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Abstract

Objective: This integrated study aimed to characterize fibroblast heterogeneity in diabetic ulcers and evaluate the efficacy of platelet-rich
plasma (PRP) using multi-omics approaches. Methods: We analyzed single-cell RNA sequencing (scRNA-seq) data (GSE165816) from
healed (n = 9) and non-healed (n = 5) patients with diabetic foot ulcers (DFU) to characterize fibroblast dynamics, utilizing cell-cell com-
munication analysis, transcription factor profiling, and pseudotime trajectory reconstruction. A streptozotocin-induced diabetic ulcer rat
model was established to validate the therapeutic effects of PRP. Results: scRNA-seq identified 13 cell types, with fibroblasts showing
the most significant proportional increase in healed DFU (32% versus 25% in non-healed tissue). Fibroblast-centric communication net-
works revealed synergistic interactions with endothelial and keratinocyte lineages. Three key transcription factors (PLAGL1, RUNX2,
and ZKSCAN?7) were upregulated in healed fibroblasts, regulating pathways related to extracellular matrix (ECM) synthesis, angio-
genesis, and cell migration. Pseudotemporal analysis confirmed the differentiation of fibroblasts toward ECM-producing states, with
enrichment of platelet-derived growth factor (PDGF) signaling pathways. In the rat model, PRP treatment resulted in epidermal/dermal
thickening, reduced inflammatory infiltration, and transcriptomic reprogramming that converged with non-diabetic profiles. Venn anal-
ysis identified a 26-core gene signature (e.g., COLIAI, FNI) associated with fibroblast-mediated ECM reorganization. Conclusion:
Fibroblasts drive diabetic ulcer healing via transcription factor-regulated functional networks. PRP accelerates tissue repair by modu-
lating fibroblast ECM-related gene expression, with the 26-gene signature providing a promising foundation for novel diagnostic and
therapeutic targets.

Keywords: diabetic foot; wound healing; fibroblasts; platelet-rich plasma; single-cell analysis; RNA sequencing; transcription factors;
extracellular matrix

1. Introduction [7]. The advent of single-cell RNA sequencing (scRNA-
seq) has transformed the study of complex tissue microen-
vironments by enabling high-resolution analysis of cellu-
lar heterogeneity and functional states [8]. This technology
provides unprecedented insight into fibroblast subpopula-
tions within DFU and allows their dynamic behaviors dur-
ing wound healing to be characterized at single-cell resolu-

tion [9].

Diabetes represents a major global health challenge,
with its complications profoundly reducing patients’ quality
of life and imposing a substantial burden on healthcare sys-
tems [1]. Among these complications, diabetic ulcers, par-
ticularly Diabetic Foot Ulcers (DFU), are among the most
difficult to manage; these chronic, lower-extremity wounds
often fail to respond to conventional therapies [2]. DFUs

markedly increase hospitalization and amputation rates and
are a major contributor to the elevated mortality observed
in diabetic populations [2,3]. Despite advances in over-
all diabetes management, effective treatment of DFU re-
mains a pressing and unresolved clinical challenge [4]. Fi-
broblasts are essential mediators of wound repair, secret-
ing extracellular matrix (ECM) components and cytokines
that drive tissue reconstruction [5,6]. However, under dia-
betic conditions, fibroblast function becomes markedly im-
paired, resulting in delayed or incomplete wound closure

Platelet-rich plasma (PRP), an autologous blood prod-
uct enriched with growth factors and cytokines, has been
shown to promote tissue repair and regeneration [10,11].
Growing evidence suggests that PRP holds substantial ther-
apeutic potential for the treatment of chronic wounds [12,
13]. However, the precise mechanisms through which PRP
facilitates healing in diabetic ulcers remain incompletely
understood. In particular, how PRP modulates fibroblast
function, a central driver of wound repair, requires further
clarification.
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This study analyzed single-cell RNA sequencing data
(GSE165816) from the GEO database to compare fibroblast
heterogeneity and functional states between DFU-healer
and DFU-nonhealer patients. In parallel, we evaluated the
therapeutic effects of PRP on fibroblast activity and ulcer
repair using a diabetic ulcer rat model. By integrating cell—
cell communication analysis, transcription factor profiling,
and protein interaction network mapping, we elucidated the
functional roles of fibroblasts in diabetic ulcers healing and
investigated the molecular mechanisms through which PRP
may exert its therapeutic benefits. These findings provide
new insights into fibroblast-driven wound repair and offer a
theoretical basis for improving diabetic ulcers management.

2. Materials and Methods
2.1 Data Sources and Download

The single-cell RNA sequencing dataset used in this
study was obtained from the GEO database (accession num-
ber GSE165816) [14]. A total of nine DFU-healer samples
and five DFU-nonhealer samples were included for down-
stream analyses.

2.2 Single-Cell Sequencing Data Processing

Single-cell data were initially processed using the Seu-
rat package (version 5.2.1), and batch effects were miti-
gated using the Harmony package [15,16]. The dataset was
constructed with ingestion-level filtering via the CreateSeu-
ratObject function (min.features = 300, min.cells = 5). To
ensure analytical transparency without modifying the orig-
inal clustering or t-SNE visualizations, a quality-control
audit was performed on the final analysis object. Mito-
chondrial gene content (percent.mt) for each cell was cal-
culated using the human mitochondrial gene prefix ("MT-),
and sample-level median percent.mt values are reported in
the Results section. Doublet prediction was conducted us-
ing DoubletFinder (Seurat v5 interface; version 2.0.6) with
PCs 1-30, pN = 0.25, and expected doublet counts adjusted
using the modelHomotypic function in a two-step pANN
reuse workflow. Predicted doublet rates were documented,
but no cells were removed to preserve the original clustering
structure and figures. Batch correction was performed with
Harmony (version 1.2.0) using the first 30 principal com-
ponents (PCs), selected based on: (i) an elbow inflection
around PCs 28-32; (ii) JackStraw significance across the
first ~30 PCs; and (iii) stability of clustering and neighbor-
hood topology under PC = 20, 30, or 40, with no change in
biological interpretation. As all original figures were gen-
erated using t-SNE, this visualization method was retained
post-Harmony for consistency and for its clear delineation
of fibroblast subclusters. UMAP was evaluated internally
and produced comparable biological conclusions. Differ-
ential expression (DE) analyses were performed in Seu-
rat using FindMarkers and FindAllMarkers with the two-
sided Wilcoxon rank-sum test on log-normalized expres-

sion values. Multiple testing correction was applied using
the Benjamini-Hochberg method, and genes were defined
as significantly differentially expressed when they met an
adjusted p value (FDR) <0.05 and an absolute log, fold-
change >0.25. For each comparison, we report the gene
symbol, logs fold-change, adjusted p value, and the per-
centage of cells expressing the gene in each group.

2.3 Cell-Type Annotation and Marker Discovery

Cell-type annotation was performed by integrating
canonical lineage markers, cluster-level differential expres-
sion patterns, and reference information from the published
DFU atlas (GSE165816) by Theocharidis [14]. Consistent
with this reference, fibroblasts were identified using DCN
as a canonical dermal fibroblast marker, while CFD was
retained as a marker enriched in reticular/adipogenic-like
fibroblast subtypes, thereby preserving comparability with
the source dataset. To ensure transparency in cluster as-
signment, we computed cluster-specific marker genes us-
ing Seurat:FindAllMarkers (only.pos = TRUE, min.pct =
0.10, logfc.threshold = 0.25; Wilcoxon test; Benjamini—
Hochberg correction). For each cluster, the top 20 upregu-
lated markers, reported with avg_logoFC, adjusted p value,
pct_in_cluster, and pct_other, are provided in Supplemen-
tary Table 1.

2.4 Cell Communication and Transcription Factor
Analysis

Intercellular communication networks were analyzed
using the iTALK package (https://github.com/Coolgenom
e/iITALK), which incorporates a curated ligand-receptor
database to identify and match signaling pairs. Transcrip-
tion factor activity was assessed with the SCENIC pack-
age (version 1.3.1), which reconstructs gene regulatory net-
works and cellular states through integrated co-expression
and DNA motif analyses [17]. Co-expression networks
were first inferred using GRNBoost, after which motif en-
richment and target gene prediction were performed with
RcisTarget. Regulatory network activity was quantified us-
ing the AUCell algorithm, enabling identification of tran-
scription factors and their target genes with cell type—
specific enrichment.

2.5 Analysis of Fibroblasts

Following the extraction of all fibroblasts, dimension-
ality reduction was performed, and differentially expressed
genes (DEGs) between DFU-healer and DFU-nonhealer fi-
broblasts were identified using the FindMarkers function
in Seurat. Consistent with the global analysis workflow,
DEGs were defined using the Wilcoxon rank-sum test with
Benjamini—Hochberg correction (FDR <0.05 and [log2FC]
>0.25). Gene enrichment analyses were conducted using
the cluster Profiler package (version 4.9.0.2) [18]. Pseu-
dotime trajectory reconstruction was carried out using the
Monocle package (version 2.24.0) with default parameters,
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applying the DDRTree algorithm for dimensionality reduc-
tion and temporal cell ordering [19]. Pseudotime was com-
puted exclusively within fibroblasts to avoid cross—cell-
type mixing. After Seurat log-normalization (scale factor
10,000) and selection of 2000 highly variable genes (VST
method), count matrices were imported into Monocle2 (ver-
sion 2.24.0; expressionFamily = negbinomial.size). Size
factors and dispersions were estimated, dimensionality re-
duction was performed using DDRTree (max_components
= 2), and cells were ordered along inferred trajectories
using orderCells. The root state was defined a priori as
the homeostatic/quiescent fibroblast subset, characterized
by high DCN, COL1A1/COLIA2, and PDGFRA expres-
sion and low ACTA2 and TAGLN expression, located at a
terminal tip of the learned trajectory graph. Branch ex-
pression analysis modeling was subsequently performed to
characterize cell fate decisions along divergent pseudotime
branches.

2.6 Protein Interaction Analysis

Protein interaction networks were constructed us-
ing the STRING database (version 12.0), which provides
a comprehensive repository encompassing 12,535 organ-
isms, 59.3 million proteins, and more than 20 billion ex-
perimentally supported interactions. Significant functional
interaction modules were subsequently identified using the
MCODE plugin within Cytoscape 3.8.0 (The Cytoscape
Consortium, Seattle, WA, USA). The MCODE algorithm
was applied with the following parameters: Node Score
Cutoff = 0.2, K-Core = 2, and Max Depth = 100.

2.7 Establishment of a Diabetic Ulcer Rat Model

Diabetes was induced in the experimental rats by in-
traperitoneal injection of streptozotocin (STZ) [20]. Prior
to injection, rats were fasted but allowed free access to wa-
ter. STZ was dissolved in sterile saline at a concentration of
30 mg/mL and administered at a dosage of 30 mg/kg. After
72 hours, blood samples were collected from the tail vein
to confirm successful diabetes induction, defined as a blood
glucose level >16.7 mmol/L. Eight weeks after diabetes in-
duction, rats were anesthetized with isoflurane. Anesthesia
was initiated by exposing animals to 2% (v/v) isoflurane
delivered at a flow rate of 3 mL/min for approximately 10
minutes. A third-degree burn wound was then generated on
the dorsal surface by applying a red-hot circular iron for 30
seconds. To prevent wound contraction, a hard plastic ring
was surgically secured around the injury site and covered
with sterile gauze. Any emerging epithelial tissue was re-
moved regularly to maintain the wound in an unhealed state
for one month.

2.8 Preparation of Platelet-Rich Plasma

Blood was collected into EDTA-K2 vacuum tubes and
gently inverted to prevent clotting or hemolysis. A 1-mL
aliquot was withdrawn for complete blood count analysis.
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PRP was prepared using a two-step centrifugation protocol:
an initial centrifugation at 900 g for 5 minutes, followed by
a second centrifugation at 1500 g for 15 minutes. After the
second spin, the supernatant was collected as platelet-poor
plasma (PPP), while the remaining platelet pellet was re-
suspended to generate PRP. Platelet counts were measured,
and the final platelet concentration was adjusted to 1000 x
10%/L using PPP to obtain the experimental PRP [21]. For
activation, 1 mL of PRP was mixed with 0.1 mL of throm-
bin and 0.1 mL of calcium gluconate (final volume ratio
1:0.1:0.1) to initiate coagulation and promote growth factor
release.

2.9 Treating Diabetic Ulcers in Rats With PRP

A total of 48 male rats aged 7-8 weeks and weighing
200-250 g were obtained from Hunan Saiweishi Biotech-
nology Co., Ltd. (Hunan, China). Thirty-six rats were ran-
domly assigned (using a random number table) into three
groups (n = 12 per group): the non-diabetic ulcer group
(sham group), the diabetic ulcer group (control group), and
the diabetic ulcer + PRP treatment group (PRP group).
The remaining 12 rats were reserved exclusively for PRP
preparation. Following successful induction of diabetic ul-
cers, the PRP group received 0.5 mL of PRP administered
via perilesional injection on days 1, 7, 14, and 21. Rats
in the sham and control groups received equivalent vol-
umes of physiological saline. After treatment administra-
tion, wounds were covered with Vaseline gauze and sterile
dressings, which were secured with adhesive tape.

Procedure for rat euthanasia by cervical dislocation
(following isoflurane anesthesia):

(1) Anesthesia Induction: induce anesthesia in the rat
by exposing it to 2% isoflurane delivered at a flow rate of 3
mL/min via an appropriate anesthesia system. Allow the rat
to breathe the anesthetic gas for approximately 10 minutes,
or until it reaches a sufficient level of surgical anesthesia
(loss of righting reflex, lack of response to stimuli).

(2) Handling the rat: once adequately anesthetized,
grasp the rat securely with one hand by supporting its body
from the underarms and thoracic/back region. Lift the rat so
that its body is suspended in the air, with the forelimbs nat-
urally extended forward and the hind limbs hanging down.

(3) Securing the head and neck: with your other hand,
use your thumb and index finger (and optionally the middle
finger) to firmly but gently pinch and stabilize the rat’s head
and neck, specifically at the area where the head meets the
cervical spine (the nape/neck base).

(4) Performing cervical dislocation: with a quick,
firm, and decisive motion, apply a forward and downward
force combined with a slight twisting motion to dislocate
the cervical vertebrae. This action severs the spinal cord,
resulting in immediate loss of consciousness and death.

(5) Confirming death: after performing cervical dislo-
cation, carefully observe the rat for any signs of life, includ-
ing breathing movements, heartbeat, or involuntary limb
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Fig. 1. Single-cell sequencing analysis of cellular heterogeneity in diabetic foot ulcers (DFU)-healer and DFU-nonhealer samples.
(A,B) t-SNE-based dimensionality reduction of 45,353 cells from dataset GSE165816, identifying 27 transcriptionally distinct clusters
across DFU-healer and DFU-nonhealer samples. (C) Expression patterns of canonical lineage markers across the 27 clusters. (D)
Annotation of clusters into 13 major cell types based on marker gene expression. (E) Cell counts for each annotated cell type in DFU-
healer and DFU-nonhealer samples. (F) Proportional distribution of the 13 cell types in DFU-healer and DFU-nonhealer groups.

movements. Absence of these signs indicates successful
euthanasia.

2.10 Processing of Skin Samples

On the day of successful modeling and on day 21,
wound and peri-wound tissues were excised approximately
2 mm from the wound edge. A portion of each sample was
fixed in 10% neutral-buffered formalin and subsequently
processed for hematoxylin—eosin (HE) staining using an
HE staining kit (Beyotime, Shanghai, China). The remain-
ing tissues collected on day 21 were transported on dry ice
to Hunan Saiweishi Biotechnology Co., Ltd. (Changsha,
China) for high-throughput transcriptome sequencing.

2.11 Bulk RNA Sequencing and Differential Expression
Analysis of Rat Skin Tissues

Total RNA was extracted from rat skin lesions and
sequenced on an Illumina platform by a commercial ser-
vice provider (Hunan Saiweishi Biotechnology Co., Ltd.,
Changsha, China). Standard quality control procedures,
including adapter trimming, read filtering, alignment to
the Rattus norvegicus reference genome, and gene-level
quantification (FPKM), were performed by the provider.
For downstream analysis, protein-coding genes were fil-
tered and re-analyzed in R using the edgeR—limma—voom
pipeline. Differentially expressed genes were defined as
those with |logoFC| >0.8 and p < 0.05 and were subse-
quently used for functional enrichment analyses.

3. Results

3.1 Single-Cell Sequencing Analysis of DFU Reveals
Extensive Cellular Heterogeneity

Single-cell sequencing was performed on DFU-
healer and DFU-nonhealer samples, and the data were
visualized using tSNE for dimensionality reduction.
After batch-effect correction, substantial overlap was
observed between the two groups (Fig. 1A). The final
analysis included 14 samples, with per-sample post-QC
cell counts showing a median of 3151 (range 1764—4630;
mean ~ 3240). Median mitochondrial gene percentages
(percent.mt) across samples yielded a dataset-level median
of 5.61% (IQR 3.40-8.20%). DoubletFinder predicted
an overall doublet rate of 4.85% (sample median 4.46%;
range 0.79-9.92%), and a full QC audit is provided in
Supplementary Table 2. A total of 27 transcriptionally
distinct clusters were identified, representing diverse
cellular populations within DFU tissue (Fig. 1B). Based on
canonical markers, these clusters were assigned to 13 major
cell types: fibroblasts (DCN+, CFD+), smooth muscle
cells (TAGLN+, ACTA2+), vascular endothelial cells
(ACKRI1+), T cells (CD3D+), monocytes (FCGR3A+,
ILIB+, CDI163+), keratinocytes (KRT5+ KRT14+),
NK cells (CCL5+, GZMB+), melanocytes/Schwann
cells (MLANA+, CDH19+), sweat and sebaceous gland
cells (DCD+), lymphatic endothelial cells (CCL21+),
B cells (CD79A+), plasma cells (MZB1+), and mast
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Fig. 2. Intercellular communication analysis across cell types in DFU. (A) Cytokine-mediated communication networks among cell

types inferred using the iTALK package. (B) Additional ligand—receptor communication networks identified using iTALK. (C) Differ-

ential cytokine communication between fibroblasts and other cell types in DFU-healer versus DFU-nonhealer samples. (D) Differential

non-cytokine communication between fibroblasts and other cell types in DFU-healer versus DFU-nonhealer samples.

cells (TPSAB1+) (Fig. 1C). Supplementary Table
1 provides the top 20 markers per cluster, including
avg logoFC, adjusted p values, and expression prevalence
(pct_in_cluster/pct_other), confirming robust cluster an-
notation. The spatial distribution and cell-type annotation
across the t-SNE map are shown in Fig. 1D. Comparison of
cellular compositions revealed an increased proportion of
fibroblasts in the DFU-healer group (x=32%) relative to the
DFU-nonhealer group (=25%) (Fig. 1E,F). When treating
each sample as an independent unit, the mean fibroblast
difference (A = +0.0907; +9.07 percentage points) did
not reach statistical significance (Wilcoxon rank-sum p =
0.351; permutation p = 0.244; bootstrap 95% CI: —0.0253
to 0.2059). Notably, the DFU-healer group also exhibited
elevated proportions of smooth muscle cells and vascular
endothelial cells. Collectively, these findings suggest that
specific cellular populations, particularly fibroblasts, may
play key roles in driving successful DFU healing through
changes in abundance and functional state.
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3.2 Analysis of Cellular Communication Across Cell Types
in DFU

To comprehensively characterize intercellular com-
munication within DFU tissue, we applied the iTALK pack-
age to the scRNA-seq dataset. In the cytokine-mediated
communication network, black lines denote interactions be-
tween distinct cell types, with both line and arrow thick-
ness reflecting interaction strength. Lymphatic endothe-
lial cells, fibroblasts, smooth muscle cells, monocytes,
and T cells emerged as central hubs within this network,
forming dense and highly interconnected signaling rela-
tionships (Fig. 2A). Fibroblasts also played a prominent
role in additional communication networks, demonstrating
strong interactions with smooth muscle cells, keratinocytes,
and vascular endothelial cells (Fig. 2B). For example,
fibroblast—endothelial signaling through ITGBI is impli-
cated in regulating angiogenesis and tissue remodeling,
while fibroblast—keratinocyte interactions support wound
epithelialization—an essential process for ulcer closure.
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We next compared communication patterns between DFU-
healer and DFU-nonhealer samples (Fig. 2C,D). Red lines
indicate cytokine interactions that were upregulated in the
DFU-healer group, whereas blue lines represent downregu-
lated interactions. Notably, fibroblast-mediated communi-
cation was markedly elevated in DFU-healer tissue, sug-
gesting increased fibroblast activity and enhanced cross-
talk with neighboring cell types. Such upregulated signal-
ing pathways are consistent with a more pro-repair microen-
vironment and may contribute to improved wound healing
in DFU-healer patients.

3.3 Transcription Factor Analysis Across Cell Types in
DFU

To investigate gene regulatory differences between
DFU-healer and DFU-nonhealer patients, we applied the
SCENIC workflow to identify transcription factors (TFs)
with cell type—specific regulatory activity. Distinct TF ex-
pression patterns were observed between the two groups
(Fig. 3A,B). In fibroblasts from the DFU-nonhealer group,
predominant TFs included FOXD2, STAT2, TWIST2,

FOXP2, and HOXA11l, whereas fibroblasts from the
DFU-healer group were characterized by elevated ex-
pression of PLAGLI1, STAT2, RUNX2, TWIST2, and
ZKSCANT7. SCENIC further identified PLAGL1, RUNX2,
and ZKSCAN7 as putative fibroblast-associated regu-
lons in DFU-healers, exhibiting distinctly higher AU-
Cell activity in fibroblasts compared with other cell types
(Supplementary Fig. 1). Notably, these regulons were
not detected by AUCell in DFU-nonhealer samples under
our analysis settings. A comprehensive regulon summary,
including mean AUCell values, AUCell-positive fractions,
and regulon specificity scores (RSS), is provided in Sup-
plementary Table 3. Analysis of differential TFs and
their predicted target genes revealed significant enrichment
in pathways related to NABA CORE MATRISOME and
Extracellular matrix organization, indicating a strong link
to fibroblast-driven matrix remodeling (Table 1). Target
genes regulated by PLAGL1, RUNX2, and ZKSCAN7
showed particularly strong enrichment in these pathways,
with lower p values indicating robust statistical signifi-
cance. Additional associations were observed with path-

&% IMR Press


https://www.imrpress.com

Table 1. Enrichment Analysis of target genes in FOXD2, FOXP2 and HOXA11.

GO (Gene Ontology) Category Description Count % Logl0(P) Logl0(q)
M5884 Canonical Pathways NABA CORE MATRISOME 21 4.96 -94 -5.05
R-HSA-1474244 Reactome Gene Sets Extracellular matrix organization 19 4.49 -7.25 -3.2
M5885 Canonical Pathways NABA MATRISOME ASSOCIATED 31 7.33 -7 -3.13
G0:0002009 GO Biological Processes Morphogenesis of an epithelium 23 5.44 —6.79 -3.05
G0:0022612 GO Biological Processes Gland morphogenesis 11 2.6 —6.62 -2.99
GO0:0060541 GO Biological Processes Respiratory system development 15 3.55 —6.41 -2.99
R-HSA-3000178 Reactome Gene Sets ECM proteoglycans 9 2.13 -5.94 -2.67
GO:0008283 GO Biological Processes Cell population proliferation 27 6.38 -5.5 -2.35
R-HSA-556833 Reactome Gene Sets Metabolism of lipids 28 6.62 -5.45 -2.34
GO0:0071363 GO Biological Processes  Cellular response to growth factor stimulus 21 4.96 -5.2 -2.13
GO0:0050865 GO Biological Processes Regulation of cell activation 24 5.67 —4.96 -2.01
R-HSA-2142753 Reactome Gene Sets Arachidonic acid metabolism 7 1.65 —4.74 -1.85
G0:0030500 GO Biological Processes Regulation of bone mineralization 8 1.89 -4.71 -1.84
Table 2. Enrichment analysis of target genes in PLAGL1, RUNX2 and ZKSCAN7.
GO Category Description Count % LoglO(P) LoglO(q)
R-HSA-1474244 Reactome Gene Sets Extracellular matrix organization 95 5.48 —43.98 -39.63
M5884 Canonical Pathways NABA CORE MATRISOME 87 5.02 —40.26 -36.21
GO0:0001944 GO Biological Processes Vasculature development 100 5.77 —24.53 -20.97
G0:0097435 GO Biological Processes ~ Supramolecular fiber organization 104 6 —24.08 —20.64
GO0:0001501 GO Biological Processes Skeletal system development 89 5.13 =21 -17.7
R-HSA-3781865 Reactome Gene Sets Diseases of glycosylation 44 2.54 -19.97 -16.74
R-HSA-5653656 Reactome Gene Sets Vesicle-mediated transport 103 5.94 -19.22 —-16.05
R-HSA-3000178 Reactome Gene Sets ECM proteoglycans 31 1.79 —-18.43 -15.29
G0:0001503 GO Biological Processes Ossification 60 3.46 -17.97 —14.88
GO0:0048598 GO Biological Processes Embryonic morphogenesis 91 5.25 -17.4 -14.4
G0:0009100 GO Biological Processes Glycoprotein metabolic process 64 3.69 -17.01 —-14.08
G0:2000147 GO Biological Processes  Positive regulation of cell motility 92 5.31 -16.94 -14.02

ways involved in vasculature development and supramolec-
ular fiber organization (Table 2), highlighting the broad reg-
ulatory influence of these TFs in promoting tissue repair and
structural remodeling.

3.4 Single-Cell Transcriptome Analysis of Fibroblasts in
DFU

To characterize transcriptional and functional differ-
ences between fibroblasts from DFU-healer and DFU-
nonhealer samples, we performed focused analysis of fi-
broblast populations within the scRNA-seq dataset. Af-
ter isolating fibroblasts, t-SNE dimensionality reduction
identified 22 transcriptionally distinct clusters (Fig. 4A).
Fibroblasts from DFU-healers (red) and DFU-nonhealers
(blue) displayed clearly segregated spatial distributions
(Fig. 4B), indicative of substantial differences in gene ex-
pression states and cellular functions. This divergence sug-
gests that healing-associated fibroblasts may activate dis-
tinct regulatory programs that support wound repair. Dif-
ferential expression analysis using the FindMarkers func-
tion revealed robust transcriptional differences between
the two groups, which are summarized in a heatmap
(Fig. 4C,D). A full list of DEGs, including logs fold-change
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values, adjusted p values, and expression frequencies, is
provided in Supplementary Table 4. Gene Set Enrichment
Analysis (GSEA) demonstrated that genes upregulated in
DFU-healer fibroblasts were significantly enriched in path-
ways related to Extracellular matrix organization and Col-
lagen formation, highlighting their enhanced role in matrix
deposition and tissue reconstruction during ulcer healing.

3.5 Pseudotime Analysis of Fibroblasts in DFU

To elucidate fibroblast state transitions during DFU
healing, we performed pseudotime trajectory reconstruc-
tion using Monocle2. The resulting trajectory revealed a
continuum of dynamic transcriptional changes across fi-
broblast states (Fig. 5A). The trajectory was rooted in a
homeostatic/quiescent fibroblast subset characterized by
high DCN, COLIA1/COL1A2, and PDGFRA expression
and low ACTA2 and TAGLN expression, positioned at a
terminal tip of the learned graph (root state = 9). From
this starting point, fibroblasts progressed toward more acti-
vated, myofibroblast-like phenotypes. Fibroblast distribu-
tions along pseudotime differed markedly between groups
(Fig. 5B). DFU-healer samples showed a greater abundance
of fibroblasts in States 1-4, suggesting enrichment of pro-
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Fig. 4. Single-cell transcriptomic analysis of fibroblasts in DFU-healer and DFU-nonhealer samples. (A,B) t-SNE-based dimen-

sionality reduction of fibroblasts, identifying 22 transcriptionally distinct clusters across DFU-healer and DFU-nonhealer groups. (C)

Heatmap showing differentially expressed genes with high expression in fibroblasts from DFU-healer and DFU-nonhealer samples. (D)
Gene Set Enrichment Analysis (GSEA) of differentially expressed genes between DFU-healer and DFU-nonhealer fibroblasts, highlight-

ing enriched biological pathways.

repair fibroblast states in healing tissue. To probe the under-
lying regulatory mechanisms, we examined branch point 3
(branch_point = 3) and identified DEGs distinguishing the
pre-branch population (State 9) from the two major fates,
cell fate 1 (States 1-5) and cell fate 2 (States 6-8). These
DEGs were grouped into six distinct clusters (Fig. 5C),
with Clusters 1 and 5 showing elevated expression in cell
fate 1, consistent with a pro-healing fibroblast trajectory.
Genes from these clusters were used to construct a protein—
protein interaction network in STRING (Fig. 5D). Subse-
quent module detection using the MCODE plugin identified
key functional submodules (Fig. SE). Enrichment analysis
demonstrated that genes within these modules participated
in biological processes central to tissue repair, including
Collagen biosynthetic process, Platelet-derived growth fac-
tor binding, Extracellular matrix structural constituent, and
Collagen type I trimer (Table 3), underscoring the impor-
tance of ECM remodeling and growth factor signaling in
fibroblast-mediated DFU healing.

3.6 Histological Evaluation of the Healing Effects of PRP
in a Diabetic Ulcer Rat Model

Given that several pathways enriched in key gene
modules were associated with platelet activity, and prior
studies have demonstrated the therapeutic potential of PRP
in diabetic ulcers, we conducted histological analyses to
further evaluate the impact of PRP on ulcer healing in a rat
model. HE-stained tissue sections from the control, PRP-
treated, and sham groups were examined on day 0 and day
21. On day 0, both the diabetic control and PRP-treated
groups exhibited comparable pathological features, includ-
ing compensatory epidermal thickening, marked disruption
of epidermal and dermal architecture, and extensive inflam-
matory cell infiltration. In contrast, the non-diabetic sham
group displayed noticeably milder tissue damage and re-
duced inflammatory infiltration (Fig. 6A—C). By day 21, the
control group continued to show substantial architectural
destruction and persistent inflammatory cell accumulation,
indicative of poor healing. In comparison, both the PRP
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and sham groups demonstrated pronounced restoration of
epidermal and dermal structures, significant ulcer area re-
duction, active tissue regeneration, and a marked decrease
in inflammatory infiltrates (Fig. 6D—F). These findings sup-
port the beneficial effects of PRP in promoting structural re-
pair and attenuating inflammation in diabetic ulcer wounds.

3.7 Transcriptome Sequencing Analysis of Skin Lesion
Tissues From Various Groups

Transcriptome sequencing and downstream bioin-
formatics analyses were performed on skin tissues col-
lected from the different wound and wound-healing groups.
GSEA of differentially expressed genes between the sham
and control groups revealed significant enrichment in path-
ways such as Collagen formation, Collagen degradation,
and Chemokine receptors bind chemokines (Fig. 7A), re-
flecting the greater structural integrity and immunological
homeostasis of non-diabetic skin. A similar enrichment pat-
tern was observed when comparing the PRP and control
groups (Fig. 7B), suggesting that PRP treatment partially
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restores the molecular landscape of diabetic ulcers toward
a non-diabetic phenotype.

To further delineate the biological functions of these
genes, GO enrichment analysis was conducted across bio-
logical process (BP), cellular component (CC), and molec-
ular function (MF) categories. In the sham versus con-
trol comparison, BP terms (Fig. 7C) were predominantly
associated with leukocyte migration, extracellular matrix
(ECM) organization, inflammatory response, and cell pro-
liferation, processes essential for maintaining normal skin
repair and immune defense. CC analysis (Fig. 7E) indicated
enrichment in ECM structures, collagen fibers, and cell ad-
hesion complexes, consistent with preserved tissue archi-
tecture in the sham group. MF terms (Fig. 7G) included pat-
tern recognition receptor activity, glycosaminoglycan bind-
ing, and structural molecule activity, underscoring the func-
tional and immunological robustness of non-diabetic skin.

In the PRP versus control comparison, BP terms
(Fig. 7D) highlighted leukocyte migration, ECM remodel-
ing, collagen degradation, and redox regulation. CC en-
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Table 3. Enrichment analysis of the key module.

GO term Description Count in network Strength False discovery rate
BP GO:1903225 Negative regulation of endodermal cell differentiation 2 of 3 2.67 0.0047
BP GO:0001957 Intramembranous ossification 3of7 2.48 0.00014
BP GO:1902617 Response to fluoride 2 of 5 2.45 0.0091
BP GO:0035989 Tendon development 2 of 5 2.45 0.0091
BP GO:0032914  Positive regulation of transforming growth factor betal production 2 of 7 2.3 0.0145
BP GO:0071492 Cellular response to UV-A 3of 11 2.28 0.00034
BP GO:0060346 Bone trabecula formation 20f8 2.25 0.017
BP G0O:0033622 Integrin activation 2 0of 10 2.15 0.0217
BP G0O:0032964 Collagen biosynthetic process 2 of 10 2.15 0.0217
MF GO:0048407 Platelet-derived growth factor binding 4of 11 241 2.70 x 1076
MF GO:0030020 Extracellular matrix structural constituent conferring tensile strength 9 0f 28 2.35 1.11 x 10715
MF GO:005518 Collagen binding 11 of 66 2.07 7.63 x 10717
MF GO:0043394 Proteoglycan binding 5 of37 1.98 2.28 x 1076
MF GO:0005201 Extracellular matrix structural constituent 16 of 131 1.93 5.43 x 10724
MF GO:0001968 Fibronectin binding 3 0f30 1.85 0.0029
MF GO:0050840 Extracellular matrix binding 50f 56 1.8 1.22 x 107°
MF GO:0005178 Integrin binding 8 of 159 1.55 493 x 1078
MF GO:0004222 Metalloendopeptidase activity S5of 114 1.49 0.0002
CC GO:000584 Collagen type I trimer 2 of 2 2.85 0.0013
CC GO:000588 Collagen type V trimer 3 of4 2.72 1.52 x 10°°
CC GO0:000583 Fibrillar collagen trimer 7 of 12 2.61 7.49 x 10714
CC GO:000592 Collagen type XI trimer 2 of 5 2.45 0.0042
CC GO:000593 FACIT collagen trimer 2 of 6 2.37 0.0053
CC GO:000577 Fibrinogen complex 2 0of 8 2.25 0.0077
CC GO0:000581 Collagen trimer 13 of 95 1.98 3.37 x 10720
CC GO:0062023 Collagen-containing extracellular matrix 23 of 407 1.6 2.05 x 10731
CC GO:0031012 Extracellular matrix 27 of 552 1.54 1.30 x 10737

richment (Fig. 7F) emphasized localization to ECM com-
ponents, collagen fibers, and membrane-associated pro-
teins, while MF terms (Fig. 7H) included pattern recogni-
tion receptor activity, structural molecule activity, and re-
dox enzyme activity. Together, these results suggest that
PRP enhances ECM integrity and modulates immune and
metabolic pathways to promote wound repair, thereby shift-
ing diabetic ulcer gene expression profiles toward a health-
ier state.

Differential expression analysis further identified
highly expressed genes across three comparisons: sham
versus control, PRP versus control, and DFU-healer ver-
sus DFU-nonhealer fibroblasts (Fig. 8A). Venn analysis re-
vealed 26 overlapping genes shared among all comparisons.
Heatmap visualization (Fig. 8B) demonstrated high expres-
sion of these genes in the sham group, pronounced down-
regulation in the control group, and partial restoration in
PRP-treated tissue, approaching levels observed in non-
diabetic skin. This pattern indicates that PRP partially nor-
malizes expression of genes associated with skin repair and
immune regulation in diabetic wounds. Enrichment analy-
sis (Fig. 8C) showed that these 26 genes were significantly
associated with pathways such as Extracellular matrix orga-
nization, regulation of phagocytosis, and regulation of actin
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filament polymerization, highlighting their central roles in
tissue remodeling, cytoskeletal dynamics, and immune pro-
cesses relevant to DFU healing and PRP’s mechanism of
action.

4. Discussion

Diabetic ulcers are among the most common chronic
wounds and, when left untreated, markedly increase the
risk of bacterial infection [22]. As highlighted by Dr.
Chandan K. Sen, diabetic ulcers also impose the second-
highest economic burden among chronic wound types, sur-
passed only by surgical wounds [23], placing substantial fi-
nancial strain on both individuals and healthcare systems
[24]. PRP, which contains a platelet concentration ap-
proximately fivefold higher than baseline levels [25], pro-
vides a rich source of growth factors that support soft-
tissue regeneration. Beyond its relevance to diabetic ulcers,
PRP has demonstrated therapeutic benefits in diverse clin-
ical settings, including accelerated gingival wound heal-
ing [26], reduction of osteoarthritis-related pain with poten-
tial disease-modifying effects [27], and enhanced periph-
eral nerve regeneration following sciatic nerve injury [28].

In this study, we combined single-cell sequencing,
cell—cell communication analysis, transcription factor pro-
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Fig. 6. Hematoxylin—eosin (HE) staining of ulcer tissue in the rat model. (A—C) HE-stained ulcer tissue from the Control, platelet-rich

plasma (PRP), and Sham groups on day 0. (D-F) HE-stained ulcer tissue from the Control, PRP, and Sham groups on day 21. Scale bar
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filing, pseudotime reconstruction, and PRP-treated animal
models to systematically investigate the role of fibrob-
lasts in diabetic ulcer pathogenesis and repair. Single-cell
analysis revealed extensive cellular heterogeneity within
DFU tissues, with fibroblast abundance markedly higher
in healed than in non-healed samples. Functionally, these
fibroblasts contribute to tissue repair through secretion of
ECM components such as collagen and fibronectin, as well
as pro-angiogenic mediators that promote vascular regener-
ation [29,30]. Intercellular communication mapping further
demonstrated that fibroblasts actively interact with smooth
muscle cells, vascular endothelial cells, and keratinocytes,
supporting the coordinated multicellular responses required
for effective ulcer resolution [31].

Transcription factor analysis identified PLAGLI,
RUNX2, and ZKSCANT7 as selectively enriched in fibrob-
lasts from healed tissue, regulating gene programs associ-
ated with ECM organization, angiogenesis, and cell migra-
tion, hallmarks of active wound repair. Pseudotime analy-
sis provided additional insight by delineating the temporal
emergence of pro-healing fibroblast subpopulations, under-
scoring their central role in orchestrating tissue repair dy-
namics. These findings establish fibroblasts as key drivers
of the diabetic ulcer healing process and support PRP as a
biologically rational therapeutic strategy capable of enhanc-
ing fibroblast-mediated regeneration.

Animal model experiments further confirmed the ther-
apeutic efficacy of PRP, demonstrating accelerated ulcer
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closure in diabetic rats [32]. By day 21, histological
analysis revealed substantial regeneration of the epidermal
and dermal layers, accompanied by a marked reduction
in inflammatory infiltrates in PRP-treated wounds. Tran-
scriptomic profiling reinforced these observations: PRP-
treated diabetic ulcers displayed gene expression patterns
that closely resembled those of non-diabetic controls, with
pronounced enrichment in pathways related to Collagen
formation and Extracellular matrix organization. These re-
sults suggest that PRP promotes wound repair, at least in
part, by modulating fibroblast activity and restoring ECM-
related functions. Consistent with this interpretation, Venn
diagram and enrichment analyses identified a set of key
genes, shared across sham, PRP-treated, and DFU-healer
samples, whose expression profiles were partially restored
by PRP. Many of these genes are central to ECM organiza-
tion and cell migration, processes typically impaired in dia-
betic wounds. Together, these findings provide mechanistic
validation for PRP’s role in re-establishing tissue homeosta-
sis and enhancing fibroblast-driven repair.

Although this integrated study provides compelling
evidence for the central role of fibroblasts in diabetic ulcer
healing and demonstrates the therapeutic potential of PRP,
several limitations should be considered when interpreting
the findings and designing future research. (1) Preclinical
model constraints: The primary evidence is derived from
an STZ-induced diabetic rat model. Although widely used,
this model predominantly reflects type 1 diabetes and may
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not fully capture the metabolic complexity of type 2 dia-
betes, which accounts for most clinical cases of diabetic
ulcers. In addition, the controlled wound environment in
rodents differs substantially from the chronic, polymicro-
bial, pressure-prone conditions characteristic of human ul-
cers. Therefore, validation in well-designed human clini-
cal cohorts is necessary to establish translational relevance.
(2) Sample size and statistical power: The manuscript does
not report the number of animals per experimental group,
and no a priori power analysis was performed. Although
group sizes were informed by prior studies, the absence
of formal power calculations limits our ability to assess
the risk of Type II error. As this study was exploratory
and mechanistically focused, future confirmatory studies
should incorporate power analyses to ensure sufficient sam-
ple sizes for detecting biologically meaningful effects. (3)
Narrowed cellular focus: Our analysis deliberately con-
centrated on fibroblast heterogeneity and function. While
this yielded in-depth insights, it limited broader interpre-
tation. Other key cell types involved in wound repair,
such as macrophages, endothelial progenitor cells, and ker-
atinocytes, were not comprehensively examined. A more
integrative, multicellular analysis will be essential to fully
elucidate the cellular crosstalk governing DFU healing and
the mechanisms underlying PRP efficacy. (4) Mechanistic
validation gap: Although our multi-omics findings strongly
associate PLAGL1, RUNX2, and ZKSCAN7 with a pro-
healing fibroblast phenotype, these correlative results do
not establish causality. Definitive validation of these tran-
scription factors as regulators of fibroblast fate will require
in vivo functional studies, such as fibroblast-specific knock-
out or knockdown models. Such approaches will be nec-
essary to confirm causal roles and assess their potential as
therapeutic targets. (5) Lack of PRP standardization: A ma-
jor challenge in translating PRP therapy lies in the absence
of standardized preparation protocols. Like many studies,
ours defined PRP primarily by platelet count; however, crit-
ical parameters, including concentrations and bioactivity of
growth factors (e.g., PDGF, VEGF), leukocyte content, and
activation methods, were not standardized and may influ-
ence therapeutic response. Future research must work to-
ward consensus on PRP preparation to ensure reproducibil-
ity and enable meaningful comparisons across studies. (6)
Absence of external validation for the 26-gene signature:
The fibroblast-related 26-gene “core” signature identified
in this study was derived solely from the integrated dataset
analyzed here (Section 3.7; Fig. 8). Due to the lack of an in-
dependent DFU scRNA-seq or bulk-transcriptomic cohort
with compatible outcome data, we could not assess its di-
agnostic or prognostic performance through external vali-
dation. Thus, this gene set should be viewed as hypothesis-
generating, and future studies involving independent pa-
tient cohorts will be required to evaluate and refine its clin-
ical utility. Addressing these limitations through human
validation, rigorous study design, broader cellular profil-
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ing, direct functional experiments, and standardized PRP
preparation will be essential to advance these findings to-
ward clinical translation.

5. Conclusion

This integrated study highlights the pivotal role of
fibroblast functional dynamics in diabetic ulcer repair.
Single-cell transcriptomic analysis demonstrated a marked
expansion of fibroblast populations in healed DFU tis-
sue (32%) compared with non-healed counterparts (25%).
These healing-associated fibroblasts exhibited enhanced
ECM synthesis and collagen formation, driven by three key
transcription factors, PLAGL1, RUNX2, and ZKSCAN7,
that regulate pathways involved in angiogenesis and cell
migration. Importantly, our findings confirm PRP as a
potent modulator of fibroblast-mediated reparative pro-
cesses. PRP not only promoted fibroblast proliferation and
functional activation but also accelerated ulcer resolution
through reduced inflammation and improved ECM remod-
eling. Collectively, these results underscore fibroblasts as
central effectors of diabetic ulcer healing and support PRP
as a promising translational therapeutic strategy. Future
studies should focus on optimizing PRP preparation proto-
cols and evaluating combination approaches to further en-
hance clinical outcomes for patients with diabetic ulcers.
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