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Abstract

Background: Research on diabetes-related skin conditions relies primarily on rodent models, including genetic and chemically induced
models of diabetes. However, criteria for selecting themost appropriatemodel remain unclear, and comparative studies at the cellular level
are lacking. Methods: Full-thickness skin samples were collected from patients with diabetic foot disease, db/db mice, and C57BL/6J
mice with streptozotocin (STZ)-induced diabetes. Histological analysis was performed using hematoxylin and eosin staining to assess
tissue architecture. Single-cell RNA sequencing (scRNA-seq) was used to characterize cellular composition and transcriptional profiles.
Results: Human skin was significantly thicker and more stratified than mouse skin. scRNA-seq revealed that human tissue contained a
higher proportion of endothelial cells but lacked the adipocyte population observed in STZ-treated mice. Human cells showed greater
enrichment in the G1 phase, whereas mouse cells exhibited higher proliferative activity. Transcriptional profiling revealed that human
fibroblasts were enriched for markers of chronic inflammation and fibrosis, whereas human keratinocytes and endothelial cells showed
increased expression of immune-related genes and decreased expression of metabolic genes. These patterns differed from those observed
in the murine models. Conclusions: Although the db/db and STZ models reproduce hyperglycemia, they do not fully recapitulate the
inflammatory, cell-cycle, and metabolic features observed in human diabetic foot skin. These species-specific differences underscore the
need for caution when extrapolating findings from mouse models to human diabetic skin pathology.
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1. Introduction

Diabetes mellitus (DM) is an increasingly prevalent
chronic metabolic disorder characterized by persistent hy-
perglycemia, which can lead to long-term health complica-
tions [1]. There are two primary types of diabetes: type 1
diabetes (T1D) and type 2 diabetes (T2D). T1D arises from
the autoimmune destruction of insulin-producing pancre-
atic β-cells, while T2D is attributed to insulin resistance ac-
companied by β-cell compensatory failure [2]. Several an-
imal models have been employed to understand the mech-
anisms underlying DM pathology and to develop new ther-
apeutic strategies, particularly for diabetic wound healing
[3].

Currently, T2D is commonly modeled using both
obese and non-obese animals, reflecting varying degrees of
insulin resistance and β-cell dysfunction [4]. Many stud-
ies have investigated diabetic skin conditions, but there is
considerable variability in the selection of animal models
for laboratory-based diabetes research, with rodent models

being the most frequently used [5]. These models primar-
ily fall into two categories: spontaneous and induced di-
abetes models. Spontaneous models, such as db/db mice
and nonobese diabetic (NOD) mice, replicate the patholog-
ical features of T2D and T1D, respectively, offering bene-
fits such as genetic stability and natural disease progression
[6]. However, these models often progress more slowly and
produce lower incidences of certain complications, limiting
their application in studies of acute pathology [7]. Con-
versely, induced diabetes models, such as streptozotocin
(STZ)-induced mice and mice given a high-fat diet com-
bined with STZ, use chemical or dietary interventions to in-
duce hyperglycemia rapidly [3]. While thesemodels are ad-
vantageous because of their simplicity, low cost, and quick
onset of diabetes, their pathological characteristics may dif-
fer from those of human diabetes, which often results in
poor stability and reproducibility [8]. Currently, no stan-
dardized criteria exist for selecting diabetes models, and
comparative studies at the cellular level are limited. Iden-
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tifying suitable animal models that accurately replicate hu-
man diabetic skin and its complications remains a signifi-
cant challenge.

Single-cell RNA sequencing (scRNA-seq) has
revolutionized biological studies by enabling whole-
transcriptome amplification at the single-cell level through
reverse transcription of mRNA into cDNA, followed by
cDNA amplification, and high-throughput sequencing [9].
As an ideal tool for single-cell research, scRNA-seq allows
for unbiased, high-throughput analysis with minimal
starting material; this helps uncover cell-specific and
intercellular differences from the perspective of cellular
localization, providing insights into cellular cooperation
and tissue heterogeneity [10]. However, few studies have
applied scRNA-seq to analyze individual diabetes models
or to compare different models. By evaluating single-cell
data from various diabetes models, such as STZ-induced
and db/db models, researchers can uncover differences in
cellular composition, immune response, and angiogenic
activity across models, which may help bridge the variant-
to-function gap in type 2 diabetes [11]. Furthermore,
scRNA-seq can facilitate comparisons of skin tissues from
commonly used diabetic mouse models and human diabetic
foot patients at both cellular and molecular levels [12].
Such comparisons would deepen our understanding of the
similarities and differences between animal models and
human patients, clarifying their strengths and limitations
and guiding their optimization for the development of
personalized therapeutic strategies.

This study thus employed histology and scRNA-seq
to compare the skin of db/db mice, STZ-induced diabetic
mice, and diabetic patients. Our aim was to provide criti-
cal insights, improve experimental methodologies, and of-
fer new evidence for selecting appropriate models for stud-
ies on diabetes-related skin conditions.

2. Materials and Methods
2.1 Human Diabetic Skin Collection

The study was approved by the Ethics Committee
of Peking University Shenzhen Hospital (No. 2024-122-
R2), and all participants provided written informed consent.
From March 2024 to June 2025, we recruited subjects with
diabetes according to the inclusion and exclusion criteria.
The inclusion criteria were as follows: (1) aged between 18
and 80 years; (2) previously diagnosed with diabetes with
Wagner classification ≥ grade 4; (3) no major surgical pro-
cedures within the past month; (4) scheduled for initial de-
bridement or amputation at the surgical site; (5) preoper-
ative completion of relevant imaging studies such as ultra-
sound and angiography; and (6) consent to participate in the
study. The exclusion criteria were as follows: (1) presence
of sepsis; (2) concomitant malignancy or autoimmune dis-
ease; (3) previous amputation at the surgical site; (4) history
of blood transfusion within the past month; (5) receipt of
treatments such as growth factors or tissue-engineered skin

after admission; and (6) participation in other clinical re-
search projects. Ultimately, five subjects were recruited for
enrollment; two were excluded due to insufficient samples
for single-cell sequencing, and one withdrew for personal
reasons, resulting in two subjects included in the study.

Due to the clinical and surgical needs of the enrolled
subjects, removal of the diseased limb segment was per-
formed during surgery. Thus, debridement and amputation
samples from diabetic foot subjects were collected as sur-
gical waste during routine clinical procedures, posing no
additional risk to the participants. After removal, the sam-
ples were rinsed with sterile saline, and full-thickness skin
was excised with a scalpel and divided into portions. These
samples were placed in 15 mL sterile centrifuge tubes and
tissue culture tubes for further analysis. Portions of each
sample were sent for hematoxylin and eosin (HE) stain-
ing and single-cell transcriptome sequencing, and the re-
maining samples were stored short-term at 4 °C. The left-
over tissue was processed according to hospital regulations.
Relevant clinical data, including basic patient information,
imaging, and routine blood tests, were retained.

2.2 Skin Collection From db/db Mice and STZ Mice
This study was approved by the Ethics Com-

mittee of Peking University Shenzhen Hospital (No.
PKUSZH-Ethics-Research-2024-105). Five-week-old
male C57BL/6J mice (n = 10) were selected and ac-
climated for one week; nine-week-old db/db mice (n =
5) were also selected and acclimated for one week for
subsequent experiments. The animals were purchased from
Jiangsu Hua-chuangSino Pharma Tech (Jiangsu, China).

Six-week-old male C57BL/6J mice (n = 10) were
fasted for 12 h and then given a single intraperitoneal in-
jection of STZ (Cat. No. S8050, Lot No. 2230815002,
purchased from Solarbio, Beijing, China) at a dose of 150
mg/kg. Blood glucose levels were measured on days 3, 7,
and 14 post-injection, along with body weight recordings.
Two C57BL/6J mice died within 3 days post-injection, and
one exhibited blood glucose levels below 16.7 mmol/L on
day 3. The remaining 7 C57BL/6J mice maintained blood
glucose levels ≥16.7 mmol/L across all three measure-
ments, confirming successful model induction. These six-
week-old male C57BL/6J mice averaged approximately 17
g in body weight at the time of injection. After STZ in-
jection, the mice exhibited a rapid decline in body weight
within the first week, gradually slowing to stabilize at an av-
erage of 14 g by 10weeks of age. After the STZ-induced di-
abetic mice were anesthetized with isoflurane gas, a circular
full-thickness wound (approximately 1.0 cm in diameter)
was created on the dorsal skin using a punch. Full-thickness
skin samples were then collected from each group. Portions
of each sample were sent for HE staining and single-cell
transcriptome sequencing, and the remainder was stored
short-term at 4 °C.
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Ten-week-old male db/db mice (n = 5) with blood glu-
cose levels ≥16.7 mmol/L were included. Body weight
and fasting blood glucose levels were recorded prior to
surgery. All surgical procedures were performed under
general anesthesia induced by inhalation of 3%–5% isoflu-
rane and maintained with 1.5%–2.5% isoflurane in oxy-
gen (1 L/min). After anesthesia, a circular full-thickness
skin defect with a diameter of 1.0 cm was created at the
midline of the back (centered on the costovertebral angle)
via a punch. Full-thickness skin samples were collected,
with portions sent for HE staining, single-cell transcrip-
tome sequencing, and stored short-term at 4 °C. Outcome
assessment and histological/analytical procedures were per-
formed by investigators blinded to group allocation. At the
experimental endpoints, the animals were euthanized via an
overdose of isoflurane inhalation (5% in a closed chamber)
followed by cervical dislocation to ensure death, in accor-
dance with the institutional ethical guidelines, the Animal
Research: Reporting of In Vivo Experiments guidelines,
and the National Institutes of Health Guide for the Care and
Use of Laboratory Animals.

2.3 HE Staining

All tissue samples were processed into paraffin sec-
tions with a thickness of approximately 4 μm after fixa-
tion, dehydration, clearing, and embedding. Sections were
baked on a slide warmer to remove excess paraffin, de-
paraffinized with xylene, and dehydrated sequentially with
graded ethanol solutions (70%, 80%, 95%, and 100%).
These sections were subsequently stained with hematoxylin
to label the nuclei, rinsed with running tap water to remove
excess stain, differentiated with acid alcohol, and washed
again with water to achieve bluing. Eosin was used to
stain the cytoplasm. The sections were dehydrated through
graded ethanol, cleared with xylene, andmounted with neu-
tral resin. Finally, the slides were examined and imaged
under a microscope for pathological analysis.

2.4 Single-Cell RNA Sequencing

Single-cell RNA sequencing procedures were per-
formed byBeijingXunyin BiotechnologyCo., Ltd (Beijing,
China). The concentration and purity of the sequencing
samples met the requirements. The process included enzy-
matic digestion of full-thickness skin samples with trypsin
to dissociate them into single-cell suspensions while mini-
mizing cell damage and RNA degradation. Cell count and
viability were assessed using a fluorescence cell analyser
(Countstar Rigel S2) with AO/PI reagent after erythrocyte
removal (Solarbio R1010). Dead cells and debris were re-
moved to improve the quality of downstream sequencing.
Single cells were encapsulatedwith barcodedmicrobeads in
droplets via amicrofluidic chip. Within the droplets, cell ly-
sis occurred, releasing RNA captured by barcoded oligonu-
cleotide beads and allowing individual indexing for subse-
quent data analysis. cDNA was synthesized from the RNA

using reverse transcriptase and amplified via PCR to ob-
tain a sufficient template. cDNA fragments were enzymat-
ically digested to a suitable size for sequencing (200–500
bp), and sequencing adapters containing sequencing primer
binding sites and cell barcodes were ligated to both ends.
Libraries were purified with magnetic beads to remove un-
ligated adapters and small fragments, and their quality and
concentration were assessed via qPCR. The final libraries
were sequenced on Illumina NovaSeq 6000 with a PE150
read length mode (Reagent Kit Version v1.5, Manufacturer
Illumina, Inc., San Diego, CA, USA).

Post-sequencing, the raw data underwent several
bioinformatics analyses: (1) Data preprocessing: This in-
volved filtering to remove low-quality reads and those with
adapter contamination. The remaining reads were aligned
to the reference genome (e.g., human genome GRCh38).
PCR duplicates were eliminated based on cell barcodes
and unique molecular identifiers (UMIs). (2) Gene expres-
sion quantification: The expression levels of each gene
in each cell were calculated to generate a gene expres-
sion matrix. (3) Dimensionality reduction and clustering:
High-dimensional data were reduced using UMAP (Uni-
form Manifold Approximation and Projection) for cluster-
ing to identify different cell types or subpopulations. (4)
Differential expression analysis: Gene expression differ-
ences between distinct cell groups were analyzed to identify
specific marker genes. (5) Trajectory inference: Pseudo-
time analysis methods reconstructed developmental trajec-
tories or state transitions of cells. (6) Functional enrichment
analysis: Differentially expressed genes (DEGs) underwent
functional annotation (e.g., GO and KEGG analyses) to ex-
plore their biological significance.

2.5 Statistical Methods

Raw single-cell data were assessed using statistical
distribution models (e.g., negative binomial distribution)
to evaluate sparsity and noise levels in gene expression
data, applying statistical thresholds (e.g., number of de-
tected genes per cell, total UMI count, and mitochondrial
gene proportion) to filter out low-quality cells. Highly vari-
able genes were identified via variance‒mean relationship
models, such as the negative binomial-based highly vari-
able gene selection method in Seurat. The main expression
features were extracted based on the covariance matrix to
reduce data dimensionality; utilizing probabilistic distribu-
tion methods were then used to map the high-dimensional
data into low-dimensional space while preserving local
cell structure. Generalized linear models analyzed DEGs
between cell populations, with the Benjamini‒Hochberg
method applied to control the false discovery rate of the
results. The dynamic trajectories of cell states were recon-
structed via the minimum spanning tree approach and eval-
uated through goodness-of-fit measures. Hypergeometric
tests assessed the enrichment of DEGs in specific func-
tional categories, with enrichment significance evaluated
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using the Kolmogorov–Smirnov test on ranked gene lists.
Finally, the batch effects of different samples were elim-
inated using the Harmony method based on linear mixed
models.

3. Results
3.1 Pathological Comparison

As illustrated in Fig. 1, the human epidermis was dis-
tinctly stratified, featuring a thick, well-organized stratum
corneum, approximately three layers of flattened cells in the
granular layer, about ten keratinocytes in the spinous layer,
and 1–2 columnar cell layers in the basal layer. The der-
mis was thicker, containing numerous vessels of varying
sizes, and showing marked inflammatory infiltration, while
well-structured skin appendages were scarce. In compari-
son, both db/db and STZ mice exhibited simplified epider-
mal structures characterized by a loose stratum corneum,
roughly one layer of flattened cells with basophilic nuclei,
and one–two layers of keratinocytes. The stratum corneum
was thinnest and least organized in db/db mice, slightly
thicker and denser in STZ mice, yet still thinner than in hu-
man patients. db/db mice exhibited a thicker subcutaneous
fat layer filled with lipid vacuoles. The overall skin thick-
ness in both mouse models was less than that seen in human
patients, with db/db mice having a slightly thicker epider-
mis but a thinner dermis than STZ mice. Additionally, the
dermal vasculature was reduced in bothmousemodels, with
vessel density being slightly higher in STZ than in db/db
mice. Notably, skin appendages were abundant in both
mouse models—predominantly hair follicles with fewer se-
baceous and sweat glands—whereas human patients had
very few well-structured appendages. Cell counts indicated
epidermal and dermal cell densities of approximately 3500
and 1300 cells per 106 μm2 in human patients, 7400 and
2000 in db/db mice, and 6800 and 1200 in STZ mice, re-
spectively.

3.2 Single-Cell QC Analysis
After the preparation of single-cell suspensions from

skin samples of STZ mice, db/db mice, and diabetic foot
patients, quality control checks were performed to confirm
that the samples met the required standards. Cells express-
ing fewer than 500 genes or more than 5000, those with
mitochondrial content exceeding 10%, and cells with total
RNA molecule counts above 30,000 were filtered out. Fol-
lowing this step, 21,226 cells were obtained from the skin
specimens of two STZ mice, 23,300 cells from two db/db
mice, and 22,344 cells from two diabetic foot patients.

3.3 Cell Subpopulations in the Skins of the Three Groups
We generated expression plots for marker genes and

annotated cells in different clusters (Fig. 2A–C). Ker-
atinocytes were identified by the marker genes KRT1,
KRT5, and KRT14; fibroblasts by DCN, LUM, COL1A1,
and COL1A2; endothelial cells by SELE, PECAM1, CDH5,

and VWF; vascular smooth muscle cells/pericytes by
TAGLN, ACTA2, RGS5, and PDGFRB; myeloid cells by
CD14, IL1B, and LYZ; melanocytes by MLANA, PMEL,
TYRP1, and DCT ; Schwann cells by NRXN1; sweat gland
cells by AQP5; T cells by CD3D and CD3E; B cells by
CD19, CD79A, and MS4A1; and adipocytes by ADIPOQ
and FABP4. The primary cell types in the skin of all
three groups included keratinocytes/basal cells, endothelial
cells, vascular smooth muscle cells/pericytes, fibroblasts,
myeloid cells, melanocytes, Schwann cells, sweat gland
cells, T cells, and B cells. Keratinocytes and fibroblasts
were significant components of the skin of STZmice, db/db
mice, and diabetic foot patients. However, the proportions
of endothelial cells and vascular smooth muscle cells/peri-
cytes were higher in diabetic foot patients than in the two di-
abetic mouse models. Sweat gland cells were present in the
skin of diabetic foot patients but were rarely found in STZ
and db/db mice. Conversely, adipocytes were observed in
the skin of STZ mice but were nearly absent in db/db mice
and diabetic foot patients. Furthermore, we performed di-
mensionality reduction and clustering on a subset of marker
genes (Fig. 2D).

3.4 Cycle Analysis

Cell cycle analysis revealed that approximately 76%
of the cells in the skin of diabetic foot patients were in the
G1 phase, whereas 24% were in the G2M or S phase. In
db/db mice, about 60% of the cells were in G1, and 40%
were in G2M or S. In STZ mice, approximately 45% of the
cells were in G1, while 55% were in G2M or S. Diabetic
foot patients had the highest proportion of cells in G1 phase,
while STZ mice had the highest proportion in G2M or S
phase (Fig. 2E).

3.5 Cell‒Cell Interaction Analysis

In the skin of db/db mice, STZ mice, and di-
abetic foot patients, common pairs of cell types
exhibited strong interactions: fibroblasts and ker-
atinocytes, with the primary ligand‒receptor pair being
COL1A1/COL1A2‒ITGA1+ITGB1; fibroblasts and en-
dothelial cells, with the core ligand‒receptor pairs including
PDGFA‒PDGFRA and FGF2‒FGFR1; and endothelial
cells and keratinocytes, with the core ligand‒receptor
pairs comprising ANGPT2‒TEK and VEGFA‒VEGFR2.
Notably, diabetic foot patients displayed relatively stronger
interactions involving inflammatory cells, specifically
HLA‒DRA‒CD4 and CCL5‒ACKR1, while KITL‒KIT
signaling between melanocytes and keratinocytes was
absent. By contrast, STZ mice showed that adipocytes
were more actively involved in intercellular interac-
tions, chiefly through ligand‒receptor pairs such as
ADIPOQ‒ADIPOR1, ADIPOQ‒ADIPOR2, LEP‒LEPR,
and CSF1‒CSF1R (Fig. 3). This analysis confirmed that
fibroblasts and keratinocytes closely interacted with other
cell types across all three groups. Compared with STZ
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Fig. 1. Histological comparison of skin from db/db mice, STZ mice, and DF patients. Left panels show low-magnification views
(50×) of the overall epidermal and dermal architecture, with dashed boxes indicating the regions enlarged in the corresponding right
panels (200×). Scale bars: 200 µm (50× images) and 50 µm (200× images).

mice and db/db mice, the skin of diabetic foot patients ex-
hibited more complex and tighter intercellular interactions,
particularly involving endothelial cells, vascular smooth
muscle cells/pericytes, and inflammatory cells (Fig. 3A,B).

3.6 Myeloid Cell Differential Analysis
The myeloid cell population in the skin of the three

groups consists of monocytes, macrophages, Langerhans
cells, and dendritic cells, with macrophage subpopulations
comprising themajority (Fig. 4A). In the skin of db/dbmice
and STZ mice, myeloid cell subpopulation classification
was highly similar, divided into seven distinct subclusters:
c-1 (monocyte subpopulation) expressed Cd14, S100a8,
and S100a9; c-2 (macrophage subpopulation) expressed
Hspa1a, Hspa1b, and P2rx7; c-3 (macrophage subpopula-
tion) expressed Rsad2, Ccl4, and Ccl7; c-4 (macrophage

subpopulation) expressed Clec4e, Thbs1, Cxcl3, and Il10;
c-5 (macrophage subpopulation) expressed Ctsl, Lpl, and
Gpnmb; c-6 (Langerhans cell subpopulation) expressed
Cd207, Mfge8 and Il1r2, and c-7 (dendritic cell (DC) sub-
population) expressed Ramp3, Timd4, and Cytip. Unlike
db/db and STZ mice, whose myeloid subpopulation clus-
tering was highly similar to each other, diabetic foot pa-
tients showedmore concentrated and better-defined cluster-
ing, comprising five distinct subclusters: c-1 (macrophage
subpopulation) expressed CTSL, PID1, and SPP1; c-2
(macrophage subpopulation) expressed HSPA6, HSPA1B,
and DNAJB1; c-3 (macrophage subpopulation) expressed
SERPINB2 and IL1B; c-4 (dendritic cell subpopulation) ex-
pressed DAPP1, CCR7, and LAMP3; and c-5 (Langerhans
cell subpopulation) expressed HLA-DQB2, TBC1D4, and
CD207 (Fig. 4B). Functional enrichment analysis of genes
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Fig. 2. Overview of single-cell transcriptomes from diabetic mice and human skin. (A) UMAP cell-type distribution shows the
clustering results of skin single-cell transcriptomes in UMAP. Each point represents a cell, and the colors correspond to the annotated
cell types. (B) The bubble plot shows the expression of representative marker genes across cell types. The bubble size indicates the
percentage of cells expressing the gene, and the color of the dots indicates the normalized average expression. (C) UMAP projections,
cell-type annotations, and the relative proportions of each cell type are shown separately for the three groups: db/db mice, STZ mice,
and human. (D) Marker-subset dimensionality reduction and clustering. (E) In the cell cycle analysis, each dot represents a single cell;
different colors denote distinct phases: White indicates the G1 phase, orange indicates the G2 or M phase, and green indicates the S
phase. UMAP, Uniform Manifold Approximation and Projection.

from the relatively abundant myeloid subpopulation, c-2, in
db/db and STZmice indicated that this subpopulation likely
played a significant role in humoral immunity and antibody-
mediated processes (Fig. 4C). In human diabetic foot pa-
tients, functional enrichment analysis of the most abundant
myeloid subpopulation, c-1, underscored its crucial role in
injury repair (Fig. 4D).

3.7 Differential Analysis of Fibroblasts

Fibroblast subpopulation classification in the skin of
db/db mice and STZ mice was highly similar, with five

distinct subclusters identified: c-1 expresses Ctla2a and
Col1a1; c-2 expresses Cxcl13, Gpx3, and Fmo2; c-3 ex-
presses Prlr, Serpine2, and Pappa2; c-4 expresses Ccl11,
Apod, and Cxcl2; and c-5 expresses Krt15, Sfn, and Krt14.
Among these fibroblast subpopulations, c-1 and c-2 were
the major components in both db/db and STZ mice. In con-
trast, the clustering of fibroblast subpopulations in the skin
of diabetic foot patients was more distinct and better de-
fined, with four subclusters: c-1 expressed MMP3, IL24,
and COL23A1; c-2 expressed TIMP1, FN1, and INHBA; c-
3 expressed GAL, IGFBP5, and CHI3L1; and c-4 expressed

6
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Fig. 3. Cell–cell communication networks. (A) Each node represents a cell population; larger nodes indicate a greater number of cells
within that population participating in interactions. Each edge denotes an interaction between the two connected populations; thicker
edges indicate stronger interactions, and a greater number of edges connected to a node indicates that the corresponding population
engages in more interactions. (B) Ligand–receptor pairs with strong interactions among cell populations.

APOD, RGS6, and AKR1C1. In diabetic foot patients, the
c-1 and c-2 subpopulations constituted the majority of the
fibroblasts (Fig. 5A,B). Functional enrichment analysis of
genes from the most abundant fibroblast subpopulation, c-
1, in db/db and STZ mice suggested that this subpopulation
played a vital role in extracellular matrix composition (Fig.
5C). The same analysis of the most abundant human fibrob-
last subpopulation, c-1, demonstrated a strong association
with chronic inflammation, matrix remodeling imbalance,
and fibrosis (Fig. 5D).

3.8 Differential Analysis of Endothelial Cells

Statistical analysis of differentially expressed genes
(DEGs) in endothelial cells from diabetic foot patients
compared to db/db mice revealed notable differences. Sig-
nificantly upregulated skin-related genes in the endothelial
cells of diabetic foot patients included CCL2, CD59, HLA-
E, COL15A1, CD55, SERPINE1, SOD2, HSPD1, THBS1,
and ZEB1. Conversely, significantly downregulated
genes included FABP4, SELP, GDF15, CRIP1, APOE,
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Fig. 4. Myeloid cell subclusters and functional enrichment. (A,B) UMAP and the cell proportions of myeloid subpopulations across
groups, and the dot plot of marker gene expression across clusters. (C,D) Functional enrichment analysis of genes from the most abundant
myeloid subpopulation in mice and human skin.

LRG1, EGR1, CD36, LYVE1, and KLF4. GO and KEGG
analyses of these DEGs indicated that upregulated genes
primarily participated in cell adhesion regulation, wound
healing, small GTPase-mediated signal transduction, Ras
protein signal transduction, and cellular responses to
TGF-β stimuli—functions closely associated with repair,
inflammatory responses, and signaling in skin endothelial
cells. Downregulated genes were associated mainly with
the electron transport chain, mitochondrial ATP synthesis
coupled with electron transport, oxidative phosphorylation,
cellular respiration, and aerobic respiration, all linked to
mitochondrial metabolism and energy production (Fig.
6A).

Similarly, analysis of DEGs in endothelial cells be-
tween diabetic foot patients and STZmice revealed that dia-
betic foot patients presented significantly upregulated skin-
related genes, including CCL2, COL15A1, SOX4, CD59,
CD74, SERPINE1, SELE, HLA-E, THBS1, and CD109.
Notably, downregulated genes included LYVE1, CEBPB,
EGR1, GDF15, CRIP1, APOE, KLF4, JUND, TXNIP, and
FTH1. GO and KEGG analyses revealed that the upreg-
ulated genes were primarily involved in cell migration,
wound healing, epithelial cell proliferation, actin filament
organization, and cell-matrix adhesion, all crucial for en-
dothelial cell repair and regeneration. The downregulated
genes were mainly related to homotypic cell‒cell adhe-
sion, thermoregulation, mechanical stimuli response, adap-
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Fig. 5. Fibroblast subclusters and functional enrichment. (A,B) UMAP and the cell proportions of fibroblast subpopulations across
groups, and the dot plot of marker gene expression across clusters. (C,D) Functional enrichment analysis of genes from the most abundant
fibroblast subpopulation in mice and human skin.

tive thermogenesis, and negative regulation of phosphate
metabolic processes, primarily linked to metabolic activity
and tissue stability in skin cells (Fig. 6B).

3.9 Differential Analysis of Keratinocytes

Analysis of DEGs in skin keratinocytes between
diabetic foot patients and db/db mice revealed criti-
cal differences. The significantly upregulated genes
in the keratinocytes of diabetic foot patients included
S100A8, S100A9, KRT6B, DSC2, SERPINB4, SER-
PINB3, CD55, SOX4, IL36G, SOD2, ANXA1, PLAUR,
NAMPT, GADD45A, and SERPINB13. The significantly
downregulated genes comprised CST6, LGALS7B, APOE,
SPRR1A, KRT15, KRT79, EPCAM, EGR1, KRT77,
ATF3, SCD, CRIP1, BTG2, SDC4, FOS, and CDKN1A.
GO analysis revealed that the upregulated genes primarily
contributed to wound healing, positive regulation of pro-
teolysis, cellular response to chemical stress, and protein
stabilization—all pertinent to skin wound healing, protein

stability, and stress response. Conversely, the downregu-
lated genes correlated with the aerobic electron transport
chain, ATP synthesis coupled with electron transport, ox-
idative phosphorylation, and aerobic respiration, linking
them to the metabolic activity and energy production ca-
pacity of skin keratinocytes (Fig. 6C).

Compared with keratinocytes from STZ mice, ker-
atinocytes from diabetic foot patients showed significant
upregulation of S100A8, S100A9, KRT6B, DSC2, SLPI,
PLAUR, SERPINB4, SERPINB3, GSTP1, IL36G, SOD2,
CD55, GADD45A, CD59, and IL1RN, whereas APOE,
KRT15, LGALS7B, CST6, FOS, EGR1, PLET1, EPCAM,
IFRD1, SDC4, GSN, SPRR1A, KRT79, and KRT77 were
significantly downregulated. GO analysis revealed that the
upregulated genes were primarily involved in wound heal-
ing, epithelial cell proliferation, peptidase activity regu-
lation, epidermal development, epidermal cell differentia-
tion, and skin barrier establishment—functions key to ker-
atinocyte repair, skin barrier maintenance, and wound heal-
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Fig. 6. Endothelial cell differential analysis and keratinocyte differential analysis. (A) Expression profiles of differentially expressed
genes between humans and db/db mice in endothelial cells, and the cross-species functional enrichment analyses. (B) Expression profiles
of differentially expressed genes between humans and STZmice in endothelial cells, and the cross-species functional enrichment analyses.
(C) Expression profiles of differentially expressed genes between humans and db/db mice in keratinocyte cells, and the cross-species
functional enrichment analyses. (D) Expression profiles of differentially expressed genes between humans and STZ mice in keratinocyte
cells, and the cross-species functional enrichment analyses. DEGs were identified using |log2 fold change|≥0.25 and an adjusted p-value
< 0.05.
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ing. Meanwhile, the downregulated genes were chiefly as-
sociated with the regulation of cell-matrix adhesion, regen-
eration, mesenchymal cell differentiation, myeloid cell dif-
ferentiation, and epithelial cell proliferation, reflecting their
impact on skin tissue stability and repair capacity (Fig. 6D).

4. Discussion
This study systematically compared the skin charac-

teristics of db/db mice, STZmice, and diabetic foot patients
using single-cell RNA sequencing and pathological analy-
sis. We found that, while similarities exist in tissue compo-
sition, there is significant heterogeneity in skin thickness,
appendage density, cell cycle dynamics, and intercellular
communication networks. Overall, the db/db model more
closely mimics the chronic inflammation, skin barrier dys-
function, and metabolic dysregulation observed in humans,
which makes it suitable for chronic wound repair research.
Conversely, the STZ model, characterized by pronounced
stress-response gene expression, is better suited for investi-
gating acute inflammatory responses and early wound heal-
ing mechanisms. These findings provide a crucial theoret-
ical basis for selecting appropriate animal models for dia-
betic skin pathology research.

Significant disparities were observed in tissue mor-
phology and cell proliferation capacity, which are fun-
damentally attributable to inherent biological differences
between species [12]. Furthermore, the paucity of
well-structured skin appendages (hair follicles, sebaceous
glands, and sweat glands) in human diabetic foot sam-
ples warrants careful interpretation. While mice possess
dense hair follicles as a species-specific trait, the near-
complete absence of appendages in human diabetic foot
skin likely reflects a combination of chronic diabetic mi-
croangiopathy, tissue fibrosis, and ischemic damage rather
than a simple inter-species difference. The reduction of
sweat glands, in particular, may contribute to impaired ther-
moregulation and skin barrier dysfunction in the diabetic
foot. At single-cell resolution, the divergent dermal vas-
cular densities and sweat-gland configurations are associ-
ated with the chronic hyperglycemic milieu and sustained
cutaneous inflammation characteristic of diabetic-foot dis-
ease [13,14]. On the other hand, the unique subcutaneous
adipose architecture of db/db mice is a direct consequence
of their monogenic obesity trait [15,16]. In diabetic-foot
skin, the relative expansion of endothelial cells and mu-
ral cells (vascular smooth-muscle cells/pericytes) reflects
a compensatory, albeit dysregulated, angiogenic response
that aligns with the histopathological signature of chronic
inflammation, a process increasingly recognized as a target
for modulating wound healing [17]. Conversely, the under-
representation of keratinocytes and fibroblasts is congruent
with the compromised regenerative capacity documented
in diabetic-foot ulcers [18]. Intriguingly, the paradoxi-
cal coexistence of epidermal hyperplasia on histopathol-
ogy and the paucity of keratinocytes in single-cell suspen-

sions suggests either a cell-autonomous proliferative defect
or an increased fragility of diabetic keratinocytes during
tissue dissociation, a phenomenon previously reported in
diabetic skin [19]. Single-cell analysis revealed that skin
cells in diabetic foot patients are predominantly arrested
in the G1 phase at the whole-tissue level and fail to effec-
tively progress to the S phase, likely due to hyperglycemia-
induced oxidative stress; this reflects a severely limited re-
pair capacity [20]. However, this global observation should
be interpreted with caution, as cell cycle distribution likely
varies across different cell types. For example, the prolif-
erative status of fibroblasts may differ substantially from
that of endothelial cells or keratinocytes, and the G1-phase
predominance could therefore be driven by specific subpop-
ulations rather than by pan-cellular arrest. Subgroup cell-
cycle analysis by individual cell types is warranted in future
studies to dissect the cell-type-specific proliferative defects
in diabetic skin. By contrast, both mouse models, particu-
larly STZ mice, showed higher proportions of S- and G2-
phase cells, indicating a robust regenerative capacity con-
sistent with an acute stress response rather than the delayed
healing phenotype of human diabetic foot ulcers; this con-
trast highlights the impaired regenerative programs in hu-
man DFU, where fibroblast dysfunction and altered ECM
remodeling are prominent features [21], and implicates cell-
cycle checkpoint dysregulation within diabetic-foot skin as
a pivotal driver of the protracted wound healing character-
istic of chronic diabetic ulcers [22].

Analysis of intercellular communication and the im-
mune microenvironment revealed distinct regulatory net-
works. Diabetic foot skin displayed complex cell-cell in-
teractions, particularly between endothelial and inflam-
matory cells (HLA-DRA-CD4 signaling), which may con-
tribute to disease progression [23]. Conversely, com-
munication in mouse models was dominated by adipose-
derived metabolic signals. Within the myeloid lineage,
macrophages were the predominant population across all
groups. Notably, db/db macrophages highly expressed
chemotactic and anti-inflammatory genes (Ccl4 and Il10),
suggesting an immune profile characterized by chronic in-
flammation and repair that aligns with human pathology
[3,24,25]. STZ mice, however, were enriched with mono-
cytes/macrophages high in S100a8 and S100a9, reflecting
an acute inflammatory and immune-activated state [26]. By
contrast, the skin of diabetic foot patients exhibited a more
pronounced chronic inflammatory response and tissue re-
pair activation [27,28,29].

Gene expression profiling of specific cell subpopu-
lations highlighted functional divergences. In fibroblasts,
a specific subpopulation expressing MMP3 and IL24 was
prominent in patients but absent in mice, underscoring the
limitations of animal models in replicating human chronic
tissue remodeling [30,31,32]. Endothelial cells in pa-
tients showed dysregulation of inflammation-related genes
(CCL2) but downregulation of metabolic markers (FABP4
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and KLF4), suggesting that impaired energy metabolism
compromises repair [33]. Similarly, patient keratinocytes
exhibited upregulated genes, which play pivotal roles in in-
flammatory response, immune regulation, and wound re-
pair (S100A8, S100A9, SERPINB4, SERPINB3, SLPI, and
IL36G), suggesting that keratinocytes from diabetic foot pa-
tients are more actively engaged in maintaining skin bar-
rier function and modulating inflammation [34,35,36,37].
However, the downregulated stemness markers (CST6,
KRT15, EGR1, and FOS), which are essential for epider-
mal barrier maintenance and cutaneous repair, imply that
keratinocytes in diabetic-foot skin reside in a functionally
compromised state [38,39]. Interestingly, keratinocytes in
db/db mice shared metabolic pathway alterations (electron
transport chain) with human samples, indicating that db/db
keratinocytes may hold potential utility for studying mito-
chondrial dysfunction.

5. Limitations
We acknowledge several limitations of this study.

First, the sampling sites differed—dorsal skin for mice ver-
sus dorsal foot skin for patients. This mismatch was practi-
cally unavoidable but may influence comparability. Mouse
dorsal skin and human foot skin differ substantially in epi-
dermal thickness, hair follicle density, vascular distribu-
tion, and mechanical loading, factors that may confound
cross-species comparisons of cellular composition and gene
expression. For instance, the higher vascular density ob-
served in human foot skin may partly reflect the greater
mechanical and metabolic demands of the weight-bearing
plantar surface, not diabetes-specific pathology alone. This
anatomical mismatch should be carefully weighed when in-
terpreting species-specific differences. Second, the small
sample size (n = 2 per group for scRNA-seq) limits both
the statistical power and the generalizability of our find-
ings. Because the inherent biological variability among hu-
man subjects and individual animals may not be fully cap-
tured, the observed transcriptional differences should be in-
terpreted with caution. Future studies with larger cohorts
and validation using publicly available single-cell datasets
are warranted to confirm and extend these observations.
Furthermore, neither mouse model fully replicates the pro-
longed duration of hyperglycemia or the complex chronic
inflammatory state of human diabetic foot disease. Fi-
nally, as this study relied primarily on sequencing data,
future research should incorporate histological validation
techniques, such as immunohistochemistry and immunoflu-
orescence, to confirm these findings, thereby establishing a
more comprehensive cross-species model comparison.

6. Conclusions
The skin of db/db mice, STZ mice, and diabetic foot

patients shows certain similarities in tissue structure and
cellular composition, yet there is significant heterogeneity
in skin structure thickness, appendage density, the number

of cell populations, the cell cycle, cell communication, and
the composition and function of specific cell subpopula-
tions. In the skin of diabetic foot patients, genes associ-
ated with inflammation and cellular dysfunction are signif-
icantly enriched, indicating the presence of an inflamma-
tory state, skin barrier dysfunction, and impaired cellular
function; in db/db mouse skin, metabolism-related genes
are significantly enriched, suggesting a state of pronounced
metabolic dysregulation. In STZ mouse skin, stress-related
genes are markedly enriched, indicating a stress-responsive
state. Therefore, based on single-cell RNA sequencing, the
db/db mouse model is better suited for studies on chronic
inflammation, skin barrier dysfunction, chronic wound re-
pair, and energy metabolism disorders in diabetic skin. By
contrast, the STZ mouse model is more appropriate for re-
search on acute inflammatory responses, early wound heal-
ing, and stress responses in diabetic skin.
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