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Abstract

Impaired wound healing in diabetes involves disrupted communication between epidermal
keratinocytes and dermal cells, yet the underlying regulatory factors remain incompletely
understood. This study investigated the potential role of cystatin A (CSTA) in diabetic
wound repair. CSTA expression was examined in high-glucose-treated keratinocytes and
diabetic mouse skin. RNA sequencing and functional assays were performed to evaluate
the effects of recombinant CSTA on human dermal fibroblasts and microvascular endothe-
lial cells, while topical CSTA and calcipotriol were evaluated in diabetic C57BL/6] mouse
wound models. CSTA expression was reduced under high-glucose and diabetic conditions.
Recombinant CSTA enhanced fibroblast migration and proliferation-associated activity,
promoted extracellular matrix-related gene expression, and improved endothelial migra-
tion and tube formation. Topical CSTA treatment accelerated wound closure, increased
CD31-positive vascular structures, and enhanced collagen deposition in diabetic mice. Cal-
cipotriol treatment similarly improved wound repair outcomes. These findings suggest
that CSTA may contribute to the regulation of dermal repair processes and highlight its
potential therapeutic relevance in diabetic wound healing, although the causal contribution
of endogenous CSTA deficiency remains to be established.

Keywords: diabetic wound healing; cystatin A (CSTA); keratinocytes; collagen deposition;
angiogenesis; calcipotriol

1. Introduction

Diabetes is a chronic metabolic disease caused by an absolute or relative deficiency
of insulin, significantly affecting the lives of individuals, families, and social well-being
globally [1]. Prolonged hyperglycemia can cause damage to the blood vessels and periph-
eral nerves. Nerve and vascular disorders in the distal end of the lower limb result in
diminished foot sensation and inadequate blood flow, leading to diabetic foot ulcers (DFUs)
following foot injury [2]. Research shows that 30-40% of DFUs heal within 12 weeks,
and the recurrence rate is significantly high; approximately 20% of patients with DFUs
eventually undergo amputation [3,4]. Standard care still relies largely on debridement,
infection control, offloading, dressings, and vascular optimization, yet many wounds fail
to close. The unresolved problem is that chronic non-healing reflects not a defect in one
cell type, but a breakdown of coordinated repair programs. This points to intercellular
communication as a critical entry point.
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Keratinocytes are often framed primarily as the cells that restore epidermal coverage,
yet wound repair studies show that they also release soluble factors and vesicles that shape
the dermal repair compartment. These signals can alter fibroblast migration, collagen
production, matrix remodeling, and wound contraction, while also affecting endothelial
migration, tube formation, and neovascularization [5-7]. The unresolved issue is which
keratinocyte-derived factors are functionally lost in diabetic wounds and whether their loss
is sufficient to impair repair. A recent study has linked premature skin aging to age-related
bone loss through keratinocyte paracrine secretion of CSTA (Cystatin-A, also known as
stefin A) [8]. However, whether CSTA expression is altered in keratinocytes under diabetic
conditions and whether CSTA influences dermal cell functions relevant to wound repair
remain unclear. Investigating these questions may help identify additional factors involved
in epidermal-dermal communication and provide a rationale for exploring CSTA-based
approaches to diabetic wound repair.

CSTA is a constituent of the cysteine proteinase inhibitor family, primarily found intra-
cellularly and secreted by keratinocytes [9,10]. It is the main biochemical skin barrier [11],
an effective inhibitor of endogenous proteases (B, H, and L) within the epidermis, and
exogenous proteases (Der pl and Der f1) from house dust mites [12]. CSTA has been
demonstrated to function as an antiapoptotic molecule that inhibits UVB-induced apoptosis
in keratinocytes [13]. The CSTA gene mutation was closely associated with acral peeling
skin syndrome [14]. However, the other functions of this cysteine protease inhibitor in the
skin remain unknown, and current research has not demonstrated its correlation with dia-
betes wound healing. However, whether CSTA influences dermal fibroblast and endothelial
cell functions in the context of diabetic wound healing remains insufficiently understood.

Despite advances in diabetic wound management, the molecular factors linking epi-
dermal alterations to impaired dermal repair remain incompletely understood. Given the
established role of CSTA in epidermal homeostasis and previous evidence of its involvement
in keratinocyte-associated signaling, we hypothesized that CSTA may influence fibroblast
and endothelial cell responses relevant to diabetic wound healing. Therefore, this study
aimed to characterize CSTA expression under diabetic conditions and evaluate the effects
of exogenous recombinant CSTA on dermal repair-associated functions. Specifically, we
examined CSTA expression in high-glucose-treated keratinocytes and diabetic mouse skin,
investigated CSTA-associated transcriptional and functional changes in human dermal
fibroblasts and microvascular endothelial cells, and assessed the effects of topical CSTA and
calcipotriol on diabetic wound repair in mice. By integrating cellular, transcriptomic, and
animal experiments, this study sought to provide a basis for further investigation of CSTA
as a potential modulator of diabetic wound healing.

2. Results

2.1. CSTA Expression Was Reduced in High-Glucose-Treated Keratinocytes and Diabetic
Mouse Skin

High-glucose treatment of Human immortalized keratinocytes (HaCaTs) for 48 h
reduced CSTA mRNA levels (to 0.45-fold of the control; Figure 1a). Protein levels of CSTA
were also decreased (to 0.66-fold of the control; Figure 1b,c), and immunofluorescence
intensity was diminished (26.82% reduction; Figure 1d,e). In skin tissues from STZ-induced
(streptozotocin-induced) diabetic mice, CSTA mRNA and protein levels were lower than
those in normal controls (75.93% reduction; Figure 1f-h). Immunohistochemistry showed
predominant CSTA localization to the stratum corneum, with marked downregulation in
the epidermis of diabetic mice (79.54% reduction; Figure 1ij).
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Figure 1. CSTA was decreased in high glucose-treated keratinocytes and diabetic mouse skin.
(a) The mRNA level of CSTA was determined by qPCR in normal glucose group (NG) and high
glucose group (HG). (b,c) Representative Western blot images and relative quantitative analysis
of CSTA in NG and HG. (d,e) Representative IF staining images and quantitative analysis of fluo-
rescence intensity of CSTA in NG and HG. (f) The mRNA level of CSTA in the skin of normal and
STZ-induceddiabetic mice. (gh) Representative Western blot images and relative quantitative analy-
sis of CSTA in the skin of normal and STZ-induced diabetic mice. (i,j) Representative IHC staining
images and relative quantitative analysis of CSTA. Data are presented as mean + SEM (n = 3 per
group, as reported in the original figure). Statistical comparisons between two independent groups
were performed using unpaired Student’s t-test. * p < 0.05, ** p < 0.01, *** p < 0.001 versus control.
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2.2. Identification of CSTA-Induced Changes in Dermal Fibroblasts by RNA-Seq
Transcriptome Analysis

RNA-seq analysis was performed to assess the effect of CSTA on human dermal fi-
broblasts (HDFs). A total of 195 differentially expressed genes (DEGs) were identified,
including 97 downregulated and 98 upregulated genes (Figure 2a). Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis revealed significantly enriched pathways
associated with rheumatoid arthritis, viral protein interactions with cytokines and cytokine
receptors, and cytokine-cytokine receptor interaction (Figure 2b). Gene Ontology (GO)
cellular component analysis revealed enrichment in extracellular space, extracellular region,
and collagen-containing extracellular matrix categories (Figure 2¢). Enriched molecular
function terms included signaling receptor binding, cytokine activity, and collagen binding
(Figure 2d). Biological process terms comprised positive regulation of angiogenesis and
cell migration, extracellular matrix architecture, and extracellular matrix deconstruction
(Figure 2e). Extracellular matrix-related processes were selected for further investigation
based on their consistent representation across GO cellular component, molecular function,
and biological process analyses, together with their established relevance to fibroblast-
mediated wound repair. Accordingly, representative genes associated with extracellular
matrix organization and remodeling were prioritized for subsequent analysis. Protein—
protein interaction network analysis was conducted for 14 relevant genes using the STRING
database (Figure 2f). Differential expression of four representative genes from the RNA-seq
dataset is shown (Figure 2g-j), and their expression changes were subsequently validated
by quantitative real-time PCR (qPCR) (Figure 2k-n).

2.3. CSTA Promotes Fibroblast Proliferation and Migration

We designed an in vitro stimulation experiment of human dermal fibroblasts (HDFs)
using CSTA to investigate its migration and proliferation effects. The transwell migration
assay revealed that the number of migrated cells significantly increased in the CSTA protein
stimulation group (2.43-fold increase; Figure 3a,b). Higher migration rates were observed
in the scratch wound migration experiment after 48 and 72 h of stimulation with CSTA
protein (14.08% and 20.31% increases, respectively; Figure 3¢,d). The Cell Counting Kit-8
(CCK-8) assay further showed a 21.18% increase in metabolic activity following recombinant
CSTA treatment (Figure 3e). Consequently, CSTA upregulation promoted HDF migration
and proliferation.

2.4. Identification of CSTA-Induced Changes in Dermal Endotheliocytes by RNA-Seq
Transcriptome Analysis

To investigate the effect of CSTA on dermal endotheliocytes, RNA-seq analysis was per-
formed on human dermal microvascular endothelial cells (HDMECs). A total of 179 DEGs
were identified, including 104 upregulated and 75 downregulated genes (Figure 4a). KEGG
pathway enrichment analysis revealed significantly enriched pathways such as cyclic guano-
sine monophosphate-protein kinase G, transforming growth factor-p, and oxytocin sig-
naling (Figure 4b). GO analysis of cellular components showed enrichment for terms
including collagen-containing extracellular matrix, extracellular region, and extracellu-
lar matrix (Figure 4c). Molecular function analysis identified enriched terms including
extracellular matrix structural constituent, integrin binding, and growth factor activity
(Figure 4d). Biological process analysis revealed significant enrichment in extracellular
matrix organization, cell adhesion, and angiogenesis; notably, negative regulation of an-
giogenesis was also investigated (Figure 4e). Given the focus on angiogenesis, protein—
protein interaction network analysis was conducted using the STRING database for 20
relevant genes (Figure 4f). Finally, differential expression of selected genes was visualized
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(Figure 4g,h) and further validated by qPCR (Figure 4i,j). These enrichment results sug-
gest that CSTA treatment is associated with transcriptional changes involving extracellular

matrix organization, cell adhesion, and angiogenesis-related processes in HDMECs.
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Figure 2. Identification of CSTA-induced changes in dermal fibroblasts by RNA-Seq Transcriptome
Analysis. (a) Volcano plot of 195 differentially expressed genes (DEGs). (b) KEGG pathway enrich-
ment of DEGs in HDFs. (c-e) GO enrichment analysis of DEGs in HDFs. Significant enrichment of

biological processes was marked in red. (f) Protein—protein interaction network diagram of DEGs

in biological processes displayed in red. (g—j) The gene expression levels of selected key molecules
in RNA-seq. (k-n) The mRNA levels of selected key molecules were determined in qPCR. Data
from qPCR experiments are presented as mean + SEM (n = 3 independent experiments per group).

Statistical comparisons of qPCR data were performed using unpaired Student’s ¢-test. * p < 0.05,
**p < 0.01, ** p < 0.001 versus control.
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Figure 3. CSTA promotes fibroblast proliferation and migration. (a,b) Representative transwell
migration assay images and analysis of HDFs treated with CSTA for 24 h. (c,d) Representative scratch
wound migration test images and analysis. (e) CCK-8 assay analysis: optical density values were
measured at 0, 24, 48, and 72 h after cell treatment. Data are presented as mean + SEM (n = 3
independent experiments). Statistical analyses were performed using Student’s ¢-test for Transwell
assays, two-way repeated-measures ANOVA for scratch assays, and two-way ANOVA for CCK-8
assays. * p < 0.05, ** p < 0.01, *** p < 0.001 versus control. ns, no significance.

2.5. CSTA Enhances Endothelial Cell Migration, Metabolic Activity, and Tube Formation

To evaluate the effect of CSTA on dermal microvascular endothelial cells, we performed
a series of in vitro functional assays. Transwell migration assays revealed an increased
number of migrated HDMECs upon CSTA stimulation (1.37-fold increase; Figure 5a,b).
The scratch wound assay showed greater wound closure in CSTA-treated HDMECs at 48 h
(21.42% increase; Figure 5 c,d). CCK-8 assays further showed increased metabolic activity
following CSTA treatment (17.62% increase; Figure 5e). In addition, tube formation assays
demonstrated that CSTA stimulated angiogenesis, as reflected by increased junction count,
mesh number, and total mesh area (2.07-fold increase; Figure 5f,g). Collectively, these
findings indicate that CSTA promotes the migratory, proliferative, and angiogenic capacities
of dermal endothelial cells.
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Figure 4. Identification of CSTA-induced changes in dermal endotheliocytes by RNA-Seq Transcrip-
tome Analysis. (a) Volcano plot of 179 differentially expressed genes (DEGs). (b) KEGG pathway
enrichment of DEGs in HDMECs. (c—e) GO enrichment analysis of DEGs in HDMECs. Significant
enrichment of biological processes was marked in red. (f) Protein—protein interaction network dia-
gram of DEGs in biological processes displayed in red. (g,h) The gene expression levels of selected
key molecules in RNA-seq. (i,j) The mRNA levels of selected key molecules were determined in
gPCR. Data from qPCR experiments are presented as mean £ SEM (n = 3 independent experiments
per group). Statistical comparisons of JPCR data were performed using unpaired Student’s t-test.
*p <0.05,** p < 0.01 versus control.

2.6. Topical Administration of CSTA Accelerated Diabetic Mice Wound Healing and Promoted
Angiogenesis and Collagen Deposition

Furthermore, we examined the therapeutic potential of CSTA in diabetic wound healing.
The results demonstrated that CSTA treatment significantly enhanced the wound healing
rate compared to the saline control (Figure 6a,b). Quantitative analysis showed that wound
closure was significantly greater in the CSTA-treated group from day 5 onward, reaching
87.90% on day 11 compared with 73.74% in the saline control group (a 14.16-percentage-
point difference; Figure 6c). We also evaluated angiogenesis and observed a marked
increase in cluster of differentiation 31 (CD31) cells in CSTA-treated wounds (Figure 6d).
Quantitative analysis confirmed a higher number of CD31-positive cells and blood vessel
formation in the CSTA group relative to the control group (187.46% increase; Figure 6e).

https://doi.org/10.3390/ijms27219800


https://doi.org/10.3390/ijms27219800

Int. J. Mol. Sci. 2026, 27, 9800

8 of 19

O3INaH

Con

CSTA

Migration rate (%)

0.8 -

0.6 -

0.4

0.2

0.0-

Masson'’s trichrome staining further showed increased collagen deposition in CSTA-treated
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Figure 5. CSTA promotes proliferation, migration and tube formation of CSTA dermal endotheliocytes.
(a,b) Representative transwell migration assay images and analysis of HDMECs treated with CSTA for
24h. (c,d) Representative scratch wound migration test images and analysis. (e) CCK-8 assay analysis:
optical density values were measured at 0, 24, 48, and 72 h after cell treatment. (f,g) Representative
tube formation assay images and analysis of HDMECs treated CSTA for 6 h. Data are presented as
mean + SEM (n = 3 independent experiments). Statistical analyses were performed using Student’s
t-test for Transwell and tube formation assays, two-way repeated-measures ANOVA for scratch assays,
and two-way ANOVA for CCK-8 assays. * p < 0.05, ** p < 0.01 versus control. ns, no significance.
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Figure 6. Topical administration of CSTA accelerated diabetic mice wound healing and promoted
angiogenesis and collagen deposition. (a—c) Representative diabetic wound images, schematic
diagrams, and analysis in control group and treatment group mice on days 0, 3, 5, 7, 9, and 11.
(d,e) Representative angiogenesis images and analysis of mice in the control and treatment groups
after CSTA treatment. The level of angiogenesis (vessel number) was evaluated by IHC staining of
CD31 in wound skin sections of mice on day 11. (f,g) Representative collagen deposition images and
analysis of the control group and treatment group after CSTA treatment. The level of collagen deposi-
tion was evaluated by Masson staining in wound skin sections of mice on day 11. Data are presented
as mean = SEM (n = 3 biologically independent mice per group included in the final analyses). Here,
n represents the number of individual mice analyzed, rather than the number initially assigned to
each group. Wound closure data were analyzed using two-way repeated-measures ANOVA, whereas
histological comparisons were analyzed using Student’s f-test. * p < 0.05, ** p < 0.01 versus control.
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2.7. Calcipotriol Accelerated Diabetic Mice Wound Healing and Promoted Angiogenesis and
Collagen Deposition

To explore a potential pharmacological approach for improving diabetic wound heal-
ing, we evaluated calcipotriol, a synthetic vitamin D analogue. Its selection was informed
by previous studies demonstrating that vitamin D signaling can regulate CSTA expression
in keratinocytes. Topical calcipotriol treatment significantly improved wound closure com-
pared with the vehicle control, reaching 58.75% versus 39.30% on day 9 (a 19.45-percentage-
point difference; Figure 7c). Compared with vehicle-treated wounds, calcipotriol-treated
wounds showed an increase in CD31-positive vascular structures (241.67%; Figure 7d e)
and collagen deposition (1.37-fold; Figure 7f,g).
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Figure 7. Calcipotriol accelerated diabetic mice wound healing and promoted angiogenesis and
collagen deposition. (a—c) Representative diabetic wound images, schematic diagram, and analyses
in control group and treatment group mice on days 0, 3,5, 7, and 9. (d,e) Representative angiogenesis
images and analysis of the control group and treatment group after calcipotriol treatment. The level
of angiogenesis (vessel number) was evaluated by IHC staining of CD31 in wound skin sections of
mice on day 9. (f,g) Representative collagen deposition images and analysis of the control group
and treatment group after calcipotriol stimulation. The level of collagen deposition was evaluated
by Masson staining in wound skin sections of mice on day 9. Data are presented as mean + SEM
(n = 3 biologically independent mice per group included in the final analyses). Here, n represents
the number of individual mice analyzed, rather than the number initially assigned to each group.
Wound closure data were analyzed using two-way repeated-measures ANOVA, whereas histological
comparisons were analyzed using Student’s t-test. * p < 0.05, ** p < 0.01 versus control.
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3. Discussion

The central finding of this study is that reduced CSTA expression under diabetic con-
ditions is associated with impaired wound repair, while exogenous CSTA enhances the
reparative functions of dermal fibroblasts and microvascular endothelial cells. This finding
addresses a mechanistic gap in diabetic wound research, namely that impaired collagen
deposition and reduced angiogenesis are often described as separate downstream defects,
whereas the upstream epidermal signals coordinating these processes remain poorly defined.
The concurrent reductions in CSTA mRNA and protein levels under diabetic conditions
suggest a potential contribution of transcriptional regulation. Previous studies have shown
that CSTA expression in keratinocytes is regulated by the Raf-1/MEK1/ERK signaling
pathway, although whether this pathway mediates hyperglycemia-induced CSTA suppres-
sion remains unclear. Together, these observations extend the potential relevance of CSTA
beyond epidermal barrier function to dermal repair, although its role as an endogenous
mediator of epidermal-dermal communication remains to be established.

Cathepsin K, other cathepsins such as B, L and S have been identified as contributors to
chronic wound pathology [15-17]. Their overexpression correlates with impaired healing,
making them attractive targets for therapeutic intervention. Moreover, the development of
thermo-responsive hydrogels incorporating cysteine-based compounds has opened new
avenues for wound care [18]. These findings point to cysteine-targeted approaches as a
promising avenue for chronic wound therapy. In diabetic wound models, inhibition of
cathepsin K using agents like odanacatib and cathepsin K inhibitor-II has demonstrated
accelerated wound closure [19]. However, our study suggests a potential role for CSTA
as an endogenous cysteine protease inhibitor in diabetic wound healing. Previous studies
have indicated that CSTA is particularly relevant in the skin: it has been described as a
skin barrier gene, an epidermal protease-related factor, and an early marker of keratinocyte
differentiation [20,21]. It may also contribute to cell-cell adhesion within the epidermis,
including adhesion between basal and suprabasal keratinocytes, which could help explain its
supportive role in skin homeostasis. Loss of CSTA has been shown to cause exfoliative skin
syndrome, underscoring that normal CSTA expression appears important for epidermal
integrity [22]. These established epidermal functions provide a biological context for
our observation that recombinant CSTA enhances dermal cell responses associated with
wound repair. Whether these effects involve CSTA’s protease-inhibitory activity or distinct
regulatory mechanisms remains unclear.

To explore whether CSTA affects fibroblast function and the potential mechanisms
involved, we performed RNA-seq analysis. The enrichment of extracellular matrix (ECM)-
related categories across multiple GO dimensions, including cellular components, molecular
functions, and biological processes, provided a rationale for prioritizing ECM-associated
genes. Given the central role of fibroblasts in matrix remodeling and collagen deposition
during wound repair, these transcriptional changes may be relevant to the observed pro-
reparative effects of CSTA, although their causal contributions remain to be established.
Cathepsin S is essential in remodeling the extracellular matrix [23], and downregulation
of its expression level leads to downregulation of collagen I, collagen III, and fibronectin
expression [24]. COL7A1 (collagen type VII alpha 1 chain) is a gene that encodes type VII
collagen, synthesized and secreted by fibroblasts and keratinocytes, facilitating fibroblast
migration and granulation tissue development [25]. It has been demonstrated to facilitate
wound closure and treat atrophic epidermolysis [26,27]. MMPs (Matrix metalloproteinases)
are the primary enzymes responsible for remodeling the extracellular matrix, capable of
regulating cell proliferation, migration, and differentiation [28]. MMP3, a member of the
MMPs family, is significantly elevated in patients with healing diabetes foot ulcer [29].
ABI Family Member 3 Binding Protein (ABI3BP) is an extracellular matrix protein that
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facilitates cell-extracellular matrix binding interactions and cellular senescence [30]. Our
previous study has demonstrated that collagen deposition in diabetic mice wounds is dis-
ordered [31]. COL7A1, MMP3, ABI3BP, and CTSS therefore represent candidate genes
potentially associated with CSTA-related matrix remodeling in fibroblasts. Their functional
involvement remains unverified, and the relationship between reduced endogenous CSTA
expression and impaired collagen deposition in diabetic wounds requires further investi-
gation. Consistent with our in vivo findings, topical administration of either recombinant
CSTA or calcipotriol improved wound closure in diabetic mice, although the contribution
of CSTA to the effects of calcipotriol remains to be established.

RNA-seq analysis revealed that CSTA treatment was associated with transcriptional
changes in extracellular matrix organization, cell adhesion, and angiogenesis-related pro-
cesses in HDMEC:s, consistent with the enhanced migration and tube formation observed
in our functional assays. Fibronectin 1 (FN1), an extracellular matrix glycoprotein involved
in cell adhesion and migration, has been implicated in angiogenic processes [32,33]. Ad-
ditionally, ras homolog family member B (RHOB) is a stress-induced small GTPase that
modulates cellular responses to growth factors and other factors. The absence of RHOB can
inhibit angiogenesis after skin damage [34]. The connective tissue growth factor (CCN2,
also known as CTGF), transforming growth factor beta 1, angiopoietin-like 4, and sex-
determining region on the Y chromosome-related high mobility group box 18 are essential
in promoting angiogenesis [35-38]. Among the angiogenesis-related candidates, FN1 and
RHOB may warrant particular attention because of their established roles in endothelial
cell adhesion, migration, and vascular remodeling. Nevertheless, whether these genes
functionally mediate CSTA-associated endothelial responses remains to be determined.

Previous studies have demonstrated that calcitriol (1,25-dihydroxyvitamin D3), the
biologically active form of vitamin D3, enhances CSTA expression in keratinocytes through
inhibition of the Raf-1/MEK1/ERK signaling pathway [39]. Calcipotriol, in contrast, is a
synthetic vitamin D analogue widely used in the treatment of psoriasis [40]. Although
both compounds act through vitamin D-related signaling, their effects should not be con-
sidered interchangeable. Topical Calcitriol increases CSTA expression in mouse skin while
leaving systemic 1,25[OH],D;, 25-hydroxyvitamin Ds, and parathyroid hormone levels
unchanged [8]. Furthermore, previous studies have demonstrated that continuous admin-
istration of appropriate doses of calcipotriol does not result in significant changes in serum
and urine calcium levels [41-43]. Given the role of vitamin D analogues in regulating
keratinocyte differentiation and the association of CSTA with epidermal differentiation, we
selected calcipotriol for topical treatment of diabetic wounds. Calcipotriol may influence
CSTA expression partly through differentiation-related processes, although this mechanism
remains to be established. Importantly, calcipotriol exerts pleiotropic effects through vitamin
D receptor signaling, including modulation of keratinocyte differentiation, inflammatory
responses, and tissue remodeling, which may independently contribute to its beneficial
effects on wound healing. Compared with the control group, the wound tissues of diabetic
mice treated with calcipotriol exhibited more collagen deposition and angiogenesis and
a higher wound closure rate. These findings suggest that topical calcipotriol may have
therapeutic potential for diabetic wound healing, although whether its beneficial effects
are mediated by CSTA requires further investigation. Nevertheless, the optimal regimen
regarding timing and duration remains to be defined in light of the multi-phase nature of
wound healing.

Several limitations should be considered when interpreting our findings. First, al-
though exogenous CSTA clearly promoted fibroblast and endothelial repair functions and
accelerated diabetic wound closure, direct in vivo loss-of-function evidence is still limited.
Second, the precise downstream mechanism requires further clarification. RNA-seq identi-
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fied transcriptional changes associated with extracellular matrix remodeling, cell migration,
and angiogenesis, but these findings do not establish the involvement of specific signaling
pathways. Third, the models used here do not fully capture the complexity of clinical
diabetic foot ulcers, including ischemia, infection, and neuropathy. Furthermore, wound
closure in murine excisional models is substantially influenced by wound contraction,
whereas human diabetic foot ulcers rely more heavily on granulation tissue formation and
re-epithelialization. As wound contraction was not mechanically restricted in our model,
the observed improvements in wound closure cannot be attributed exclusively to enhanced
re-epithelialization.

4. Materials and Methods
4.1. Cell and Culture

HaCaT (Cat. No. CL-0090), obtained from Procell (Wuhan, China), were cultured in
minimum essential medium (MEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin. NG medium contained 5.5 mM glucose; HG medium contained
30 mM glucose to mimic diabetic conditions, with D mannitol added to NG medium for
osmotic balance. Primary HDF (Cat #2320) and HDMEC (Cat #2020), both obtained from
ScienCell (Carlsbad, CA, USA), were cultured in fibroblast medium (FM, 8 mM glucose)
and endothelial cell medium (5.5 mM glucose), respectively, each supplemented with
the corresponding growth factors and FBS as per the supplier’s instructions. For CSTA
treatment, cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) with 10%
FBS and 1% P/S, with or without recombinant CSTA (17.09 nM, equivalent to 200 ng/mL;
CAT#HY-P7868, MCE, Monmouth Junction, NJ, USA), at a concentration consistent with a
previous study [8]. All cells were maintained at 37 °C in 5% CO,. HaCaT keratinocytes
were used to investigate CSTA expression under high-glucose conditions, whereas HDFs
and HDMECs were employed to evaluate the effects of recombinant CSTA on dermal
repair-associated cellular functions.

4.2. Animals

All animal procedures were approved by the Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technology (IACUC approval No. 4750,
6 October 2023-20 February 2024). Male, haired (non-nude) C57BL/6] mice (4 weeks old;
body weight: 15-18 g) were acclimatized for two weeks and subsequently fed a high-fat
diet for four weeks. Following a 24-h fast, diabetes was induced by a single intraperitoneal
injection of streptozotocin (STZ; 100 mg/kg in citrate buffer). Mice with fasting blood
glucose levels consistently exceeding 16.7 mM three days after STZ administration were
considered diabetic.

The high-fat diet/STZ-induced diabetic mouse model was selected to investigate wound
repair under diabetic metabolic conditions, while full-thickness excisional wounds were
used to assess the effects of topical treatments on wound closure, angiogenesis, and collagen
deposition. Under pentobarbital sodium anesthesia (50 mg/kg), full-thickness excisional
wounds (1 cm in diameter) were created on the dorsal skin using a sterile 10-mm disposable
biopsy punch (Kai Medical, Ltd., Seki, Japan). No silicone splints were applied around the
wounds. Diabetic mice were randomly assigned to four groups (n = 6 per group). Wounds
were treated every other day with recombinant CSTA protein (17.09 uM, equivalent to
200 pg/mL in PBS), calcipotriol (0.969 mM, equivalent to 400 pg/mL in ethanol, Cat#HY-
10001, MCE), or their respective vehicle controls (PBS or ethanol). The recombinant CSTA
concentration was selected with reference to a previous study using 200 pug/mL CSTA in
mice [8], although the administration route differed from that used in the present study.
Wound closure was photographed on days 0, 3, 5, 7, 9, and 11 for the CSTA-treated groups
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and ondays 0, 3, 5, 7, and 9 for the calcipotriol-treated groups. At the designated endpoints,
mice were euthanized by an overdose of anesthetic. Wound tissues were harvested on
day 11 for the CSTA-treated groups and on day 9 for the calcipotriol-treated groups, fixed
in 4% paraformaldehyde, and processed for histological analysis. During the experimental
period, mice were monitored daily for general activity and wound condition. Some animals
were found dead during routine daily monitoring, whereas others were withdrawn from
the study because of wound infection resulting from scratching or biting. Consequently,
three mice per group were included in the final outcome assessment and statistical analyses
(n = 3 per group). Wound healing rates were quantified using Image] (NIH, version 1.54p,
Bethesda, MD, USA) as the percentage of closed area relative to the initial wound area.

4.3. Quantitative Real-Time PCR (qRT-PCR) Analysis

We used Trizol (#R411-01, Vazyme, Nanjing, China), according to the manufacturer’s
protocol, to extract total RNA from cells or homogenized animal skin tissues. The obtained
mRNA was reverse-transcribed into cDNA using HiScript III RT SuperMix (Vazyme, Nan-
jing, China). Subsequently, RT qPCR analysis was performed using qPCR SYBR Green
Master Mix on the T100 Thermal Cycler Detection System (Bio-Rad, Hercules, CA, USA).
The housekeeping gene GAPDH was utilized to normalize mRNA expression. Analysis was
conducted using the 2744¢T

Information (Table S1).

method. Primer sequences are described in Supplementary

4.4. Western Blotting

Proteins extracted from cells and skin tissues in RIPA buffer containing PMSF and
protease inhibitors were quantified by BCA assay. Lysates were resolved by 12.5% SDS-
PAGE, transferred onto PVDF membranes, and blocked for 1 h at room temperature. Mem-
branes were probed with anti-CSTA antibody (1:1000) overnight at 4 °C, followed by
HRP-conjugated secondary antibody for 2 h at room temperature. Immunoreactive bands
were visualized using a ChemiDoc system (Hercules, CA, USA) and analyzed with Image].

4.5. Immunofluorescent Staining

HaCaT cells seeded on coverslips were cultured under normal-glucose (NG, 5.5 mM
glucose) or high-glucose (HG, 30 mM glucose) conditions for 48 h, followed by fixation,
permeabilization with 0.1% Triton X-100, and blocking with 1% BSA. Cells were then incu-
bated overnight with an anti-CSTA antibody (1:100), followed by a CoraLite488-conjugated
secondary antibody and DAPI counterstaining, and visualized by fluorescence microscopy.
For immunohistochemistry, wound tissues harvested on days 9 or 11 post-injury were
fixed, paraffin-embedded, and sectioned. After antigen retrieval and peroxidase blocking,
sections were probed with antibodies against CSTA (1:2000) or CD31 (1:8000), followed
by HRP-conjugated secondary antibody, developed with DAB, and counterstained with
hematoxylin. Collagen deposition was assessed by Masson’s trichrome staining. All images
were quantified using Image].

4.6. Masson Staining

Masson’s trichrome staining was performed on deparaffinized and rehydrated sections
using sequential iron hematoxylin, Masson blue, fuchsin, phosphomolybdic acid, and
aniline blue. After dehydration and mounting, stained sections were digitized using a
PANNORAMIC slide scanner (3DHISTECH, Budapest, Hungary), and the resulting images
were analyzed using Image] software to quantify collagen deposition.
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4.7. RNA Sequencing

RNA sequencing was performed to characterize CSTA-associated transcriptional
changes in HDFs and HDMECs and to identify biological processes potentially related
to extracellular matrix remodeling and angiogenesis. RNA sequencing and bioinformat-
ics analyses were performed by BGI (Wuhan, China), with three independent biological
replicates per group (n = 3). Following total RNA extraction and quality assessment,
mRNA was enriched using oligo(dT) beads for library preparation. Qualified libraries
were sequenced, and raw sequencing reads were converted into FASTQ format. Fastp was
used for adapter trimming and low-quality read filtering. The resulting clean reads were
aligned to the human reference genome, followed by gene expression quantification and
differential expression analysis using BGI’s bioinformatics analysis pipeline. Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were
subsequently performed using BGI's Dr. Tom analysis platform (BGI, Shenzhen, China).
The raw sequencing data have been deposited in the CNGB Nucleotide Sequence Archive
(CNSA) under accession number CNP0009786.

4.8. Functional Enrichment Analysis

GO and KEGG enrichment analyses were achieved using Dr. Tom’s online analy-
sis system from BGI. Differentially expressed genes (DEGs) were identified using an
unadjusted p-value < 0.05 and a fold change >1.2 for upregulated genes or <1/1.2 for
downregulated genes.

4.9. Cell Migration Assay

Cell migration was evaluated using scratch wound and Transwell migration assays. For
the scratch wound assay, cells were seeded in 6-well plates and initially cultured in medium
supplemented with 10% FBS until reaching 90-95% confluence. After scratching with a
sterile pipette tip, cells were washed with PBS to remove detached cells and subsequently
maintained in serum-free medium, with or without recombinant CSTA, throughout the
migration assay. Images of HDFs and HDMECSs were captured at 0, 24, 48, and 72 h and
at 0, 6, 12, and 24 h, respectively, using an inverted microscope (IX73, Olympus, Tokyo,
Japan). The remaining scratch area at each time point was quantified using Image]J software,
and scratch closure was calculated as [ (Ay — A;)/Aq] x 100%, where A, and A, represent
the scratch areas at baseline and the indicated time point, respectively. For the Transwell
migration assay, 3 x 10° cells suspended in serum-free medium were seeded into the upper
chamber of a Transwell insert (Corning, #353097), while the lower chamber contained 1 mL
of medium supplemented with 20% FBS. Following 24 h of incubation, migrated cells were
fixed with 4% formaldehyde, stained with crystal violet, and imaged using an inverted
microscope (IX73, Olympus, Tokyo, Japan).

4.10. Cell Counting Kit 8 Assay

In the CCK-8 assay, HDFs or HDMECs were seeded into 96-well plates at a density of
1 x 10? cells per well before the designated culture medium was added. After culturing for
0,24,48,and 72 h, 1 x 102 mL of CCK-8 reagent (#BS350A, Biosharp, Hefei, China) was
added to each well and incubated at 37 °C for 1.5 h. Absorbance at 450 nm was measured
using a Multiskan FC microplate reader (Thermo Fisher, Waltham, MA, USA).

4.11. Tube Formation Assay

HDMECs were seeded into 96-well plates precoated with 4 x 1072 mL of Matrigel
(#356234, Corning, Corning, NY, USA) at a density of 2 x 104 cells per well. Cells were
assigned to the designated treatment groups and incubated at 37 °C for 6 h. Images were
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acquired from three randomly selected fields per well using a microscope. The number of
junctions, number of meshes, and total mesh area were quantified using Image] software.

4.12. Statistical Analysis

Data are presented as mean * standard error of the mean (SEM). Statistical analyses
were performed using GraphPad Prism (version 8.0). Longitudinal data from wound clo-
sure and scratch assays were analyzed using two-way repeated-measures ANOVA, whereas
CCK-8 data were analyzed using two-way ANOVA. Comparisons between two indepen-
dent groups were performed using Student’s {-test, and one-way ANOVA was used for
comparisons involving more than two independent groups, as appropriate. Biological repli-
cates were defined as independent animals or independently performed cell experiments,
while technical replicates referred to parallel measurements within the same experiment. A
p-value < 0.05 was considered statistically significant.

5. Conclusions

This study demonstrated reduced CSTA expression under diabetic conditions and
beneficial effects of exogenous recombinant CSTA on dermal repair-associated cellular
functions and wound healing. Recombinant CSTA enhanced fibroblast and endothelial
cell responses, while topical administration improved wound closure, collagen deposition,
and CD31-positive vascular structures in diabetic mice. A major strength of this study is
the integration of transcriptomic analyses, cellular functional assays, and animal experi-
ments, providing complementary evidence for the potential involvement of CSTA in dermal
repair processes.

Nevertheless, several limitations should be acknowledged. The absence of loss-of-
function experiments prevents us from establishing whether endogenous CSTA deficiency
contributes causally to impaired diabetic wound healing. In addition, the molecular path-
ways underlying the observed effects remain to be functionally validated, and the murine
wound model does not fully reproduce the complexity of human diabetic foot ulcers.

From a translational perspective, the observed benefits of topical recombinant CSTA
suggest its potential as a candidate for further investigation in diabetic wound management.
Future studies should focus on clarifying the contribution of endogenous CSTA, validating
candidate molecular pathways, optimizing treatment concentrations and delivery strategies,
and evaluating efficacy in more clinically representative wound models. These investiga-
tions will help determine whether CSTA-based approaches may offer therapeutic value for
diabetic wound repair.
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Abbreviations

The following abbreviations are used in this manuscript:

ABI3BP ABI Family Member 3 Binding Protein

CSTA Cystatin A

CD31 Platelet Endothelial Cell Adhesion Molecule-1
CCK-8 Cell Counting Kit 8

COL7A1  Collagen type VII alpha 1 chain

CCN2 Cellular Communication Network Factor 2
DFUs Diabetic foot ulcers

DEGs Differentially expressed genes

DMEM Dulbecco’s Modified Eagle’s medium
ECM Extracellular matrix

GO Gene ontology

HaCaT Human immortalized keratinocytes

HDFs Human dermal fibroblasts

HDMECs dermal microvascular endothelial cells
KEGG Kyoto encyclopedia of genes and genomes
MMPs Matrix metalloproteinases

MEM minimum essential medium

qPCR Real-Time Quantitative Polymerase Chain Reaction
RHOB ras homolog family member B

STZ streptozotocin

References

1.

10.

Saeedi, P; Petersohn, I.; Salpea, P.; Malanda, B.; Karuranga, S.; Unwin, N.; Colagiuri, S.; Guariguata, L.; Motala, A.A,;
Ogurtsova, K.; et al. Global and regional diabetes prevalence estimates for 2019 and projections for 2030 and 2045: Results
from the International Diabetes Federation Diabetes Atlas, 9(th) edition. Diabetes Res. Clin. Pract. 2019, 157, 107843. [CrossRef]
[PubMed]

Chang, M.; Nguyen, T.T. Strategy for Treatment of Infected Diabetic Foot Ulcers. Acc. Chem. Res. 2021, 54, 1080-1093. [CrossRef]
[PubMed |

Armstrong, D.G.; Tan, TW.; Boulton, A.J.M.; Bus, S.A. Diabetic Foot Ulcers: A Review. JAMA 2023, 330, 62-75. [CrossRef]
[PubMed ]

Fife, C.E.; Eckert, K.A.; Carter, M.]J. Publicly Reported Wound Healing Rates: The Fantasy and the Reality. Adv. Wound Care 2018,
7,77-94. [CrossRef] [PubMed]

Li, Q.; Zhou, L.; Li, W.; Zhao, W.; Chen, W.; AlQranei, M.S.; Bi, ].; Huang, P. GelMA hydrogel-loaded extracellular vesicles derived
from keratinocytes promote skin microvasculature regeneration and wound healing in diabetic mice through activation of the
PDGF-induced PI3K/AKT pathway. Cell Biol. Toxicol. 2025, 41, 103. [CrossRef] [PubMed ]

Russo, B.; Brembilla, N.C.; Chizzolini, C. Interplay Between Keratinocytes and Fibroblasts: A Systematic Review Providing a New
Angle for Understanding Skin Fibrotic Disorders. Front. Immunol. 2020, 11, 648. [CrossRef] [PubMed]

Glady, A.; Vandebroek, A ; Yasui, M. Human keratinocyte-derived extracellular vesicles activate the MAPKinase pathway and
promote cell migration and proliferation in vitro. Inflamm. Regen. 2021, 41, 4. [CrossRef] [PubMed ]

Liang, W.; Chen, Q.; Cheng, S.; Wei, R.; Li, Y.; Yao, C.; Ouyang, Z.; Kang, D.; Chen, A.; Liu, Z.; et al. Skin chronological aging
drives age-related bone loss via secretion of cystatin-A. Nat. Aging. 2022, 2, 906-922. Erratum in Nat. Aging. 2023, 3, 1037.
[CrossRef] [PubMed]

Blaydon, D.C.; Nitoiu, D.; Eckl, KM.; Cabral, R.M.; Bland, P.; Hausser, I.; van Heel, D.A.; Rajpopat, S.; Fischer, J.; Oji, V.; et al.
Mutations in CSTA, encoding Cystatin A, underlie exfoliative ichthyosis and reveal a role for this protease inhibitor in cell-cell
adhesion. Am. J. Hum. Genet. 2011, 89, 564-571. [CrossRef] [PubMed ]

Nasti, A.; Inagaki, S.; Ho, T.T.B.; Seki, A.; Yoshida, K.; Satomura, K.; Sakai, Y.; Kaneko, S.; Yamashita, T. Cystatin A promotes
the antitumor activity of T helper type 1 cells and dendritic cells in murine models of pancreatic cancer. Mol. Oncol. 2025, 19,
1452-1470. [CrossRef] [PubMed |

https://doi.org/10.3390/ijms27219800


https://doi.org/10.1016/j.diabres.2019.107843
https://www.ncbi.nlm.nih.gov/pubmed/31518657
https://doi.org/10.1021/acs.accounts.0c00864
https://www.ncbi.nlm.nih.gov/pubmed/33596041
https://doi.org/10.1001/jama.2023.17191
https://www.ncbi.nlm.nih.gov/pubmed/37934225
https://doi.org/10.1089/wound.2017.0743
https://www.ncbi.nlm.nih.gov/pubmed/29644145
https://doi.org/10.1007/s10565-025-10062-2
https://www.ncbi.nlm.nih.gov/pubmed/40515797
https://doi.org/10.3389/fimmu.2020.00648
https://www.ncbi.nlm.nih.gov/pubmed/32477322
https://doi.org/10.1186/s41232-021-00154-x
https://www.ncbi.nlm.nih.gov/pubmed/33526070
https://doi.org/10.1038/s43587-022-00285-x
https://www.ncbi.nlm.nih.gov/pubmed/37118283
https://doi.org/10.1016/j.ajhg.2011.09.001
https://www.ncbi.nlm.nih.gov/pubmed/21944047
https://doi.org/10.1002/1878-0261.13796
https://www.ncbi.nlm.nih.gov/pubmed/39792573
https://doi.org/10.3390/ijms27219800

Int. ]J. Mol. Sci. 2026, 27, 9800 18 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Kato, T; Takai, T.; Mitsuishi, K.; Okumura, K.; Ogawa, H. Cystatin A inhibits IL-8 production by keratinocytes stimulated with Der
p 1 and Der f 1: Biochemical skin barrier against mite cysteine proteases. J. Allergy Clin. Immunol. 2005, 116, 169-176. [CrossRef]
[PubMed]

Vasilopoulos, Y.; Cork, M.].; Teare, D.; Marinou, I.; Ward, S.J.; Duff, G.W.; Tazi-Ahnini, R. A nonsynonymous substitution of
cystatin A, a cysteine protease inhibitor of house dust mite protease, leads to decreased mRNA stability and shows a significant
association with atopic dermatitis. Allerqy 2007, 62, 514-519. [CrossRef] [PubMed ]

Takahashi, H.; Komatsu, N.; Ibe, M.; Ishida-Yamamoto, A.; Hashimoto, Y.; lizuka, H. Cystatin A suppresses ultraviolet B-induced
apoptosis of keratinocytes. J. Dermatol. Sci. 2007, 46, 179-187. [CrossRef] [PubMed ]

Muttardi, K.; Nitoiu, D.; Kelsell, D.P.; O"Toole, E.A ; Batta, K. Acral peeling skin syndrome associated with a novel CSTA gene
mutation. Clin. Exp. Dermatol. 2016, 41, 394-398. [CrossRef] [PubMed ]

Chenchar, A.; Mattos Pereira, V.; Apte, A.; Lyttle, B.D.; Vaughn, A.E.; Lehmann, T.; Bardill, ].R.; Zgheib, C.; Liechty, K.W.; Roballo,
K.CS,; et al. Targeting Cathepsin K to Accelerate Diabetic Wound Healing. ACS Pharmacol. Transl. Sci. 2025, 8, 2258-2269.
[CrossRef] [PubMed]

Xie, Z.; Zhao, M.; Yan, C.; Kong, W.; Lan, F.; Narengaowa; Zhao, S.; Yang, Q.; Bai, Z.; Qing, H.; et al. Cathepsin B in programmed
cell death machinery: Mechanisms of execution and regulatory pathways. Cell Death Dis. 2023, 14, 255. [CrossRef] [PubMed ]
Gao, H.; Zhang, Z.; Deng, ].; Song, Y. Cathepsin S: Molecular mechanisms in inflammatory and immunological processes. Front.
Immunol. 2025, 16, 1600206. [ CrossRef] [PubMed ]

Padalhin, A.; Abueva, C.; Ryu, H.S.; Yoo, S.H.; Seo, H.H.; Park, S.Y.; Chung, P.S.; Woo, S.H. Impact of Thermo-Responsive
N-Acetylcysteine Hydrogel on Dermal Wound Healing and Oral Ulcer Regeneration. Int. J. Mol. Sci. 2024, 25, 4835. [CrossRef]
[PubMed |

Qin, Q.; Liu, L.; Fang, Y.; Zhang, M,; Liu, X.; Zhang, R.; Chen, X.; Zhong, L.; Guo, R. Cooperative Action of Cathepsin K Inhibitor
and hUMSC-EVs in Attenuating Ferroptosis Sensitivity for Superior Diabetic Wound Healing. Diabetes 2026, 75, 1007-1023.
[CrossRef] [PubMed]

Lundberg, K.C,; Fritz, Y.; Johnston, A.; Foster, A.M.; Baliwag, J.; Gudjonsson, J.E.; Schlatzer, D.; Gokulrangan, G.; McCormick, T.S.;
Chance, M.R;; et al. Proteomics of skin proteins in psoriasis: From discovery and verification in a mouse model to confirmation in
humans. Mol. Cell Proteom. 2015, 14, 109-119. [CrossRef] [PubMed ]

Khatri, V.; Chauhan, N.; Kalyanasundaram, R. Parasite Cystatin: Immunomodulatory Molecule with Therapeutic Activity against
Immune Mediated Disorders. Pathogens 2020, 9, 431. [CrossRef] [PubMed]

Cao, J.; Zhang, X.; Li, Z.; Zhang, S.; Guo, L.; Liu, Z.; An, W,; Xu, L,; Li, L.; Long, X.; et al. Adipose-Derived Mesenchymal Stem
Cells Accelerate Diabetic Foot Ulcer Healing by Promoting Macrophage M2 Polarization Through Downregulation of EREG and
CSTA. J. Inflamm. Res. 2025, 18, 7749-7768. [CrossRef] [PubMed ]

Zuo, T,; Xie, Q.; Liu, J.; Yang, J.; Shi, J.; Kong, D.; Wang, Y.; Zhang, Z.; Gao, H.; Zeng, D.B.; et al. Macrophage-Derived Cathepsin S
Remodels the Extracellular Matrix to Promote Liver Fibrogenesis. Gastroenterology 2023, 165, 746-761.e716. [CrossRef] [PubMed ]
Yin, J.; Shi, D.; Sun, Y.; Zhu, P,; Zhao, Y.; Xu, X.; Chen, H.; Wu, Y.; Yuan, Z.; Gao, X.H. IRF7 and CTSS are pivotal for cutaneous
wound healing and may serve as therapeutic targets. Signal Transduct. Target. Ther. 2023, 8, 322. [CrossRef] [PubMed ]
Nystrom, A.; Velati, D.; Mittapalli, V.R.; Fritsch, A.; Kern, ].S.; Bruckner-Tuderman, L. Collagen VII plays a dual role in wound
healing. J. Clin. Investig. 2013, 123, 3498-3509. [CrossRef] [PubMed]

Guide, S.V.; Gonzalez, M.E.; Bagci, L.S.; Agostini, B.; Chen, H.; Feeney, G.; Steimer, M.; Kapadia, B.; Sridhar, K.; Quesada Sanchez,
L.; et al. Trial of Beremagene Geperpavec (B-VEC) for Dystrophic Epidermolysis Bullosa. N. Engl. ]. Med. 2022, 387, 2211-2219.
[CrossRef] [PubMed |

Gurevich, I.; Agarwal, P.; Zhang, P,; Dolorito, J.A.; Oliver, S.; Liu, H.; Reitze, N.; Sarma, N.; Bagci, L.S.; Sridhar, K.; et al. In vivo
topical gene therapy for recessive dystrophic epidermolysis bullosa: A phase 1 and 2 trial. Nat. Med. 2022, 28, 780-788. [CrossRef]
[PubMed]

Kumper, M.; Zamek, J.; Steinkamp, J.; Pach, E.; Mauch, C.; Zigrino, P. Role of MMP3 and fibroblast-MMP14 in skin homeostasis
and repair. Eur. J. Cell Biol. 2022, 101, 151276. [ CrossRef] [PubMed ]

Theocharidis, G.; Thomas, B.E.; Sarkar, D.; Mumme, H.L.; Pilcher, W.].R.; Dwivedi, B.; Sandoval-Schaefer, T.; Sirbulescu, R.E,;
Kafanas, A.; Mezghani, L; et al. Single cell transcriptomic landscape of diabetic foot ulcers. Nat. Commun. 2022, 13, 181. [CrossRef]
[PubMed]

Delfin, D.A.; DeAguero, J.L.; McKown, E.N. The Extracellular Matrix Protein ABI3BP in Cardiovascular Health and Disease.
Front. Cardiovasc. Med. 2019, 6, 23. [CrossRef] [PubMed ]

Zhou, P; Yang, C.; Zhang, S.; Ke, Z.X.; Chen, D.X;; Li, Y.Q.; Li, Q. The Imbalance of MMP-2/TIMP-2 and MMP-9/TIMP-1
Contributes to Collagen Deposition Disorder in Diabetic Non-Injured Skin. Front. Endocrinol. 2021, 12, 734485. [CrossRef]
[PubMed]

https://doi.org/10.3390/ijms27219800


https://doi.org/10.1016/j.jaci.2005.03.044
https://www.ncbi.nlm.nih.gov/pubmed/15990791
https://doi.org/10.1111/j.1398-9995.2007.01350.x
https://www.ncbi.nlm.nih.gov/pubmed/17441792
https://doi.org/10.1016/j.jdermsci.2007.02.003
https://www.ncbi.nlm.nih.gov/pubmed/17412564
https://doi.org/10.1111/ced.12777
https://www.ncbi.nlm.nih.gov/pubmed/26684698
https://doi.org/10.1021/acsptsci.5c00295
https://www.ncbi.nlm.nih.gov/pubmed/40799384
https://doi.org/10.1038/s41419-023-05786-0
https://www.ncbi.nlm.nih.gov/pubmed/37031185
https://doi.org/10.3389/fimmu.2025.1600206
https://www.ncbi.nlm.nih.gov/pubmed/40692794
https://doi.org/10.3390/ijms25094835
https://www.ncbi.nlm.nih.gov/pubmed/38732054
https://doi.org/10.2337/db25-0817
https://www.ncbi.nlm.nih.gov/pubmed/41979994
https://doi.org/10.1074/mcp.m114.042242
https://www.ncbi.nlm.nih.gov/pubmed/25351201
https://doi.org/10.3390/pathogens9060431
https://www.ncbi.nlm.nih.gov/pubmed/32486220
https://doi.org/10.2147/jir.s519713
https://www.ncbi.nlm.nih.gov/pubmed/40529896
https://doi.org/10.1053/j.gastro.2023.05.039
https://www.ncbi.nlm.nih.gov/pubmed/37263311
https://doi.org/10.1038/s41392-023-01517-1
https://www.ncbi.nlm.nih.gov/pubmed/37644004
https://doi.org/10.1172/jci68127
https://www.ncbi.nlm.nih.gov/pubmed/23867500
https://doi.org/10.1056/nejmoa2206663
https://www.ncbi.nlm.nih.gov/pubmed/36516090
https://doi.org/10.1038/s41591-022-01737-y
https://www.ncbi.nlm.nih.gov/pubmed/35347281
https://doi.org/10.1016/j.ejcb.2022.151276
https://www.ncbi.nlm.nih.gov/pubmed/36162272
https://doi.org/10.1038/s41467-021-27801-8
https://www.ncbi.nlm.nih.gov/pubmed/35013299
https://doi.org/10.3389/fcvm.2019.00023
https://www.ncbi.nlm.nih.gov/pubmed/30923710
https://doi.org/10.3389/fendo.2021.734485
https://www.ncbi.nlm.nih.gov/pubmed/34777244
https://doi.org/10.3390/ijms27219800

Int. ]J. Mol. Sci. 2026, 27, 9800 19 of 19

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

Chen, T; Song, P; He, M,; Rui, S.; Duan, X.; Ma, Y.; Armstrong, D.G.; Deng, W. Sphingosine-1-phosphate derived from PRP-Exos
promotes angiogenesis in diabetic wound healing via the SIPR1/AKT/FNT1 signalling pathway. Burns Trauma 2023, 11, tkad003.
[CrossRef] [PubMed]

Xu, X,; Shen, L.; Li, W,; Liu, X.; Yang, P; Cai, J. ITGA5 promotes tumor angiogenesis in cervical cancer. Cancer Med. 2023, 12,
11983-11999. [CrossRef] [PubMed ]

Gerald, D.; Adini, I; Shechter, S.; Perruzzi, C.; Varnau, J.; Hopkins, B.; Kazerounian, S.; Kurschat, P; Blachon, S.; Khedkar, S.; et al.
RhoB controls coordination of adult angiogenesis and lymphangiogenesis following injury by regulating VEZF1-mediated
transcription. Nat. Commun. 2013, 4, 2824. [CrossRef] [PubMed ]

Elliott, C.G.; Wang, J.; Walker, ].T.; Michelsons, S.; Dunmore-Buyze, J.; Drangova, M.; Leask, A.; Hamilton, D.W. Periostin and
CCN2 Scaffolds Promote the Wound Healing Response in the Skin of Diabetic Mice. Tissue Eng. Part A 2019, 25, 1326-1339.
[CrossRef] [PubMed ]

Li, M.,; Wang, X; Yang, E.; Li, Y,; Geng, Y.; Chen, Z.; Huang, S.; Zhang, D.; Wu, H. OTUBI Catalytic-Independently Deubiquitinates
TGFBI and Mediates the Angiogenesis in Infantile Hemangioma by Regulating Glycolysis. Arterioscler. Thromb. Vasc. Biol. 2023,
43, 654-673. [CrossRef] [PubMed ]

Chong, H.C.; Chan, J.S.; Goh, C.Q.; Gounko, N.V.; Luo, B.; Wang, X.; Foo, S.; Wong, M.T.; Choong, C.; Kersten, S.; et al.
Angiopoietin-like 4 stimulates STAT3-mediated iNOS expression and enhances angiogenesis to accelerate wound healing in
diabetic mice. Mol. Ther. 2014, 22, 1593-1604. [CrossRef] [PubMed ]

Darby, I.A.; Bisucci, T.; Raghoenath, S.; Olsson, J.; Muscat, G.E.; Koopman, P. Sox18 is transiently expressed during angiogenesis in
granulation tissue of skin wounds with an identical expression pattern to Flk-1 mRNA. Lab. Investig. 2001, 81, 937-943. [CrossRef]
[PubMed |

Takahashi, H.; Ibe, M.; Honma, M.; Ishida-Yamamoto, A.; Hashimoto, Y.; lizuka, H. 1,25-dihydroxyvitamin D(3) increases human
cystatin A expression by inhibiting the Raf-1/MEK1/ERK signaling pathway of keratinocytes. Arch. Dermatol. Res. 2003, 295,
80-87. [CrossRef] [PubMed ]

Kragballe, K. Treatment of psoriasis with calcipotriol and other vitamin D analogues. J. Am. Acad. Dermatol. 1992, 27, 1001-1008.
[CrossRef] [PubMed |

Murdoch, D.; Clissold, S.P. Calcipotriol. A review of its pharmacological properties and therapeutic use in psoriasis vulgaris.
Drugs 1992, 43, 415-429. [PubMed |

Kragballe, K.; Iversen, L. Calcipotriol. A new topical antipsoriatic. Dermatol. Clin. 1993, 11, 137-141. [PubMed]

Scott, L.J.; Dunn, C.J.; Goa, K.L. Calcipotriol ointment. A review of its use in the management of psoriasis. Am. |. Clin. Dermatol.
2001, 2, 95-120. [PubMed ]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury
to people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27219800


https://doi.org/10.1093/burnst/tkad003
https://www.ncbi.nlm.nih.gov/pubmed/37251708
https://doi.org/10.1002/cam4.5873
https://www.ncbi.nlm.nih.gov/pubmed/36999964
https://doi.org/10.1038/ncomms3824
https://www.ncbi.nlm.nih.gov/pubmed/24280686
https://doi.org/10.1089/ten.tea.2018.0268
https://www.ncbi.nlm.nih.gov/pubmed/30572781
https://doi.org/10.1161/atvbaha.123.319177
https://www.ncbi.nlm.nih.gov/pubmed/36994729
https://doi.org/10.1038/mt.2014.102
https://www.ncbi.nlm.nih.gov/pubmed/24903577
https://doi.org/10.1038/labinvest.3780304
https://www.ncbi.nlm.nih.gov/pubmed/11454981
https://doi.org/10.1007/s00403-003-0396-5
https://www.ncbi.nlm.nih.gov/pubmed/12682854
https://doi.org/10.1016/0190-9622(92)70302-v
https://www.ncbi.nlm.nih.gov/pubmed/1479078
https://www.ncbi.nlm.nih.gov/pubmed/1374321
https://www.ncbi.nlm.nih.gov/pubmed/8435908
https://www.ncbi.nlm.nih.gov/pubmed/11705309
https://doi.org/10.3390/ijms27219800

	Introduction 
	Results 
	CSTA Expression Was Reduced in High-Glucose-Treated Keratinocytes and Diabetic Mouse Skin 
	Identification of CSTA-Induced Changes in Dermal Fibroblasts by RNA-Seq Transcriptome Analysis 
	CSTA Promotes Fibroblast Proliferation and Migration 
	Identification of CSTA-Induced Changes in Dermal Endotheliocytes by RNA-Seq Transcriptome Analysis 
	CSTA Enhances Endothelial Cell Migration, Metabolic Activity, and Tube Formation 
	Topical Administration of CSTA Accelerated Diabetic Mice Wound Healing and Promoted Angiogenesis and Collagen Deposition 
	Calcipotriol Accelerated Diabetic Mice Wound Healing and Promoted Angiogenesis and Collagen Deposition 

	Discussion 
	Materials and Methods 
	Cell and Culture 
	Animals 
	Quantitative Real-Time PCR (qRT-PCR) Analysis 
	Western Blotting 
	Immunofluorescent Staining 
	Masson Staining 
	RNA Sequencing 
	Functional Enrichment Analysis 
	Cell Migration Assay 
	Cell Counting Kit 8 Assay 
	Tube Formation Assay 
	Statistical Analysis 

	Conclusions 
	References



