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Abstract: Diabetic wound healing impairment represents a pressing clinical challenge worldwide, with its high disability rate and
recurrence rate imposing a heavy burden on patients and healthcare systems. Keratinocytes are the core effector cells that drive re-
epithelialization during wound healing, and their impaired proliferative capacity is a core pathological mechanism underlying healing
arrest and chronic wound development. The functional status of other repair cell populations, including fibroblasts, endothelial cells
and immune cells, also exerts direct or indirect regulatory effects on the entire wound healing process. Under diabetic conditions,
multifaceted pathological changes triggered by hyperglycemia not only induce comprehensive functional impairment of keratinocytes,
but also disrupt the synergistic interaction between various repair cells. This ultimately stalls the physiological wound healing cascade,
leading to the development of chronic, non-healing wounds. Building upon this, this review further summarizes novel targeted
therapeutic strategies addressing these mechanisms, encompassing cutting-edge approaches such as engineered exosome delivery
systems, photobiomodulation therapy, metabolic enzyme small-molecule inhibitors, peptide agonists, and plant-derived nanovesicles.
This review aims to delineate the crosstalk between core regulatory modules and identify key druggable targets, a theoretical
framework for the development of precision combination therapies with multi-target synergistic effects. Existing evidence demon-
strates that the synergistic dysfunction of multiple core molecular hubs represents the core pathological basis underlying suppression in
diabetic wounds. Future therapeutic strategies should focus on the synergistic benefits of spatiotemporally controlled dynamic
intervention and wound microenvironment reprogramming.
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Introduction

Diabetes is one of the most prevalent chronic metabolic diseases worldwide. According to the International Diabetes
Federation, the global diabetic population exceeded 500 million by 2025. Diabetic wounds, among its most devastating
complications, occur in 15-25% of patients, with approximately 15-20% of chronic wounds ultimately progressing to
lower limb amputation. This significantly diminishes patients’ quality of life and exacerbates healthcare resource
consumption." Wound healing is a highly coordinated dynamic process involving sequential stages such as inflammatory
response, cell proliferation, matrix deposition, and tissue remodeling. Re-epithelialization, a core component of wound
healing, primarily relies on the proliferation, migration, and differentiation of keratinocytes to form a continuous
epidermal barrier covering the wound surface.” Under healthy physiological conditions, keratinocytes rapidly respond

to injury signals, initiating proliferation programs and migrating toward the wound center to complete epidermal
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Graphical Abstract
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regeneration. However, in diabetic states, a series of pathological alterations induced by the hyperglycemic microenvir-
onment severely impairs keratinocyte function, leading to stalled re-epithelialization and ultimately forming chronic
wounds that are difficult to heal

In recent years, significant progress has been made in elucidating the mechanisms underlying keratinocyte dysfunc-
tion in diabetic wounds. Existing studies confirm that hyperglycemia-induced metabolic toxicity serves as one of the
initiating factors for keratinocyte proliferation inhibition. Under hyperglycemic conditions, abnormal upregulation of
fructose-1,6-bisphosphatase 1 inhibits glycolytic flux, reduces ATP production, and directly impairs keratinocyte
proliferation and migration capacity.® Concurrently, the accumulation of advanced glycation end products (AGEs)
induced by high glucose activates the RAGE signaling pathway, exacerbating oxidative stress and inflammatory
responses, thereby further damaging keratinocyte function.>® Epigenetic dysregulation has also been identified as a
core mechanism regulating keratinocyte function. Imbalances in the expression of epigenetic regulators such as the long
non-coding RNAs MALAT1 and UCAL1, and the m°A demethylase FTO, indirectly suppress keratinocyte proliferation by
modulating epithelial-mesenchymal transition, inflammatory pathways, and autophagy flux.”* Pathological remodeling
of the extracellular matrix (ECM) is equally significant. In diabetic wounds, ECM stiffening and structural disorganiza-
tion disrupt keratinocyte mechanosensing and adhesion/migration capabilities via the YAP/TAZ mechanosensing axis.’
Among these, hyperglycemia-mediated abnormal O-GIcNAc glycosylation modifications directly target core
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transcription factors, serving as a pivotal bridge linking metabolic disorders to proliferation suppression. Hypoxia-
inducible factor 1a (HIF-1a) and stimulator of interferon genes (STING) emerge as two central molecular hubs mediating
this pathological process. Specifically, in the hyperglycemic microenvironment of diabetic wounds, STING is abnormally
activated by mitochondrial DNA leakage induced by oxidative stress and mitochondrial dysfunction. Once activated,
STING triggers the TBK1-IRF3 signaling pathway to induce the production of type I interferons and pro-inflammatory
factors, which in turn upregulate the expression of cell cycle inhibitors such as p21 and p27 in keratinocytes. This leads
to the arrest of keratinocyte cell cycle progression, directly inhibiting their proliferative capacity. Additionally, STING
activation further exacerbates keratinocyte dysfunction by promoting inflammatory senescence and disrupting autophagy
balance, thereby forming a vicious cycle that perpetuates proliferation suppression. Microbiome dysbiosis and biofilm
formation at wound sites disrupt keratinocyte function through dual mechanisms, namely virulence factor release and
immune dysregulation.'® Pathological effects mediated by persistent hypoxia fundamentally rely on dysfunction of the
HIF-1a signaling axis. This abnormal regulation not only indirectly impacts keratinocyte proliferation by inhibiting
angiogenesis but also directly affects keratinocytes themselves. The hyperglycemic environment of diabetes impairs HIF-
la function, preventing effective initiation of transcription for downstream proliferation-related, metabolic regulatory,
and anti-apoptotic genes. Concurrently, abnormal HIF-1a activity directly disrupts keratinocyte cell cycle progression,
metabolic reprogramming, and autophagy balance, constituting a direct cause of impaired keratinocyte proliferation
capacity.!' Persistent hypoxia, a hallmark of diabetic wounds, abnormally activates the HIF-lo signaling axis spatio-
temporally. This not only inhibits angiogenesis, leading to inadequate nutrient supply, but also directly regulates
keratinocyte metabolic reprogramming and autophagy balance, exacerbating proliferation suppression.'? The disintegra-
tion of neuropeptide networks further exacerbates this pathological process. Decreased levels of pro-reparative neuro-
peptides such as substance P and calcitonin gene-related peptide directly weaken keratinocyte proliferation drive and
microenvironmental regulatory capacity.'?

Although existing research has revealed multiple independent mechanisms underlying the suppression of keratinocyte
proliferation in diabetic wounds, these mechanisms do not operate in isolation. Instead, they form an interwoven
regulatory network through shared molecular hubs. For instance, HIF-1a dysfunction not only exacerbates hypoxia
stress but also activates the STING inflammatory pathway by regulating ROS release. Conversely, STING-driven IFN-f3
inhibits HIF-1a transcriptional activity, creating a vicious cycle.'” Current research is limited by insufficient analysis of
the crosstalk logic between these mechanisms and a lack of systematic network-level understanding. This knowledge gap
confines clinical interventions to single-target approaches, such as growth factor supplementation and debridement,
which yield limited efficacy and fail to reverse complex pathological homeostasis.'* Therefore, systematically decipher-
ing the multidimensional regulatory network underlying keratinocyte proliferation suppression in diabetic wounds,
identifying crosstalk mechanisms between modules and key druggable targets is the core scientific prerequisite for
developing highly effective, precision treatment strategies.

This review focuses on a core pathological hallmark of impaired diabetic wound healing: the suppressed proliferation
of keratinocytes. It systematically dissects this pathological process from the perspectives of metabolic toxicity,
epigenetic dysregulation, extracellular matrix pathological remodeling, wound microenvironment imbalance, hypoxic
stress, cutaneous microbiota dysbiosis, and neuropeptide signaling disorder. We comprehensively characterize the
molecular mechanisms and core regulatory targets within each functional module, delineate the crosstalk pathways
between different modules mediated by key molecular hubs, and clarify the core mechanism by which multiple
pathological factors synergistically drive the impairment of keratinocyte proliferation. Building on this framework, we
further summarize the mechanism of action and clinical translational potential of emerging targeted intervention
strategies, including engineered exosome delivery systems, photobiomodulation therapy, metabolic enzyme inhibitors,
and peptide agonists. Taken together, the overarching goal of this work is to provide a theoretical basis and novel
translational insights for the precision treatment of diabetic chronic wounds.

Cell Proliferation
Cell proliferation is an orderly and programmed dynamic process, typically initiated when cells transition from a
quiescent state into the preparatory phase for division. This occurs when proliferating cells detect signals from growth
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factors, cytokines, or sufficient nutrients. This process involves the coordinated action of core regulatory molecules,

15,16 1718 and cell cycle inhibitors

including cyclins, cyclin-dependent kinases (CDKs),'® retinoblastoma protein (Rb),
(CKIs),' to establish a periodic division rhythm and form stringent checkpoint controls between phases. Upon signal
reception in GO phase cells, Cyclin D binds to CDK4/6 to form a complex, phosphorylating the Rb protein and releasing
its inhibition of E2F transcription factors. This drives cells into the Gl phase and initiates the expression of genes
associated with DNA synthesis.'” Upon entering S phase, the Cyclin E-CDK2 complex further propels the cell cycle by
promoting the activation of DNA polymerases, ensuring complete genomic replication.”’ During G2 phase, Cyclin B
binds to CDK1 to prepare cells for mitotic entry, while the G2/M checkpoint monitors DNA damage and halts the cell
cycle if unrepaired damage is present.”’ During the M phase, the spindle attachment checkpoint ensures proper
chromosome segregation. Subsequently, the cell completes mitotic and cytokinesis, producing two daughter cells.

Some daughter cells may re-enter the GO resting phase, while others continue participating in the proliferation cycle.?'*>

Cell Proliferation in Normal Wounds

Cell proliferation is a central and ongoing biological process in wound healing, spanning the entire phases of inflamma-
tion, proliferation, and remodeling. Among these, the proliferation of keratinocytes is the key step in the reconstruction of
the epidermal barrier, a process that is highly dependent on the synergistic actions of other cells in the wound
microenvironment. Various cell types, including fibroblasts, endothelial cells, macrophages, and neutrophils, work in
concert through their own finely regulated proliferation and functional activation to accomplish key processes such as
pathogen clearance, angiogenesis, and extracellular matrix (ECM) deposition, thereby collectively establishing the
microenvironment that regulates keratinocyte proliferation. The proliferative activity of these cells is finely regulated
by growth factors, cytokines, and mechanical signals in the local microenvironment® (Figure 1). Investigating the
mechanisms of cell proliferation not only enhances our understanding of the physiological repair process of wounds but
also provides a theoretical foundation for chronic wound treatment strategies.

Keratinocyte Proliferation
The proliferation of keratinocytes is a core component of epidermal repair, directly determining whether the skin barrier can
be promptly reestablished. Within hours of wound formation, basal keratinocytes near the wound margin exit quiescence
and are activated to enter the cell cycle. During this activation, inflammatory mediators act on cell surface receptors via
paracrine or autocrine mechanisms, triggering downstream signaling pathways to initiate DNA replication. Epidermal
growth factor (EGF), transforming growth factor-alpha (TGF-a), and hepatocyte growth factor (HGF) play pivotal roles in
this process (Table 1). They activate the Ras/MAPK and PI3K/Akt pathways by binding to EGFR or cMet receptors,
respectively, propelling cells from G1 to S phase.>* 2’ Although insulin-like growth factor 1 (IGF-1) does not directly drive
mitosis, it enhances the ability to form cell membrane protrusions, aiding cells in spreading and occupying space during
migration. This indirectly supports the physical conditions required for subsequent proliferation. Once cells at the leading
edge complete initial coverage, basal cells at the rear undergo extensive division to replenish the cellular reserve depleted by
migration, ensuring the newly formed epithelium achieves normal thickness.?**° Beyond the direct regulation by classical
growth factors, the proliferation process of keratinocytes is profoundly influenced by stem cell fate regulation and
epigenetic modifications. At the stem cell fate regulation level, the YAP/TAZ-Hippo mechanotransduction axis and the
E2F/MYC-p21/p27 cell cycle regulatory pathway jointly participate in keratinocyte proliferation control. These two
pathways coordinate the balance between stem cell self-renewal and differentiation, thereby determining epidermal
regeneration efficiency.’® Cherkashina et al, using a human skin xenograft model, revealed that restoration of epidermal
proliferation patterns depends on spatial rearrangement of basal layer stem cell subpopulations and mechanical coupling
between stem cells and dermal papillae structures, with YAP nuclear localization playing a key regulatory role in this
process.’! At the epigenetic level, processes such as DNMT1-UHRF1-mediated DNA methylation memory and JMJD3
histone demethylase activity have been demonstrated to profoundly regulate keratinocyte proliferation dynamics.*>
Keratinocyte proliferation is regulated by multiple negative signals, and the effects of pro-proliferative factors are not
always synergistic. Studies have confirmed that transforming growth factor-f (TGF-B) can dose-dependently inhibit
HGF- and KGF-induced keratinocyte proliferation and also exhibits inhibitory effects on EGF-induced proliferation.>®
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Figure | This diagram illustrates cell proliferation in normal wound healing. Keratinocytes activate via EGFR/MAPK/PI3K but are inhibited by glucocorticoids. Fibroblasts
proliferate via PDGF-BB/TGF-p. Endothelial cells use HIF I a/VEGF for angiogenesis. Macrophages regulate proliferation via cytokines; neutrophils clear pathogens for repair.
Upward arrows (1) indicate upregulation or activation of relevant molecules and signaling pathways; downward arrows (T) indicate downregulation or inhibition of relevant
molecules and signaling pathways.

Furthermore, vasoactive intestinal peptide (VIP) itself lacks mitogenic activity. This neuropeptide significantly attenuates
EGF-induced proliferation in HaCaT cells at 10" M by inhibiting EGFR tyrosine kinase activity, suggesting potential
antagonistic interactions between neuropeptides and growth factors.* Conversely, glucocorticoids significantly inhibit
this repair process by downregulating K6/K16 keratin expression and blocking EGF-induced proliferation responses,
indicating that systemic hormone levels influence local repair efficiency.”> >’ Clinical studies further validate these
mechanisms. In patients with chronic inflammation or prolonged use of exogenous hormones, the re-epithelialization
process exhibits marked delays. This demonstrates that regulating keratinocyte proliferation not only accelerates wound
healing but also serves as a critical target for intervening in pathological repair.”®

Fibroblast Proliferation

The proliferation and activation of fibroblasts are fundamental to the formation of the dermal repair scaffold and the
secretion of factors that promote keratinocyte proliferation; by reshaping the wound microenvironment, they indirectly
determine the efficiency of keratinocyte proliferation. The proliferative activity of fibroblasts determines the quality and
quantity of granulation tissue, serving as the fundamental force supporting wound filling and structural reconstruction.
Following injury, platelets rapidly aggregate and release PDGF-BB, a potent chemokine that not only guides fibroblast
migration to the wound site but also directly stimulates their entry into the mitotic cycle.’***° Subsequently, TGFp further

Drug Design, Development and Therapy 2026:20 https: 5



:sdyyy

07:9207 Adeasy] pue juswdojpasq ‘udissq 8nug

Table | Comprehensive Analysis of Signaling Pathways and m®A RNA Modification Regulating Keratinocyte Proliferation, Migration, and Wound Healing

regulation)

metabolism

cell cycle, and fatty acid metabolism pathways

Signal Upstream Activatingand Downstream Target Genes/Proteins Effect on Keratinocyte Proliferation Associated Regulatory Modules References
Pathway Inhibitory Molecules
Vis-1 peptide (Activator) B-Catenin Promotes proliferation and migration MAPK synergistic activation [33]
High glucose environment Downregulated Whnt ligand expression Inhibits regenerative capacity Immune dysfunction [34]
(Inhibitor)
AKT/ERK Puerarin (Activator) p-ERK, p-Akt Promotes proliferation and migration TGF-B upregulation [35]
Dexamethasone (Inhibitor) Inhibited ERK/AKT phosphorylation Inhibits proliferation Reduced collagen deposition [35]
MSC-secreted components Ki67/KRT 14 Enhances keratinocyte proliferation Angiogenesis synergy [36]
(Activator)
PI3K/Akt GelMA-EVs (Activator) PDGF Promotes proliferation and vascular Microvascular network regeneration [37]
remodeling
KRT17 (Activator) c-MYB Promotes proliferation but causes High glucose-induced delayed healing [2]
hyperkeratosis
ITGAS knockdown (Activator) Increased p-AKT Promotes proliferation and migration Decreased inflammatory factors [38]
miR-618 (Inhibitor) Atpl b Inhibits proliferation and EMT Nuclear miR-618-Lin7a axis [39]
hUCMSCs-secreted factors THBSI, ITGBI and other ECM-related proteins Promotes migration and matrix remodeling Stem cell recruitment [36]
(Activator)
KRT17 (Inhibits fibroblast Downregulated ITGAI | Indirectly affects keratinocyte PI3K-Akt pathway enrichment [40]
migration) microenvironment
NF-«xB RIG-I (Activator) TIMP-1 Promotes proliferation and repair Decreased expression in diabetic foot [41]
Apamin-ceftriaxone (Inhibitor) TNF-q, IL-6 Reduces inflammation and promotes TGF-B1 and VEGF upregulation [42]
keratinization
HIF-1o/ Roxadustat (Activator) HIF-1o, NICD, VEGF Promotes re-epithelialization and Notch| pathway synergy [43]
VEGF angiogenesis
miR-429 (Inhibitor) HIFIAN, HIF-1a/VEGF Inhibits keratinocyte migration and miR-429 targets and inhibits HIFI AN, relieving its negative regulation on HIF- [44]
proliferation la to activate the VEGF pathway
LRPPRC (Activator) HIF-la, VEGF Indirectly supports keratinocyte LRPPRC binds and stabilizes HIF-1a, enhances its transcriptional activity, and [45]
microenvironment by promoting angiogenesis upregulates VEGF expression
9th Surgery Decoction HIF-la, VEGF/EGFR-PI3K-AKT-mTOR Inhibits pathological angiogenesis and Reduces VEGF release by downregulating HIF-1a, blocking the endothelial- [46]
(Inhibitor) inflammation keratinocyte paracrine pro-inflammatory axis
m®A RNA WTAP (Activator) m®A-circ_0056856, miR-197-3p/CDK | Promotes keratinocyte proliferation and WTAP-mediated m®A modification of circRNA enhances its stability, acting as [47]
Modification migration under IL-22 stimulation a miR-197-3p sponge to upregulate CDKI
METTL3 (Activator) m®A-AGAP2-AS|, miR-424-5p/AKT3 Promotes proliferation and inhibits apoptosis METTL3 deficiency leads to demethylation and stabilization of AGAP2-ASI, [48]
activating the AKT/mTOR pathway
METTL3/YTHDF2 (Inhibitor) m®A-MTOR mRNA, MTOR protein stability Promotes keratinocyte proliferation and m®A modification enhances MTOR mRNA stability, and YTHDF2 recognition [49]
wound repair delays degradation
METTL3 (Regulated by lactylation) m®A-HNRNPA2B I, DNMT | Accelerates wound healing Lactylation-driven METTL3 upregulation enhances DNMT | expression [50]
through the m®A/HNRNPA2B| axis, remodeling epigenetics
METTL3/FTO imbalance (Activator) Global elevated m®A levels, dysregulation of Inhibits skin inflammatory response Epidermis-specific m°A modification alleviates psoriasis-like inflammation by [51]
inflammation-related IncRNA/circRNA regulating immune-related transcripts
METTL3/WTAP/ALKBH5 (Comprehensive DEGs such as NEU2, GALNT6, MEOX2 Affects keratinocyte differentiation and Multi-omics analysis reveals m*A-modified genes enriched in keratinization, [52]
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amplifies this effect and induces some fibroblasts to express a-smooth muscle actin, endowing them with contractile
capabilities that help reduce the wound area and create a stable wound matrix for the proliferation and migration of
keratinocytes.®' Activated and proliferating fibroblasts are a major source of proliferative growth factors in the wound
microenvironment; the various factors they secrete, such as IGF-1, VEGEF, and bFGF, can act directly or indirectly on
keratinocytes to drive their proliferation.”***® Abnormal proliferation of fibroblasts directly leads to disruption of the
dermal matrix scaffold structure, thereby inhibiting the normal proliferation of keratinocytes. The proliferative state of
fibroblasts exhibits completely opposite phenotypes across different pathological wound conditions. In some diabetic
wounds, despite high concentrations of growth factors, fibroblasts exhibit delayed or arrested proliferation. This indicates
that intrinsic signaling pathway impairments and abnormal cell cycle regulation in fibroblasts are fundamental causes of
impaired wound healing.**% Single-cell transcriptomic analysis reveals that distinct fibroblast subpopulations in aged
wounds exhibit delayed regenerative capacity and downregulated expression of pro-reparative genes, alongside activated
inflammatory and aging-related pathways.®®> Conversely, in certain chronic venous ulcers, fibroblasts demonstrate
abnormally hyperactive proliferation and migration capabilities.®®

However, proliferation is not inherently beneficial, sustained or excessive cell expansion leads to uncontrolled
collagen deposition, ultimately resulting in hypertrophic scarring.®’ Studies indicate that M2 macrophages exert anti-
fibrotic effects via IL-6, yet clinical observations reveal elevated proportions of M2 macrophages in hypertrophic scars.
These conflicting conclusions indicate that IL-6’s role in fibrosis depends on local microenvironmental signaling
integration.®® This further confirms that, proliferation must maintain a dynamic equilibrium with processes like apoptosis
and differentiation to achieve functional rather than structural repair.”*%° Studies reveal that in chronic wounds associated
with diabetes or aging, fibroblasts often exhibit delayed or arrested proliferation. Even in the presence of an abundant
growth factor environment, their responsiveness remains significantly diminished, suggesting that intrinsic abnormalities
in cell cycle regulation may be a fundamental cause of pathological repair.°"* In the future, targeted modulation of cell
cycle checkpoint proteins such as Cyclin D1 or CDK4/6 may emerge as an effective strategy for indirectly addressing
keratinocyte proliferation defects and thereby restoring the homeostasis of the wound microenvironment.

Endothelial Cell Proliferation
Endothelial cell proliferation is a key prerequisite for wound angiogenesis. By forming a network of new blood vessels, it
supplies the wound healing site with sufficient oxygen and nutrients, thereby providing a critical foundation for
maintaining the normal proliferation and metabolism of keratinocytes. At the same time, proliferating and activated
endothelial cells can also directly participate in the regulation of keratinocyte proliferation through paracrine signaling.
Under hypoxic conditions, HIF 1o accumulates stably and upregulates VEGF transcription. As the most potent angiogenic
factor, VEGF activates PLCy-PKC and Raf-MEK-ERK cascades by binding to VEGFR2, thereby promoting endothelial
cells to exit GO phase and enter active mitotic division.”*’%”" Concurrently, adjacent fibroblasts and macrophages secrete
bFGF and angiopoietin-1, providing additional paracrine support that not only sustains endothelial cell survival but also
promotes luminal structural stabilization.”®’*7* However, the results from the three-dimensional co-culture model
diverge from the conventional understanding of endothelial cell-dominated vascular ingrowth. Within the simulated
wound’s 3D matrix environment, fibroblasts migrate first and fill the defect, constructing a temporary matrix scaffold. In
contrast, endothelial cells predominantly remain at the wound margins and do not actively sprout toward the central
wound area.”” Chen et al demonstrated that locally applying concentrated mesenchymal stem cell conditioned medium to
mouse wounds significantly increased CD34" and Flk1* endothelial progenitor cell numbers, accompanied by enhanced
capillary density, confirming the central role of multifactorial synergy in vascular network reconstruction.”®

Failure of angiogenesis due to impaired endothelial cell proliferation directly leads to local ischemia and hypoxia at the
wound site; hypoxia and nutrient deprivation significantly inhibit the proliferative activity of keratinocytes and may even
induce their apoptosis. Notably, neovascularization relies not solely on increased cell numbers; spatial arrangement and
maturity are equally critical. Without adequate pericellular envelopment or basement membrane deposition, even extensively
proliferating endothelium yields leaky, unstable vessels incapable of sustained blood supply.”” Clinical data further reveal that
in ischemic ulcer patients, despite elevated local VEGF concentrations, impaired endothelial cell proliferation responses occur
due to metabolic dysfunction or downregulated receptor expression, ultimately leading to failed vascular regeneration.”®
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Therefore, supplementation with a single factor alone cannot address the fundamental issue; comprehensive consideration of
microenvironmental signal integration and intrinsic cellular state regulation is essential.

Macrophage and Immune Cell Proliferation

Macrophages and other immune cells form the core of the inflammatory microenvironment at the wound site; their
proliferation, recruitment, and phenotypic polarization are key factors in regulating the initiation, maintenance, and
termination of keratinocyte proliferation. Even with limited proliferative capacity, they can exert a decisive influence on
the epidermal regeneration process through their secretory functions. Although macrophages lack significant self-renewal
capacity, they play a pivotal role in regulating the proliferation of other cells. Monocytes chemotactically recruited to the
wound site by CCL2 differentiate into macrophages, predominantly of the M1 phenotype in the early phase. As the repair
process progresses, microenvironmental polarization signals prompt macrophages to differentiate into the M2 phenotype,
leading them to secrete TGF-B and IL-10. On the one hand, this suppresses excessive inflammatory responses and
prevents persistent inflammation from negatively inhibiting keratinocyte proliferation; on the other hand, it maintains
moderate proliferative activity in fibroblasts, thereby indirectly supporting epidermal regeneration.””®!

However, the dichotomous classification of macrophages into M1/M2 exhibits significant limitations in applicability
within the complex in vivo wound microenvironment. Studies using renal injury models confirm that the phenotypic
classification of tissue macrophages should be based on their functional roles during different repair phases, rather than
simplistically applying conclusions derived from in vitro polarization-induced models.*® The currently accepted linear
perception of M1 macrophages as pro-inflammatory and repair-inhibiting, and M2 macrophages as anti-inflammatory and
repair-promoting, oversimplifies the functional diversity of macrophages within the spatiotemporally dynamic wound
microenvironment. Photobiomodulation studies further confirm the time-dependent nature of macrophage phenotype
switching. Infrared laser exposure transiently upregulates TGFB1 expression in M2 macrophages at 4 hours post-injury,
followed by downregulation at 24 hours. This demonstrates that external interventions can modulate the temporal
window for macrophage phenotype conversion, thereby influencing the proliferative behavior of downstream repair
cells.®* Beyond macrophages, other immune-related cells also participate in regulating wound proliferation processes
through self-proliferation or functional modulation. Circulating fibroblast precursors of bone marrow origin can also
migrate to the wound bed under IL4/IL13 stimulation, undergoing limited proliferation and differentiation. Although
their contribution is minor in healthy skin repair, they may undertake compensatory repair tasks in certain pathological
states, such as extensive burns or radiation injury.®® Furthermore, although neutrophils lack sustained proliferative
capacity, their early clearance of pathogens and necrotic debris creates the prerequisites for subsequent cellular
proliferation. The overall coordination of immune cells determines whether proliferation can be initiated and terminated
within an appropriate time window. Dysregulation at any stage may lead to repair stagnation or excessive proliferation.
Lykov et al observed that in the pathological context of persistent infection or autoimmune disorders, the proportion of
M1 macrophages at the wound site is abnormally increased, leading to sustained release of pro-inflammatory factors.
This not only hinders the normal transition from the inflammatory phase to the proliferative phase but also directly

inhibits the functional proliferation of keratinocytes, ultimately resulting in impaired wound healing **-%*

Microenvironment Regulation and Signal Integration

Cell proliferation is never an isolated event; it is always tightly coupled with other biological processes, including
migration, differentiation, apoptosis, and even matrix remodeling. Matrix metalloproteinases not only degrade the
extracellular matrix to clear pathways for cell movement but also release latent growth factors bound to the matrix,
reactivating them to act on target cell receptors.”” Integrins and growth factor receptors often form complexes,
amplifying pro-proliferative signals through the FAK-SRC pathway to heighten cellular responsiveness to external
stimuli.’”-”? Recent studies in single-cell and spatial omics have revealed significant cellular heterogeneity and localized
signal gradient distributions within wound microenvironments. This finding suggests that traditional signaling pathway
models, based on the assumption of a homogeneous environment, may obscure specific regulatory mechanisms within
localized microenvironments. For instance, within a wound, hypoxic regions and vascular frontiers may exhibit
fundamentally different responses to the same growth factor among cells of the same type.®>®® Beyond intercellular
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signaling and matrix microenvironment regulation, fine-tuned epigenetic control directly influences cellular proliferation
processes, serving as a crucial intracellular relay for microenvironmental signals. Epigenetic regulation also plays a
crucial role: demethylation of histone H3K27me3 lifts transcriptional repression on EGFR and cmys genes, thereby
accelerating cell cycle progression.®”*® MicroRNAs provide more precise temporal control: miR-203 downregulation
permits p63 expression, maintaining basal cell proliferative potential, while miR-21 overexpression suppresses abnormal
hyperproliferation in chronic wounds by targeting EGR3, preventing excessive tissue overgrowth.*>°° These multi-
layered regulatory mechanisms collectively ensure efficient proliferation within controlled parameters. Clinically, many
refractory wounds lack not growth factors but impaired cellular signaling perception or execution, manifesting as
impaired proliferation kinetics.’” In summary, extracellular matrix remodeling, signal pathway amplification, regional
differences in the microenvironment, and epigenetic fine-tuning collectively regulate cell proliferation at the wound site
and determine the efficiency of proliferative behavior. Impaired keratinocyte proliferation kinetics arise from compro-
mised perception and execution of proliferative signals, along with an imbalance between inflammatory and proliferative
processes, ultimately leading to difficult-to-heal wounds. Therefore, the treatment of chronic wounds must move beyond
the traditional approach of simply supplementing growth factors and instead focus on restoring the normal regulatory
mechanisms of keratinocyte proliferation by reestablishing the signaling homeostasis of the wound microenvironment.

Mechanisms and Regulatory Networks of Keratinocyte Proliferation
Inhibition in Diabetic Wounds

One of the core pathological features of impaired wound healing in diabetes lies in the compromised proliferative
capacity of keratinocytes. This impairment directly obstructs the re-epithelialization process, trapping the wound in a
chronic, difficult-to-heal state. Keratinocyte proliferation suppression arises not from a single factor but from the
interplay of multiple pathological mechanisms, hyperglycemia-mediated metabolic toxicity, epigenetic abnormalities,
disrupted extracellular matrix remodeling, microenvironmental imbalance, hypoxia-ischemia, and dysbiosis of the
microbiome (Figure 2). These factors engage in complex molecular cross-talk and synergistically disrupt keratinocyte
proliferation pathways at multiple levels. These levels include intracellular metabolism, gene expression regulation and
extracellular microenvironmental support, and this disruption ultimately exacerbates delayed wound healing.

High-Sugar Metabolic Toxicity

The effects of hyperglycemic metabolic toxicity include abnormalities in core molecular events such as post-translational
modifications and metabolic enzyme activity, as well as imbalances in cellular physiological processes like autophagy flux
and cellular senescence. Zhang et al discovered that abnormal elevation of O-GIcNAc glycosylation in high-sugar
environments enhances c-Myc protein stability. This simultaneously activates downstream S100A6 molecules and directly
traps cells in an abnormal proliferative state, preventing initiation of the migration repair program.”’ Both metabolic
reprogramming and post-translational modifications stem from early molecular disruptions induced by high glucose,
ultimately impairing keratinocytes’ core repair capacity. Methylglyoxal generated under hyperglycemia damages kerati-
nocytes and specifically induces significant upregulation of fructose-1,6-bisphosphatase 1 (FBP1). Further studies indicate
that O-GlcNAc glycosylation modification can also directly arrest the G1/S transition in keratinocytes by regulating Cyclin
D1 expression. This mechanism synergistically amplifies the proliferation-inhibitory effect through the c-Myc-mediated
regulatory pathway. FBP1, a key negative regulator of glycolysis, becomes hyperactivated under hyperglycemia. This
directly inhibits glycolytic flux, limiting intracellular ATP production which serves as the energy foundation for keratino-
cyte migration and proliferation. Insufficient energy supply directly leads to keratinocyte functional paralysis.”
Additionally, high glucose can induce downregulation of phosphofructokinase-2 (PFK-2) expression, further inhibiting
glycolysis. This, combined with the abnormal activation of FBPI, exacerbates energy metabolism disorders.
Simultaneously, high-sugar-mediated metabolic dysregulation extends beyond keratinocytes themselves, disrupting the
energy homeostasis of fibroblasts and endothelial cells within the wound microenvironment. This leads to reduced secretion
of pro-repair growth factors by these cells, indirectly impairing keratinocyte proliferation and creating a vicious cycle of
multi-cell synergistic dysfunction. Asiatic acid and its H'IS donor derivative AA4 restore metabolic homeostasis by dual
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Figure 2 Schematic diagram of multiple synergistic mechanisms blocking keratinocyte proliferation in diabetic wounds. Disruption of EGR-I/EGFR signaling, IL-6/TNF-a-
mediated chronic inflammation, dysregulated NF-kB pathway, high-glucose-induced imbalance of KLF5/TGF-BI, and dysfunction of O-GIcNAc-modified c-Myc collectively
synergize to impede wound healing. Upward arrows (1) indicate upregulation or activation of relevant molecules and signaling pathways; downward arrows (T) indicate
downregulation or inhibition of relevant molecules and signaling pathways.

inhibition of FBP1, accelerating wound healing in diabetic mice. This demonstrates the high intervention feasibility of
metabolic enzyme reprogramming mechanisms. Autophagy dysfunction represents a downstream cascade triggered by
hyperglycemic metabolic toxicity, further amplifying keratinocyte functional impairment. Under high-glucose conditions,
suppressed AMPK/ULK 1 pathway activity reduces LC3II conversion and increases p62 accumulation, preventing kerati-
nocytes from clearing damaged proteins and organelles via autophagy. This impairs proliferation and migration capabilities.
Conversely, EGCG activates the AMPK/ULK]1 pathway to restore the autophagy flux, not only directly improving
keratinocyte function but also indirectly stimulating collagen synthesis in fibroblasts.”**** In diabetic skin, downregulation
of the RNA m°A demethylase FTO leads to elevated m°A modification levels on TRIB3 mRNA, which is subsequently
recognized and degraded by YTHDF2. The resulting reduction in TRIB3 directly inhibits autophagy initiation and
exacerbates keratinocyte apoptosis. Overexpression of FTO or TRIB3 partially reverses this phenotype, confirming the
central role of m®A modification in autophagy regulation.” Although these pathways target different molecules, both
exacerbate cellular damage by blocking the autophagy flux. A high-sugar environment induces massive accumulation of
reactive oxygen species (ROS) within keratinocytes while activating the receptor for advanced glycation end products
(RAGE) pathway. These factors jointly upregulate p21 expression, triggering premature senescence that impairs keratino-
cyte proliferation. Concurrently, reduced synthesis of migration-related cytoskeletal proteins prevents participation in
wound re-epithelialization.”> Conversely, human amniotic epithelial cell conditioned medium (hAECs-CM) effectively
reverses high-glucose-induced premature senescence in keratinocytes by scavenging ROS and downregulating the RAGE/
p21 pathway, thereby restoring their proliferation and migration functions. Additionally, ROS can oxidatively damage
DNA, leading to activation of the p53 pathway, which further blocks the cell cycle and exacerbates the suppression of
keratinocyte proliferation. Excessive ROS can diffuse into the extracellular space, mediating systemic oxidative stress
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imbalance within the wound microenvironment. This intensifies endothelial cell damage and inflammatory cascades,
synergizing with pathological processes such as microbial colonization and matrix degradation to further deteriorate the
repair microenvironment for keratinocytes.”®”” Hyperglycemia first induces early abnormalities in post-translational
modifications and metabolic enzymes which directly disrupt the functional foundation of cells, triggering autophagy
flow arrest and amplifying cellular damage. Ultimately, oxidative stress triggers premature senescence, leading to the
complete loss of cellular survival and repair potential.

Epigenetic Modification Abnormalities: Multidimensional Mechanisms Synergistically

Lock Keratinocyte Function in an Inhibited State
Epigenetic modification abnormalities serve as a core regulatory factor in suppressing keratinocyte function in diabetic
wounds, with effects spanning histone modifications, DNA methylation, and non-coding RNA-mediated chromatin
remodeling. High glucose-induced histone modification dysregulation directly silences repair-related genes, inhibiting
core keratinocyte repair functions at the transcriptional level. Downregulation of IFNk expression in wound-edge
keratinocytes of type 2 diabetes (T2D) patients is closely associated with reduced H3K4me3 enrichment in the promoter
region and silencing of the histone methyltransferase MLL1. Exogenous supplementation of IFNk reverses these
phenotypes, restoring early inflammatory responses, collagen deposition, and re-epithelialization.”® Long non-coding
RNA MALATI is abnormally upregulated in high-glucose environments, driving TGF-B1-induced epithelial-mesench-
ymal transition (EMT) by activating ZEB1 and inhibiting keratinocyte migration. Silencing MALAT1 reverses EMT by
restoring epithelial markers and releasing miR-205-mediated ZEB1 inhibition, thereby improving migration capacity.”’
The IncRNA UCAI1, abnormally upregulated in high-glucose conditions, activates the NF-kB inflammatory axis by
binding METTL14 to stabilize HIF-1a protein. Simultaneously, it targets miR-140-5p to upregulate SOX9 expression,
directly arresting the keratinocyte cell cycle and inhibiting proliferation. This dual pathway of inflammatory activation
and cycle regulation exacerbates keratinocyte dysfunction.'®

MicroRNAs (miRNAs), another crucial class of non-coding RNAs, extensively participate in suppressing keratinocyte
proliferation by regulating target gene expression. Selective splicing of the JAM-A gene 3'-UTR releases miR-106b-5p, which
targets and inhibits the PTEN/TIAMI pathway, leading to hyperproliferation but migration arrest in keratinocytes.® Under
high-glucose conditions, miR-106b-5p expression further increases, not only inhibiting the PTEN/TIAM1 pathway but also
directly suppressing Cyclin E1 expression to arrest the cell cycle and exacerbate proliferation suppression. CDK1-loaded
extracellular vesicles (CDK1-sEVs) can restart the cell cycle by activating the AKT/ERK pathway, promoting re-
epithelialization.'”’ DNA methylation and demethylation dynamics in macrophages, endothelial cells, and keratinocytes
dynamically regulate wound healing-related signaling pathways; for instance, impaired TET3-mediated demethylation of the
DSP gene impedes re-epithelialization.'®*'** In the diabetic microenvironment, histone deacetylase activity (HDAC) inhibi-
tion by butyrate locally restores macrophage epigenetic programming, promoting inflammation resolution and tissue repair by

suppressing STAT1 signaling through histone deacetylation.'**

Pathological Remodeling of the Extracellular Matrix: Dysregulation of Keratinocyte

Function Mediated by Mechanical Microenvironment Disturbances

In diabetic wounds, ECM structural disorganization and abnormal mechanical properties driven by high glucose and
chronic inflammation can directly block keratinocyte repair programs by inhibiting the mechanosensitive YAP/TAZ
signaling pathway. Existing animal studies confirm that the Agrin-MMP12 positive feedback loop can restore YAP/TAZ
signaling, and treatment with its derivative sAgrin significantly accelerates wound healing.'® The YAP activator PY-60
also enhances YAP transcriptional activity by inhibiting its ubiquitination and degradation, thereby reversing keratinocyte
functional suppression mediated by hyperglycemic ECM disruption.

Pathological ECM remodeling further disrupts keratinocyte-matrix interactions and functional homeostasis through
additional molecular pathways. Dock5 deficiency leads to abnormal accumulation of ZEB1 protein, disrupting laminin-
332/integrin axis stability. This not only causes defects in wound collagen deposition and exacerbates ECM structural
disorganization but also directly impairs cell proliferation and migration by inhibiting Racl signaling-regulated
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keratinocyte cytoskeletal reorganization. Restoring Dock5 expression reverses all these pathological phenotypes.'®
Concurrently, downregulated RIG-I expression in diabetic wounds reduces TIMP-1 secretion, disrupting the MMP/
TIMP degradation-synthesis equilibrium and further exacerbating ECM structural damage. Beyond accelerating matrix
degradation, diminished TIMP-1 directly inhibits keratinocyte proliferation by modulating the PI3K/AKT pathway,
achieving synergistic effects in ECM remodeling and cellular function suppression.'®’

The pathological microenvironment of the ECM can also directly impede keratinocyte cell cycle progression and
inhibit cell migration by interfering with downstream signaling pathways. In diabetic wounds, the weakened activity of
the NO-cGMP signaling pathway not only blocks keratinocyte cell cycle progression and suppresses cell migration but
also inhibits Cyclin D1-CDK4 binding by upregulating p27 expression, further obstructing cell cycle advancement and
synergistically suppressing keratinocyte proliferation capacity. In contrast, the small-molecule agonist TOP-N53 can
simultaneously reverse these proliferation and migration dysfunctions by elevating cGMP levels.'” In summary,
pathological ECM remodeling synergistically suppresses keratinocyte function through multiple pathways, including
mechanosensing, matrix interactions, and cell cycle regulation serving as a key driver of delayed re-epithelialization in
diabetic wounds. This mechanism also identifies multidimensional potential targets for wound-specific therapeutic
interventions.

Diabetic Wound Microenvironment

The biochemical and physical disturbances in the diabetic wound microenvironment systematically suppress keratinocyte
proliferation and migration through multiple mechanisms. ECM homeostasis disruption and structural damage form a
direct inhibitory barrier, while the hyperglycemic environment drives sustained overexpression of MMP-9 and MMP-8.
These proteases not only degrade key ECM components like collagen and laminin but also disrupt the local homeostasis
of pro-repair growth factors such as VEGF and bFGF.'"

RIG-I deficiency further downregulates TIMP-1, thereby releasing the negative regulation on MMPs and exacerbating
excessive degradation and structural disruption of the ECM. Concurrently, it fails to activate the PI3K/AKT pathway by
binding to the CD63 receptor on keratinocyte surfaces, directly losing its pro-proliferative and anti-apoptotic effects on
keratinocytes. This dual mechanism intensifies keratinocyte dysfunction.'®’ However, local delivery of recombinant
TIMP-1 can simultaneously reverse these pathological alterations, restoring ECM homeostasis and keratinocyte-mediated
re-epithelialization processes. Correlated with this loss of basement membrane structural integrity, Dock5 deficiency
downregulates LAMA3 expression, disrupting integrin a6p4 signaling and severing desmosomal connections between
keratinocytes and the basement membrane. This deprives keratinocytes of their physical anchorage, directly impeding
migration.'% Disruption of vascular nourishment indirectly impairs keratinocyte function. High glucose abnormally
activates fibroblasts to stimulate IL-7/IL-7R axis-mediated ANGPTL4 secretion, inhibiting endothelial lumen formation
and severing vascular support. Blocking ANGPTL4 simultaneously enhances vascular density and keratinocyte
proliferation.''® Concurrently, certain endogenous molecules retain repair-promoting potential but remain suppressed
by the microenvironment, hindering their efficacy. The antimicrobial peptide AMP-IBP5 derived from IGFBP5 directly
promotes keratinocyte migration and induces angiogenesis via the EGFR-STAT1/3-MAPK pathway.''! This effect
depends on LRPI-mediated signaling, but in the disrupted wound microenvironment, such positive pathways are often
overshadowed by the aforementioned negative mechanisms. In summary, diabetic wounds synergistically suppress
keratinocyte proliferation potential through multiple mechanisms.

Chronic Hypoxia
The core pathological mechanism underlying impaired wound healing in diabetes revolves around chronic hypoxia, with
dysregulation of hypoxia-inducible factor-1o. (HIF-1a) playing a pivotal role. The hyperglycemic environment does not
simply suppress or activate HIF-1a, but rather differentially regulates it according to cell type and repair stage, thereby
suppressing the reparative functions at multiple levels.

During the early inflammatory phase, hyperglycemia drives abnormal HIF-lo activation in macrophages. This
prolongs the proinflammatory state by activating pathways such as NF-kB and iNOS, hindering the transition to the
repair phase.''? Manifestations include persistent inflammatory infiltration and heightened oxidative stress, leading to
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insufficient VEGF secretion and impaired angiogenesis.''® Concurrently, abnormally activated HIF-1a promotes macro-
phage secretion of proinflammatory factors such as TNF-a and IL-1f, thereby inhibiting keratinocyte proliferation.
However, this pattern reverses upon entering the proliferative repair phase. In keratinocytes and endothelial cells, HIF-1a
expression and stability are significantly suppressed. This leads to reduced transcriptional levels of downstream target
genes such as vascular endothelial growth factor (VEGF), heme oxygenase-1 (HO-1), and inducible nitric oxide synthase
(iNOS), ultimately resulting in insufficient angiogenesis and delayed epithelial regeneration.''* Further studies revealed
that the inhibition of HIF-la in proliferating keratinocytes is closely associated with increased ubiquitin-mediated
degradation. A high-glucose environment induces upregulation of VHL protein expression, promoting HIF-1a ubiqui-
tin-mediated degradation while simultaneously suppressing its transcriptional activation, thereby exerting a dual inhibi-
tory effect.''>!'® These mechanisms are primarily based on in vitro cellular experiments. Their specific regulatory roles
within the complex microenvironment of diabetic wounds require further clarification.

Beyond HIF-1a, chronic hypoxia suppresses keratinocyte proliferation through additional pathways. Hypoxic condi-
tions trigger ROS accumulation within keratinocytes, activating the p38 MAPK pathway to inhibit Cyclin D1 expression
and arrest cell cycle progression.'!” Hypoxia induces premature senescence in keratinocytes by upregulating p21 and p16
expression, thereby suppressing proliferation.”'! Furthermore, hypoxia affects ECM synthesis and degradation, exacer-
bating ECM remodeling disorders and indirectly inhibiting keratinocyte proliferation; this is consistent with pan-cancer
evidence showing hypoxia-driven ECM alterations via HIF-dependent gene regulation.“g’119 In summary, the essence of
impaired wound healing in diabetic conditions lies in the spatiotemporal dysfunction of HIF-la signaling and the
synergistic interaction between hypoxia and other pathological mechanisms.'?° Future therapeutic approaches must
shift toward multi-target synergistic interventions integrating metabolic regulation, immune reprogramming, and micro-
environment engineering to effectively break the pathological cycle and achieve functional tissue regeneration.

Microbiome Dysbiosis

In the hyperglycemic, hypoxic microenvironment of diabetic wounds, dysbiosis of the microbiome is a key pathological
factor that exacerbates keratinocyte proliferation inhibition and drives chronic wound progression. Chronic, difficult-to-
heal wounds commonly exhibit reduced microbial diversity and dominant colonization by pathogens such as
Staphylococcus aureus and Pseudomonas aeruginosa, which suppress keratinocyte proliferation through multiple direct
mechanisms. First, pathogens can directly cause keratinocyte proliferation arrest and damage via virulence factors.
Xanthine substances released by Staphylococcus aureus directly induce accumulation of pro-inflammatory mediators
within keratinocytes while blocking cell cycle progression, thereby inhibiting proliferation at its source.'?! Its secreted a-
hemolysin directly disrupts keratinocyte membrane integrity, inducing apoptosis and reducing the number of proliferating
keratinocytes. Second, pathogens can directly suppress keratinocyte proliferation by mediating immune amplification
effects. Staphylococcus aureus superantigen SEB activates excessive T-cell proliferation through antigen presentation
mediated by keratinocyte exosomes. The resulting secretion of cytokines such as IFN-y and TNF-a directly inhibits
keratinocyte cell cycle progression, forming an immune-mediated proliferation suppression.'** Additionally, dysregula-
tion of the microbiome’s metabolism directly impairs keratinocyte proliferation capacity. Under normal physiological
conditions, short-chain fatty acids (SCFAs) produced by skin commensal bacteria activate the GPR43 pathway to
promote keratinocyte proliferation. However, dysbiosis in diabetic wounds leads to significantly reduced SCFA secretion,
thereby diminishing this proliferative effect. Simultaneously, endotoxins produced by pathogenic bacteria activate the
TLR4/NF-xB pathway, inducing pro-inflammatory factor secretion in keratinocytes, that directly inhibits cell prolifera-
tion and promotes apoptosis.

Neuropeptide Substances

Beyond overt pathological factors such as pathogen invasion and immune-metabolic imbalance, the neuropeptide
dysregulation triggered by diabetic neuropathy represents a significant latent factor that inhibits keratinocyte proliferation
and impedes wound healing. Neuropeptides serve as core signaling mediators regulating the local wound microenviron-
ment within the nervous system. Their abnormal expression and function can suppress keratinocyte proliferation through
multiple direct pathways. Substance P (SP) and calcitonin gene-related peptide (CGRP) represent the most pivotal pro-
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repair sensory neurotransmitters in skin tissue. Under healthy conditions, both directly activate the cAMP/PKA pathway
within keratinocytes via their respective receptors. On one hand, this initiates the expression of cell cycle-related
proteins, directly promoting keratinocyte proliferation. Concurrently, they inhibit the TLR4-MyD88 pathway to reduce
production of proinflammatory factors like IL-6, thereby establishing a stable microenvironment conducive to keratino-
cyte proliferation.'*® Clinical biopsy data reveal reduced PGP9.5-positive nerve fiber density in the dermis at wound
margins of diabetic foot ulcer patients compared to healthy controls, directly diminishing neuropeptide-mediated
proliferative effects.'** Furthermore, SP can bypass ligand-dependent receptor endocytosis through transactivation of
EGFR, directly activating proliferative signaling pathways within keratinocytes. However, diabetic-induced nerve fiber
degeneration reduces endogenous SP release below critical thresholds, rendering this compensatory pathway ineffective.
Moreover, the absence of reparative neuropeptides impairs local wound angiogenesis and hinders inflammation resolu-
tion. By deteriorating the microenvironment, this indirectly weakens keratinocyte proliferation capacity. Compensatory
increases in corticotropin-releasing factor (CRF) and a-melanocyte-stimulating hormone (a-MSH) further exacerbate the
inhibitory effect on keratinocyte proliferation by promoting pro-inflammatory factor release and reducing paracrine
growth factors'*® (Table 2).

Imbalance of Wound Microbiome and Indirect Inhibitory Effects on Biofilm
Formation

Pathogenicity Factors of Pathogens

Pathogenic bacteria disrupt host cell signaling pathways and structural integrity by secreting specific virulence factors.
Even at low colonizing densities, pathogens can induce significant tissue damage, a process forming the initial pathological
basis for chronic wound formation. Staphylococcus aureus and Streptococcus pyogenes utilize staphylococcal yellow
pigment and SpeB protease as key virulence mediators, respectively. Although both target the extracellular matrix or
inflammatory pathways, they exhibit highly specific and functionally differentiated characteristics at the molecular level.
This feature of mechanistic differentiation with functional convergence reflects the pathogens’ evolutionary adaptation to
maximize host microenvironment disruption efficiency at minimal metabolic cost. Staphylococcal yellow pigment secreted
by Staphylococcus aureus confers an antioxidant barrier function to resist reactive oxygen species generated by neutrophil
respiratory burst.'** Furthermore, staphylococcal yellow pigment activates the p38-MAPK pathway to induce excessive
release of IL-6 and TNF-q, arresting keratinocytes in the GO/G1 phase.'*® Unlike the virulence mechanism of
Staphylococcus aureus, Streptococcus pyogenes disrupts the host microenvironment through SpeB protease-mediated
protein cleavage. The SpeB protease secreted by Streptococcus targets and cleaves desmoglein-1, a core glycoprotein of
desmosomes. This cleavage disrupts the integrity of intercellular junctions in epidermal cells while degrading fibronectin
and laminin, causing migrating keratinocytes to lose their anchoring footholds. Proteases from clinical isolates also
specifically cleave the extracellular domain of integrin B1. This cleavage blocks the FAK/Src signaling axis, inhibiting
cytoskeletal reorganization and ultimately inducing significant epithelial regeneration impairment even under low bacterial
colonization density.'*® The synergistic degradation of staphylococcal yellow pigment and SpeB protease ultimately leads
to the collapse of epithelial barrier function and epithelial regeneration impairment. This pathogenic mechanism, targeting
critical regulatory nodes in the host, reflects the highly efficient pathogenicity developed by the pathogen through long-term
coevolution and lays the pathological foundation for subsequent chronic wound progression.

Existing research on the pathogenic mechanisms of virulence factors presents contradictory findings. On one hand,
the microenvironment of multi-species mixed infections significantly reshapes the expression of virulence and pathogenic
effects in pathogens, disrupting the cognitive patterns established in single-species studies. For example, in mixed
infection models, Staphylococcus aureus can secrete B-lactamases to protect coexisting Streptococcus pyogenes from
penicillin-based antibiotics. This not only increases the risk of drug resistance but also alters the duration of
Streptococcus pyogenes colonization and the kinetics of virulence output,'*’ indicating that single-species virulence
mechanisms require reassessment in the context of multi-species interactions. Conversely, the pathogenic efficacy of
virulence factors is highly dependent on the host’s microenvironmental state, with pathogen colonization and virulence
release resulting from bidirectional interactions between microbe and host. Recent animal studies indicate that low-
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Table 2 Core Regulatory Modules and Key Targets for Inhibition of Keratinocyte Proliferation in Diabetic VWWounds

Regulatory Key Molecules/Targets Mechanisms of Action Regulatory Core Effects on Cellular Clinical Translation References
Modules Direction Phenotypes Potential and Forms
Hyperglycemic CDKNIA Upregulated under hyperglycemic Negative Proliferation: G1/S phase arrest, Moderate (Small-molecule [108]
Metabolic Toxicity conditions, inhibits keratinocyte cell | Regulation (Inhibits significant decrease in the inhibitors of CDKNIA can
cycle progression, blocks G1/S Proliferation) proportion of Ki67" cells; Migration: be developed, requiring
phase transition, and induces No direct effect, indirectly delays re- combination with ECM
proliferation arrest epithelialization due to insufficient repair agents to avoid
proliferation abnormal proliferation)
D-mannose Inhibits the formation of advanced Positive Regulation | Proliferation: Inhibition of the AGEs/ High (Natural metabolite [126]
glycation end products (AGEs), (Restores RAGE pathway, relief of cell cycle with high safety; oral
activates the AMPK/Nrf2/HO-I Function) arrest; Survival: Attenuated oxidative supplements or wound
pathway, and restores keratinocyte stress, reduced apoptosis rate irrigation solutions can be
function (decreased caspase-3 activity) developed)
PKM As a key glycolytic enzyme, Negative Proliferation: Insufficient ATP Moderate (PKM activators [127]
abnormally expressed in non-healing Regulation production, downregulated Cyclin E | can be developed, adapted
wounds, affecting energy (Metabolic expression; Metabolism: Reduced for local gel delivery to
metabolism and proliferation Disorder) glycolytic flux, decreased lactic acid improve energy supply)
capacity of keratinocytes accumulation
Histone Modification and Chronic hyperglycemia induces Negative Proliferation: Increased positive rate | Low-Moderate (Epigenetic [7]
DNA Methylation epigenetic “memory”, leading Regulation of senescence marker (SA-B-gal), editing tools such as
keratinocytes to persistently exhibit (Epigenetic decreased proliferative potential; CRISPR/dCas9-TET| can
senescent, inflammatory, and Inhibition) Inflammation: Sustained activation of | be developed, with a long
oxidative stress phenotypes, and the NF-xB pathway clinical translation cycle)
inhibiting regenerative capacity
CREB3LI As a transcription factor regulating | Positive Regulation Proliferation: Upregulation of pro- Moderate (CREB3LI [128]
multicellular reprogramming, its (Promotes healing genes (FGF2, VEGF); agonists can be developed,
activity is reduced in non-healing Reprogramming) Migration: Enhanced migration combined with exosome
wounds, affecting the activation of capacity after cellular reprogramming delivery to improve
pro-healing gene networks intracellular delivery
efficiency)
RELB A member of the NF-«B family, its | Positive Regulation | Inflammation: Increased secretion of | Moderate (RELB agonists [129]
activity is inhibited in non-healing (Anti- anti-inflammatory factors (IL-10), can be developed, adapted
wounds, leading to downregulated inflammatory/ decreased pro-inflammatory factors for local gels in
expression of anti-inflammatory and Remodeling) (IL-6); Proliferation: Activation of inflammatory phase
tissue remodeling-related genes tissue remodeling genes, improved wounds)
proliferative microenvironment
(Continued)
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Table 2 (Continued).

Regulatory Key Molecules/Targets Mechanisms of Action Regulatory Core Effects on Cellular Clinical Translation References
Modules Direction Phenotypes Potential and Forms
Extracellular Matrix Cathepsin K Overexpression degrades collagen Negative Migration: Reduced ECM anchoring Moderate (Combined use [130]
(ECM) Pathological and elastin, impairs ECM structural | Regulation (Inhibits sites (collagen-binding sites), of Cathepsin K inhibitors
Remodeling stability, and indirectly inhibits Migration) disordered cell migration and collagen scaffolds to
keratinocyte anchorage and trajectories; Proliferation: No direct avoid excessive ECM
migration effect, indirectly inhibited due to degradation)
microenvironmental disorders
MMPs (Matrix Overactivated in chronic wounds, Negative Migration: Degradation of laminin High (Specific MMP [131]
Metalloproteinases) degrading growth factors and ECM Regulation and fibronectin, decreased cell inhibitors can be
components, and destroying the (Destroys adhesion; Proliferation: Degradation | developed, or ECM repair
microenvironmental scaffold Microenvironment) of VEGF and bFGF, weakened dressings loaded with
required for re-epithelialization proliferative signals inhibitors)
Fibronectin and Laminin Impaired function after glycosylation Negative Migration: Decreased adhesion High (Deglycosylase [132]
modification, reduced keratinocyte | Regulation (Inhibits between cells and ECM, slowed preparations can be
adhesion and spreading capacity, and Adhesion) wound edge advancement rate; developed, or recombinant
delayed wound edge advancement Proliferation: Insufficient spreading unmodified fibronectin/
leads to blocked activation of laminin dressings)
proliferative signals
Integrin-FAK-Src Pathway Hyperglycemia inhibits the activity | Positive Regulation Migration: Increased FAK Moderate (FAK activators [133]

of this pathway, preventing
keratinocytes from effectively
sensing ECM signals and reducing

migration capacity

(Signal
Transduction)

phosphorylation level, improved cell
migration rate; Proliferation:
Activation of Src-mediated
proliferative signals, upregulated
Cyclin DI expression

can be developed,
combined with ECM
scaffolds for synergistic
repair)
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Microenvironmental
Imbalance (Chronic
Inflammation)
Chronic Hypoxia
Microbiota
Dysbiosis

PD-LI (Keratinocyte-
Specific)

M| Macrophage Polarization

IL-6

TNF Signaling Pathway

Deficiency exacerbates
inflammatory infiltration and inhibits
keratinocyte regeneration;
overexpression reduces
inflammation and accelerates re-
epithelialization
Secretes pro-inflammatory factors
such as TNF-a and IL-6, directly
inhibiting keratinocyte proliferation
and inducing apoptosis

Elevated levels in serum and local

wounds inhibit the expression of

keratinocyte cyclins through the
JAK-STAT pathway

Sustained activation leads to nuclear
translocation of NF-«B in
keratinocytes, upregulating pro-
apoptotic genes and inhibiting

proliferation-related genes

Bidirectional
Regulation
(Promotes when

overexpressed)

Negative
Regulation
(Inflammatory
Inhibition)

Negative
Regulation (Inhibits

Proliferation)

Negative
Regulation
(Apoptosis/Inhibits

Proliferation)

Proliferation: Upregulated Cyclin E
expression after inflammation
reduction, relief of cell cycle arrest;
Migration: Decreased inflammatory
factors, reduced migration resistance

Proliferation: TNF-a-mediated
Cyclin DI degradation, G| phase
arrest; Apoptosis: Activation of
caspase-3/8, increased cell apoptosis
rate
Proliferation: Phosphorylation and
activation of STAT3, inhibition of
Cyclin DI and CDK2 expression,
GI/S phase arrest; Migration: STAT3-
mediated upregulation of MMP-9,
disordered migration
Proliferation: Downregulated
expression of proliferative genes (c-
Myc); Apoptosis: Upregulated
expression of pro-apoptotic genes

(Bax), reduced cell survival

High (Local PD-LI
modulators, such as gels or
sprays, to avoid systemic
immunosuppression)

High (M1—M2 polarization
inducers can be developed,
such as macrophage-

targeted nanoformulations)

Moderate (Local injection
of IL-6 neutralizing
antibodies or JAK inhibitor

gels can be developed)

Moderate (TNF receptor
antagonists can be
developed, adapted for

wound wet compresses)

[120]

[134]

[135]

[136]

DT-13
(Ophiopogonin C)

HIF-1a

Reg3a

Promotes macrophage polarization from M| to M2, reduces the

release of inflammatory factors, and indirectly relieves inhibition of

keratinocytes

Abnormal stability in diabetic wounds, failing to effectively activate

pro-angiogenic genes such as VEGF, resulting in insufficient nutrition

and oxygen supply for keratinocytes

Downregulated under hypoxic conditions, weakening its pro-

keratinocyte proliferation and antibacterial functions, and delaying

epidermal regeneration

Positive Regulation
(Indirectly
Promotes

Proliferation)

Positive Regulation
(Hypoxia
Adaptation)

Positive Regulation
(Proliferation/
Antibacterial)

Proliferation: Decreased levels of
TNF-a and IL-6, relief of
proliferation inhibition; Migration:
Secretion of TGF-$1 by M2
macrophages, promotion of cell
migration
Proliferation: Insufficient VEGF
secretion, reduced nutrient supply,
decreased proliferation rate;
Survival: Increased apoptosis rate
induced by hypoxia
Proliferation: Reg3a-mediated
upregulation of Cyclin DI,
accelerated proliferation;
Antibacterial: Enhanced antimicrobial
peptide activity, reduced risk of
wound infection

High (Traditional Chinese
medicine monomer with
high safety; gels or creams
can be developed for
chronic inflammatory
wounds)

High (HIF-la stabilizers
such as Roxadustat can be
developed, for oral
administration or local
gels)

High (Recombinant Reg3a
protein dressings can be
developed, adapted for
infected wounds)

[137]

[136]

[138]

(Continued)
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Table 2 (Continued).

Regulatory
Modules

Key Molecules/Targets

Mechanisms of Action

Regulatory
Direction

Core Effects on Cellular
Phenotypes

Clinical Translation
Potential and Forms

References

Microalgae-Probiotic

Symbiotic Dressing

Sustained oxygen supply through photosynthesis, alleviates local

hypoxia, and enhances keratinocyte migration and differentiation

capacity

Positive Regulation
(Oxygen Supply/
Promotes
Differentiation)

Migration: Improved cell migration
rate after relief of hypoxia;
Differentiation: Enhanced
differentiation efficiency of

keratinocytes into epidermal cells

Moderate (Bioprinted
symbiotic dressings can be
developed, adapted for
chronic hypoxic wounds)
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Neuropeptide

Network Disruption

Alcaligenes faecalis

Decreased Wound
Microbiota Diversity

Biofilm Formation

VIP (Vasoactive Intestinal
Peptide)

Corrects abnormally high
expression of MMPs in diabetic
wounds, restores ECM homeostasis,
and promotes keratinocyte re-
epithelialization

Dominant pathogenic bacteria (eg.,
Staphylococcus aureus) secrete
toxins and proteases, directly
damaging keratinocytes and inducing
sustained inflammation
Physical barrier hinders keratinocyte
migration, and sustained release of
inflammatory mediators inhibits
their proliferative activity

In vitro experiments show dose-
dependent inhibition of EGF-
induced HaCaT cell proliferation,
possibly by downregulating EGFR

tyrosine kinase activity

Positive Regulation
(Repairs ECM)

Negative
Regulation (Direct
Damage/

Inflammation)

Negative
Regulation
(Physical/
Inflammatory
Inhibition)

Negative
Regulation (Inhibits

Proliferation)

Migration: Restored ECM
homeostasis, regular cell migration
trajectories; Proliferation: No direct
effect, indirectly provides a suitable

microenvironment for proliferation

Proliferation: Bacterial toxins induce
cell cycle arrest; Apoptosis:
Protease-mediated destruction of
cell structure, increased apoptosis
rate
Migration: Physical blockage by
biofilms prevents cells from
migrating to the wound center;
Proliferation: Release of
inflammatory mediators (IL-8),
proliferation inhibition
Proliferation: Inhibition of the EGF/
EGFR pathway, downregulated
Cyclin DI expression; Migration: No
direct effect, indirectly delays repair

due to insufficient proliferation

Moderate (Probiotic
preparations can be
developed, requiring
solutions to colonization
stability issues; can be
formulated as wound
sprays)

High (Microbiota-
modulating agents such as
probiotic gels or combined

use with antimicrobial
peptides can be developed)
High (Composite dressings
combining biofilm-
degrading enzymes and
antibacterial agents can be
developed)

Low (In vivo effects need
further verification; local
formulations of VIP
antagonists can be

developed)
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Nerve Growth
Factor (NGF)
Deficiency

Leads to degeneration of
sensory nerve endings,
reduces the release of

neurotrophic factors, and

impairs paracrine support
for keratinocyte

proliferation

Positive Regulation (Nutritional

Support)

Proliferation: Insufficient activation of the NGF-mediated

TrkA pathway, weakened proliferative signals; Migration:

Lack of neurotrophic factors, reduced migration motivation

High (Recombinant NGF
protein gels can be
developed, adapted for
neuropathy-related

wounds)

[143]
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density bacterial biofilms can only induce chronic wound progression when accompanied by a concurrent increase in
local oxidative stress levels at the wound site.'*® Characterized by hyperglycemia, hypoxia, and immune dysfunction, the
unique microenvironment of diabetic wounds not only amplifies the damaging effects of virulence factors but also
reciprocally modulates the expression of pathogenic virulence genes. This forms a core barrier to the clinical translation

of conclusions derived from in vitro experiments.

Immune-Metabolic Dysregulation

On the basis of initial damage caused by pathogens, the wound microenvironment in diabetic patients undergoes specific
disruption. The synergistic imbalance between immune and metabolic processes becomes the core driver of wound
healing failure, further exacerbating the pathological progression. The essence of impaired wound healing in diabetes lies
in a multisystemic disorder triggered by immune homeostasis disruption. The core mechanism involves immune
polarization-driven amplification of the inflammatory cascade, coupled with the dual synergistic effects of matrix
remodeling and nutrient deprivation. In the pathological immune polarization process of diabetic wounds, pathogen-
associated molecular patterns (PAMPs) maintain the stable presence of the M1 pro-inflammatory phenotype in macro-
phages through sustained activation of the TLR4/MyD88 pathway. This is driven by a positive feedback loop in the NF-
kB pathway and persistent dysregulation of associated epigenetic modifications.'** The persistent accumulation of pro-
inflammatory macrophages further triggers a series of downstream pathogenic effects. Diabetic wounds exhibit sig-
nificantly elevated densities of CD86+ M1 macrophages with pathologically altered secretory profiles. The released IL-
1B and TNF-a synergistically suppress keratinocyte cyclin D1 expression, directly arresting cell cycle progression. On
the other hand, they disrupt the activity balance of matrix metalloproteinases by upregulating TIMP-1, jointly forming a
dual inhibition of the epithelial regeneration program. However, recent studies confirm that this pro-inflammatory
phenotype of macrophages is not entirely irreversible, with their functional abnormalities exhibiting an intervenable
window of plasticity. Compounds such as apigenin and curcumin can effectively reverse the pro-inflammatory dominant
phenotype of macrophages by upregulating miR-21 and promoting fatty acid oxidation metabolism, thereby accelerating
wound closure in diabetic mice.'”®'>! This provides experimental evidence for targeted intervention in abnormal
macrophage polarization.

These macrophages also lose their ability to transition to the M2 phenotype due to impaired STAT6 phosphorylation
and defective PPARy nuclear translocation.'>® Functional loss of the TFAP2A-LIFR-Hippo-YAP axis, coupled with
METTL16-mediated m6A modification abnormalities, further exacerbates the pro-inflammatory state. Concurrently, the
coupled effects of matrix remodeling and nutrient deprivation synchronously deteriorate the wound microenvironment.
Pathogenic bacteria-secreted proteases synergize with host-derived MMP-9 to form a degradative network, increasing
wound matrix stiffness. Bacterial predatory consumption of nutrients induces local energy metabolism disruption. The
hypoxic environment under multiple infections further induces mitochondrial autophagy, diminishing energy production
efficiency. Neutrophil-released NETs exacerbate matrix degradation and amplify inflammatory responses, creating a
vicious cycle.'>® This synergistic imbalance between immunity and metabolism is not irreversible. Zhang et al demon-
strate that nanoenzymes such as Zn-DHM can restore glucose homeostasis by downregulating hexokinase 2 (HK2) and
the AGE-RAGE pathway, while simultaneously modulating the Th17/Treg balance, thereby breaking the aforementioned
vicious cycle.'>* This highlights the potential therapeutic value of metabolic reprogramming.

In summary, the synergistic effects of abnormal immune polarization, disordered matrix remodeling, and imbalanced
metabolic reprogramming in diabetic wounds collectively construct a microenvironment that suppresses the repair
process. However, existing research remains significantly limited. Most mechanistic studies are confined to the simplified
M1/M2 binary model, with insufficient analysis of the functional roles of heterogeneous macrophage subpopulations and
the core molecular hubs of immune-metabolic interactions. Clinical intervention strategies must transcend the traditional
framework of simple anti-inflammatory approaches or growth factor supplementation, instead targeting the restoration of

immune cell plasticity to reconstruct the metabolic microenvironment of the wound.
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Biofilm-Structured Defense
When the wound microenvironment continues to deteriorate, it impedes the formation of the repair biofilm, directly leading to
irreversible stagnation in wound healing and highlighting the complexity of chronic wound pathogenesis. During the
pathological progression of chronic wounds, the biofilm establishes a self-sustaining, host-repair-resistant dynamic micro-
ecosystem through intricate biochemical and cellular mechanisms. The core of the biofilm’s defense system lies in structural
heterogeneity and functional synergy, where diverse microbial populations form hierarchical protective networks through
metabolic division of labor and spatial arrangement. Alginate secreted by Pseudomonas aeruginosa cross-links with PIA
polysaccharides produced by Staphylococcus aureus, forming a dense hydrogel matrix that significantly inhibits the diffusion
of antibiotic molecules.'”>'*® Candida albicans enhances matrix rigidity through B-glucan deposition while increasing
resistance to host immune-mediated killing.'*”'>® Biofilms can also drive inflammatory homeostasis imbalance by pulsatile
release of sublethal concentrations of pathogen-associated molecular patterns, inducing pathological remodeling of adhesion
molecule expression profiles. This alteration leads to immune cell dysfunction and keratinocyte desensitization.'>%"'*
Furthermore, nanomaterials such as silver nanoparticle-loaded hydrogels or DJ-K5 antimicrobial peptide combination
therapies can significantly enhance antibiotic clearance efficiency against mixed biofilms by disrupting matrix structure or
interfering with quorum sensing systems.'®" Considering the pathophysiological characteristics of chronic wound healing, the
pathological network formed by biofilms represents the core obstacle causing healing stagnation. This bottleneck substantially
increases infection recurrence rates and the risk of major amputation.

The structural characteristics and pathogenic mechanisms of the aforementioned biofilms are largely derived from in
vitro single- and dual-bacterial culture models and acute rodent infection models, raising questions about their applic-
ability in real clinical settings. Although multiple meta-analyses confirm the widespread presence of biofilms in human

chronic wounds, '

some studies suggest that biofilms represent secondary colonization following impaired wound
healing capacity rather than the initiating factor driving chronicity. This controversy remains unresolved. Given this
research landscape, an integrated research framework is urgently needed. This framework should not only target
disrupting the synergistic pathological chain involving virulence factor invasion, immune-metabolic imbalance, and
biofilm defense formation but also prioritize developing point-of-care diagnostic tools capable of simultaneously
monitoring bacterial protease activity and host inflammatory markers. This approach would enable precise stratification
of pathological stages and personalized interventions.'®*'%*

The pathological mechanisms of wound microbiome dysbiosis and biofilm formation in diabetic wounds can be

visually illustrated in Figure 3.

Molecular Hub Links Damage Signals to Keratinocyte Proliferation

Program

One of the core pathological features of impaired wound healing in diabetes is the significant suppression of epidermal
keratinocyte proliferation capacity. This phenomenon is not caused by a single factor but is driven by a complex regulatory
network formed by multiple molecular hubs at the levels of transcriptional regulation, metabolic stress, inflammatory
response, neuromodulation, and extracellular vesicle-mediated intercellular communication. These pivotal molecules not
only respond to local injury signals but also undergo functional reprogramming or expression dysregulation within the
hyperglycemic microenvironment. This systematically disrupts keratinocytes’ ability to enter and sustain a proliferative state.
Deepening our understanding of the mechanisms and interactions among these hubs will help uncover the fundamental causes
of chronic diabetic wound healing failure and provide a theoretical basis for targeted interventions.

Zinc Finger Transcription Factors: The Dual Dilemma of Transcriptional
Reprogramming and Competitive Inhibition

Zinc finger domain proteins are a class of transcription regulators that stabilize their three-dimensional structures through
zinc ions and specifically bind to DNA or RNA. Their dysfunction manifests not merely as altered expression levels, but
as multi-level regulatory failures including abnormal post-translational modifications, disrupted subcellular localization,
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Figure 3 This diagram illustrates how microbiome imbalance in diabetic wounds inhibits healing: high glucose, pathogens release virulence factors, activating PAMPs/TLR4/
NF-xB to boost pro-inflammatory factors/ROS; MMPs disrupt ECM, while biofilm impairs keratinocyte proliferation. Upward arrows (1) indicate upregulation or activation
of relevant molecules and signaling pathways; downward arrows (T) indicate downregulation or inhibition of relevant molecules and signaling pathways.

and imbalanced recruitment of chromatin remodeling enzymes. This ultimately results in dual dysregulation: silencing of
proliferative genes and sustained activation of inflammatory genes.

The microenvironment of diabetic wounds, characterized by hyperglycemia, chronic inflammation, and oxidative
stress, directly disrupts upstream signaling pathways of transcription factors. The EGFR-ERK pathway exhibits reduced
activity due to accelerated endocytosis, preventing the early-response factor Egr-1 from effectively inducing the
expression of cell cycle genes such as Cyclin D1.'°>'® However, Lukiw et al indicate that under specific inflammatory
stimuli, glucocorticoids can selectively block the expression of inflammatory genes such as COX-2 by inhibiting the NF-
kB pathway rather than the ERK pathway. This suggests that the role of Egr-1/Cyclin D1 in proliferation regulation
within the complex microenvironment of diabetes remains to be explored.'®” Concurrently, inflammatory mediators like
TNF-a and IL-6 persistently activate NF-xB and JAK/STAT pathways. This causes RELA and STAT3 to chronically
occupy promoters of proliferation-related genes, recruiting epigenetic modifiers to establish repressive marks. This
phenomenon is termed transcriptional hijacking. This imbalance further exacerbates global gene silencing by competi-
tively binding co-activators.'®® Some in vitro studies indicate that while VIP inhibits EGF-induced proliferation in
HaCaT cells, this effect does not occur through the canonical JAK/STAT or cAMP/PKA pathways. The pro-inflammatory
and anti-proliferative roles of STAT3 in keratinocytes may be subject to cell type- or ligand-specific constraints.'®’
Kriippel-like factor 5 (KLF5) exhibits disease-course-dependent functional switching: during the acute phase, it promotes
IL-8 secretion to clear necrotic tissue, while in chronic hyperglycemic environments, it triggers TGF-B1 autocrine circuits
to induce premature keratinocyte differentiation. This switch correlates with the KLF family’s dual mechanisms

promoting repair and fibrosis.'”’

c-Myc exhibits a glycosylation paradox of high expression with low function.
Enhanced O-GlcNAc modification abnormally prolongs protein stability, paradoxically inhibiting timely E2F family
activation. Although this mechanism has been extensively reported in tumor cells, no systematic comparative studies
have yet been conducted to determine whether O-GlcNAc modification preferentially targets c-Myec, inhibits it, or affects
other cell cycle regulators in diabetic keratinocytes.'”! Furthermore, whether the degree of glycosylation exhibits a dose-

response relationship with the amplitude or duration of blood glucose fluctuations remains poorly elucidated. Studies
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suggest this paradox may stem from post-translational modification-driven conformational changes.'’? These dysfunc-
tions in zinc finger transcription factors are driven by diabetic microenvironmental stress, forming a synergistic
regulatory network through post-translational modifications and epigenetic regulation.

The abnormal regulatory mechanisms of zinc finger transcription factors on keratinocytes in diabetic wounds can be
visually illustrated in Figure 4.

Hypoxia-Associated Molecules: Metabolic Sensing Dysfunction and Vascular-Epithelial
Coupling Disruption

HIF-1a dysfunction exhibits marked tissue specificity and stage dependence. Studies confirm that in the early stage of
diabetic foot ulcers, HIF-1a becomes excessively activated in inflammatory cells under hyperglycemic conditions,
exacerbating NF-kB-mediated inflammatory amplification. By the late repair phase, HIF-1a activity is significantly
suppressed in endothelial and keratinocytes.'”® This dynamic shift indicates that therapeutic strategies solely targeting
enhanced HIF-la protein stability may produce counterproductive effects. Under diabetic conditions, O-GIcNAc
glycosylation serves as a key mechanism mediating co-activator sequestration and transcriptional suppression. High
glucose induces OGT activation, which directly modifies the transcription activation domain of HIF-1a. This modifica-
tion creates steric hindrance, impeding the effective recruitment of HIF-lo to the transcription machinery.'”* Recent
studies have revealed that O-GIcNAc modification exerts bidirectional regulation on HIF-1a. Some research indicates
that O-GlcNAc modification can suppress HIF-1a’s transcriptional activity by interfering with the binding of coactivators

such as p300/CBP to HIF-1a.'7>'7® Conversely, other studies confirm that under specific cellular conditions or stress
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Figure 4 This diagram illustrates how zinc finger transcription factors dysregulate keratinocytes in diabetic wounds: EGFR-ERK pathway impairment blocks Egr-1/Cyclin DI
activation; NFkB/STAT3 drive transcriptional silencing of proliferative genes, high glucose-induced KLF5/TGF-B1 promote differentiation and O-GlcNAc-modified c-Myc
inhibits proliferation. Upward arrows (1) indicate upregulation or activation of relevant molecules and signaling pathways; downward arrows (T) indicate downregulation or
inhibition of relevant molecules and signaling pathways.
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states, such as during placental development, an imbalance in the expression of O-GlcNAcylating enzymes OGT and
OGA can instead promote angiogenesis by stabilizing HIF-1a protein expression.'”” These conflicting findings suggest
that the regulatory effects of O-GlcNAc modification on HIF-1a are highly dependent on the cellular microenvironment
and substrate specificity of the modification.

Roxadustat intervention experiments have validated the reversibility of this mechanism. This PHD inhibitor not only
restores HIF-1a protein levels in db/db mouse models but also reestablishes its transcriptional function, significantly
increasing PCNA-positive cell density and wound re-epithelialization rates.'’® Iridium metal complexes significantly
upregulate downstream target gene expression in diabetic mouse models by blocking VHL-HIF-1a interactions, con-
currently accelerating wound closure.'”’ These studies further confirm that restoring HIF- 1o transcriptional activity holds
greater therapeutic value than merely maintaining its protein stability.

It must also be clarified that some findings diverge significantly from conclusions drawn in the hyperglycemic
environment of diabetes. Studies based on the EPEC effector NleB indicate that certain glycosylation modifications, such
as arginine N-acetylglucosaminylation, actually enhance HIF-1a transcriptional activity and reprogram cellular glucose
metabolism.'®*'®" This phenomenon stands in stark contrast to the HIF-1lo transcriptional suppression observed in the
hyperglycemic environment of diabetes, underscoring the intricate complexity of HIF-1a post-translational modification
regulation. Therefore, in advancing the clinical translation of HIF-la-targeted therapies, it is imperative to carefully
distinguish the modification type, cellular localization, and spatiotemporal expression dynamics of HIF-lo across
different stages of wound healing to avoid indiscriminate intervention approaches. Several critical questions remain
unanswered in this field. Beyond the substrate preferences and model-specific variations in O-GIcNAc modification,
precise regulation of HIF-1a activity during the inflammatory and reparative phases remains an unexplored area. Future
research should establish more predictive molecular classification systems, propelling this field from descriptive
summaries of phenomena toward precision medicine.

Inflammation Regulatory Molecules: The STING Pathway-Driven Immune-Metabolic
Vicious Cycle

STING was initially defined as a downstream adaptor protein of the cytoplasmic DNA sensor cGAS, capable of
responding to pathogen- or injury-associated DNA to activate the TBK1-IRF3 axis, thereby inducing type I interferon
and proinflammatory factor expression.'®? However, within the hyperglycemic microenvironment of diabetic wounds, the
activation mechanism and pathological effects of STING undergo alteration. The hyperglycemic environment preferen-
tially induces mitochondrial fission and oxidative stress, leading to mitochondrial DNA leakage into the cytoplasm. This
DNA is then catalyzed by cGAS to form 2'3’-cGAMP, which binds to and activates STING, initiating pathological
inflammatory signaling. In keratinocytes, STING exhibits distinct regulatory characteristics. On one hand, STING
activation induces IFN- production, which through autocrine activation of the JAK1-STAT1 pathway upregulates the
cell cycle inhibitors p21 and p27. This subsequently suppresses CDK2/cyclin E complex activity, arresting the cell
cycle."®*!® Conversely, STING activation reduces SETDB2 histone methyltransferase expression, diminishing the
inhibitory H3K9me3 modification in the TNFoa promoter region and releasing silencing of inflammatory genes.
Notably, SETDB2 expression itself depends on the STING-mediated IFNB/JAK/STAT1 pathway.'® This inflamma-
tion-signal-driven cell cycle arrest constitutes the unique inflammatory senescence phenotype of keratinocytes in diabetic
wounds. Crucially, STING activation forms a vicious cycle with mitochondrial dysfunction, further amplifying patho-
logical effects. Autophagy defects in diabetic keratinocytes cause abnormal STING protein accumulation, intensifying
inflammatory activation. Persistent mitochondrial DNA leakage continuously supplies activation signals to the cGAS-
STING pathway. Conversely, rapamycin-induced autophagy effectively reduces STING expression and accelerates
wound healing.'®*'®* Strategies like nanozyme hydrogels also block abnormal activation of the cGAS-STING-NLRP3
axis by scavenging ROS and repairing mitochondrial DNA, confirming the pathological significance of this vicious cycle.
The regulation of STING in macrophages is more complex. JMJD3 relieves STING gene silencing through epigenetic
demethylation, forming the IL-6-JAK/STAT3-STING axis.'®® Conversely, in another model, STING promotes macro-
phage chemotaxis and inflammatory resolution via STAT3.'®® These seemingly contradictory outcomes reflect STING’s
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functional plasticity across distinct immune cell subsets and inflammatory phases. Collectively, STING has emerged as a
central hub driving persistent inflammation through metabolic stress in diabetic wounds. Existing evidence supports
STING as a therapeutic target, though its spatiotemporal activation patterns and tissue-specific downstream effectors
require further clarification.

Neuropeptides: The Disintegration of the Neuro-Immune-Epithelial Triangular
Regulatory Network

Diabetic neuropathy induces neuropeptide dysregulation, fundamentally representing the loss of the nervous system’s
ability to regulate the local microenvironment. This imbalance acts on keratinocytes through three synergistic pathways:
inhibition of angiogenesis, altered macrophage polarization, and direct interference with the cell cycle. Substance P (SP)
and calcitonin gene-related peptide (CGRP) are primary sensory neurotransmitters. In healthy skin, both substances
activate the cAMP/PKA pathway within keratinocytes via NK1R and CLR/RAMPI receptors. This dual action promotes
vascular endothelial growth factor (VEGF) and fibroblast growth factor-7 (FGF-7) secretion to support angiogenesis,
while simultaneously inhibiting the TLR4-MyD88 signaling pathway to reduce interleukin-6 (IL-6) production.'®”:!88

The absence of neuropeptides directly impairs vascular network remodeling. CGRP maintains microvascular vaso-
dilation by inhibiting endothelin-1 synthesis; its deficiency reduces wound perfusion pressure, further exacerbating local
hypoxia.'®'° More critically, it compromises immune regulatory function. SP induces macrophage expression of
arginase-1 and secretion of interleukin-10 (IL-10), promoting macrophage polarization toward the M2 phenotype. This
effect is completely absent in db/db mouse models.'”!

Under physiological conditions, SP can directly activate keratinocyte proliferation signals through the EGFR
transactivation mechanism. However, diabetic-induced nerve fiber degeneration renders this compensatory pathway
completely ineffective. Existing animal studies confirm that exogenous supplementation of NGF or CGRP can partially

192,193

reverse the pathological phenotype of neuropeptide deficiency and accelerate wound healing, indicating that the

wound site retains responsiveness to neuropeptides.

Exosomes

As nanocarriers for intercellular information exchange, the pathological restructuring of exosome contents creates
molecular transmission barriers in diabetic wounds. This impairs the ability of diabetic wound keratinocytes to receive
pro-proliferative signals from mesenchymal stem cells and fibroblasts, becoming a key factor hindering wound repair. A
hyperglycemic environment first disrupts secretory cell function, causing mitochondrial dysfunction and autophagy flow
blockage in bone marrow mesenchymal stem cells (BMSCs), resulting in the loss of proliferative activity in their exosomes.
Healthy BMSC exosomes can increase the S-phase proportion in high-glucose HaCaT cells, whereas those derived from

diabetic sources do not exhibit this effect.!”*

Mahheidari et al indicate that adipose-derived mesenchymal stem cells
(ADSCs) and BMSCs produce functionally distinct exosomes. ADSC-derived exosomes are enriched in pro-angiogenic
factors, primarily enhancing wound perfusion. Conversely, BMSC-derived exosomes concentrate cell cycle regulators such
as CCND1 and CDK4 mRNA, more directly driving keratinocyte and fibroblast proliferation.'®> This disparity necessitates
selecting the appropriate exosome source based on the primary defect in the wound during clinical translation.

Abnormal exosomal contents stem not only from functional decline in secreting cells but also from uptake impair-
ments in recipient cells. Downregulation of T-cell immunoglobulin mucin 4 (TIM4) and integrin avB5 on diabetic
keratinocyte membranes reduces exosomal endocytosis efficiency. Even when internalized, abnormal lysosomal acid-
ification accelerates degradation of contents due to reduced integrin avp5 expression.'”® However, circ-Erbb2ip-engi-
neered exosomes promote angiogenesis and antioxidant stress by regulating downstream target genes through a miRNA
sponge mechanism.'®” Furthermore, IncRNA H19 in ADSC-derived exosomes was demonstrated to drive macrophage
M2 polarization via the miR-130b-3p/PPARY/STAT3 axis, indirectly promoting fibroblast proliferation and angiogenesis,
198 indicating the extensive regulatory role of non-coding RNA axes in wound healing.

Engineering strategies demonstrate significant advantages in overcoming these obstacles. For instance, circ-Erbb2ip-

engineered exosomes target PTEN inhibition via a miRNA sponge mechanism, activating the PI3K/Akt pathway to
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promote angiogenesis and counteract oxidative stress, with therapeutic efficacy markedly superior to that of natural
exosomes.'”® Furthermore, IncRNA H19 in ADSC-derived exosomes was demonstrated to drive macrophage M2
polarization via the miR-130b-3p/PPARY/STAT3 axis, indirectly promoting fibroblast proliferation and angiogenesis.**’
Some circRNAs or IncRNAs may induce off-target effects or competitively inhibit endogenous regulatory networks

when overexpressed, necessitating systematic safety evaluation in preclinical models.?*!-***

Treatment Methods
Photobiomodulation Therapy

The core pathological feature of impaired wound healing in diabetes lies in compromised keratinocyte proliferation and
migration capacity. This phenomenon stems from the suppression of key signaling pathways by multiple factors,
including hyperglycemia and chronic inflammation, presenting a major challenge in clinical treatment.
Photobiomodulation therapy, a non-invasive physical intervention with minimal toxicity, precisely targets multiple
molecular nodes of keratinocyte dysfunction through specific wavelengths of red and near-infrared light. By restoring
function through multi-pathway synergistic effects, it has demonstrated the ability to enhance repair processes in
preclinical studies.

The core regulatory effects of PBMT revolve around the activation of classical signaling pathways. It can upregulate
epidermal growth factor secretion and activate p-EGFR, triggering the JAK2/STAT1/STATS signaling cascade to drive
the expression of genes such as Cyclin D1 and promote proliferation. Simultaneously, it regulates migration-related genes
to enhance cell motility.'>* This therapy also amplifies proliferative signals by upregulating basic fibroblast growth factor
and its receptor to activate the Ras-MEK-MAPK pathway.'*® At the metabolic pathway level, PBMT activates the PI3K/
AKT pathway,”?*?°! enhancing cell survival and ensuring energy supply by regulating targets like mTOR and GSK3p,
while synergistically promoting regeneration through the Wnt pathway.?*?

PBMT also modulates cellular epigenetic states by acting on the microenvironment. It promotes Nrf2 nuclear
translocation, upregulates antioxidant enzyme expression to scavenge reactive oxygen species, and simultaneously
suppresses pro-inflammatory factors to improve the local microenvironment.?**?%> Multispectral LED irradiation upre-
gulates the expression of molecules such as phosphorylated focal adhesion kinase, enhances cell adhesion and spreading,
and drives actin cytoskeleton reorganization to support migration.'*® Collectively, PBMT targets the core pathological
pathway of keratinocyte dysfunction in diabetic wounds. Current clinical treatments face limitations such as drug
resistance and significant surgical trauma. PBMT’s multi-pathway synergistic advantages and non-invasive nature
provide robust support for its clinical translation, offering promise as a novel therapeutic approach to improve chronic
wound healing in diabetes.

Engineered Fat-Derived Exosomes

One of the core pathological features of impaired wound healing in diabetes is the compromised proliferation and
migration capacity of keratinocytes, a phenomenon closely associated with hyperglycemia-induced signaling pathway
dysregulation and an imbalanced inflammatory microenvironment. As natural carriers for intercellular signaling, exo-
somes possess excellent biocompatibility and efficient delivery capabilities for bioactive molecules, making them a
research hotspot in this field. By loading components such as miRNAs and functional proteins, they can target and
regulate keratinocyte functions, reconstructing key signaling pathways to promote re-epithelialization.

Exosomes synergistically regulate keratinocyte functions through multiple pathways. miR-21-5p-loaded adipose stem
cell exosomes enhance local bioavailability by activating the Wnt/B-catenin pathway through PTEN downregulation and
upregulating pro-proliferative genes such as Cyclin D1. Simultaneously, they target TGF-BI inhibition to enhance
extracellular matrix remodeling, thereby promoting proliferation and migration through dual regulation.?* 2% CDK-
loaded small extracellular vesicles directly deliver functional CDK1, achieving transient proliferation induction through

dual-pathway synergistic activation of AKT and ERK.'""!

Adipose stem cell exosomes commonly activate the AKT/ERK
pathway.’” AKT ensures energy supply, suppresses apoptosis, and upregulates HIF-lo, while ERK drives G1/S

transition. Redundant regulatory mechanisms involving both proteins and non-coding RNAs exist.
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Exosomes also indirectly support repair by improving the microenvironment and regulating migration pathways.
Umbilical cord mesenchymal stem cell exosomes deliver HO-1 protein to inhibit NF-kB activation, reducing inflamma-
tory cytokine release, thereby indirectly relieving proliferation suppression and synergistically promoting angiogenesis.
Exosomes derived from HaCaT cells activate P38 MAPK and ERK1/2 pathways via ligands such as FGF2 and EGF,
thereby regulating actin reorganization and focal adhesion turnover to mediate keratinocyte migration.*'°

In summary, exosomes have demonstrated significant reparative effects in animal models, yet clinical translation
challenges remain, including large-scale preparation and optimization of targeted delivery. Future efforts should focus on
the precise design of pathway-targeted exosomes, combined with the development of treatment strategies tailored to the

dynamic pathological stages of wounds, to advance their transition from preclinical research to clinical application.

Small-Molecule Inhibitors Targeting Fructose

Abnormal metabolic reprogramming is a major contributor to keratinocyte dysfunction in diabetic wounds, with
excessive activation of the gluconeogenesis pathway being particularly critical. Fructose-1,6-bisphosphatase 1 (FBP1),
as the rate-limiting enzyme of gluconeogenesis, is abnormally upregulated under high-glucose conditions and directly
inhibits keratinocyte proliferation and migration, making it a core therapeutic target.*'' The novel small-molecule
inhibitor AA4 exerts its effects through a dual mechanism: it directly competitively binds to the FBP1 active site to
block gluconeogenic flux, and also functions as a hydrogen sulfide donor to induce FBP1 protein degradation. FBP1
deficiency leads to acetyl-CoA accumulation, promoting histone H3K9 acetylation to activate proliferative gene
transcription. Simultaneously, it relieves glycolytic inhibition, enabling Warburg-like metabolic reprogramming to supply
energy for cell cycle progression.?'* Topical application of metabolic modulators in STZ-induced diabetic mouse models
has been shown to accelerate wound closure, with efficacy independent of anti-inflammatory effects and attributable to
repair driven by metabolic reprogramming.?"’

Metabolic abnormalities are frequently accompanied by post-translational modification dysregulation. Imbalanced
O-GIcNAc glycosylation of c-Myc regulates the equilibrium between keratinocyte proliferation and migration. Under
high-glucose conditions, enhanced O-GlcNAcyltransferase activity leads to excessive glycosylation at Thr58 of c-Myc.'?
This modification stabilizes c-Myc protein and prolongs its half-life, driving abnormal cell proliferation while inhibiting
migration. Topical application of O-GlcNAcyltransferase inhibitors or c-Myc-specific inhibitors reduces c-Myc stability,
restores cell migration capacity, and promotes wound re-epithelialization.?’* Additionally, FTO demethylates ULK1
mRNA, stabilizing its transcription and promoting autophagy, thereby mitigating endothelial cell damage.?'**'*> Nrf2
activation disrupts the oxidative stress-inflammation vicious cycle by upregulating antioxidant enzymes and suppressing
the NF-kB pathway. RIG-I regulates TIMP-1 expression via an NF-kB-dependent mechanism, stabilizing the extracellular
matrix to promote keratinocyte migration.*!

In summary, targeted small-molecule inhibitors have established diversified intervention strategies targeting metabolic
enzymes, post-translational modifications, epigenetic transcriptional regulation, and oxidative stress. These pathways
cross-talk with each other, jointly regulating the balance between keratinocyte proliferation and migration. Future efforts
should focus on developing tissue-selective formulations or multi-target synergistic approaches to overcome the limita-
tions of single-target strategies and achieve efficient clinical translation.

Novel Peptide Agonists

Delayed re-epithelialization is a core clinical feature of diabetic wounds, with impaired keratinocyte function being the
primary cause. Traditional exogenous growth factor therapies have shown limited clinical efficacy due to numerous
constraints. Novel peptide agonists, characterized by high specificity and low toxicity, have emerged as a research focus.
By precisely targeting receptors to activate downstream pathways, they multidimensionally remodel the proliferation and
migration processes of keratinocytes.

FAP1, as an FGFR-specific agonist peptide, specifically binds to and phosphorylates FGFR1, activating the downstream
MAPK pathway.?'® This pathway promotes Cyclin D1 and c-Myc expression through ERK1/2 phosphorylation, driving
keratinocyte G1/S transition and enhancing proliferative capacity.”!” In diabetic mouse models, FAPI increases keratinocyte
Ki67 positivity and accelerates re-epithelialization.’'® AMP-IBP5 synergistically counters hyperglycemic toxicity by
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simultaneously activating the EGFR, STAT1/3, and MAPK pathways, not only directly promoting keratinocyte migration but
also inducing angiogenesis via paracrine signaling.?'® Ghrelin activates the ERK1/2 pathway via GHSRIa to elevate
keratinocyte mitotic index while downregulating inflammatory factor expression and stimulating collagen synthesis, addres-
sing three key issues: proliferation deficiency, inflammatory dysregulation, and matrix defects.?'® Frog-derived peptide OA-
RDI17 activates the MAPK pathway via TLR4 to initiate early proliferation. It subsequently induces miR-632 expression to
inhibit GSK3p, stabilizing B-catenin to form a positive feedback loop in the Wnt pathway. Concurrently, it suppresses NF-xB
nuclear translocation, facilitating the transition from the inflammatory phase to the proliferative phase.?'” In summary, novel
peptide agonists address core issues in diabetic wounds by multi-levelly intervening in keratinocyte signaling networks.
Future efforts should optimize delivery systems to enhance bioavailability, conduct long-term safety assessments and clinical
trials, and advance these agents from basic research to clinical application.

Plant-Derived Nanovesicles Synergistically Drive Precise Repair of Diabetic VWWounds

with Traditional Chinese Medicine Formulas
Chronic diabetic wounds exhibit limited responsiveness to conventional therapies due to keratinocyte dysfunction,
persistent inflammation, and oxidative stress imbalance. In recent years, plant-derived nanovesicles combined with
active components from traditional Chinese medicine via smart delivery systems have demonstrated therapeutic potential
through multi-pathway synergistic regulation and targeted repair, offering new pathways for clinical translation (Table 3).
Mango ginger-derived exosome-like nanovesicles (MGDNYV) can specifically reactivate the TGF-B/KSRP/FSTL1
pathway, restoring FSTL1 protein levels depleted by miR-198 overexpression in diabetic wounds. This restoration
promotes keratinocyte migration through phosphorylation modification at the S165 site of FSTL1.*** Wheatgrass
juice-derived exosome-like nanovesicles (WDNVs) have been demonstrated to upregulate type I collagen expression
and activate the Wnt/B-catenin pathway. These vesicles express typical exosomal markers including CD9, CD63, and
HSP70 on their surface. WDNVs) have been demonstrated to enhance proliferation and migration of human epidermal
keratinocytes (HaCaT) and dermal fibroblasts by upregulating type I collagen expression and activating the Wnt/p-
catenin pathway. These vesicles express typical exosome markers such as CD9, CD63, and HSP70 on their surface.
Furthermore, the bioactive components they carry exert anti-apoptotic effects without interfering with the cell cycle.**?
In the field of traditional Chinese medicine, active components such as baicalin, quercetin, and curcumin accelerate
repair through a triple mechanism of antioxidant, anti-inflammatory, and pro-angiogenic effects. For instance, composite
polysaccharide hydrogels loaded with Scutellaria baicalensis extract scavenge reactive oxygen species, exhibit antibac-
terial activity, and promote epithelial regeneration.”** Houttuynia cordata vesicles combined with pH-responsive collagen
hydrogels can simultaneously modulate NF-kB and YAP pathways, achieving dual synergistic effects of inflammation
relief and angiogenesis.”?’ Studies show that topical quercetin significantly improves healing rates after skin grafting
while reducing pain and MMP-2/9 levels, indicating its anti-proteolytic and ECM deposition-promoting effects.>**
Despite promising prospects, standardized preparation, ingredient stability, and large-scale clinical validation remain
bottlenecks. Future efforts should integrate network pharmacology to screen core targets and develop intelligent drug
delivery systems, advancing precision medicine. The synergistic innovation of nanovesicles and traditional Chinese
medicine formulations is progressively overcoming the challenges of diabetic wound healing, ushering in a new era of
regenerative medicine.

Biological Dressing

The design of bio-dressings has shifted from passive coverage to active microenvironment regulation. Their core
mechanism for promoting keratinocyte proliferation lies in mimicking the natural extracellular matrix and delivering
signaling molecules. Recombinant hair keratin (eg., RK34, RK81) has been demonstrated to significantly enhance
HaCaT cell migration rates by activating the PI3K-AKT pathway, upregulate KRT16/17 expression, and accelerate
wound re-epithelialization in diabetic rats.**® Acetate- or butyrate-modified keratin fiber dressings remodel the inflam-
matory microenvironment through dual actions: inducing macrophage M2 polarization to reduce IL-1f levels while
directly stimulating keratinocytes to express tight junction protein ZO-1 and adhesion molecule JAM, thereby enhancing
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Table 3 Applications and Mechanisms of Synergistic Treatment with Plant Nanovesicles and Traditional Chinese Medicine for Diabetic Wounds

nanoparticle

formulations

+Increased ECM Deposition
+Downregulation of Pain Signals

activity+Increased
matrix structural

integrity

and fifty percent decrease in VAS pain
score after skin grafting

rate necessitates the
combination with nanonization
or physical penetration-
enhancing technologies to
improve bioavailability.

Source/ Delivery System Core Pathway/Mechanism Cellular/Tissue Effect Preclinical Efficacy Challenges and Perspectives | References
Composition
Coriander- Hydrogel Activation of the Nrf2 signaling Increased migration of It promotes macrophage polarization in It is necessary to optimize the [220]
derived sustained-release pathway enhances the HaCaT cells, enhanced the inflammatory phase, angiogenesis in long-term storage stability and
exosome-like system antioxidant enzyme defense ROS scavenging, and the proliferative phase, and collagen the maintenance of vesicle
nanovesicles system promoted M2 deposition in the remodeling phase; activity during large-scale
(CDENSs) polarization of remarkably accelerating the healing of full- production.
macrophages thickness skin wounds.
Morinda Hydrogel carrier Activation of the MAPK/YAPI| Enhanced abilities of It significantly promotes angiogenesis and Its efficacy needs to be further [221]
officinalis-derived signaling pathway endothelial cell wound closure in the full-thickness skin verified in diabetic or infectious
exosome-like proliferation, migration, defect model, with YAPI expression wound models.
particles and lumen formation upregulated.
(MOEVLPs)
Brassica-derived Anion Exchange miRNA-mediated regulation of Promotes keratinocyte Molecular profiling revealed an Lack of validation in in vivo [222]
nanovesicles Chromatography anti-inflammatory and pro- migration and inhibits enrichment of anti-inflammatory miRNAs, | models; standardized purification
(Brassica oleracea Purification and repair pathways the secretion of and its pro-healing and anti-inflammatory and functional evaluation
L). Ultrafiltration inflammatory factors in activities were verified in vitro. protocols need to be
Platform vitro established.
Ginger-derived PEG Precipitation Trans-kingdom regulation of Increased endocytosis | The low-pH method increases the yield by | The pH-dependent separation [223]
nanoparticles Method (Low-pH miRNAs targeting viral/host and enhanced oxidative | 4-5 times, with higher polyphenol content | process needs to be adapted to
(Ginger PDNPs) Optimization) genes (eg., SARS-CoV-2- stress protection in and preserved biological activity. different plant matrices; the
associated transcripts) A431 cells clinical translation pathway
remains unclear.
Curcumin Metal-polyphenol Triple synergistic effects of ROS Increased M2 Spray administration is convenient, The stability of metal [224]
self-assembled scavenging, anti-inflammation polarization of resulting in a >70% reduction in ROS coordination is affected by local
nanogels and pro-angiogenesis macrophages and levels at the wound site and a significant ion concentration, and ligand
enhanced tube increase in vascular density. selection needs to be optimized.
formation capacity of
endothelial cells
Quercetin Topical non- Inhibition of MMP-2/9 Decreased proteolytic | Thirty-five percent increase in healing rate Low transdermal absorption [225]
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Mango-Ginger
Derived
Nanovesicles
(MGDNYV)
Scutellaria
baicalensis
Extract
Composite
Polysaccharide
Hydrogel
Houttuynia
cordata vesicles
+pH-responsive

collagen hydrogel

Curcumin Metal-
Polyphenol Self-
Assembled
Nanogel

Curcumin
Nanohydrogel
System

Tanshinone IIA
Vesicle
Liposome-
Exosome Hybrid
Carrier
Nanoemulsion of
Traditional
Chinese Medicine
Compound
“Shengji Yuhong
Ointment”
Aloe/Neem/
Ginger
Oxygenated
Nanovesicle
Membrane
Lemon-Derived
Nanovesicle-
Functionalized

Hydrogel

Nanovesicles (with
transdermal
penetration

capability)
Thermosensitive

Hydrogel

pH-responsive
recombinant

collagen hydrogel

Sprayable Nanogel

Hydrogel System

Liposome-
Exosome Hybrid
Carrier

Nanoemulsion

Oxygenated
Nanovesicle
Membrane (OXY-
NMAloe)

GelMA/DAS/
Lemon-Derived
Nanovesicle

Hydrogel

Reactivation of the TGF-B/
KSRP/FSTLI pathway reverses
miR-98-mediated protein
deficiency
ROS scavenging, antibacterial
activity, promotion of epithelial
regeneration; inhibition of M|
macrophage polarization;
regulation of the PI3K/Akt
pathway
NF-kB inhibition+YAP pathway

activation dual regulation

ROS scavenging+anti-
inflammation+pro-angiogenesis
triple synergistic effects,
promotion of macrophage M2
polarization
Activates the Nrf2/HO-1
antioxidant axis and inhibits the
TLR4/NF-kB inflammatory
pathway
Activates the HIF-1a/VEGF
pathway and restores

mitochondrial function

Synergistic regulation of
macrophage polarization and
fibroblast activation by multiple

components

Modulates mitochondrial
function and inhibits the

overexpression of MMPs

Reprograms macrophage
polarization and promotes the
proliferation of vascular

endothelial cells and fibroblasts

Promotes keratinocyte
migration and
accelerates wound re-
epithelialization
Alleviates inflammatory
response and shortens

healing cycle

Downregulates
inflammatory factors,
enhances VEGF
expression, and
promotes angiogenesis
and collagen remodeling
Enhances vascular
density and reduces

oxidative stress

Reduces neutrophil
infiltration and increases
granulation tissue
thickness
Pro-angiogenesis and
maintenance of activity
in a hyperglycemic

environment

Reduced irritation and

enhanced efficacy

Accelerates wound
closure and reduces
ECM degradation

Promotes re-
epithelialization and

collagen deposition

Significantly promotes epithelial

regeneration in a diabetic mouse model

Significantly shortens the healing cycle of
diabetic wounds; exerts potent efficacy in
MRSA-infected models

Dynamically modulates the
microenvironment and significantly
promotes angiogenesis and tissue

remodeling

70% ROS scavenging rate and doubled

vascular density (diabetic model)

The thickness of granulation tissue
increased by 45%, and the inflammation
was alleviated

Pro-angiogenic effects were confirmed in
the intracerebral hemorrhage model;
stable performance in a hyperglycemic

environment

Conforms to the trend of modern
transdermal drug delivery and serves as a
successful case of traditional formula

modernization

Wound closure was accelerated by 23%
and ECM degradation was reduced by 40%
within 24 hours.

It significantly promotes wound repair in

diabetic wound models

Further verification is required
for its stability in the complex

wound microenvironment.

Long-term toxicity evaluation
and large-scale animal
experiment verification are

required.

The accuracy of pH
responsiveness needs to be
verified in different wound

microenvironments

The uniformity of spraying and
the retention efficiency in deep
tissues need to be optimized.

The impact of long-term use on
the local immune
microenvironment remains
unknown
Large-scale production of hybrid

carriers entails high costs

It is difficult to elucidate the
multi-target mechanism of

compound preparations

Oxygenation stability is affected
by the local hypoxic

environment

Batch-to-batch differences in
vesicle activity need to be

standardized

[226]

[227, 228]

[229]

[230]

[224]

[231]

[232]

[233]

[234]

(Continued)

239 nr|



0€

:sdyyy

07:9207 Adeasy] pue juswdojpasq ‘udissq 8nug

Table 3 (Continued).

Source/ Delivery System Core Pathway/Mechanism Cellular/Tissue Effect Preclinical Efficacy Challenges and Perspectives | References
Composition
Nanoemulsion of Mildly Emulsified Polyphenols exert synergistic Enhances bioavailability | Modernization of traditional formulas with The stability and long-term [235]
Arnebia/ Nanoemulsion antioxidant effects, activate the and reduces local enhanced efficacy antioxidant efficacy of
European Nrf2 pathway, and inhibit the irritation polyphenols remain to be
Angelica/ HMGB I/RAGE inflammatory evaluated
Dragon’s Blood axis
Portulaca Ultracentrifugation- It is rich in antioxidant Enhances the viability of | It significantly enhances cell viability and It is highly dependent on fresh [236]
oleracea-Derived Derived Vesicles metabolites and scavenges ROS keratinocytes repair capacity in diabetic models raw materials, and the industrial
Nanovesicles (F-Po-UC) via the Nrf2/ARE pathway extraction process remains to be
developed.
Catechol CA@Exos Inhibits AGEs formation Achieves full-thickness | Achieves functional tissue regeneration in The long-term in vivo [237]
Polymer- +pCNTs-ASA MNs +conducts bioelectrical signals wound closure diabetic rats biocompatibility of conductive
Engineered Kelp- Bimodal System to remodel the neurovascular materials remains to be
Derived microenvironment evaluated
Nanovesicles +
Conductive
Microneedles
Photoresponsive Photoresponsive LED light irradiation triggers a Achieves high-efficiency 80% drug loading efficiency under 10- The light irradiation parameters [238]
Vesicles Derived Vesicles (PLDENS) transient increase in ROS, drug loading while minute light irradiation and 30-day stability | need to be precisely controlled
from Pueraria enhances membrane maintaining stability to prevent cell damage
Lobata permeability, and enables
controlled drug loading

Targeted Aptamer-Modified Maleimide Modification Enhances the uptake The uptake efficiency is significantly The in vivo targeting efficiency [239]
Delivery via Vesicles (Click +Aptamer-Mediated Targeting efficiency of specific enhanced in U87MG cells and off-target toxicity need to be
Surface Chemistry) for Brain/Tumor Targeted cells further investigated
Functionalization Delivery
of Grapefruit-
Derived Vesicles
Astragaloside IV- Vesicle Delivery Activates the AMPK pathway, Modulates the immune Network pharmacology predicts and The differences in the response [240]
Loaded Vesicles System promotes M2 macrophage microenvironment to experimental validation verifies the of the AMPK pathway under

polarization, upregulates IL-10/ accelerate wound therapeutic efficacy different metabolic states remain

Arg-1, and inhibits TNF-a/iNOS healing unknown
Dracaena Extract | Louirein B-Loaded Activates the TGF-B/Smad Modulates specific Single-cell sequencing validates the The cost of isolation and [241]

Louirein Vesicles
B-Loaded

Vesicles

pathway, promotes M2
polarization and ECM synthesis

macrophage subsets to
improve wound healing

rate

underlying mechanism, and in vivo
experiments demonstrate remarkable
therapeutic efficacy

purification of active ingredients
is high
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epidermal barrier reconstruction.'*” Furthermore, chiral hydrogels specifically adsorb type I collagen via their right-
handed helical structure, activating keratinocyte proliferation through the integrin-YAP pathway. This bioinspired
signaling mechanism overcomes limitations of traditional biochemical factor dependencies.”*’ In contrast, bioactive
glass indirectly supports wound closure by enhancing the overall barrier function of the stratum corneum. While it does
not directly accelerate single-cell migration, it achieves this by increasing trans-epithelial electrical resistance and
improving the membrane localization of the tight junction protein claudin-1.2** These dressings share the commonality
of establishing a local microenvironment conducive to keratinocyte functional recovery, yet their mechanisms of action
differ markedly. Keratin-based dressings emphasize growth factor-like signaling, ion-modified dressings favor immune
microenvironment reprogramming, while structurally biomimetic dressings utilize physical topological signals to trigger
cellular responses.

Platelet-Rich Plasma

The application of platelet-rich plasma is evolving from crude extracts to standardized composite formulations, with its
keratinocyte proliferation-promoting effects primarily dependent on the spatiotemporal release regulation of growth
factor reservoirs. Traditional PRP exhibits inconsistent efficacy due to its short half-life and uncontrolled factor release.
The novel zwitterionic hydrogel carrier PDGF-BB promotes keratinocyte proliferation by activating the MAPK/ERK or
PI3K/AKT pathways. Its sustained-release formulation significantly enhances bioavailability and reduces required
dosage.**® A more advanced strategy combines PRP with a chitosan-fucan polyelectrolyte complex, which substantially
prolongs retention time, modulates inflammation, and promotes angiogenesis and re-epithelialization.”>® PRP-derived
exosomes demonstrate higher-order regulatory capabilities. The MALAT1 long non-coding RNA they carry binds miR-
1914-3p, releasing its inhibition on MFGES and thereby activating the TGFB1/SMAD3 axis. This not only enhances
keratinocytes’ self-repair capacity but also remodels macrophage phenotypes via paracrine signaling. Compared to
monotherapy, PRP complexes offer advantages through multifactorial synergistic networks. However, their efficacy
heavily depends on standardized preparation protocols, as platelet concentrations vary significantly with different
centrifugation parameters. Current research focuses on engineered exosomes to overcome species-specific limitations
and achieve targeted delivery.

Combination Therapy
Traditional single-target therapies for diabetic wound healing disorders struggle to meet the dynamic demands of each
healing stage and fail to reverse the multifaceted signaling pathway dysregulation induced by hyperglycemia, resulting in
limited clinical efficacy. With advancements in regenerative medicine and smart materials technology, combined
treatment strategies have shifted from single-pathway interventions to precision models featuring synergistic target
regulation. The core innovation lies in leveraging smart responsive biomaterials to dynamically regulate key signaling
pathways. By focusing on the reconstruction of keratinocyte function, which is a core process suppressed by high-
glucose environments, this approach simultaneously activates proliferation-related pathways such as Wnt/B-catenin,
PI3K/Akt, and ERK while inhibiting NF-kB-mediated inflammatory responses. This achieves multi-level reprogramming
of keratinocyte biological behavior, offering new possibilities for overcoming traditional treatment limitations (Figure 5).
Keratinocytes, as the core cells responsible for wound re-epithelialization, exhibit impaired function that constitutes a
critical bottleneck in delayed wound healing in diabetes. Under a high-glucose microenvironment, keratinocytes display
pathological phenotypes including reduced proliferation and migration capacity, impaired autophagy, and abnormal
differentiation, directly leading to stalled re-epithelialization. At the molecular level, hyperglycemia directly down-
regulates Wnt/B-catenin pathway activity, inhibiting B-catenin nuclear translocation and downstream proliferative gene
expression. Concurrently, it activates the NF-kB/CCL20 axis, exacerbating local inflammation and obstructing M2
macrophage polarization, creating a vicious cycle. Recent studies further reveal that high glucose reduces expression
of the m®A demethylase FTO, leading to decreased stability of TRIB3 mRNA, which in turn inhibits the autophagic flux
and exacerbates apoptosis. Abnormal upregulation of KRT17 in keratinocytes also induces hyperkeratinization via the
c-MYB/PI3K-Akt axis, disrupting normal repair processes. Collectively, these mechanisms form a complex molecular
network underlying keratinocyte dysfunction.'’”> Addressing this core bottleneck, novel combination therapies achieve
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Figure 5 This diagram illustrates multiple therapies for diabetic wounds: Photobiomodulation Therapy accelerates re-epithelialization, while engineered adipose exosomes
regulate key signaling pathways to support repair. Meanwhile, novel peptide agonists boost keratinocyte proliferation, and plant nanovesicles paired with traditional Chinese
medicine target and repair disrupted molecular pathways. Additionally, small-molecule inhibitors reprogram abnormal metabolism linked to impaired healing. Finally,
biological dressings and PRP activate coordinated repair cascades to enhance overall wound recovery. Upward arrows (1) indicate upregulation or activation of relevant
molecules and signaling pathways; downward arrows (T) indicate downregulation or inhibition of relevant molecules and signaling pathways.

systematic regulation of key keratinocyte pathways through the synergistic action of spatiotemporally controlled delivery
systems and precise molecular interventions. Smart hydrogels leverage wound microenvironment responsiveness for on-
demand release of therapeutic factors. MMP-9-responsive hydrogels loaded with M2 macrophage exosomes promote M2
polarization during the inflammatory phase, mitigating NF-xB pathway activation. Upon transition to the proliferative
phase, these hydrogels reactivate keratinocyte PI3K/Akt and Wnt/B-catenin pathways to accelerate re-epithelialization.®
GelMA hydrogels loaded with keratinocyte-derived exosomes improve wound blood supply by upregulating PDGF,
indirectly enhancing keratinocyte migration.>® Dual-responsive hydrogels loaded with H(IS donors specifically mitigate
hyperglycemic and hyperoxidative microenvironments, protecting keratinocyte function by inhibiting NF-kB nuclear
translocation and activating the Nrf2 pathway.’® Combining physical stimuli with bioactive factors overcomes limitations
of traditional drug delivery. Near-infrared-responsive hydrogels activate the YAP/TAZ pathway through mechanical force
while synergistically releasing linagliptin to enhance Wnt signaling, dual-driving keratinocyte activation.”® Photothermal
effects of gold nanorod-composite hydrogels improve the infected microenvironment, simultaneously synergizing with
exosomes to activate the Akt/eNOS pathway for concurrent promotion of angiogenesis and epithelial regeneration.’
Small-molecule agonists/inhibitors enable precise reprogramming of signaling networks. The PPARB/FFA1 dual-target
agonist Y8 balances antioxidant and pro-migration effects, while the Wnt pathway activator KY 19382 significantly
enhances keratinocyte proliferation. The BRD9 degradation agent-loaded silk fibroin microneedle system achieves stage-
specific regulation during inflammatory and proliferative phases.”***°® The SMART-EXO microgel system activates the
integrin-FAK-RhoA pathway through mechanical self-contraction while releasing exosomal contents on demand,

enabling synergistic mechanical-biochemical signal transduction.® Transcriptomic evidence indicates that such combined
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therapies simultaneously enrich extracellular matrix-receptor interactions, focal adhesions, and Wnt signaling pathway-
related genes, fundamentally reversing the pathological microenvironment of diabetic wounds.

In summary, combined therapy for diabetic wounds has entered a new phase. Compared to traditional passive interventions
targeting single pathological pathways, novel combined strategies employ spatiotemporally precise interventions mediated by
smart materials. These approaches target core proliferation pathways in keratinocytes while simultaneously regulating the
immune microenvironment. Looking ahead, as the cross-regulatory mechanisms of these pathways are further elucidated and
the clinical translation of smart delivery systems advances, such strategies will provide more efficient and precise clinical
solutions for diabetic non-healing wounds, significantly improving patient outcomes.

Discussion

The chronicity of diabetic wounds has become a formidable challenge in global public health, with one of its core
pathological features being the arrest of re-epithelialization triggered by keratinocyte proliferation dysfunction. Research
on this pathological state has long focused on isolated modules such as metabolic toxicity and epigenetic modifications,
overlooking that the core mechanism underlying impaired diabetic wound healing lies in the pathological interactions
formed by multiple molecular hubs within the hyperglycemic microenvironment. The proliferation arrest of keratinocytes
stems from cross-linking among five major modules: zinc finger transcription factors, HIF-1a, STING, neuropeptides,
and exosomal communication. These pathways do not operate in parallel isolation but rather activate a cellular inhibitory
state through bidirectional negative feedback, cascade amplification, and spatially heterogeneous activation.'’**"

The most prominent issue in current basic research is the contradiction between the bidirectional effects of core
regulatory pathways and research conclusions. The essence of these conflicting conclusions lies in the fact that most
existing studies are confined to static observations of single cell types and single repair stages, overlooking that wound
healing is a multicellular cooperative, temporally dynamic process. The overwhelming majority of preclinical studies
employ a whole-process intervention model, which fails to account for the functional shifts of targets across different
healing stages and cell types. This ultimately leads to effect biases when single-target interventions are applied to
complex clinical wounds—a core reason why numerous single-target strategies demonstrate efficacy in animal models
yet fail during clinical translation. This complexity further manifests in the cross-integration of mechanical signals and
metabolic reprogramming. Pathological modules do not operate in parallel isolation but form bidirectional negative
feedback loops and cascading amplification through core molecular hubs, creating pathological cascade effects. Single-
target interventions are easily counteracted by compensatory mechanisms within the pathological network, explaining
why traditional single-target therapies struggle to reverse chronic wound pathology.

Beyond limitations in target identification, the severe disconnect between preclinical research systems and real-world
clinical settings represents a critical external factor contributing to translational failure, a pervasive challenge across the field.
Most existing studies on diabetic wound mechanisms and interventions rely on acute wound models in rodents, which
fundamentally differ from the pathophysiology of human diabetic foot ulcers. This discrepancy directly leads to discrepancies
between preclinical efficacy and actual clinical outcomes. Research by Kato et al has confirmed that only plantar wound
models can partially mimic the re-epithelialization process of human wounds. The contraction-dominant healing patterns
observed in traditional dorsal and thigh wound models completely fail to reflect the true impact of intervention strategies on
keratinocyte function. The modeling approaches and disease progression designs of existing animal models are severely
misaligned with the clinical characteristics of diabetic foot ulcers. Most existing models employ a research design where
diabetes is induced first, followed by the creation of acute wounds, with overall observation periods generally being short. The
foot wound model established by Yu et al in type 2 diabetic rats had an observation period of only 8 days, far shorter than the
natural disease course of human diabetic foot ulcers, which spans weeks to months.>* Such short-term models cannot
reproduce the pathological steady state of human chronic wounds nor evaluate the long-term efficacy and safety of
intervention strategies. Even when studies validate target efficacy, findings often stem from single, short-term interventions
without evaluating long-term safety and tolerability of repeated dosing in clinical settings. A significant gap in pathological
complexity also exists between clinical diabetic foot ulcers and experimental models. Clinical ulcers often involve multiple
pathological factors such as peripheral neuropathy, peripheral arterial disease, and wound infection.”>® In contrast, basic
research predominantly employs models induced by a single hyperglycemic factor, failing to replicate the complex
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microenvironment of clinically relevant wounds where multiple factors overlap.>>* This discrepancy in pathological scenarios
directly leads to interventions effective in ideal models becoming completely ineffective in complex clinical settings. Beyond
the inherent pathological bias in models, existing research also exhibits significant deviation from core clinical treatment
endpoints in efficacy evaluation systems. Most preclinical studies prioritize short-term wound closure rates as primary metrics,
whereas clinical treatment fundamentally requires achieving complete wound healing and reducing long-term recurrence and
amputation rates.”>> The accelerated short-term closure observed in animal models does not equate to functional healing of
chronic wounds in clinical settings. This discrepancy in evaluation systems further widens the gap between basic research and
clinical needs.

The disconnect between existing research and clinical practice is further evident in the severe neglect of patient
heterogeneity, which represents a core challenge in clinical treatment. Type 1 and Type 2 diabetes differ in their
fundamental pathogenesis, and their wound pathologies also exhibit significant distinctions. Type 1 diabetic wounds
are primarily characterized by neuropathy and dysregulation of the TGF-B/SMAD pathway.**° In contrast, type 2 diabetic
patients more frequently present with metabolic syndrome and peripheral vascular disease, manifesting as more
pronounced suppression of the PI3K/AKT-FASN axis, metabolic disorders, and inflammatory imbalance.?>” However,
the vast majority of current preclinical studies fail to distinguish between diabetes subtypes, and clinical trials rarely
employ stratified designs based on diabetes classification. This directly leads to a severe underestimation of overall
treatment response rates. Clinically, diabetic wounds progress through distinct phases, which include infection, inflam-
mation, proliferation, and remodeling,''® each characterized by fundamentally different core pathological contradictions.
The infection phase centers on controlling infection and clearing necrotic tissue, while the proliferation phase focuses on
promoting keratinocyte proliferation and angiogenesis. Existing intervention studies predominantly employ uniform
protocols throughout all phases, failing to address stage-specific therapeutic needs and potentially exacerbating patho-
logical damage during inappropriate phases. Clinically, diabetic foot ulcers are classified into neuropathic, ischemic, and
neuro-ischemic mixed types, with distinct core pathological mechanisms across these subtypes. Neuropathic ulcers
primarily involve neuropeptide deficiency and epithelial dysfunction, while ischemic ulcers center on microcirculatory
impairment and hypoxia.”>® Existing research rarely designs differentiated intervention strategies for distinct clinical
phenotypes and lacks stratified validation based on wound phenotypes.

Concurrently, emerging therapeutic approaches themselves face substantial translational barriers, further limiting
clinical adoption. Taking the most extensively studied exosome therapy as an example, while numerous studies confirm
that engineered exosomes can promote keratinocyte proliferation and accelerate wound healing through multi-pathway
regulation, their clinical translation remains constrained by multiple bottlenecks.* ¢! High product heterogeneity
among exosomes derived from different cell sources, isolation processes, and culture conditions hinders scalable,
standardized production. Exosomes exhibit low in vivo targeting efficiency and insufficient storage stability, while
potential immunogenicity and long-term safety concerns remain inadequately validated. For small-molecule inhibitors,
peptide agonists, and plant-derived active ingredients, existing studies have mostly validated efficacy through topical
application in animal models.”*> However, systematic clinical data is lacking regarding transdermal absorption efficiency
in human skin, metabolic stability within wound microenvironments, systemic exposure safety, and optimal dosing
frequencies and regimens. Even photobiomodulation therapy, which has seen preliminary clinical application, lacks
standardized parameters for optimal wavelength, energy density, and irradiation frequency, with severe shortages of
multicenter, large-sample clinical validation data.?***** More critically, nearly all novel intervention strategies lack large-
scale, multicenter randomized controlled trials centered on clinical hard endpoints. The impact on long-term wound
recurrence rates and amputation risks remains entirely unknown, hindering their integration into routine clinical practice.

Despite advancing understanding of the mechanisms underlying keratinocyte dysfunction in diabetic non-healing
wounds, existing research exhibits multiple core shortcomings and limitations. Most existing data rely on static snapshot
analyses, lacking continuous tracking of the activation sequence and feedback intensity changes of key molecules
throughout the entire progression from acute to chronic wounds. Even studies reporting that JAM-A/miR-106b is
significantly upregulated only in the late stages of wound healing, indicating a time-specific intervention window, face
the technical challenge of precisely capturing such dynamic inflection points.®**> Concurrently, existing research lacks
systematic resolution of widespread contradictory conclusions within the field. Most studies focus solely on the role of
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individual regulatory axes in specific scenarios, failing to elucidate the determinants and boundary conditions of
bidirectional effects within core pathways.?*>*%” More critically, the overall design of existing studies exhibits significant
disconnect from clinical practice. Whether in experimental model selection, efficacy evaluation system establishment, or
intervention protocol design, these approaches fail to adequately account for the complexity and heterogeneity of real-
world clinical scenarios.?*®%%° This disconnect represents a major obstacle hindering the effective translation of basic
research findings into clinical applications.

Given the current state of research, core bottlenecks, and clinical demands in this field, future studies must move
beyond the traditional single-molecule, single-pathway research paradigm. Systematic breakthroughs are urgently needed
across three dimensions, namely fundamental mechanisms, translational systems, and clinical research, to truly bridge the
gap from basic discoveries to clinical applications. At the basic research level, the first step is to resolve contradictory
conclusions regarding core pathways and establish a spatio-temporal dynamic regulatory network framework. Utilizing
technologies such as single-cell spatio-temporal transcriptomics and in vivo dynamic imaging, researchers should map
the dynamic activation profiles of key molecular hubs throughout the entire wound healing cycle. This will clarify the
temporal windows and cell-specificity of target functional transitions while elucidating crosstalk logic between patho-
logical modules and pathological cascade nodes.®’ Second, establish standardized experimental models aligned with
clinical pathological features. Prioritize plantar wound models simulating human re-epithelialization, develop composite
chronic wound models incorporating neuropathy, ischemia, and infection, and extend observation periods to match
chronic wound progression. This minimizes preclinical research bias at its source.”’® At the translational research level,
breakthroughs must focus on overcoming bottlenecks in targeted intervention and delivery systems. Based on the
spatiotemporal dynamics of targets, develop phase-controlled, cell-specific intervention strategies. Utilize wound micro-
environment-responsive delivery systems to achieve sequential precision dosing, mitigating potential risks from bidirec-
tional target effects.”’' Simultaneously, establish standardized production and quality control systems for emerging
therapies, systematically complete preclinical safety evaluations, and lay the foundation for clinical trials.>’* At the
clinical research level, there is an urgent need to establish a standardized molecular classification system for diabetic
wounds based on multicenter cohorts. This system should identify biomarkers and core intervention targets for wounds of
different subtypes, stages, and phenotypes, driving the implementation of personalized precision treatment.>”
Concurrently, rigorously designed stratified randomized controlled trials should be conducted, using clinical hard end-
points as core evaluation metrics to systematically validate the efficacy and long-term safety of intervention strategies,
thereby filling critical gaps in clinical research.

Conclusions

Diabetic wounds remain a major clinical challenge worldwide, with impaired keratinocyte proliferation being a key
contributor to failed re-epithelialization and chronic non-healing. In this review, we have summarized the wide range of
pathological changes that disrupt keratinocyte proliferation in the diabetic setting, showing that these impairments do not
stem from a single abnormal pathway, but arise from the combined dysfunction of multiple interrelated biological
processes: metabolic toxicity driven by sustained hyperglycemia, dysregulated epigenetic control, pathological remodel-
ing of the extracellular matrix, disrupted wound microenvironment homeostasis, hypoxic stress, dysbiosis of the
cutaneous microbiota, and aberrant neuropeptide signaling. We have also outlined how signal crosstalk between these
different processes shapes the progression of impaired wound healing, rather than each pathway acting in isolation.
Going forward, further work is needed to fully unravel the regulatory mechanisms governing interactions between these
pathological events across the full wound healing course, addressing critical gaps in our current understanding of this
condition. There is also a need to refine the performance of emerging intervention approaches, including engineered
exosome-based delivery systems and photobiomodulation therapy, to improve their targeted action, in vivo stability and
overall safety profile, overcoming key barriers that currently limit their clinical application. In addition, well-designed,
multicenter clinical studies that account for the different subtypes, stages and clinical presentations of diabetic wounds
will be essential to verify the effectiveness and long-term safety of these treatment strategies in real-world patient
populations. Taken together, the findings summarized here build a comprehensive understanding of the pathological
changes driving impaired keratinocyte proliferation in diabetic wounds, and offer useful guidance for the development of
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new treatment approaches for this condition. Beyond diabetic wounds, these insights may also inform research into the

mechanisms and treatment of other chronic, hard-to-heal wounds; ultimately, advances in this field hold the potential to

reduce rates of disability, amputation and wound recurrence in affected patients, and ease the significant burden that

diabetic wounds place on individuals and healthcare systems around the world.
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