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Background: Diabetes mellitus (DM) alters the functional properties of adipose-
derived stem cells (ADSCs), contributing to impaired tissue repair in diabetic foot
ulcers (DFUs), a condition characterized by chronic inflammation. Although
multi-omics studies have identified metabolic dysregulation in DM, the
transcriptional and metabolic networks underlying ADSCs dysfunction remain
elusive. Here, we integrated single-cell transcriptomics and metabolic profiling
to characterize DM-associated ADSCs subpopulations and explored the effects
of high glucose (HG)-induced inflammatory stress on autophagy, apoptosis, and
metabolic reprogramming.

Methods: We analyzed single-cell RNA sequencing (scRNA-seq) data from
ADSCs of three DM patients and three healthy donors. Subpopulations were
clustered using Seurat, and functional annotations were performed via
enrichment analysis. Autophagy, apoptosis, and metabolic pathways were
assessed using AUCell scoring. Experimental validation was conducted using
HG-treated ADSCs, including c-Myb/AURKA overexpression/knockdown, Co-IP,
ChlIP, and dual-luciferase reporter assays.

Results: We identified fourteen ADSCs subpopulations, among which C5 (TOP2A
High), C8 (AURKA High), C9 (CCNBL1 High), and C11 (MMP3 High) exhibited G2/M
phase preference and enhanced stemness (C11) or proliferation (C8) in DM. HG
induced autophagy in ADSCs via c-Myb/AURKA pathway to resist apoptosis.
Mechanistically, c-Myb directly bound to the AURKA promoter, and AURKA
knockdown abolished c-Myb-induced autophagy. Metabolic reprogramming
shifted toward glycolysis/gluconeogenesis in DM, particularly in C8 subpopulation.
Conclusions: Our study integrates multi-omics to demonstrate that DM
induces distinct ADSCs subpopulations with dysregulated cell cycle,
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stemness, autophagy, apoptosis and metabolic profiles. HG activates
c-Myb/AURKA-mediated autophagy in ADSCs, suggesting a potential
regulatory mechanism in diabetic inflammatory microenvironments.
Upregulating c-Myb may restore ADSCs function in DFUs, providing a
foundation for future personalized therapies.
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multi-omics integration, diabetes mellitus, adipose-derived stem cells, metabolic
reprogramming, inflammatory disease
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GRAPHICAL ABSTRACT

1 Introduction

Adipose Derived Stem Cells (ADSCs) based therapy represents
a promising strategy for various regenerative medicine applications.
Impaired diabetic wound healing, a major complication of diabetes,
often progresses to chronic inflammatory ulcers and may culminate
in diabetic foot syndrome, posing a significant threat to limb
viability (1). Accumulating evidence demonstrates that ADSCs
ameliorate diabetes mellitus (DM) by modulating insulin
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resistance and hyperglycemia, regulating glucose metabolism,
promoting B-cell function and regeneration, and serving as gene
delivery vectors (2). Moreover, ADSCs accelerate diabetic wound
healing through collagen deposition, inflammation suppression,
and angiogenesis promotion (3). However, their clinical
translation remains limited.

High-throughput multi-omics techniques, including
transcriptomics, proteomics, and metabolomics, enable the discovery
of novel disease mechanisms and therapeutic targets. Data integration
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across these platforms is critical for deciphering complex biological
systems and molecular networks (4). Although DM disrupts stem cell
function via hyperglycemia-induced stress (5), the heterogeneous
responses of ADSCs subpopulations to diabetic microenvironments
are incompletely understood. Thus, we combined single-cell
transcriptomics with metabolic profiling to elucidate key targets for
diabetic ulcer therapy.

The transcription factor c-Myb regulates gene expression by
binding to promoter regions (6). In tumors, c-Myb amplification
induces GRP78 expression, promoting cell survival under hypoxia
and nutrient deprivation (7). c-Myb plays a critical role in
regulating hematopoietic stem/progenitor cell mobilization during
zebrafish hematopoiesis (8). It is also involved in regulating the
differentiation program of myogenic progenitor cells (9).
Furthermore, c-Myb contributes to osteogenesis in long bones
through the induction of osteogenic genes and promotion of
mineralized matrix production (10). Similarly, Aurora kinase A
(AURKA), a serine/threonine kinase essential for mitosis,
attenuates diabetes-impaired angiogenesis and oxidative stress in
ischemic tissues (11). Studies further indicate that AURKA from
human Wharton’s jelly-derived MSCs (WJ-MSCs) regulated the
antiapoptotic effect of skeletal muscle cells, suggesting its
therapeutic potential for muscle diseases, such as Duchenne
muscular dystrophy (12). Moreover, the low-dose inhibition of
Aurora A extended the length of the primary cilium, restored the
invasion and migration potential, and improved the differentiation
capacity of obese ADSCs, highlighting a promising strategy
for countering obesity-related metabolic diseases (13). Yet, their
roles in ADSCs dysfunction under high glucose (HG)
remain unexplored.

Here, we employed scRNA-seq to analyze ADSCs from DM
patients and healthy controls, revealing 14 distinct subpopulations
with distinct cell-cycle, metabolic signatures and stemness—the
inherent capacity of ADSCs to self-renew and differentiate into
multiple cell lineages (14). We further established that HG induces
autophagy via the c-Myb/AURKA axis, while c-Myb overexpression
confers apoptosis resistance. Additionally, HG shifts metabolism
toward glycolysis. Our findings uncover subpopulation-specific
dysregulation in diabetic ADSCs and implicate c-Myb/AURKA as
a regulatory hub linking glucose stress to ADSCs dysfunction.

2 Results
2.1 scRNA-seq profiling of DM ADSCs

ScRNA-seq data (GSE229387) from ADSCs were analyzed,
comprising samples from three DM patients (Tag01, Tag03, and
Tag04) and three healthy donors (Tag02, Tag05, and Tag06). After
quality control and removal of doublets, high-quality cells were
retained and clustered into 14 Seurat clusters: CO CEMIP High
ADSCs, C1 LTBPI High ADSCs, C2 SERPINE2 High ADSCs, C3
ITGAI1I High ADSCs, C4 MCMS High ADSCs, C5 TOP2A High
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ADSCs, C6 CXCL6 High ADSCs, C7 MFAP4 High ADSCs, C8
AURKA High ADSCs, C9 CCNBI High ADSCs, C10 DKKI High
ADSCs, C11 MMP3 High ADSCs, C12 GDF15 High ADSCs, and
C13 AOXI High ADSCs (Figure 1A).

UMAP plots were generated for different subpopulations across
the healthy donor (HD) and DM groups and various cell cycle
stages. The results showed that the C5 TOP2A High ADSCs, C8
AURKA High ADSCs, C9 CCNBI High ADSCs, and C11 MMP3
High ADSCs subpopulations predominantly occupied the G2M
phase. Additionally, the distribution of each DM ADSCs
subpopulation across groups and cell cycle preferences was
quantified by calculating the Ro/e ratio. This analysis confirmed
that the C5, C8, C9, and C11 DM ADSCS subpopulations
preferentially resided in the G2M phase (Figures 1B, C).

To further analyze the proportion of different subpopulations
across cell cycle and group, proportion bar plots were generated
(Figures 1D, E). The results revealed that, among all ADSCs
subpopulations in the G2M phase, the C8 AURKA High ADSCs
subpopulation had the highest proportion, followed by C9 CCNBI
High ADSCs, with C5 TOP2A High ADSCs. The distribution of
subpopulations across the groups also varied, with the C12 GDF15
High ADSCs subpopulation comprising 76.2% in the DM group
and 23.8% in the HD group, while the C11 MMP3 High ADSCs
subpopulation accounted for 79.6% in the DM group and 20.4% in
the HD group.

The top five gene expressions for different subpopulations were
shown in Figure 1F.

2.2 Stemness features and differential
expression analysis of DM ADSCs
subpopulations

Figure 2A illustrated the distribution of DM ADSCs
subpopulations. Analysis of stemness-associated gene expression
profiles (Figure 2B) revealed that CD44, CTNNBI, HIF1A, and
KDMS5B were highly expressed across multiple DM ADSCs
subpopulations, suggesting their broad involvement in the
maintenance of ADSCs stemness.

To further evaluate stemness characteristics, we calculated the
Cell Stemness AUC and G2M Score across different DM ADSCs
subpopulations, individual patients, and groups (Figures 2C, D).
The C11 MMP3 High ADSCs subpopulation exhibited the highest
Cell Stemness AUC, indicating strong stemness potential. At the
individual level, Sample Tag03DM showed the highest stemness
score among all samples, and the DM group demonstrated elevated
stemness compared to the HD group.

Regarding cell cycle activity, the C8 AURKA High ADSCs
subpopulation had the highest G2M Score, with Sample
Tag01DM showing the most pronounced G2M activity among all
samples. Overall, the DM group displayed increased G2M scores
compared to the HD group, suggesting that the diabetic state might
enhance the proliferative activity of specific ADSCs subpopulations.
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FIGURE 1

Overview of ADSCs subpopulations in DM. (A) The central circular plot illustrated the distribution of 14 DM ADSCs subpopulations. UMAP plots
showed the sample origin, group classification (HD, healthy donor; DM, diabetes mellitus), and cell cycle phase of each cell. (B, C) The heatmaps
depicted the tissue preference and cell cycle bias of the 14 DM ADSCs subpopulations. (D) The bar plot demonstrated the cell cycle distribution
across the 14 DM ADSCs subpopulations. (E) The bar plot displayed the relative proportions of each ADSCs subpopulation across different groups.

(F) Bubble plots presented the expression of the top five genes in each ADSCs subpopulation across different groups.
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FIGURE 2

Stemness and differential gene expression analysis of DM ADSCs subpopulations. (A) The UMAP plot illustrated the distribution of 14 ADSCs
subpopulations. (B) The bubble plot showed the expression of stemness-related genes across ADSCs subpopulations and groups. (C) The UMAP plot
depicted the distribution of Cell Stemness AUC scores; violin plots presented the stemness levels across subpopulations, individual samples, and
groups. (D) The UMAP plot showed the distribution of G2M scores; violin plots illustrated G2M scores across subpopulations, individual samples, and
groups. (E) The volcano plots identified upregulated and downregulated genes across the 14 DM ADSCs subpopulations.

Differential expression analysis further identified characteristic =~ These genes are broadly involved in cell cycle regulation
upregulated genes in the C8 AURKA High ADSCs subpopulation, — and stemness maintenance, potentially conferring distinct
which exhibited the highest G2M Score. These included functional properties to this subpopulation within the
FAM72D, ARHGEF39, ESPL1, MXD3, and CDC25C (Figure 2E).  diabetic microenvironment.
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2.3 Bio[ogica[ functions of DM ADSCs enrichment analysis on 14 ADSCs subpopulations (Figures 3A-C;

su bpopu[ations Supplementary Figure S1). The results revealed distinct biological
features and signaling pathways for each subpopulation.

To investigate the biological functions of different CO CEMIP High ADSCs were associated with coagulation and
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FIGURE 3

Enrichment analysis of DM ADSCs subpopulations. (A) Word cloud diagrams illustrated enriched terms in the 14 DM ADSCs subpopulations based on
gene counts. (B) GO biological process (GOBP) and KEGG pathway enrichment analyses were performed for the 14 DM ADSCs subpopulations.

(C) GSEA revealed enriched pathways in the 14 subpopulations, with only the top terms based on the highest normalized enrichment scores (NES)
shown. (***p < 0.001, ****p < 0.0001).
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played a role in organ morphogenesis. C1 LTBP1 High ADSCs were
linked to muscle and growth, participating in the ovulation cycle
and complement cascades, and were associated with actin filament
depolymerization. C2 SERPINE2 High ADSCs were related to
oxygen and reactive processes, involved in cytoplasmic translation
and extracellular matrix organization, and implicated in ribosome
function. C3 ITGA11 High ADSCs were associated with osteoblasts,
extracellular matrix organization, and ribosome functions. C4
MCMS High ADSCs were linked to the cell cycle, participating in
DNA replication, and involved in the spliceosome. C5 TOP2A High
ADSCs were related to mitosis, involved in chromosome
segregation, and regulated chromosome organization. C6 CXCL6
High ADSCs were associated with leukocytes, responding to
lipopolysaccharide, and linked to rheumatoid arthritis and IL-17
signaling pathways. C7 MFAP4 High ADSCs were associated with
leukocytes, extracellular matrix and structure organization, and
cytoplasmic translation. C8 AURKA High ADSCs were linked to
chromosomes, involved in chromosome segregation, and regulated
mitotic nuclear division. C9 CCNBI High ADSCs were related to
mitosis, involved in chromosome segregation, and regulated
chromosome organization. C10 DKKI High ADSCs were
associated with localization, participating in Golgi vesicle
transport and endocytosis. C11 MMP3 High ADSCs were linked
to mitosis, involved in chromosome segregation, and regulated
chromosome organization. C12 GDFI15 High ADSCs were
associated with apoptosis, involved in cytoplasmic translation and
ribosome function. C13 AOX1 High ADSCs were related to antigen
processes, involved in oxidative phosphorylation, and participated
in T cell-mediated cytotoxicity.

These enrichment analyses revealed the potential functions of
different subpopulations of diabetes-related ADSCs, providing
important biological insights into the impact of diabetes on ADSCs.

2.4 High glucose differentially regulated
autophagy and apoptosis in ADSCs

To investigate the alterations of autophagy and apoptosis in
ADSCs under diabetic conditions, we first scored the expression of
autophagy- and apoptosis-related genes in each subpopulation
based on scRNA-seq data. Compared to other subpopulations, the
C5 TOP2A High ADSCs, C8 AURKA High ADSCs and C9 CCNBI
High ADSCs exhibited elevated apoptosis scores and relatively low
autophagy scores (Figure 4A).

To further investigate these differences, we applied the AUCell
algorithm to quantify pathway activity scores in different
subpopulations and between DM and HD groups. Apoptosis
scores were significantly elevated in the C8 AURKA High ADSCs
and C9 CCNBI High ADSCs subpopulations. Moreover, ADSCs
from DM tissues displayed higher overall apoptosis scores than
those from HD tissues, with statistical significance (Figures 4B-D).

In contrast, autophagy scores were generally similar in most
DM ADSCs subpopulations (Figures 4E, F). Notably, HD-derived
ADSCs showed higher overall autophagy scores than those from
DM tissues (Figure 4G), suggesting a potential autophagy
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impairment in endogenous ADSCs under diabetic conditions,
which may contribute to diabetic wound unhealing.

To investigate the effects of high glucose on exogenous ADSCs,
cells were exposed to high glucose conditions to simulate the early
diabetic microenvironment. Quantitative analysis demonstrated
that high glucose treatment significantly upregulated autophagy-
related genes, including LC3, ATG5, ATG7, and BECLINI
compared to the control group (Figure 4H). Consistent with
transcriptional changes, western blot analysis confirmed that high
glucose promoted autophagic activity, as evidenced by increased
Beclinl expression, enhanced LC3-I-to-LC3-II conversion, and
degradation of p62 within 24 hours (Figure 4I). Furthermore,
flow cytometry and western blotting revealed that high glucose
triggered apoptosis in ADSCs (Figures 4], K).

Taken together, these results indicate that high-glucose stress
simultaneously induces autophagy and apoptosis in ADSCs, with
subpopulation-specific susceptibility. This dual regulatory
mechanism suggests that the diabetic microenvironment may
compromise ADSCs function through coordinated activation of
autophagic and apoptotic pathways.

2.5 High glucose enhanced autophagy in
ADSCs via c-Myb upregulation

Immunofluorescence analysis confirmed nuclear translocation
of c-Myb in high glucose-treated ADSCs (Figure 5A). Consistent
with this observation, both mRNA and protein levels of c-Myb were
significantly elevated under high glucose conditions (Figures 5B, C).
To investigate the effect of c-Myb on autophagy, we modulated c-
Myb expression and assessed autophagic activity. c-Myb
overexpression potentiated autophagy (Figure 5D), whereas c-
Myb knockdown abrogated high glucose-induced upregulation of
autophagy-related proteins in ADSCs (Figure 5E). These findings
demonstrate that c-Myb is sufficient for high glucose-mediated
autophagy activation in ADSCs.

2.6 c-Myb transcriptionally activates
AURKA to mediate autophagy in ADSCs

Transcriptomic analysis revealed broad AURKA expression
across DM ADSCS subsets, with highest enrichment in the C8
subpopulation (Figure 6A). UMAP plot and bar plot analyses
further confirmed elevated AURKA expression in C5, C8, C9, and
C11 subsets (Figure 6B). Notably, DM-derived ADSCs exhibited
significantly higher AURKA expression than HD-derived cells,
particularly in samples Tag0l and Tag03, with peak expression
during the G2/M phase (Figure 6C), suggesting AURKA’s role in
high glucose stress responses in ADSCs.

To elucidate the molecular mechanisms underlying c-Myb-
mediated regulation of autophagy in ADSCs under diabetic
conditions, we initially performed target prediction analysis.
ChIP-seq data mining (Cistrome Data Browser: 50573) identified
AURKA as a potential direct transcriptional target of c-Myb
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FIGURE 4

High glucose differentially regulated autophagy and apoptosis in ADSCs. (A) The heatmap showed the mean expression levels of Autophagy- and
Apoptosis-related genes across DM ADSCs subpopulations. (B-D) UMAP plots and bar graphs illustrated the distribution and relative expression of
Apoptosis-related gene sets across DM ADSCs subpopulations. (E-G) UMAP plots and bar graphs depicted the distribution and relative expression of
Autophagy-related gene sets across DM ADSCs subpopulations. (H) RT—-gPCR analysis of autophagy-related mRNAs in ADSCs treated with or
without high glucose. (I) Western blot analysis of autophagy-related proteins in ADSCs treated with or without high glucose. B-actin was used as an
internal control. (J) Western blot analysis of apoptosis-related proteins in ADSCs treated with or without high glucose. B-actin was used as an
internal control. (K) Flow cytometry analysis and quantitative assessment of cell apoptosis in ADSCs treated with or without high glucose. Data are
presented as mean + SD from three independent biological replicates (n = 3). (**p < 0.01, ***p < 0.001, ****p < 0.0001).
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High glucose enhanced autophagy in ADSCs via c-Myb upregulation. (A) The expression of c-Myb was determined by immunofluorescence assay.
Quantitative analysis was performed by measuring the mean fluorescence intensity of c-Myb. The nuclei were stained blue using DAPI. Scale bar =
50 mm. Magnification, Scale bar = 20 mm. (B) RT-gPCR analysis of c-Myb mRNA in ADSCs treated with or without high glucose. (C) Western blot
analysis of c-Myb protein in ADSCs treated with or without high glucose. B-actin was used as an internal control. (D) Western blot analysis of c-Myb
and autophagy-related proteins in ADSCs infected with c-Myb plasmid and vector control. B-actin was used as an internal control. OE,
Overexpression. (E) Western blot analysis of c-Myb and autophagy-related proteins in ADSCs infected with c-Myb shRNA or vector control in normal
glucose (NG) or high glucose (HG). B-actin was used as an internal control. Data are presented as mean + SD from three independent biological

replicates (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001)

(Figure 6D). Subsequent experimental validation demonstrated that
high glucose treatment significantly upregulated both mRNA and
protein expression levels of AURKA in ADSCs (Figures 6E, F).
Further mechanistic investigations revealed that c-Myb
overexpression markedly enhanced AURKA protein expression
(Figure 6G). c-Myb knockdown effectively abolished high glucose-
induced AURKA upregulation (Figure 6H). Co-IP assays revealed
that c-Myb could directly interact with AURKA (Figure 6I).
Bioinformatic analysis using JASPAR (http://jaspar.genereg.net/)
predicted specific c-Myb binding sites within the AURKA promoter
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region (Figure 6]). This prediction was experimentally validated.
ChIP-qPCR followed by agarose gel electrophoresis demonstrated
direct binding of c¢-Myb to the AURKA promoter (Figure 6K).
Furthermore, luciferase reporter assays comparing wild-type
(AURKA-WT) and mutant (AURKA-MT with disrupted c-Myb
binding site) promoter constructs revealed that the mutation
completely abolished transcriptional regulation (Figure 6L).
Together, these results provide conclusive evidence that c-Myb
directly transcriptionally regulates AURKA expression. Functional
characterization of the c-Myb/AURKA axis revealed its critical role
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c-Myb transcriptionally activates AURKA to mediate autophagy in ADSCs. (A) The bubble plot showed the mean expression levels of AURKA and MYB
across the 14 DM ADSCS subpopulations. (B) UMAP and bar plots revealed the distribution and expression levels of AURKA across 14 subpopulations.
(C) Bar plots presented AURKA expression across different patient samples, cell cycle phases, and groups. (D) One genomic region in AURKA that
exhibited increased c-Myb ChlIP-seq signal in chromatin. (E) RT—gPCR analysis of AURKA mRNA in ADSCs treated with or without high glucose.

(F) Western blot analysis of AURKA protein in ADSCs treated with or without high glucose. B-actin was used as an internal control. (G) Western blot
analysis of c-Myb and AURKA proteins in ADSCs infected with c-Myb plasmid and vector control. f-actin was used as an internal control. OE,
Overexpression. (H) Western blot analysis of c-Myb and AURKA proteins in ADSCs infected with c-Myb shRNA or vector control under normal glucose
(NG) or high glucose (HG). B-actin was used as an internal control. (I) Co-IP assay to detect the interaction between c-Myb and AURKA. (J) The

predicted binding site of c-Myb in the AURKA promoter region from the JASPAR database (relative profile score threshold 90%). (K) ChIP assay to
analyze promoter co-occupancy by c-Myb and AURKA. (L) Luciferase reporter assay of c-Myb promoter activity with WT or mutated AURKA binding
element (FHRE) in ADSCs. WT, Wild Type; MT, Mutant Type. (M) Western blot analysis of c-Myb, AURKA, and autophagy-related proteins in ADSCs
infected with c-Myb plasmid, AURKA shRNA, or vector control. OE, Overexpression; KD, Knockdown. (N) Western blot analysis of apoptosis-related
proteins in ADSCs infected with c-Myb plasmid, AURKA shRNA, or vector control. OE, Overexpression; KD, Knockdown. Data are presented as mean +

SD from three independent biological replicates (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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in maintaining ADSCs homeostasis under diabetic conditions.
Genetic ablation of AURKA not only attenuated c-Myb-mediated
induction of autophagy-related proteins but also significantly
increased apoptotic cell death in ADSCs (Figures 6M, N). These
findings establish a mechanistic link whereby c-Myb, through
transcriptional activation of AURKA, orchestrates a coordinated
cellular response that promotes autophagic flux and enhances cell
survival under high-glucose stress.

2.7 ADSCs exhibited subtype-specific
metabolic reprogramming under diabetic
conditions

To systematically analyze the metabolic characteristics of ADSCs
in the diabetic microenvironment, metabolic pathway scoring was
performed on various DM ADSCS subpopulations and samples from
different groups (Figures 7A-C). The results indicated that Oxidative
phosphorylation and Glycolysis/Gluconeogenesis scored highly in
most DM ADSCS subpopulations, suggesting they are the primary
metabolic pathways in ADSCs. Further comparison revealed that
Glycolysis/Gluconeogenesis was significantly elevated in the DM
group, while Oxidative phosphorylation was more active in the HD
group, indicating that diabetes may drive ADSCS metabolism toward
glycolysis dependence.

In the key functional subpopulation, C8 AURKA High ADSCs,
pathway analysis showed that the top two enriched pathways
were Oxidative phosphorylation and Glycolysis/Gluconeogenesis
(Figure 7D), suggesting significant metabolic activity in this
subpopulation under the diabetic environment. Further analysis of the
enrichment of Oxidative phosphorylation in different subpopulations
revealed that C12 GDF15 High ADSCs and C13 AOXI High ADSCs
exhibited the highest enrichment in this pathway, while C10 DKK1
High ADSCs and C11 MMP3 High ADSCs had the lowest scores
(Figure 7E). In contrast, Glycolysis/Gluconeogenesis showed more
balanced distribution across the subpopulations (Figure 7F).

Overall, these results highlight a potential metabolic
reprogramming trend in ADSCs within the diabetic
microenvironment. The specific mechanisms and their impact on
cell fate warrant further investigation.

3 Discussion

The diabetic wound microenvironment, characterized by severe
inflammation, biofilm formation, excessive reactive oxygen species
(ROS) production, hypoxia, and impaired nitric oxide (NO)
synthesis, predisposes to chronic non-healing wounds (15).
Comorbidities including peripheral vascular disease and
polymicrobial infections further exacerbate this condition (16).
Current clinical interventions such as debridement, growth factor
therapy, and antimicrobial treatments often fail to achieve complete
wound closure, underscoring the need for novel therapeutic targets (17).

ScRNA-seq has revolutionized our understanding of cellular
heterogeneity, overcoming the limitations of bulk tissue analysis.
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When integrated with Al-driven multi-omics platforms, this
technology enables precise decoding of disease-specific immune-
inflammatory networks, paving the way for personalized medicine
(18). Previous single-cell studies have revealed unprecedented
details of diabetic foot ulcers (DFUs) pathophysiology (19, 20).
Analyses of signaling pathways in DFUs have revealed that
cytokines including IL-1, IL-16, LIGHT, CHEMERIN, and IGF
are specifically expressed in non-healing wound tissues (21).
scRNA-seq of healing enriched-fibroblasts in wound healing of
DFU patients showed that fibroblasts overexpressing MMP1,
MMP3, MMP11, HIF1A, CHI3L1 and TNFAIP6 genes exhibit
pro-healing functions (22). Furthermore, stem cells serve as
essential “seed cells” in wound repair by recruiting macrophages
and endothelial lineage cells to ischemic and injured areas, where
they facilitate tissue regeneration through the secretion of growth
factors and establishment of a pro-regenerative microenvironment
(23). Our study expands this knowledge by constructing a
comprehensive single-cell atlas of diabetic ADSCs, identifying 14
functionally distinct subpopulations with altered cell-cycle
distributions and metabolic preferences. Notably, the C5 TOP2A
High ADSCs, C8 AURKA High ADSCs, C9 CCNBI High ADSCs,
and C11 MMP3 High ADSCs subpopulations showed predominant
G2M phase accumulation under diabetic conditions, with C8
exhibiting the highest proportion. Cell cycle regulators including
FAM72D, ARHGEF39, ESPL1, MXD3, and CDC25C may maintain
stemness and confer unique functional adaptations to the diabetic
microenvironment. Functional enrichment analysis revealed the
potential functions of different subpopulations of diabetes-related
ADSCs. Among these subpopulations, C8 AURKA High ADSCs
were linked to chromosomes, involved in chromosome segregation,
and regulated mitotic nuclear division. AURKA expression was
significantly up-regulated in skin tissue samples from DFU patients
compared to non-diabetic controls, suggesting its potential utility as
a diagnostic or monitoring biomarker for DFU progression (24).
Furthermore, AURKA overexpression rescued diabetes-related
impairment of angiogenesis, arteriogenesis, and functional
recovery in the ischemic limb (11). Conversely, pharmacological
suppression of AURKA improved insulin sensitivity in a type 2
diabetic mouse model, an effect attributed in part to reduced
macrophage infiltration and lower IL-6 levels (25).

When cellular damage exceeds repair capacity, programmed cell
death pathways, including apoptosis, autophagy, pyroptosis and
ferroptosis, are activated (26). Our data demonstrated elevated
apoptosis in diabetic ADSCs, particularly in the C8 AURKA High
ADSCs and C9 CCNBI High ADSCs subpopulations. The C8
subpopulation showed heightened susceptibility to high glucose-
induced apoptosis, suggesting specific vulnerability to diabetic
stress. While AURKA’s role in enhancing autophagy for wound
repair is established (27), our findings extend its known mitotic
functions (28) by revealing its critical role in ADSC survival under
metabolic stress. Previous studies have demonstrated that autophagy
plays a multifaceted role in all phases of wound healing, which exerts
multiple protective effects, including preventing infection and
excessive inflammation-induced tissue damage (29), inhibiting
apoptosis and oxidative stress to enhance cell survival (5), and
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Metabolic pathway analysis of DM ADSCs subpopulations. (A, B) The bubble plot and heatmap showed the top 10 enriched metabolism-related
pathway scores across the 14 DM ADSCs subpopulations. (C) The bubble plot illustrated the scores of metabolism-related pathways across different
groups. (D) The heatmap displayed the top 10 enriched metabolic pathways in the C8 AURKA ADSCs subpopulation. (E) UMAP plots and bar graphs
depicted the distribution and differential activity of the Oxidative phosphorylation pathway across DM ADSCs subpopulations and groups. (F) UMAP
plots and bar graphs showed the distribution and differential activity of the Glycolysis/Gluconeogenesis pathway across DM ADSCs subpopulations
and groups. (*p < 0.05, ***p < 0.001, ****p < 0.0001).
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inducing keratinocyte differentiation, proliferation, and migration to
promote wound re-epithelialization under HG environment (30).
Diabetes mellitus significantly exacerbates neurological damage
following spinal cord injury, both in vivo and in vitro, concomitant
with enhanced apoptosis and increased autophagy activation (31). In
contrast, diabetic foot ulcer tissues exhibit increased apoptosis
alongside reduced autophagy (32), indicating tissue-specific
differences in the autophagic response to diabetes. Our novel
finding demonstrated that autophagy deficiency in endogenous
ADSCs contributes to impaired diabetic wound healing.

The therapeutic potential of ADSCs and their exosomes for
diabetic wounds is well-documented, with demonstrated efficacy in
immunomodulation, cell recruitment, ECM remodeling,
angiogenesis, and neuroregeneration (33, 34). As autophagy and
apoptosis critically regulate stem cell survival and function (35, 36),
various preconditioning strategies of ADSCs and ADSCs-derived
exosomes prior to transplantation have been developed to enhance
therapeutic outcomes, including specific gene overexpression (37),
hypoxia pretreatment (38), low-glucose culture environment (39),
and hydrogel encapsulation (40). In our study, the observed
autophagy in diabetic ADSCs likely represents an initial
protective response. Apoptotic cell death typically occurs when
cellular stress exceeds the reparative capacity of autophagy.
Consequently, numerous studies have focused on enhancing
autophagic activity to promote diabetic wound healing (41, 42).
The c-Myb transcription factor plays a role in skin development,
and c-myb deficiency impaired wound repair and collagen type I
levels (43). c-Myb could protect human dental pulp cells against
glucose oxidative stress and regulate autophagy activity for pulp
vitality via p-AMPK/AKT signaling (44). Moreover, c-Myb could
regulate keratinocyte proliferation and migration under high
glucose, influencing wound healing (45). Our study demonstrated
c-Myb as a key regulator of ADSCs homeostasis through the c-Myb/
AURKA axis in HG condition. Transplanted ADSCs initially
activated autophagy as an adaptive survival response to diabetic
stress. This transient autophagy boost may create a therapeutic
window and overexpression of c-Myb may induce autophagy to
resist apoptosis to secrete pro-healing factors before succumbing to
diabetic stress. Our mechanistic studies confirmed direct c-Myb
binding to the AURKA promoter, with AURKA knockdown
abolishing c-Myb-mediated autophagy induction. This c-Myb/
AURKA axis likely contributes to ADSCs survival in diabetic
wound by disrupting the balance between autophagy and
apoptosis. Targeting the c-Myb/AURKA axis, either through
pharmacological or genetic means, may represent a promising
future direction for developing novel therapeutic interventions to
improve ADSCs-based therapies in diabetic wound healing.

Diabetes-associated metabolic dysregulation extends beyond
hyperglycemia to involve complex network disturbances (46).
Multiple metabolic pathways, including glycolysis, hexosamine
biosynthesis, protein kinase C signaling, polyol metabolism, and
advanced glycation end-product (AGE) formation, exhibit pro-
oxidative properties and are frequently hyperactivated under
diabetic conditions (47). Our metabolic profiling revealed
preferential glycolysis over oxidative phosphorylation in DM
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ADSCs. Hyperglycemia and insulin resistance induce metabolic
stress, causing mitochondrial dysfunction and disrupting energy
homeostasis. Under these pathological conditions, HIF-10 becomes
activated, orchestrating a metabolic shift by upregulating the
expression of glycolytic enzymes, such as lactate dehydrogenase A,
while concurrently suppressing oxidative phosphorylation pathways
(48). Concurrently, enhanced activities of glycogen phosphorylase,
fructose-1,6-bisphosphatase, and glucose-6-phosphatase promote
glycogen breakdown, further increasing intracellular glucose
availability (49, 50). The resultant glycolytic flux accelerates glucose
utilization and leads to the accumulation of reactive metabolites such
as methylglyoxal (MGO). Inefficient detoxification of MGO by
glyoxalase 1 (GLO1) under diabetic conditions contributes to
impaired tissue repair, including delayed wound healing (51, 52).
Therefore, the glycolytic preference of DM ADSCs likely represents
an adaptive response to the diabetic pathological microenvironment,
where cells may sacrifice energy efficiency for rapid ATP generation
to ensure survival under metabolic stress. However, excessive
reliance on glycolysis could lead to functional impairments, such as
a pro-inflammatory phenotype. The pronounced metabolic
reprogramming observed in the C12 GDFI5 High ADSCs and C13
AOXI High ADSCs subpopulations suggests their potential role as
key contributors to diabetic complications, making them promising
therapeutic targets for further investigation.

We acknowledge that a key limitation of this study is the modest
cohort size (n=3 per group), which may affect the broad
generalizability of our findings. Future studies with larger, multi-
center cohorts are warranted to validate and extend our
observations. In summary, our single-cell multi-omics analysis
elucidates the heterogeneity and metabolic adaptation of ADSCs
in diabetes, a systemic chronic inflammatory condition. Our
comprehensive molecular profiling provides valuable insights into
the pathogenesis of diabetic ulcers. Furthermore, experimental
validation revealed the regulatory mechanisms of autophagy and
apoptosis in ADSCs under high glucose stress, offering potential
strategies for precision stem cell therapy for diabetic wound healing.

4 Materials and methods
4.1 Single-cell data acquisition

Single-cell RNA-sequencing data (GSE229387) were obtained from
the Gene Expression Omnibus (https://www.ncbinlm.nih.gov/geo/),
comprising human ADSCs from three donors with diabetes
mellitus (DM) and three without.

4.2 Data processing and dimensionality
reduction

Raw sequencing data generated by the 10x Genomics platform
were processed using Seurat (v4.3.0) to construct Seurat objects.
Doublets were identified and removed using DoubletFinder
(v2.0.3). Low-quality cells were filtered based on the following
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thresholds: 300-5000 detected genes (nFeature), 500-40,000
transcripts (nCount), <20% mitochondrial gene content, and <5%
hemoglobin gene content.

Filtered cells were normalized using “NormalizeData” (53), and
the top 2,000 highly variable genes were identified with
“FindVariableFeatures”. Data were scaled by “ScaleData”, followed by
principal component analysis (PCA) for dimensionality reduction.
Batch effects were corrected using Harmony (v0.1.1) based on the
top 30 principal components, which were subsequently used for
downstream analyses. Uniform Manifold Approximation and
Projection (UMAP) was then applied for visualization. Cell clustering
was performed using “FindNeighbors” and “FindClusters” in Seurat.

4.3 Dimensionality reduction and
clustering

Principal component analysis (PCA) was performed for
dimensionality reduction (54), and the top 30 principal
components were selected for downstream analyses. Uniform
Manifold Approximation and Projection (UMAP) was applied for
visualization (55). Cell clustering was conducted using the
FindNeighbors and FindClusters functions in Seurat.

4.4 Subpopulation identification and
differential expression analysis

Differentially expressed genes (DEGs) for each cluster were
identified using FindAllMarkers, and cell subpopulations were
annotated based on canonical marker genes (56, 57). To assess
tissue preference across subpopulations, Ro/e values were calculated
(58). Cell cycle states were quantified using the CellCycleScoring
function to evaluate cell cycle distribution among subpopulations.

4.5 Functional enrichment analysis

Gene Ontology biological processes (GO-BP) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses (59-61) were performed using the
ClusterProfiler package (v4.6.2). Gene Set Enrichment Analysis
(GSEA) (62) was applied to evaluate overall expression trends of
key pathways. The enrichment of stemness-related gene sets was
quantified using the AUCell package (63), and gene sets were
ranked with the AUCell_buildRankings function.

4.6 Autophagy and apoptosis analysis

Autophagy- and apoptosis- related gene sets were defined based
on previously published literature (64). Pathway scores were
calculated for each subpopulation to uncover potential differences
in programmed cell death and autophagy regulation.
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4.7 Metabolic pathway analysis

Metabolic activity across subpopulations was evaluated using
the scMetabolism R package (65). The top 10 enriched pathways
were visualized as a heatmap to characterize subpopulation-specific
metabolic features.

4.8 Patient information

Human tissue samples were obtained from Department of Burn
and Plastic Surgery, Seventh People’s Hospital Affiliated to
Shanghai University of Traditional Chinese Medicine. All
protocols involving human subjects were reviewed and approved
by the ethics committee of the Seventh People’s Hospital Affiliated
to Shanghai University of Traditional Chinese Medicine (2024-7th-
HIRB-016). All procedures were carried out in accordance with
guidelines set forth by Declaration of Helsinki. Written informed
consents were obtained.

4.9 |solation and culture of human ADSCs

Adipose tissues were washed with PBS, minced thoroughly, and
digested with 0.1% collagenase (Sigma-Aldrich, USA) at 37 °C for
60 min. The digested suspension was filtered and centrifuged to
isolate the stromal vascular fraction. Cells were cultured in DMEM/
F12 (Gibco, USA) with 10% FBS (Gibco, USA) at 37 °C, 5% CO,,
with medium replacement after 24 h and every 3 days thereafter.

4.10 Cell treatment

ADSCs were cultured with normal glucose medium (5.5mM;
Gibco, USA) or high glucose medium (25 mM; Gibco, USA) for 24
h in vitro before subsequent analysis.

4.11 Immunofluorescence staining

Cells on coverslips were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and blocked with 3% BSA.
After overnight incubation with primary antibodies at 4 °C, samples
were treated with Alexa Fluor 488-conjugated secondary antibody
(Abcam, USA) at RT for 1h. Nuclei were stained with DAPI
(Yeasen, China). Images were captured using confocal
fluorescence microscopy (Leica, Germany).

4.12 Apoptosis assay
ADSCs were stained with FITC-Annexin V/PI (KeyGen, China)

and analyzed on flow cytometer (Agilent, USA) to quantify
apoptotic cells.
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4.13 Western blot

Protein lysates were resolved by SDS-PAGE and transferred to
nitrocellulose membranes. Membranes were probed with the rabbit
polyclonal antibodies: anti-LC3 (1:1000; CST, USA), anti-Beclinl
(1:1000; CST, USA), anti-p62 (1:1000; CST, USA), anti-Bax (1:1000;
CST, USA), anti-cleaved Caspase-3 (1:500; CST, USA), anti-c-Myb
(1:500; CST, USA), anti-AURKA (1:500; CST, USA) and anti-f3-
actin (1:1000; CST, USA). Protein bands were visualized using
Servicebio scanning system.

4.14 RT-qPCR

Total RNA was extracted using NcmSpin Cell/Tissue Total
RNA Kit (NCM, China) and reverse transcribed with PrimeScript
RT Master Mix Kit (TaKaRa, Japan). Quantitative PCR was
performed using TB Green Premix Ex Taq (TaKaRa, Japan),
using specific primers listed in Supplementary Table S1. All
specific primers were obtained from Servicebio (China). Gene
expression was quantified by using the 2-AACT method.

4.15 Co-immunoprecipitation

Cells were lysed in IP buffer and incubated with anti-c-Myb
antibody (CST, USA) and protein A/G agarose beads (Santa Cruz,
USA). After washing, immunocomplexes were eluted in SDS
sample buffer and analyzed by immunoblotting.

4.16 Chromatin immunoprecipitation

ChIP were performed according to the manufacturer’s protocol
(Millipore, USA). Chromatin was immunoprecipitated with anti-c-
Myb or control IgG antibodies. Precipitated DNA was amplified by
PCR using the following primers. Regionl: forward 5- TTT CCC
TGT GCT TTC CTT AC-3 and reverse 5-GGT GGT GTC AGC
CTC TAA TC-3’; Region2: forward 5-AGT CTG GCA AAG AAA
AGT TGA T-3 and reverse 5-GTG TAG GGG AAC CAA AAA
TG-3’; Region3: forward 5-GCA ACT TAG GAA ACG CAA AGT
AG-3 and reverse 5-GAG CGG GAT ACC AAG AGA AC-3.PCR
products were resolved by agarose gel electrophoresis.

4.17 Luciferase reporter assay

Cells were transfected with a AURKA promoter-driven
luciferase reporter construct or the control luciferase construct
using Lipofectamine stem transfection reagent for 24 h.
Firefly and Renilla luciferase activities were quantified using a
dual luciferase kit (Servicebio, China) according to the
manufacturer’s protocol.
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4.18 shRNA and plasmid transfection

Cells were transfected with shRNAs or plasmids (Hanbio,
China) using Lipofectamine 2000 (Invitrogen, USA), following
the manufacturers’ instructions.

4.19 Statistical analysis

Data are presented as mean = SD of three independent
biological replicates and statistically analyzed utilizing a Student’s
t-test for two-group comparisons or using One-way ANOVA for
multi-group comparisons by using SPSS software (SPSS 16.0). In
addition, R software (v4.3.0) and Python software (v3.9.0) were
employed for statistical analysis and data processing. A p-value <
0.05 was considered statistically significant.
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