for three consecutive days to induce
diabetes. Random blood glucose levels were measured
at the same time point weekly for 4 weeks. Rats exhibit-
ing random blood glucose levels>16.8 mmol/L and pre-
senting classic diabetic symptoms, including polydipsia,
polyphagia, and polyuria, were designated as diabetic and
selected for the study. Rats with body weight loss exceed-
ing 20%, random blood glucose levels<16.7 mmol/L, or
those unable to survive were excluded. Ultimately, all 48
rats were successfully model-induced and included in the
research.

Diabetic rats were anesthetized via intraperito-
neal injection of 3% pentobarbital sodium (50 mg/kg).
Back hair was removed, and two full-thickness circu-
lar wounds with a diameter of 10 mm were created on
both sides of the dorsal midline. A 3 M silicone ring was
sutured around the wound to prevent contraction. Using
a random number table, rats were randomly allocated
into 6 treatment groups (1 =8 per group, 16 wounds per
group): Group A: PBS; Group B: 1x10° Vector-ADSCs;
Group C: 1x10° aFGF-ADSCs; Group D: 2 x 10° aFGF-
ADSCs; Group E: 3 x 10° aFGE-ADSCs; Group F: 4 x 10°
aFGF-ADSCs. Each group was resuspended in 100 pl
PBS and injected into four quadrants of each wound.
Wounds were covered with sterile Tegaderm dressings
(3 M Healthcare), which were changed every other day
until wound healing.

Digital photographs of the wounds were captured
on postoperative days 0, 1, 3, 7, 10, 14, and 16. Wound
size was quantified using Image] software. All animal
experiments were ethically reviewed by the Institutional
Animal Care and Use Committee (IACUC) of Fujian
Provincial Hospital, with the ethical review number
IACUC-FPH-SL-20240321. This study adhered to the
ARRIVE guidelines 2.0 for reporting animal research. In
strict adherence to the IACUC guidelines, animals were
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humanely euthanized utilizing automated carbon dioxide
(CO,) displacement chambers, following the approved
institutional protocol for rodent euthanasia. The experi-
mental design is shown in Fig. 2.

Histological observation

Tissue samples collected on days 3, 7 and 16 post-wound-
ing were fixed overnight in 4% paraformaldehyde at 4 °C.
After fixation, samples were washed with PBS, dehy-
drated through a graded ethanol series (30%, 50%, 70%,
80%, 90%, and 100%), xylene, and paraffin, then embed-
ded in paraffin. Sections 4—6 pm thick were prepared
from paraffin-embedded wound tissues and subjected to
hematoxylin-eosin (H&E) staining, Masson’s trichrome
staining, and Sirius red staining. Tissue sections were
observed under a microscope.

Immunohistochemistry

Sections were prepared as described above. For immu-
nohistochemistry, sections were deparaffinized in xylene
and rehydrated through a graded ethanol series. Antigen
retrieval was performed using citrate antigen retrieval
solution under high pressure, followed by incubation
with 3% hydrogen peroxide at room temperature for
20 min. Sections were incubated overnight at 4 °C with
antibodies against aFGF, CD31, CD86, and CD163, then
incubated with horseradish peroxidase-labeled secondary
antibodies at 37 °C for 30 min. Subsequently, 3,3'-diami-
nobenzidine (DAB) was added for 10 min at room tem-
perature, followed by hematoxylin staining for 2 min at
room temperature. Finally, sections were gently washed
with deionized water, dehydrated through graded etha-
nol solutions, mounted with neutral resin, and observed
under an optical microscope.

Immunofluorescence

Anti-K10 and anti-K14 antibodies were used for immu-
nofluorescence. Sections were incubated with the afore-
mentioned primary antibodies overnight at 4 °C, followed
by incubation with secondary antibodies at 37 °C for 1 h.

Injection STZ(45mg/kg)/day

l3 l 7days I

7days I
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Finally, sections were stained with 4',6-diamidino-2-phe-
nylindole (DAPI, Invitrogen, Carlsbad, CA) and observed
under a Zeiss LSM 700 confocal fluorescence microscope
(ZEISS, Germany).

Transcriptomics

Total RNA was extracted using Trizol reagent (Invitro-
gen) according to the manufacturer’s protocol. RNA qual-
ity was assessed by Beijing Berry Genomics Corporation.
After RNA samples passed quality control, standard tran-
scriptome library construction was performed, followed
by sequencing using Illumina NovaSeq 6000 after library
quality control. Principal component analysis (PCA)
was conducted using the R package gmodels. Differen-
tial expression analysis of RNA between two groups was
performed using DESeq2 software. Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
correlation analyses were conducted to explore functions
and signaling pathways associated with differentially
expressed genes (DEGs). Data and visualization analyses
were performed using Bioinformatics (www.bioinformat-
ics.com.cn).

Data analysis

To minimize potential bias, blinding was implemented
during data collection and analysis, with all procedures
performed by personnel unaware of group allocations.
This encompassed histological evaluations, fluorescence
signal acquisition, and all analyses of tissue sections.
Data analysis and graphing were conducted using SPSS
25.0 software (IBM, USA) and GraphPad Prism 9.0 soft-
ware. Comparisons between two groups were performed
using t-tests, while comparisons among multiple groups
utilized one-way analysis of variance (ANOVA). Data
were expressed as mean +standard deviation (SD). Sta-
tistical significance was determined as follows: *p <0.05;
**p<0.01; ***p<0.001; ****p<0.0001; When p>0.05, dif-
ferences were considered not statistically significant (NS).

Wound surgery
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Fig. 2 Schematic illustration of diabetic rat model establishment and experimental timeline
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Results

Characterization and identification of ADSCs

Rat inguinal adipose tissue was digested into a single-
cell suspension using enzymatic digestion and cultured
to P3 generation. Under an inverted microscope, ADSCs
exhibited a spindle-shaped morphology (Fig. 3A). To
verify the multi-lineage differentiation potential of P3
ADSCs, we conducted adipogenic and osteogenic induc-
tion experiments. After osteogenic induction, Alizarin
Red staining distinct obvious calcium nodule formation
(Fig. 3B). After adipogenic induction, Oil Red O staining
showed clear lipid droplet formation (Fig. 3C). Finally, we
measured the expression of two mesenchymal stem cell
(MSC) surface antigens (CD29 and CD90) and two endo-
thelial progenitor cell markers (CD34 and CD45) by flow

A
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cytometry to confirm the MSC identity of the isolated
ADSCs. Flow cytometry results showed positive expres-
sion of CD29 and CD90, while CD34 and CD45 expres-
sion was negative, confirming the MSC identity of the
isolated ADScs (Fig. 3D). In summary, this study success-
fully isolated ADSCs and confirmed their multi-lineage
differentiation potential.

Construction and verification of aFGF-ADSCs

We first purchased the empty vector plasmid
GV416-EF1a-MCS-EGFP-T2A-PURO and the over-
expression  plasmid  GV416-EFla-MCS-3FLAG-
aFGF-EGFP-T2A-PURO (Genechem Company). The
purchased recombinant plasmids were sequenced and
compared with the aFGF (NM_012846.2) sequence

D Isotype 1gG1 k Isotype IgG CD29 CD 90 CD 34 CD 45
- 20 =0
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Fig. 3 Characterization of ADSCs and construction and identification of aFGF-ADSCs. (A) Isolated and cultured P3 ADSCs exhibit a flat spindle shape. (B)
After osteogenic induction, bone nodules were detected by Alizarin Red staining. (C) After adipogenic induction, lipid droplets were detected by Oil Red
O staining. (D) Immunophenotypic analysis of P3 ADSCs by flow cytometry showed positive expression of CD29 and CD90, and negative expression of
CD34 and CD45, demonstrating typical MSC surface antigens. (E) Comparison of the overexpression plasmid using SnapGene. (F) Fluorescence micros-
copy of Vector-ADSCs (left) and aFGF-ADSCs (right). (G) Western blot analysis revealed significantly increased expression of Flag-aFGF in the aFGF-ADSCs
group (Full-length gels are presented in Supplementary Fig. 1). (H) aFGF mRNA expression was significantly elevated in the aFGF-ADSCs group. (I) Cell
proliferation activity assessed by CCK8 showed markedly enhanced proliferation of aFGF-ADSCs. ****: p <0.0001
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on NCBI, and no base pair mutations were found
(Fig. 3E). Subsequently, we packaged lentivirus using
293T cells with empty vector and overexpression plas-
mids respectively, and then infected ADSCs with these
viral supernatants to construct vector control ADSCs
(Vector-ADSCs) and aFGF-overexpressing ADSCs
(aFGF-ADSCs). After 72 h of culture, green fluores-
cence was observed under a fluorescence microscope
in both Vector-ADSCs and aFGF-ADSCs, with signifi-
cantly higher fluorescence intensity in aFGF-ADSCs
compared to Vector-ADSCS (Fig. 3 F). Next, we col-
lected ADSCs, Vector-ADSCs, and aFGF-ADSCs,
extracted RNA and protein for analysis. qRT-PCR and
Western blot results confirmed that aFGF expression
in aFGF-ADSCs was significantly increased at both
transcriptional and protein levels compared to the
control group (Fig. 3G and H). Finally, CCK-8 quan-
titative experiments showed that aFGF-ADSCs sig-
nificantly enhanced cell proliferation activity after 48
hours (Fig. 3I). In conclusion, we successfully con-
structed aFGF-ADSCs that stably overexpress aFGF
and significantly promote cell proliferation.

Different concentrations of aFGF-ADSCs promote diabetic
wound healing

A diabetic rat model was induced by intraperitoneal
injection of streptozotocin (STZ). Rats with random
blood glucose levels>16.8 mmol/L for three con-
secutive measurements were selected, and two full-
thickness skin wounds, each approximately 1 c¢cm in
diameter, were created on their backs. Forty-eight
successfully modeled diabetic rats were randomly
divided into 6 groups and injected with PBS (con-
trol group), 1x10° Vector-ADSCs, 1x10°% 2x10°,
3x10° and 4x10° aFGF-ADSCs, respectively. The
skin wound area was examined and photographed
every 2-3 days. The results showed that compared
with the PBS control group and Vector-ADSCs group,
all doses of aFGF-ADSCs groups significantly pro-
moted wound healing, with the 3 x 10° aFGF-ADSCs
group achieving the highest closure rate (Fig. 4A and
B). Immunohistochemical analysis of wound tissue
on day 3 showed that aFGF content in the tissue sur-
rounding the wound was significantly increased in all
aFGF-ADSCs groups. The aFGF content was posi-
tively correlated with the number of injected cells,
with the 3x10° and 4x10° aFGF-ADSCs groups
exhibiting the highest levels (Fig. 4C and D). H&E and
Masson staining were used to evaluate epithelial and
collagen deposition on day 16 post-wounding. The
results showed that the epithelium in all aFGF-ADSCs
groups was more mature than the control group, with
reduced inflammatory response and denser collagen
deposition (Fig. 4E and F).
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aFGF-ADSCs promote wound repair by enhancing
angiogenesis, regulating inflammatory response, and
promoting epithelial and collagen maturation

We assessed early wound neovascularization by immu-
nohistochemical detection of the vascular marker CD31.
The results showed that Vector-ADSCs and all aFGF-
ADSCs groups promoted increased CD31 expression,
with the 3 x 10° aFGF-ADSCs group exhibiting the stron-
gest expression and the highest number of new blood
vessels (Fig. 5A and F). The inflammatory response in
each group was compared by detecting the M1 macro-
phage surface marker CD86 and the M2 macrophage sur-
face marker CD163. It was found that CD86 expression
was lower in the Vector-ADSCs and all aFGF-ADSCs
groups compared to the control group, while CD163
expression was elevated. These findings suggest that both
Vector-ADSCs and aFGF-ADSCs inhibit the inflamma-
tory response in the wound, accelerating the transition
from inflammation to the cell proliferation and colla-
gen remodeling stages. The 3x 10° aFGF-ADSCs group
showed the best anti-inflammatory effect (Fig. 5B, G, H).
Sirius Red staining on day 16 was used to assess colla-
gen remodeling. The results showed that collagen in the
aFGF-ADSCs groups was denser and more orderly ori-
ented (Fig. 5C and I). Observation under a polarized light
microscope revealed a significantly higher ratio of type
I collagen fibers to type III collagen fibers in the 3 x10°
aFGF-ADSCs group compared to other groups (Fig. 5D
and J), indicating more mature collagen in this group’s
wounds.

Immunofluorescence analysis at day 16 post-treatment
revealed that K10 (terminal differentiation marker) and
K14 (basal layer marker) expression patterns varied
among groups. The PBS group showed poor epidermal
differentiation with weak expression of both K10 and
K14, indicating impaired epidermal stratification. The
Vector-ADSCs group demonstrated improved epider-
mal differentiation with slightly enhanced K10 and K14
expression. In aFGF-ADSCs groups, increased cell con-
centrations (from 1x10° to 3 x 10°) resulted in progres-
sively enhanced epidermal differentiation, as evidenced
by stronger expression of both K10 and K14, suggesting
better restoration of epidermal stratification. The most
significant improvement was observed in the 3x10°
aFGF-ADSCs group. However, when the concentration
was further increased to 4x10° these improvements
showed a slight decline compared to the 3x10° group,
suggesting that 3 x 10° might be the optimal therapeutic
concentration (Fig. 5E).

aFGF-ADSCs promote wound repair by upregulating PI3K-
Akt and MAPK signaling pathways

To investigate the molecular mechanisms underlying
aFGF-ADSCs-mediated wound repair promotion, RNA
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treatment. (D) Quantitative analysis of aFGF immunohistochemistry showed very low aFGF expression in the PBS and Vector-ADSCs groups. In the aFGF-
ADSCs groups, aFGF expression in the wound tissue increased with the number of injected cells within a certain range. Group E: 3x 10° aFGF-ADSCs and
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day 16 after treatment. ****: p <0.0001; ns: p > 0.05

sequencing (RNAseq) was performed on P3 generation and aFGF-ADSCs (Fig. 6A). A total of 1664 significantly
aFGF-ADSCs and Vector-ADSCs. Unsupervised princi-  differentially expressed genes (DEGs) were identified,
pal component analysis (PCA) revealed significant differ-  with 762 upregulated and 902 downregulated genes, as
ences in transcriptomic profiles between Vector-ADSCs  shown in the volcano plot (Fig. 6B).
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Subsequently, DEG-based enrichment analysis was per-  genes related to angiogenesis (Angptl, Fgfl, Fgf10, Flt1,
formed on the up- and down-regulated gene sets. Cluster ~ Flt4, Hgf) and extracellular matrix remodeling (Col4al,
analysis clearly separated and screened the gene expres- Col4a2, Bmp2, Mmp9, Mmp3, Lama3), while genes
sion differences between Vector-ADSCs and aFGF- associated with inflammation (Ccl3, Ccl6, Ccl4, Ccll12,
ADSCs (Fig. 6C). It was observed that aFGF-ADSCs, Fcgr2all, Fcgr2a) were significantly downregulated
compared to the control group, showed upregulation of  (Fig. 6D).
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Gene Ontology (GO) analysis revealed that upregu-
lated genes were mainly concentrated in vascular and
tissue morphogenesis, cytokine activity, and collagen
binding (Fig. 6E), while downregulated genes were pri-
marily focused on inhibition of inflammatory cell migra-
tion, chemotaxis, and immune protein IgG binding
(Fig. 6F). Kyoto Encyclopedia of Genes and Genomes
(KEGQG) pathway enrichment analysis showed that aFGF-
ADSCs enhanced signal transduction in the PI3K-Akt
and MAPK pathways (Fig. 6G).

Finally, correlation analysis between aFGF and key
molecules in the PI3K-Akt and MAPK pathways revealed
strong positive correlations between aFGF and multiple
key genes in these signaling pathways, with correlation
coefficients mainly ranging from 0.84 to 1.00. In the
PI3K-Akt pathway, FGF1 exhibited the highest correla-
tions with genes such as PDGFRA, PDGFRB, FGF10,
and ANGPT1 (Fig. 6H). Similarly, in the MAPK path-
way, FGF1 showed strong correlations with NR4Al,
ANGPT]1, FLT1, and HSPA1A (Fig. 6I). This high degree
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of correlation suggests that FGF1 may play a crucial role
in these two signaling pathways, participating in the reg-
ulation of biological processes such as cell growth, pro-
liferation, differentiation, survival, and stress response,
thereby promoting wound healing.

Discussion
Normal wound healing is a continuous, orderly linear
process that includes hemostasis, inflammatory response,
cell proliferation and migration, epithelialization, and
remodeling [2, 30, 31]. Any disruption in this process
can lead to the development of chronic wounds. Com-
mon clinical conditions associated with chronic wound
pathogenesis include diabetes, venous stasis and insuffi-
ciency, and pressure injuries [32].With societal progress
and development, the incidence and life expectancy of
diabetic patients have increased significantly, leading to
a rise in the incidence of diabetic foot, which has become
a serious social burden [33]. Therefore, there is an urgent
need to develop an effective and safe treatment regimen.

ADSCs have become a research hotspot in recent years,
especially in the field of wound repair. ADSCs possess
multi-directional differentiation potential, self-renewal
ability, and immunomodulatory properties, making
them highly promising for applications in regenerative
medicine [34]. They can secrete various growth factors
and cytokines, such as vascular endothelial growth fac-
tor (VEGEF), transforming growth factor- (TGF-p), and
hepatocyte growth factor (HGF), which can promote
angiogenesis, cell proliferation, and extracellular matrix
remodeling [35]. Additionally, ADSCs exhibit potent
anti-inflammatory effects and can secrete anti-inflam-
matory factors such as interleukin-10 (IL-10) and pros-
taglandin E2 (PGE2) to regulate inflammatory responses,
thereby accelerating wound healing [36]. These char-
acteristics underscore the important role of ADSCs in
wound repair and provide new possibilities for treating
chronic wounds.

aFGF also has effects on promoting various aspects of
wound healing [37, 38], and clinical studies have con-
firmed that local application of aFGF can significantly
shorten wound healing time and reduce complications
[39]. However, the optimal dosage and administration
method of aFGF have not been fully determined. Differ-
ent types and degrees of wounds may require tailored
administration regimens, which necessitate further clini-
cal studies for optimization [40]. Furthermore, the long-
term safety and potential side effects of aFGF still need
further evaluation, especially in special populations such
as cancer patients [41]. These factors highlight the neces-
sity of continuing research on the application of aFGF in
wound repair to fully realize its therapeutic potential.

In this experiment, we established a diabetic rat wound
model. Our preliminary results showed that the wound

Page 11 of 15

healing time for diabetic rats was approximately 4 weeks,
while normal rats healed in about 2 weeks. We then
explored the effect of local injection of aFGF-ADSCs on
wound healing. The results showed that the wound heal-
ing rates in all aFGF-ADSCs groups were higher than
those of the control group and the ADSCs group, and
the healing speed of the aFGF-ADSCs groups increased
rapidly on day 7. The healing rate of the ADSCs group
was also higher than that of the control group. Among
these groups, the 3x10° aFGF-ADSCs group achieved
complete wound epidermal coverage by day 16, although
skin appendages (such as hair) had not fully recovered,
while other treatment groups had not completely healed.
These results suggest that both ADSCs and aFGF-ADSCs
can significantly promote wound healing in diabetic rats,
with aFGF and ADSCs have a synergistic effect. This syn-
ergistic effect may be related to the fact that both can
promote the proliferation and migration of fibroblasts
and vascular endothelial cells [29].

Next, we evaluated the role of aFGF-ADSCs in vari-
ous processes of wound healing by observing histologi-
cal changes in wound tissue. The results showed that
aFGF-ADSCs could significantly promote early wound
angiogenesis, inhibit wound inflammatory response, and
make the wound enter the collagen remodeling stage ear-
lier. In late-stage wounds, the aFGF-ADSCs treatment
group exhibited richer and more orderly collagen depo-
sition, a higher proportion of type I collagen fibers, and
greater epidermal maturity. These observations indicate
that aFGF-ADSCs can comprehensively improve various
processes of wound repair in diabetic rats, thereby effec-
tively promoting wound healing. This comprehensive
effect of aFGF-ADSCs may represent a key mechanism
underlying its significant improvement in wound healing,
offering a new potential therapeutic approach for treating
diabetic wounds.

The levels of aFGF in various tissues and organs in vivo
are very low, and Li Xiaokun’s team found that exogenous
aFGF has a short half-life and no accumulation effect in
vivo [42]. While direct delivery of aFGF with ADSCs to
the wound site or using mRNA technology to enhance
local aFGF expression are feasible options, these meth-
ods have certain limitations: co-delivery of exogenous
aFGF and ADSCs may require repeated administration
to maintain therapeutic effects, while mRNA and has a
relatively short expression duration. In contrast, lentivi-
ral vector-mediated gene modification enables ADSCs
to continuously and stably express and secrete aFGF, not
only overcoming the limitations of exogenous adminis-
tration but also achieving long-term gene expression.

In this study, we used gene modification technology to
make ADSCs overexpress aFGF and injected them into
the muscle tissue around the wound. In the early stage of
wound healing (day 3), aFGF could be stably expressed
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and secreted, and the staining intensity exhibited an “S”-
shaped response curve with the injection concentration.
This response may be related to the limited blood supply
and nutritional components of the tissue surrounding the
wound, which could not support cell transplantation at
higher concentrations. While the present study demon-
strated stable expression of aFGF in transfected ADSCs
on day 3, we currently lack definitive evidence regarding
the precise retention of these cells within the wound tis-
sue. Our study was unable to track or quantify the spatial
distribution, survival dynamics, and functional transi-
tions of the transfected ADSCs within the wound micro-
environment. The absence of direct cell tracking prevents
us from fully understanding the mechanisms underlying
the therapeutic effects of aFGF-ADSCs and limits our
ability to accurately assess the duration and efficacy of
the cellular treatment. This methodological limitation
introduces uncertainty regarding the long-term thera-
peutic potential of this cell-based approach.

At the histological level of aFGF-ADSCs wounds in
each group, processes such as promoting early angiogen-
esis, inducing macrophage polarization towards the M2
phenotype, and collagen deposition all followed a bell-
shaped response curve with the injection concentration,
with the best effect in various processes when the cell
number was 3 x 10°. This result aligns with the findings of
Hagerott et al., who reported that the single-dose effec-
tive range of local aFGF application for promoting wound
repair is very narrow [28].

Viral vectors represent the most prevalent delivery sys-
tem in cell and gene therapy, with established applications
in oncology, metabolic disorders, neurological, and oph-
thalmic diseases [43]. In the present study, histological
examination of aFGF-ADSCs wounds across experimen-
tal groups revealed no significant adverse pathological
changes. Nevertheless, we recognize the intricate nature
of safety assessment for viral vector-mediated therapies,
which necessitates comprehensive and long-term inves-
tigation. The potential risks associated with viral vec-
tors primarily include genomic instability arising from
random integration sites, the possibility of replication-
competent virus contamination, and the potential for
unintended oncogene activation or tumor suppressor
gene disruption. Despite the promising preliminary find-
ings, we maintain a cautious stance regarding clinical
translation, emphasizing the critical need for extensive
long-term validation. The proposed approach, involving
a single administration of 3x 10° aFGF-ADSCs, demon-
strates stable therapeutic efficacy and provides a promis-
ing continuous and controlled drug delivery strategy for
diabetic wound treatment. Future research will focus on
comprehensive investigations, including long-term track-
ing of genetically modified cells, thorough evaluation of
potential genomic integration risks, in-depth assessment
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of potential immunogenicity responses, and extended
observation periods to detect any delayed adverse
reactions.

Through RNA-seq, we found that aFGF (FGF1) showed
significant positive correlations with multiple key genes
in the PI3K-Akt and MAPK signaling pathways, suggest-
ing that FGF1 may play a crucial regulatory role in these
two important cellular signaling pathways. In particular,
the high correlation between FGF1 and genes such as
PDGFRA, PDGFRB, FGF10, and ANGPT1 (correlation
coefficients close to or equal to 1.00) indicates that FGF1
may work synergistically with these factors to regulate
angiogenesis, cell proliferation, and differentiation pro-
cesses [44]. Angiogenesis is critical for providing oxygen
and nutrients to healing tissues. Secondly, the high cor-
relation between FGF1 and components of the PI3K-Akt
pathway suggests that FGF1 may promote cell survival
and proliferation by activating the PI3K-Akt pathway,
which is necessary for rapid wound repair [45].

At the same time, the strong correlation between FGF1
and MAPK pathway-related genes (such as NR4A1 and
the DUSP family) further supports the important role
of FGF1 in cell proliferation, differentiation, and stress
response [46]. This is particularly important for epitheli-
alization and granulation tissue formation during wound
healing [37]. In particular, the correlation between FGF1
and DUSP family genes suggests that FGF1 may par-
ticipate in fine-tuning MAPK signaling, which may help
balance inflammatory responses and tissue remodeling
during the wound healing process [47].

Based on existing research, a single dose of aFGF-
ADSCs has demonstrated significant effects in promot-
ing wound healing in diabetic rats. Through RNA-seq
analysis, we observed a remarkable correlation between
FGF1 and multiple key genes in the PI3K-Akt and MAPK
signaling pathways. However, the precise mechanisms by
which these signaling pathways regulate angiogenesis and
macrophage function remain incompletely understood.

The PI3K-Akt signaling pathway plays a crucial role in
angiogenesis [48]. Studies have revealed that this path-
way promotes endothelial cell function through mul-
tiple mechanisms: by activating downstream mTOR and
HIF-1a, it upregulates VEGF expression, stimulating
endothelial cell proliferation and tube formation [49].
Simultaneously, through endothelial nitric oxide synthase
(eNOS) phosphorylation, it promotes nitric oxide (NO)
production, enhancing vascular dilation and endothelial
cell migration [49, 50].

The MAPK signaling pathway plays a crucial role
in wound healing, with p38 primarily regulating early
inflammatory responses by promoting pro-inflammatory
cytokines such as TNF-a, IL-1B, and IL-6, and modulat-
ing macrophage and neutrophil inflammatory responses
[51]. ERK1/2, in contrast, predominantly participates in
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later tissue repair processes by promoting fibroblast pro-
liferation, collagen synthesis, and angiogenesis. Through
regulation of transcription factors like STAT3 and
PPARy, ERK1/2 guides macrophages towards an anti-
inflammatory and repair phenotype, thereby maintain-
ing the immune microenvironment of wound healing.
This fine-tuned regulation of different MAPK pathway
branches collectively drives the complex transformation
of wounds from inflammation to repair [52, 53].

Nevertheless, the mechanisms by which aFGF regulates
these signaling pathways in ADSCs require further explo-
ration in future research to comprehensively elucidate
the therapeutic mechanisms of aFGF-ADSCs in wound
healing.

Conclusion

In summary, this study confirms that a single dose of
aFGF-ADSCs has a significant promoting effect on
wound healing in diabetic rats, showing a clear dose-
dependency. The potential mechanism involves improv-
ing multiple key aspects of wound repair, including
promoting neovascularization, inhibiting inflammatory
responses, accelerating wound epithelialization, and opti-
mizing collagen deposition. These comprehensive effects
collectively contribute to an overall improvement in the
wound healing process. This research provides a novel
and promising treatment option for diabetic chronic
wounds, laying an important experimental foundation
for future clinical applications. Although further studies
are needed to verify its long-term safety and effectiveness
in humans, the aFGF-ADSCs treatment strategy dem-
onstrates potential to become a valuable addition to the
management of diabetic chronic wounds.
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