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A B S T R A C T

Background: In this study, we preconditioned human adipose-derived stem cells (ADSCs) with acetoacetate 
(AcAc) and explored whether it could improve cell survival and enhance the tissue regeneration of chemical 
burns in mice.
Methods: To evaluate the therapeutic efficacy of AcAc, human ADSCs were preconditioned with 10 mM AcAc 
(AcAc-hADSCs). Cell proliferation, migration, paracrine release of growth factors, and proangiogenic effects of 
AcAc-hADSCs were subsequently assessed. Subsequently, HCl acid burns were induced on the dorsal skin of ICR 
mice, and wound healing progression was monitored through macroscopic examination. The wounds were 
harvested for histological assessment via staining. Angiogenesis in wounds was detected via immunohisto
chemical staining. hADSCs were prelabeled with DiO, and their wound survival was detected via an in vivo 
bioluminescence imaging system.
Results: Pretreatment with AcAc enhanced the migration of ADSCs and the paracrine release of proangiogenic 
cytokines, including HIF-1α, VEGFA, HGF, FGF-2 and TGF-β, and increased the expression of SOD1. Compared 
with those treated with control hADSCs, the wounds that received AcAc-hADSCs presented accelerated re- 
epithelialization, increased extracellular matrix (ECM) deposition, and improved the microvessel density by 
HIF-1α-VEGFA pathway. Moreover, the DiO-labelled AcAc-hADSCs could be observed even after 72 h; while 
ADSCs could be only detected at 24 h. In addition, wounds treated with AcAc-hADSCs presented more 
Ki67 + cells. qRT–PCR analysis revealed a significant increase in the expression of proangiogenic factors and a 
decrease in the levels of IL-1, IL-6 and iNOs in wounds that received AcAc-hADSCs.
Conclusion: These findings demonstrate that AcAc preconditioning enhances hADSC persistence in wounds, 
consequently promoting both re-epithelialization and angiogenesis.

1. Introduction

Chemical burns are highly destructive injuries with a rapidly pro
gressive nature [1]. Skin contact with acids or alkalis causes protein 
denaturation, leading to coagulation necrosis or colliquative necrosis, 
respectively [2–7]. The global incidence is estimated at 1–5 million 

annually, accounting for 30 % of burn-related deaths and continues to 
rise [8–10].

Current treatments include hydrocolloids, antimicrobial dressings, 
and surgery [5,11–13]. Nonetheless, tissue damage often progresses to 
chronic wounds or pathological scars despite intervention [14,15], 
resulting in significant mortality, permanent disfigurement, and 
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economic burden [16], underscoring the need for novel therapies.
Adipose-derived stem cells (ADSCs), with their self-renewal, multi

differentiation, and paracrine capacities, are attractive for cell therapy 
due to easy isolation and high yield [17,18]. They secrete growth factors 
(e.g., VEGFA, HGF, EGF, IGF, b-FGF, PDGF) that promote 
re-epithelialization, granulation, and neovascularization [19–23].

While ADSCs promote healing in chronic wounds, including chemi
cal burns [24–28], their efficacy is limited by poor survival in the hostile 
wound microenvironment [29]. Preventing ADSC senescence is there
fore critical [30–32]. Preconditioning with agents like salidroside, cur
cumin, or metformin enhances ADSC survival, paracrine function, and 
therapeutic efficacy [33–35], supporting this strategy.

Acetoacetate (AcAc), a major ketone body, serves as an alternative 
energy source during nutrient deprivation [36–41]. It has clinical ap
plications in diabetes, cancer, and neurological disorders, exhibiting 
antioxidant, anti-inflammatory, and neuroprotective properties [37, 
42–44]. AcAc induces expression of factors like VEGFA, BDNF, and 
HIF-1α and improves mitochondrial metabolism [45–47]. We hypothe
sized that AcAc preconditioning would enhance ADSC therapy for acid 
burns.

Here, we investigated AcAc-preconditioned human ADSCs (AcAc- 
hADSCs) in an acid burn mouse model. AcAc-hADSCs significantly 
improved wound healing compared to untreated ADSCs, associated with 
enhanced cell survival and increased secretion of proangiogenic and 
anti-inflammatory factors.

2. Materials and methods

2.1. Isolation, culture, and identification of hADSCs

Human adipose tissue samples were obtained from five healthy fe
male donors (aged 25–35 years) who underwent liposuction with writ
ten informed consent from the donors (protocol code: SH9H-2021- 
A32–1). Adipose tissues were washed 2–3 times with phosphate- 
buffered saline (PBS; Invitrogen, USA) supplemented with 5 % 
penicillin-streptomycin (Invitrogen, USA) and then centrifuged at 

400 ×g for 10 min. The collected tissues were digested with collagenase 
type I (Worthington, USA) for 1 h at 37 

◦C with intermittent shaking. The 
cell pellets were obtained via centrifugation at 400 ×g for 10 min and 
subsequently resuspended in complete medium (CM) consisting of 
Dulbecco's modified Eagle's medium (DMEM; Gibco, USA) supple
mented with 10 % fetal bovine serum (FBS; HyClone, USA) and 1 % 
penicillin–streptomycin. hADSCs were cultured at 37◦C in a 5 % CO2 
incubator for 4–6 d until they reached confluence (defined as passage 0). 
The cells were subsequently digested with 0.25 % trypsin-EDTA (Invi
trogen, USA) and seeded. The medium was changed every 3 d. hADSCs 
between passages 3–5 were examined by flow cytometry (BD FACSAr
ia™III system; BD Pharmingen) to determine the expression of CD45, 
CD73, CD90, CD105 and HLA-DR. Data analysis was performed via 
FlowJo software (Tree Star, Inc., USA).

For detection of adipogenic, osteogenic, and chondrogenic differ
entiation, hADSCs were induced in adipogenic (Cyagen Biosciences, 
Rasmx-90031), osteogenic (Cyagen Biosciences, Rasmx-90021), or 
chondrogenic (Cyagen Biosciences, Rasmx-90041) medium, respec
tively, for 2–4 weeks. The outcomes were evaluated via Oil Red O, 
Alizarin Red and Alcian blue staining. Images were captured via an IX51 
microscope (Olympus, Japan).

2.2. AcAc preconditioning of hADSCs

hADSCs were seeded at 106 cells/well in 6-well plates. After 24 h of 
seeding, the original medium was aspirated, and the hADSCs were 
preconditioned with 10 mM AcAc in serum-free DMEM for 24 h. Non
conditioned hADSCs were used as controls. The media of both the 
hADSCs and AcAc-hADSCs were aspirated again, and the cells were 
collected for subsequent experiments.

2.3. Cell proliferation assay

The proliferation capacity of both hADSCs and AcAc-hADSCs was 
evaluated via a CCK8 assay (Beyotime, China). In accordance with the 
manufacturer's protocol, hADSCs were seeded in 96-well plates at a 
density of 3000 cells/well and exposed to an AcAc preconditioning 
medium for 24 h, as previously described. Following this period, the 
preconditioning medium was replaced with DMEM supplemented with 
10 % fetal bovine serum, and cellular proliferation was evaluated at 24, 
48, and 72 h. At each time point, the cells were exposed to 10 μl of the 
CCK-8 reagent at 37◦C for 2 h, and the absorbance at 450 nm was 
measured via a spectrophotometer (Thermo Fisher Scientific).

2.4. Cell migration assay

To determine the cell migration potential of AcAc-hADSCs compared 
with that of nonpreconditioned hADSCs, an in vitro wound healing 
scratch assay was performed. For this purpose, the cells were seeded in 
6-well plates (1 × 106 cells/well). When the cells reached nearly 95 % 
confluency, a scratch wound was made with a sterile 200 μl pipette tip. 
Images of cell migration within the wounded area were captured at 0, 
12, and 24 h. Filling of scratched empty spaces was observed via mi
croscopy, images were taken, and in vitro wound reduction was calcu
lated via ImageJ software (National Institutes of Health, USA). The 
wound healing percentage was calculated via the following equation:  

2.5. Acid burn injury model and hADSC transplantation

Ten-week-old male ICR mice (weighing 25–30 g) were purchased 
from Shanghai SLAC Laboratory Animal Co. Ltd. and maintained under 
specific pathogen-free (SPF) conditions in the animal center of the 
Tongji University School of Medicine. All procedures were approved by 
the Animal Research Committee of Tongji University (TJ-HB-LAC- 
2023–46). The mice were first anesthetized with inhalational isoflurane 
(10 mg/ml) and an intraperitoneal injection of 1 % sodium pentobar
bital (0.5 ml), and their backs were shaved with an electric hair trimmer 
(Dingling professional hair clipper, RF-608, Dingling, China) and dis
infected with 75 % ethanol. A sterile filter paper disc 1.5 cm in diameter 
was soaked in 12.06 M HCl (Merck, USA) for 1 min and applied at the 
dorsal side of the neck for 10 min to prevent acid burn injury. Twenty- 
four h after injury, the necrotic tissue was carefully removed, fixed in 
4 % paraformaldehyde, paraffin processed and subjected to H&E and 
Masson's trichrome staining for injury characterization. Images were 
captured, assessed via burn depth measurements and compared with 
those of normal skin to determine the severity and extent of the injury. 
The mice were randomly divided into three groups (n = 6): (1) control 
(saline-injected), (2) hADSCs (non-preconditioned hADSCs injected), 
and (3) AcAc-hADSCs (AcAc preconditioned hADSCs injected). After 

Wound healing percentage =
(Area of orignial wound − Area of wound at a piont) × 100

Area of origianl wound 
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debridement of the wound, 1 ml of the cell suspension was injected 
intradermally (2 × 106 cells/wound) around the wound perimeter at a 
volume of 0.25 ml per quadrant. Similarly, 1 ml of saline was injected 
into the wounds of control mice.

2.6. Macroscopic observation of skin wounds

Digital photographs were taken on day 1, 4, 7, 10 and 14 post
injection to evaluate wound closure, which was defined as the time 
when new skin tissues completely covered the wound area. ImageJ 
software was used to calculate the precise surface area of the wounds 
from the imported photos to measure the wound healing rate, which was 
compared among the different groups at each time point via a specific 
formula.

% wound closure = wound area on day 0 − open wound area 
× 100 %

wound area on day 0

2.7. Histological analysis

The skin at the wound site of each group was cut and fixed on day 14. 
For the histological evaluation, the worst part of each wound healing 
condition was selected for analysis. The samples were fixed with 4 % 
paraformaldehyde, dehydrated in graded ethanol, embedded in 
paraffin, cut (5 μm thick) using an HM-340E microtome (Microm Inc., 
USA) and subjected to H&E and Masson's trichrome staining, which 
were used to detect histological changes and collagen deposition.

Immunohistochemistry was performed according to a standard pro
tocol. For immunohistochemical staining, the sections were immersed in 
3 % H2O2 after deparaffinization to eliminate the activity of endoge
nous peroxidase at 37◦C for 15 min and blocked with 5 % BSA in PBS for 
1 h to prevent nonspecific binding. After being washed in PBS, the 
sections were blocked with 1.5 % goat serum at room temperature for 
30 min and then incubated with the following primary antibodies: 
collagen I (Abcam, ab138492, 1:100), collagen III (Abcam, ab7778, 
1:200), HIF-1α (Abcam, ab179483, 1:500), VEGF (Abcam, ab32152, 
1:250), CD31 (Abcam, ab182981, 1:200), Ki67 (Abcam, ab15580, 
1:250), and SOD1 (Abcam, ab308181, 1:200) overnight at 4◦C. The 
sections were then washed with PBS and incubated with the appropriate 
secondary antibodies (goat anti-rabbit or goat anti-mouse, ZSGB-BIO, 
China) for 20 min at room temperature. Immunohistochemical (IHC) 
staining was performed using a DAB substrate system (DAKO, 
Denmark). Images were obtained with an FSX100 Bio Imaging Navi
gator (Olympus, Tokyo, Japan).

IHC analysis was performed via Image-Pro Plus 6.0 software. For the 
Masson, collagen I, collagen III, Ki67, HIF-1α, VEGF, and SOD1 analyses 
of collagenous fibers, the data are reported as the mean density (IOD/ 
area) of positively stained regions. The average number of CD31-positive 
small vessels was manually counted in five random fields. The data are 
presented as the means ± SEMs.

For immunolabeling of cultured cells, the isolated cells were seeded 
on a cell culture dish and fixed with 4 % paraformaldehyde for 20 min at 
RT. The cells were permeabilized with 0.05 % saponin (Sigma, S7900) 
for 10 min and then blocked with 5 % BSA for 1 h at RT. After being 
washed with PBST, the cells were incubated with primary antibodies at 
4◦C overnight. After being washed, the cells were treated with secondary 
antibodies or primary antibodies conjugated with different fluorescent 
dyes for 2 h and counterstained with DAPI.

2.8. Fluorescence labeling, transplantation, and viability assay of hADSC 
transplantation

hADSCs and AcAc-hADSCs were incubated in the presence of 10 μM 
DiO, a highly lipophilic dye (Invitrogen, V-22886), for 30 min at 37◦C. 
The cells were subsequently washed with PBS and ultracentrifuged at 
100,000 × g for 10 min to remove the remaining dye. Twenty-four h 

after the burn model was induced by hydrochloric acid, the labeled cells 
were resuspended in 250 μl of PBS and then transplanted intradermally 
around the wound periphery of recipient mice.

2.9. In vivo bioluminescent imaging (BLI)

The ten ICR mice were divided into two groups (hADSC group and 
AcAc-hADSC group). Labeled cells were injected subcutaneously around 
the margin of the wound. At 24 h, 48 h and 48 h after injection, the mice 
were subjected to analysis with an IVIS imaging system (Perkin Elmer, 
Waltham, MA, USA). The fluorescence signals were quantified with 
ImageJ software.

2.10. DiO and Ki67 immunofluorescence staining

The skin tissues (1.5 cm diameter) at the wound site of each group 
were cut and fixed on d 1, 2, and 3 posttransplantation. For immuno
fluorescence, the skin tissues were washed with PBS and fixed in 4 % 
formaldehyde for 15 min. After being rinsed with PBS and per
meabilized with 0.3 % Triton X-100 for 10 min, the sections were 
blocked for 1 h. Subsequently, the blocking buffer was removed, and the 
coverslips were incubated with an anti-Ki67 primary antibody (Abcam, 
ab16667, 1:250) at 4◦C overnight. The next d, the coverslips were 
washed with PBS and incubated with a secondary antibody (Invitrogen, 
A-11006, 1:1000) for 1 h. After the sections were stained with DAPI 
(Beyotime, P0131), they were mounted with Vectashield (Vector Lab
oratories, Burlingame, CA), and the slides were visualized via confocal 
analysis with a fluorescence microscope (Leica, Germany).

To detect DiO-labeled hADSC (green fluorescence) distribution in
side the sections, Ki67+ nuclei (red fluorescence) were visualized with a 
Zeiss AxioD observer fluorescence microscope (Zeiss Inc., Thornwood, 
NY). The viability of hADSCs or AcAc-hADSCs was assessed by green 
fluorescence intensity, and Ki67+ nuclei were quantified by counting the 
number of red fluorescence signals per field.

2.11. Coculture of human umbilical vein endothelial cells with hADSCs

Human umbilical vein endothelial cells (HUVECs) were obtained 
from the cell bank of the Shanghai Institute of Cell Biology (Chinese 
Academy of Science, Shanghai, China), cultured at 106 cells in 6-well 
plates in CM and incubated at 37◦C in a 5 % CO2 incubator. When 
they reached confluence, HUVECs were trypsinized and seeded into 
transwell plates (12-well plates with a pore size of 0.4 nm; Corning, 
USA). hADSCs or AcAc-hADSCs (5 ×104 cells/well) were cocultured in 
the upper chamber for 24 h (termed the CohADSC and Co-AcAc-hADSC 
groups). The HUVECs were subsequently harvested, and the expression 
of target genes was evaluated via RT-PCR.

The proliferation capacity and migratory ability of HUVECs cocul
tured with hADSCs or AcAc-hADSCs were evaluated via a CCK8 assay 
and a scratch model as described above. Adherent HUVECs were 
cocultured with hADSCs or AcAc-hADSCs for 0 h, 12 h or 24 h. The 
scratch width was observed and analyzed with ImageJ software. 
Changes in the scratch width (ΔScratch) were calculated via the above 
formula.

2.12. Tube formation assay of HUVECs

The Matrigel (Corning, United States) was placed in the lower 
chamber of transwell plates and incubated at 37◦C for 30 min for so
lidification. After resuspension in a serum-free medium, HUVECs were 
inoculated into the lower chambers of transwell plates at a density of 
1 × 104 cells/well. The experimental group was cocultured with AcAc- 
hADSCs (5 ×104 cells/well), and the control group was cocultured 
with an equal number of hADSCs. Tube formation was observed and 
photographed at 24 h. The number of tube structures was determined 
via ImageJ software.
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2.13. Quantitative real-time PCR (qRT-PCR)

For transcriptomic analysis, cellular and tissue samples, including 
hADSCs, AcAc-hADSCs, HUVECs, and mouse skin tissue underwent RNA 
extraction using TRIzol (Invitrogen, USA) reagent according to the 
manufacturer's instructions. RNA concentration was spectrophotomet
rically determined (NanoDrop ND-1000, Agilent, USA) following 
established molecular biology protocols. Using the PrimeScript RT Re
agent Kit (Takara, China), we performed reverse transcription with 
500 ng input RNA into cDNA. Quantitative real-time PCR (qRT-PCR) 
was performed via a SYBR Prime Script qRT-PCR Kit (Takara, China), 
and the reaction mixtures were incubated at 95◦C for 30 s followed by 
40 cycles of 95◦C for 5 s and 60◦C for 34 s via a Light Cycler 96. Gene 
expression normalization was performed against β-actin as endogenous 
control, with ΔΔCT-based quantification. Primer sequences are detailed 
in Table 1, and all assays included triplicate technical replicates.

2.14. Statistical analysis

Statistical processing was performed using GraphPad Prism 9.0 
(GraphPad Software, San Diego, CA). Continuous variables were 
expressed as mean ± standard error of the mean (SEM). Intergroup 
comparisons employed Student's t-test for two-group analyses, while 
one-way ANOVA with post hoc testing was applied for multi-group 
comparisons. P < 0.05 was considered statistically significant.

3. Results

3.1. Characterization, proliferation, and migration of hADSCs

Flow cytometry analysis of surface markers on hADSCs revealed 
remarkable positivity for surface biomarkers of adult stem cells, 
including CD105, CD73 and CD90, while the expression of HLA-DR and 
CD45 was negative (Fig. 1A). hADSCs at passage 3 displayed a typical 
fibroblastic morphology (Fig. 1B). After inductive treatment, the 
hADSCs exhibited robust staining for Oil red O (lipid droplets), Alizarin 
red (calcium deposition), and Alcian blue (secreted proteoglycans), 
confirming their differentiation into adipocytes, osteocytes and chon
drocytes (Fig. 1C). To evaluate the influence of AcAc on hADSC prolif
eration during in vitro expansion, 10 mM AcAc was added to hADSCs, 
which were subsequently cultured for 24, 48, or 72 h. A CCK-8 assay was 
used to detect cell viability, as shown in Fig. 1D. AcAc displayed no 
cytotoxic effects on ADSCs after 72 h of treatment at a concentration of 
10 mM. However, treatment with AcAc elicited no significant changes in 
the proliferation of hADSCs in vitro. We next investigated the effects of 

AcAc preconditioning on the migration of hADSCs. By performing 
scratch wound healing assays, we found that AcAc pretreatment pro
moted the migration potential of hADSCs compared with that of non
pretreated hADSCs (Fig. 1E) and improved the reduction in wound size 
(Fig. 1F).

3.2. Injury characterization and burn severity evaluation

To establish a chemical burn model, a sterile filter paper disc 1.5 cm 
in diameter was soaked in 12.6 M hydrochloric acid (for 1 min) and 
placed on the hair-free back of the experimental mice (for 10 min) for 
acid exposure to the skin (Fig. 2A). At 24 h post-injury, evident necrosis 
was observed in acid-burned skin. Histological evaluation revealed that 
acid exposure resulted in deep partial thickness burns, involving the 
epidermis and extending into the deep dermis. The burnt skin exhibited 
a thinned epidermis, destruction of the epidermal basement membrane, 
necrosis in the reticular dermis and coagulation damage to the collagen 
fibers. The skin appendages (i.e., sebaceous glands and hair follicles) 
were clearly diminished, and the underlying hypodermis and skeletal 
muscle were spared. In contrast, normal skin displayed intact and viable 
layers of epidermis, dermis and hypodermis (Fig. 2B-C). Together, these 
results demonstrated that exposure to hydrochloric acid resulted in the 
burn of skin.

3.3. Injection of AcAc-hADSCs enhanced the healing of acidic burn 
wounds

Twenty-four h after the burn model was induced by hydrochloric 
acid, AcAc-preconditioned hADSCs were injected subcutaneously into 
the burned area. Macroscopic evaluation of the wounds was conducted 
through photography of all the mice. On day 1, 4, 7, 10, and 14 after acid 
burn, the control group exhibited slow healing of acid burn (Fig. 3A). 
Notably, injection of AcAc-hADSCs markedly enhanced the healing 
response compared with that of mice injected with hADSCs, with com
plete wound closure achieved by day 14 (Fig. 3A). The assessment of the 
percentage of wound closure also revealed a faster wound recovery rate 
in mice injected with AcAc-hADSCs (Fig. 3B). By day 14, wound 
reduction in the preconditioning group reached 92.3 %, which was 
significantly greater than that in the hADSC group (78.7 %, P < 0.01) 
and the saline group (63.6 %, P < 0.0001). Furthermore, H&E and 
Masson staining revealed better epithelial and dermal structures in the 
AcAc-preconditioned group than in the hADSC or saline control groups, 
as well as greater collagen deposition and fibroblast accumulation in the 
excised healed skin (Fig. 3C-E). qRT–PCR revealed that the gene 
expression levels of Col I and Col III were significantly greater in the skin 

Table 1 
Sequence of primers.

Type Gene Forward primer Revers primer

Cells/ 
Human

β-Actin 5'GAAGGATTCCTATGTGGGCG3' 5’GATAGCACAGCCTGGATAGCA3’
HIF-1α 5’CTCATCAGTTGCCACTTCCACATA3’ 5’AGCAATTCATGTGCTGTGCTTTCATGTC3’
VEGF 5'CCATCCTTTCTCTCTCGTTTCTT3' 5’TCCTGGGCAACTCAGAAGCA3’
SOD1 5’GGTGGGCCAAAGGATGAAGAG3’ 5’CCACAAGCCAAACGACTTCC3’
TGF-β 5’GGCCAGATCCTGTCCAAGC3’ 5’GTGGGTTTCCACCATTAGCAC3’
FGF2 5’AGAAGAGCGACCCTCACATCA3’ 5’CGGTTAGCACACACTCCTTTG3’
HGF 5'GCTATCGGGGTAAAGACCTACA3' 5'CGTAGCGTACCTCTGGATTGC3'

Tissue/ 
Mouse

β-actin 5’-GCCACTGTCGAGTCGCGT-3′ 5’-GATACCTCTCTTGCTCTGGGC-3′
hif-1α 5’-TCTCGGCGAAGCAAAGAGTC-3’ 5’-AGCCATCTAGGGCTTTCAGATAA-3’
vegf 5’-ACATCACCATGCAGATTATGCG-3’ 5’-CGTTTTTGCCCCTTICCCTT-3’
sod1 5’-GTCGGCTTCTCGTCITGCTC-3′ 5’-GCTTTCATCGCCATGCTTCC-3′
tgf-β 5’-CCACCTGCAAGACCATCGAC-3′ 5’-CTGGCGAGCCTTAGTTTGGAC-3′
fgf2 5’-GCGACCCACACGTCAAACTA-3′ 5'-CCGTCCATCTTCCTTCATAGC-3′
hgf 5’-ACTTCTGCCGGTCCTGTTG-3′ 5’-CCCCTGTTCCTGATACACCT-3′
il-1β 5’-TGCCACCTTTTGACAGTGATG-3’ 5’-TGATGTGCTGCTGCGAGATT-3’
il-6 5’-AGCCAGAGTCCTTCAGAGAGAT-3’ 5'-AGAGCATTGGAAATTGGGGT-3′
iNOS 5'ACCTTGTTCAGCTACGCCTT3' 5’CATTCCCAAATGTGCTTGTC3’
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tissue of AcAc-hADSCs than in those of the other groups (Fig. 3F). 
Immunohistochemical staining of Col I and Col III also revealed that 
AcAc-preconditioned hADSCs promoted the deposition of collagens 
(Fig. 3G).

3.4. AcAc pretreatment prolonged hADSC survival in the wounds

To investigate cell survival in burn wounds, we examined the sur
vival rates of DiO-labeled hADSCs and AcAc-hADSCs at 24 h, 48 h, and 
72 h after transplantation. In vivo bioluminescent imaging revealed 
almost no detectable signals at 72 h postinjection in hADSC wounds. On 
the other hand, the signals (green fluorescence) in AcAc-hADSC-treated 
wounds were markedly greater during the postimplantation period 
(p < 0.00001), with a decreasing trend in fluorescence intensity with 
time. (Fig. 4A-B). By gross observation, the injected cell suspension 
could be detected at the wound margin in both groups after 24 h. This 
suspension was still observed in the AcAc-hADSC group and almost 
completely disappeared in the hADSC group after 72 h (Fig. 4C-E). 
Moreover, AcAc preconditioning elicited more Ki67+ cells (red fluo
rescence) in the area around the injection site than did the hADSC group 
72 h after injection (Fig. 4F-H). As the hADSCs were labeled with green 
fluorescence, AcAc treatment significantly enhanced the proliferation 
and regeneration of cells and tissue surrounding acid burn wounds 
(Fig. 4I).

3.5. AcAc preconditioning enhanced angiogenesis of engrafted hADSCs in 
wounds by HIF-1α-VEGFA pathway

RT-PCR analysis revealed that the expression levels of HIF-1α and 
VEGFA were significantly greater in AcAc-hADSCs than in hADSCs 
(Fig. 5A). Gene expression was also upregulated in HUVECs cocultured 
with Ac-hADSCs (Fig. 5B). The results of the CCK-8 assay revealed that 
Co-AcAc-hADSCs significantly promoted HUVECs proliferation in vitro 
(Fig. 5C-D). Scratch wound healing assays revealed that, compared with 
nonpretreated hADSCs, Co-AcAc-hADSCs increased the migration po
tential of HUVECs and improved the reduction in wound size (Fig. 5E-F). 
Single HUVECs can connect with surrounding cells to form junctions 
(branches) and tubes (circles). The tube formation results revealed that 
the Co-AcAc-hADSCs had more junctions and longer branching lengths 
than the control group did (Fig. 5G,I). Moreover, Co-AcAc-hADSCs eli
cited more red fluorescence of VEGFA in HUVECs (Fig. 5H,J). HIF-1α 
and VEGFA were significantly increased, demonstrating the promotion 
of angiogenesis at the wound site with hADSC and AcAc-hADSC treat
ment (Fig. 5K). Immunohistochemical staining of HIF-1α, VEGFA and 
CD31 also revealed that AcAc-preconditioned hADSCs promoted skin 
wound angiogenesis (Fig. 5L-M). Together, these results revealed that 
AcAc preconditioning enhanced angiogenesis by HIF-1α-VEGFA 
pathway.

Fig. 1. Characterization, proliferation, and migration of hADSCs. Characterization, proliferation, and migration of hADSCs. (A) Flow cytometry analysis of surface 
markers on hADSCs: CD105, CD73, CD90, HLA-DR, and CD45.(B)The spindle-shaped hADSCs were observed under a microscope. (C) The trilineage differentiation of 
hADSCs was evaluated by culturing them in adipogenic, osteogenic, and chondrogenic media. Cell differentiation was evidenced by positive staining with Oil Red O, 
Alizarin Red and Alcian Blue. (D) A CCK-8 assay was used to detect cell viability. (E) Images of cell migration within the wounded area were captured at 24, 48, and 
72 h. (F) Wound healing assay results show the migration potential of AcAc-preconditioned hADSCs. The data are presented as the means ± SEMs. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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3.6. AcAc preconditioning enhances the paracrine potential of hADSCs 
and results in an increased switch from a proinflammatory state to a 
prohealing state

Next, we investigated the effect of AcAc preconditioning on the 
regulation of hADSC paracrine potential. RT-PCR analysis revealed that 
the expression levels of TGF-β, HGF, FGF-2, and healing promoters of an 
oxidative marker (superoxide dismutase 1 (SOD1)) were significantly 
greater in AcAc-hADSCs than in hADSCs (Fig. 6A). Moreover, AcAc- 
hADSCs elicited more green fluorescence of SOD1 (Fig. 6B). Paracrine 
gene expression was also up-regulated in the wounded skin tissue after 
hADSC or AcAc-hADSC treatment (Fig. 6C). Compared with that in the 
hADSC group, SOD1 expression was noticeably up-regulated in the 
healed skin from the AcAc-hADSC group (Fig. 6D-E). Furthermore, we 
investigated the effects of AcAc-hADSCs on the regulation of proin
flammatory cytokines.We found that AcAc-hADSC treatment signifi
cantly reduced the mRNA expression of il-1β, il-6, and iNOS, as shown in 
Fig. 6F.

4. Discussion

In this study, we constructed a chemical burn model with HCI, 

developed a novel strategy to ameliorate the survival and paracrine 
potential of hADSCs and then evaluated the efficacy of transplantation 
with AcAc-preconditioned hADSCs to increase angiogenesis, counteract 
inflammation, and accelerate the healing of acid burns. The study out
comes were examined through visual inspection, planimetric evalua
tion, histological assessment and analysis of the regulation of healing 
markers, including those at the protein and gene levels. Here, our results 
demonstrated that AcAc-hADSCs were superior to naïve hADSCs in 
accelerating re-epithelialization and the closure rate of acid-induced 
burn wounds. In addition, the localized administration of AcAc- 
hADSCs suppressed the inflammatory response, increased angiogenesis 
and improved granulation and collagen deposition (Fig. 7).

Current research suggests that chemical burn wounds are attribut
able to mainly corrosive chemicals, insufficient blood supply, an in
flammatory response, and oxidative stress. Acid burns are common 
chemical burns and usually cause coagulation necrosis. The initial phase 
of wound recovery involves disruption of the local microvascular 
network, resulting in ischemia and hypoxia. An intense inflammatory 
response, which is subsequently mediated by neutrophils and various 
inflammatory interleukins, such as il-1β, il-6, and iNOS, exacerbates 
cellular damage and triggers cellular death during the early stage of 
recovery.

Fig. 2. Injury characterization and burn severity evaluation. (A)Schematic illustration of the acid burn model and study protocol. (B-C) At 24 h postinjury, the 
normal and acid-burned skin samples were excised to observe the degree of necrosis. H&E staining and Masson staining of normal and acid-burned skin.
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Previous animal experiments have demonstrated the effective heal
ing capabilities of ADSC transplantation in various wounds. However, 
the rapid apoptosis and low survival of ADSCs following transplantation 
may limit their therapeutic application [48,49]. Therefore, our interest 
lies in enhancing the survival of ADSCs to exert their potency. Studies 
have demonstrated that ADSCs can sense their environment and respond 
adaptively [50]. Cell preconditioning might be a powerful strategy to 
address this problem. Therefore, we investigated the effect of AcAc 
preconditioning on hADSCs in this study. AcAc serves as an alternative 
energy substrate of the TCA cycle. β-hydroxybutyrate (βHB) is oxidized 
to AcAc in the mitochondria of extrahepatic cells via β-hydroxybutyrate 
dehydrogenase (BDH1), and a CoA moiety is transferred from 
succinyl-CoA to AcAc via succinyl-CoA-oxoacid transferase (SCOT), 
which prepares AcAc for SCOT-dependent terminal oxidation in the 
tricarboxylic acid (TCA) cycle, thereby directly supplying substrates to 
the respiratory chain through reactions that do not require ATP [37]. 
Thai PN et al. demonstrated that AcAc improved cardiac function asso
ciated with increased mitochondrial biogenesis, quality control, O2 
consumption, and resistance to oxidative stress in diabetic db/db mice 
[51]. Timothy RM et al. reported that cardiac endothelial cells are able to 
oxidize ketone bodies and that this process enhances cell proliferation, 
migration, and vessel sprouting [42]. Eva-Maria Weis et al. reported that 
ketone body (AcAc and βHB) oxidation increases cardiac endothelial cell 
proliferation. Moreover, AcAc has been widely reported to attenuate 

immune, inflammatory, and fibrotic responses in different types of cells 
and tissue [52].

Our results revealed that (A) a low dose of AcAc was nontoxic and 
promoted the migration of hADSCs in vitro. (B) AcAc preconditioning 
improved the survival rate of DiO-labeled hADSCs after transplantation. 
(C) AcAc preconditioning elicited more Ki67 + cells in the area around 
the injection site, and AcAc treatment significantly enhanced the pro
liferation and regeneration of cells and tissue surrounding the acid burn 
wound, indicating that the proliferating cells were not transplanted into 
hADSCs. In summary, AcAc preconditioning prolonged the survival of 
engrafted hADSCs and improved their therapeutic application.

Angiogenesis comprises many steps. The establishment of stable and 
functional vascular networks is complicated. After acid burn, damaged 
tissue suffers from ischemia and releases growth factors to attract 
endothelial progenitor cells (EPCs) [53]. These cells proliferate, migrate, 
form tubular structures, and finally achieve angiogenesis. Microscopi
cally, many growth factors are involved in angiogenesis. 
Hypoxia-inducible factors (HIFs) are transcription factors that play 
crucial roles in angiogenesis [54]. HIFs bind to targets, including the 
VEGFA gene, subsequently increasing the expression of downstream 
factors, including TGF-β and platelet-derived growth factor (PGF) [55]. 
Our results showed that AcAc preconditioning enhances the paracrine 
potential of hADSCs, particularly angiogenesis-related cytokines, 
including HIF-1α, VEGFA, HGF, FGF-2 and TGF-β.

Fig. 3. Injection of AcAc-hADSCs enhanced the healing of acidic burn wounds. Injection of AcAc-preconditioned hADSCs enhanced the healing of acid burn wounds. 
(A) Representative photographs of full-thickness excision wounds treated with AcAc-hADSCs, hADSCs and saline for 1, 4, 7, 10 and 14 day. (B) Quantitative analysis 
of wound healing in each group. (C-E) Histological evaluation of healed skin sections harvested 14 d post-wounding. (C) H&E staining of wounded skin sections from 
different groups on d 14 post-wounding. (D-E) Masson staining of wounded skin sections from different groups on day 14 post-wounding. (F) qRT–PCR revealed that 
the gene expression levels of Col I and Col III. (G) IHC analysis of Col I and Col III in different groups on day 14 post-wounding. The data are presented as the means ±
SEMs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 4. AcAc pretreatment prolonged hADSC survival and promoted the proliferation of tissue and cells in the wounds. Representative photographs of in vivo 
bioluminescence data used to analyze the survival rate of DiO-labeled hADSCs at 24 h, 48 h, and 72 h after transplantation. (B) Quantitative analysis of DiO-labeled 
hADSC fluorescence intensity. (C-E) Pictures of transplanted hADSCs on the inner surface of the skin at 24 and 72 h postinjection (arrows). (F-G) Fluorescence images 
of DiO-labeled (green) hADSCs and Ki67 + cells (red) in different groups at 72 h postinjection. (H) Quantitative analysis of DiO-labeled hADSC fluorescence intensity 
and Ki67 + cells. (I) Correlation analysis of fluorescence intensity. The data are presented as the means ± SEMs. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001.
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Moreover, Co-AcAc-hADSCs promoted HUVEC proliferation and 
migration. Endothelial cell nitric oxide synthase (eNOS), which is 
secreted by endothelial cells, exerts synergistic effects on neo
vascularization by increasing vessel wall permeability and promoting 

endothelial cell migration [56]. CD31 also plays a crucial role in 
angiogenesis. It is a cell-cell adhesion molecule located on the endo
thelial cell membrane. Without CD31 stimulation, endothelial cells 
cannot form tubular structures [57]. Through the synergistic effects of 

Fig. 5. AcAc preconditioning enhanced angiogenesis of engrafted hADSCs in wounds by HIF-1α-VEGFA pathway. (A) RT–PCR analysis of the expression levels of 
HIF-1α and VEGFA in hADSCs treated with AcAc for 24 h. (B) Angiogenesis gene expression in HUVECs cocultured with AcAc-hADSCs. (C) Diagram of cell co-culture 
model. (D) A CCK-8 assay was used to detect the viability of HUVECs. (E-F) Images of cell migration within the wounded area were captured at 0, 12, and 24 h. The 
score of the wound healing assay shows the migration potential of HUVECs cocultured with AcAc-hADSCs. (G) Tube formation assay of HUVECs in different groups. 
(H) Immunofluorescence of VEGFA in HUVECs. (I) The number of tube structures was determined via ImageJ software. (J) Quantitative analysis of VEGFA fluo
rescence intensity of HUVECs in different groups. (K) Gene expression of HIF-1α and VEGF at the wound site after hADSC or AcAc-hADSC treatment. (L) IHC of HIF- 
1α, VEGFA, and CD31 in wounded skin on day 14 after injection. (M) Semi quantification of angiogenesis gene expression according to IHC staining. The data are 
presented as the mean ± SEM of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 6. AcAc preconditioning enhances the paracrine potential of hADSCs and results in an increased switch from a proinflammatory status to a prohealing status. (A) 
RT-PCR analysis showing the expression levels of TGF-β, HGF, FGF-2, and SOD1 in hADSCs treated with AcAc for 24 h. (B) Immunofluorescence of SOD1 in hADSCs 
treated with AcAc for 24 h. (C) Gene expression of paracrine factors at the wound site after hADSC or AcAc-hADSC treatment. (D) IHC of SOD1 in wounded skin on 
d 14 after injection. (E) Quantitative analysis of SOD1 fluorescence intensity in the wound of different groups. (F) Gene expression of inflammatory factors in wounds. 
The data are presented as the mean ± SEM of the mean. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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these factors, endothelial cells form new vessels at the ischemic site and 
subsequently establish a stable and functional perfusion system. 
Therefore, these factors are commonly used as angiogenic markers for 
evaluating endothelial cell differentiation.

Several studies have confirmed that ADSC transplantation expedites 
wound healing. The principal mechanism of action of ADSCs is believed 
to involve secretory factors that affect the biological functions of sur
rounding skin cells. ADSCs secrete several anti-inflammatory factors, 
and one of the most critical anti-inflammatory factors is superoxide 
dismutase (SOD), which is the major regulator of the antioxidant 
response [58]. SOD1 is widely distributed throughout eukaryotes, 
including lysosomes, the intermembrane space of mitochondria and the 
endoplasmic reticulum, and is ubiquitously expressed and highly 
conserved throughout evolution [59,60]. SOD1 constitutes a front-line 
defence mechanism against oxidative stress, catalyzing the dispropor
tionation of superoxide into oxygen and hydrogen peroxide, which is 
further eliminated by catalase, glutathione peroxidases, and peroxir
edoxins[61]. Our study revealed that AcAc has the potential to amplify 
the paracrine effects of hADSCs, increase the expression of SOD1 and 
reduce the extent of inflammation in peri-wound tissues, including the 
downregulation of the expression of il-1, il-6 and iNos.

It is important to note, however, that the therapeutic efficacy of 
AcAc-preconditioned hADSCs demonstrated in this study was evaluated 
specifically in a hydrochloric acid-induced burn model. While acid burns 
represent a common and clinically significant type of chemical injury, 
the pathophysiological mechanisms differ from those of alkaline burns 
(which cause liquefactive necrosis) or other chemical injuries. There
fore, the generalizability of our conclusi1ons to other burn types may be 
limited. Future investigations employing alkaline or other chemical 
burn models will be crucial to validate and extend the applicability of 
our findings.

5. Conclusion

Our results revealed that AcAc preconditioning prolonged the sur
vival of engrafted ADSCs and promoted their paracrine potential of 
ADSCs to express more angiogenesis-related cytokines and anti- 
inflammatory factors, eventually accelerating the healing of chemical 
burn wounds.
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