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ABSTRACT

Infected diabetic wounds represent one of the most severe 
complications of diabetes mellitus, with complex pathological 
mechanisms that present significant challenges in clinical 
management. Ferroptosis, an emerging form of iron-dependent 
programmed cell death driven by excessive lipid peroxidation, 
plays a critical role in the progression of infected diabetic wounds. 
This review systematically examines the central mechanisms 
of ferroptosis in infected diabetic wounds from three key 
perspectives: dysregulation of iron metabolism, accumulation of 
lipid peroxidation products, and impairment of the antioxidant 
defense system. Moreover, it analyzes the impact of ferroptosis on 
various cell types—fibroblasts, macrophages, vascular endothelial 
cells, and keratinocytes—during the impaired healing process. 
Based on these mechanistic insights, the review summarizes recent 
advances in ferroptosis-targeted therapeutic strategies for wound 
repair, including ferroptosis inhibitors, cell-based therapies, and 
innovative hydrogel materials with promising application potential. 
By integrating current knowledge on the role of ferroptosis in 
infected diabetic wounds and associated treatment approaches, this 
article aims to provide new perspectives and a solid theoretical 
foundation for future research and the comprehensive management 
of this challenging condition.
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1. Introduction

  Infected diabetic wounds represent one of the most severe 
and debilitating complications of diabetes mellitus, markedly 
increasing the risk of lower-limb amputation and imposing a 
substantial burden on healthcare systems. As global population 
aging accelerates, the prevalence of diabetes continues to 
rise, presenting an escalating challenge to modern medicine. 
According to the International Diabetes Federation, the number 
of individuals aged 65-99 years living with diabetes worldwide  is 
projected to reach 195.2 million by 2030, with populous countries
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such as China and India facing particularly intense healthcare 
pressure[1]. The repair of infected diabetic wounds normally 
proceeds through three tightly regulated yet overlapping biological 
phases namely inflammation, proliferation, and tissue remodeling. 
However, sustained hyperglycemia and a chronic inflammatory 
milieu profoundly disrupt this process through multiple 
interrelated mechanisms, including excessive accumulation of 
advanced glycation end products, heightened oxidative stress, 
and impaired growth factor signaling. Under these pathological 
conditions, the skin becomes highly susceptible to injury and 
recurrent infection, resulting in prolonged inflammatory responses 
accompanied by extensive oxidative damage. Clinically, infected 
diabetic wounds frequently present as non-healing ulcers, deep 
tissue injury, compromised local perfusion, and delayed wound 
closure[2]. Despite significant advances in wound management 
strategies, the precise molecular mechanisms responsible for 
impaired healing in infected diabetic wounds remain incompletely 
elucidated.
  In recent years, ferroptosis, as a distinct form of iron-dependent  
cell death, has emerged as a topic of intense research interest. 
It is characterized by intracellular iron overload, uncontrolled 
lipid peroxidation, and failure of antioxidant defense systems. 
Growing evidence suggests that ferroptosis is closely linked to 
hyperglycemia-driven lipid peroxide accumulation and disruption 
of iron homeostasis[3]. Under high-glucose conditions, the activity 
of the system Xc-/GPX4 axis is markedly suppressed, leading to 
impaired clearance of lipid peroxides and expansion of the labile 
iron pool, which together amplifies iron-dependent oxidative 
injury. Beyond inducing direct dysfunction and death of key skin-
resident cells, including fibroblasts and keratinocytes, ferroptosis 
further destabilizes the wound microenvironment by perpetuating 
oxidative stress and inflammatory imbalance. Consequently, 
ferroptosis has been recognized as a critical contributor to the 
initiation and progression of diabetic wound pathology. In this 
context, the present article provides a comprehensive review of 
recent advances in understanding the molecular mechanisms, 
cell type-specific regulatory roles, and emerging therapeutic 
strategies targeting ferroptosis in diabetic wounds, with the aim of 
offering new perspectives and a theoretical basis for future clinical 
interventions.

2. Methods

  This narrative literature review was conducted through a 
systematic search of multiple databases, including PubMed, Google 
Scholar, CNKI, and Wanfang, covering publications from 2018 
to 2025. Search terms included combinations of "ferroptosis", 
"diabetic wound", "wound healing" and "infected wound". Studies 

articles addressing ferroptosis-related mechanisms or therapeutic 
approaches in the context of diabetic wound healing were 
considered eligible and included in the analysis.

3. The core molecular mechanisms and metabolic basis 
of ferroptosis

  Ferroptosis was first characterized in 2012 by the research group 
led by Brent R. Stockwell as a distinct, regulated form of cell death 
that occurs independently of caspase activation[4]. This process is 
driven by excessive accumulation of reactive oxygen species (ROS) 
in conjunction with dysregulated iron metabolism. Morphologically, 
ferroptosis is distinguished by mitochondrial shrinkage, increased 
mitochondrial membrane density, reduction or complete loss of 
mitochondrial cristae, and the absence of nuclear pyknosis[5]. 
Recent evidence indicates that ferroptosis is tightly controlled by 
multiple signaling pathways, including the p53-SLC7A11 regulatory 
axis, the KEAP1-Nrf2-mediated antioxidant response pathway, and 
the Hippo-YAP/TAZ signaling cascade[6,7] (Table 1).

3.1. Iron metabolism imbalance and intracellular iron 
overload

  Under physiological conditions, cellular iron homeostasis 
is maintained through a tightly regulated balance among iron 
uptake, storage, and utilization. In diabetes, this equilibrium is 
profoundly disturbed, giving rise to a paradoxical pattern of iron 
dysregulation characterized by systemic iron deficiency alongside 
localized intracellular iron overload. The hyperglycemic and pro-
inflammatory milieu associated with diabetes disrupts both systemic 
and tissue-level iron homeostasis, resulting in abnormally elevated 
serum ferritin levels and increased concentrations of labile iron 
species[8,9]. Mechanistically, this process involves upregulation of 
transferrin receptor 1 (TFR1), which enhances cellular iron uptake, 
together with suppression of the iron exporter ferroportin (FPN). 
The resulting intracellular iron accumulation adversely affects 
angiogenesis, stromal cell proliferation, and fibrotic remodeling, 
thereby further delaying wound repair[10]. Consistent with these 
observations, Wang et al. demonstrated significant upregulation 
of TFR1 and concomitant downregulation of FPN expression in a 
diabetic wound-healing model[11].
  Iron overload represents a major risk factor for tissue and 
organ dysfunction, as it amplifies oxidative stress and activates 
inflammatory signaling pathways, including the NLRP3 
inflammasome, thereby exacerbating microenvironmental 
imbalance[12]. In diabetic patients, impaired insulin signaling 
contributes to insufficient hepcidin production, leading to increased 
expression of TFR1 and divalent metal transporter 1 (DMT1) and 
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enhanced intestinal iron absorption. At the tissue level, elevated 
expression of nuclear receptor coactivator 4 (NCOA4) promotes 
ferritinophagy-mediated iron release, expanding the labile iron pool 
(LIP) and increasing cellular vulnerability to ferroptosis[7]. Notably, 
the chronic inflammatory milieu also exerts complex regulatory 
effects on hepcidin expression. Pro-inflammatory cytokines such 
as IL-6 and TNF-α activate the JAK2-STAT3 signaling pathway 
in hepatocytes, directly stimulating hepcidin transcription and 
synthesis, which in turn suppresses FPN-mediated iron export. 
Clinical studies further indicate that elevated hepcidin levels 
constitute an independent risk factor for the development of diabetic 
foot ulcers[13].

3.2. Lipid metabolism remodeling and oxidative burst

  Excess intracellular iron catalyzes the conversion of hydrogen 
peroxide into highly reactive hydroxyl radicals (•OH) through 
the Fenton reaction. These radicals readily attack polyunsaturated 
fatty acids (PUFAs) within cellular membranes, initiating a self-
propagating lipid peroxidation cascade that ultimately compromises 
membrane structure and function. The synthesis and remodeling 
of PUFA-containing phospholipids are tightly regulated by 
multiple metabolic enzymes[14,15]. In the presence of an expanded 
LIP and elevated ROS, phospholipid hydroperoxide (PLOOH) 
byproducts such as malondialdehyde and 4-hydroxynonenal (4-
HNE) accumulate progressively, resulting in membrane damage and 
the induction of ferroptotic cell death. Notably, clinical evidence 
suggests that monitoring 4-HNE levels may provide prognostic 
value for assessing and improving healing outcomes in patients with 

diabetic foot ulcers[16]. In addition, cytochrome P450 oxidoreductase 
has been identified as a contributor to PUFA peroxidation, further 
accelerating ferroptosis progression[17].
  Dysregulated lipid metabolism is a defining feature of infected 
diabetic wounds. Under hyperglycemic conditions, hepatic 
triglyceride synthesis is enhanced while low-density lipoprotein 
clearance is impaired, leading to widespread disturbances in 
cholesterol homeostasis[18]. Simultaneously, heightened oxidative 
stress upregulates acyl-CoA synthetase long-chain family member 
4 (ACSL4) and lysophosphatidylcholine acyltransferase 3 
(LPCAT3), key enzymes responsible for incorporating PUFAs 
into membrane phospholipids. This enzymatic reprogramming 
reinforces a pathological feedback loop between lipid peroxidation 
and iron metabolism dysregulation, thereby further delaying 
wound repair[19]. Moreover, reduced vascular endothelial growth 
factor (VEGF) signaling in endothelial cells has been shown to 
promote mitochondrial ROS overproduction, driving lipid peroxide 
accumulation and ultimately leading to endothelial dysfunction and 
cell death[20].

3.3. Dysregulation of the antioxidant defense system

  Cells are equipped with multiple antioxidant defense mechanisms 
that counteract lipid peroxidation and protect against ferroptosis[21]. 
In infected diabetic wounds, however, the expression of key 
antioxidant regulators including glutathione peroxidase 4 (GPX4), 
solute carrier family 7 member 11 (SLC7A11), and nuclear factor 
erythroid 2-related factor 2 (NFE2L2) is markedly reduced [20]. 
This coordinated downregulation compromises endogenous 

Regulatory step Core molecule Function Alterations in infected diabetic wounds

Iron acquisition TFR1 Mediate the endocytosis of transferrin-bound iron Upregulated expression
Iron storage Ferritin Store iron intracellularly Upregulated expression
Iron efflux FPN Mediate the extracellular excretion of iron Downregulated expression

Iron acquisition Hepcidin Upregulation of TfR1 and DMT1 expression enhances 
cellular iron uptake Downregulated expression

Iron efflux NCOA4 Degrade ferritin intracellularly to release stored iron Upregulated expression

Lipid peroxidation ACSL4
Reshape the phospholipid composition of the cell 
membrane and participate in membrane phospholipid 
remodeling

Upregulated expression

Lipid peroxidation LPCAT3 Synthesize PUFA-PLs Upregulated expression
Antioxidant defense SLC7A11 Uptake cystine and synthesize GSH Downregulated expression
Antioxidant defense GPX4 Eliminate lipid peroxides Downregulated expression

Antioxidant bypass FSP1 Reduce coenzyme Q10 and vitamin K to suppress 
lipid peroxidation Downregulated expression

Antioxidant defense NADPH Maintain GSH/GSSG redox balance to ensure proper 
GPX4 activity Downregulated expression

Antioxidant defense NFE2L2
Activate antioxidant response elements to regulate 
glutathione synthesis, iron metabolism, and the 
expression of antioxidant enzymes

Downregulated expression

Antioxidant defense HMOX1
By integrating the NFE2L2-mediated response to 
oxidative stress, it participates in the restoration of 
cellular homeostasis via the AKT/NFE2L2 pathway

Downregulated expression

Table 1. Key regulatory molecules of ferroptosis and their alterations in infected diabetic wounds.
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antioxidant capacity, leading to unchecked lipid peroxidation and 
substantial impairment of the wound-healing process. Within the 
glutamate-cystine antiporter system (system Xc-), SLC7A11 serves 
as a critical component by facilitating cystine uptake required 
for glutathione (GSH) biosynthesis. Notably, p53 expression is 
significantly elevated in diabetic foot tissues compared with healthy 
skin, resulting in transcriptional repression of SLC7A11 and further 
substantiating the role of system Xc- dysfunction in ferroptosis 
regulation during infected diabetic wound healing[22].

  GPX4 functions as a central enzymatic defense against lipid 

peroxidation by reducing phospholipid hydroperoxides, thereby 
preserving membrane integrity and cellular homeostasis[23]. The 
persistent hyperglycemic, pro-inflammatory, and oxidative stress-
rich microenvironment characteristic of infected diabetic wounds 
promotes continuous GSH depletion, which in turn suppresses 
GPX4 and SLC7A11 expression[24]. In addition, diabetic patients 
frequently exhibit reduced levels of selenium and vitamin E, further 
compromising GPX4 activity and antioxidant efficacy. Emerging 
evidence also indicates that ferroptosis suppressor protein 1 
(FSP1) provides GPX4-independent protection against ferroptosis, 

Figure 1. The mechanisms and roles of ferroptosis in different cells in infected diabetic wounds. ACSL4: acyl-CoA synthetase long-chain family member 

4; AGE: advanced glycation end products; FSP1: ferroptosis suppressor protein 1; GPX4: glutathione peroxidase 4; GSH: glutathione; H3K27: Histone H3 

Lysine 27; NCOA4: nuclear receptor coactivator 4; NET: Neutrophil extracellular traps; ROS: Reactive Oxygen Species; SENP3: SUMO-Specific Peptidase 

3; SLC7A11: Solute Carrier Family 7 Member 11; SQSTM1: Sequestosome 1; YTHDF2: YTH N6-Methyladenosine RNA Binding Protein 2.
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functioning as a parallel anti-ferroptotic defense pathway[25].
  Hyperglycemia also activates the polyol pathway, leading to 
depletion of nicotinamide adenine dinucleotide phosphate (NADPH) 
and thereby exacerbating oxidative stress[26]. Under high-glucose 
conditions, this metabolic disruption impairs mitochondrial 
respiratory chain function and electron transfer, resulting in energy 
metabolism defects and widespread cellular dysfunction[27]. In a 
diabetic mouse model, Xu et al. reported significant reductions in 
heme oxygenase-1 (HMOX1) and nuclear factor erythroid 2-related 
factor 2 (Nrf2) expression, culminating in compromised antioxidant 
defenses and heightened susceptibility to intracellular ferroptosis[28].
  In diabetic wounds, iron dysregulation, lipid peroxidation, and 
antioxidant system collapse are not isolated events; rather, they form 
a hierarchically progressive and tightly interlinked pathological 
cycle. Persistent hyperglycemia and chronic inflammation sustain 
elevated ROS levels, rendering membrane PUFAs highly vulnerable 
to peroxidation. The resulting PLOOH damage mitochondrial and 
lysosomal membranes, which further amplifies ROS production 
and promotes iron release, expanding the LIP. As intracellular Fe2+ 
levels rise, Fenton reactions continuously generate •OH, driving 
lipid peroxidation into an uncontrolled chain reaction. Concurrent 
depletion of GSH and NADPH compromises the cellular antioxidant 
defense system, preventing timely reduction and clearance of 
PLOOH, and further exacerbating organelle injury and iron 
dysregulation. Collectively, these interconnected processes establish 
a self-amplifying pathological loop that persistently induces 
ferroptotic death in fibroblasts, macrophages, vascular endothelial 
cells, and keratinocytes, thereby markedly delaying the healing of 
diabetic wounds[29].

4. The central role of ferroptosis in diverse cell types 
within infected diabetic wounds

  The pathogenesis of chronic infected diabetic wounds involves the 
coordinated activity and dynamic interplay of multiple cell types[30]. 
Notably, fibroblasts, macrophages, vascular endothelial cells, and 
keratinocytes experience metabolic and functional alterations within 
the hyperglycemic, oxidative, and inflammatory microenvironment 
of diabetes, and their behavior is differentially modulated by 
ferroptosis (Figure 1, Table 2).

4.1.  Ferroptosis in fibroblasts

  Fibroblast dysfunction is a central pathological feature of impaired 
wound repair, and their differentiation into myofibroblasts is a 
critical step for granulation tissue formation and extracellular matrix 
remodeling[31]. In vitro studies have shown that fibroblasts exposed 
to high-glucose conditions exhibit elevated expression of ferroptosis-
associated proteins, decreased viability and migratory capacity, and 
heightened oxidative stress, ultimately leading to lipid peroxidation 
and ferroptotic cell death[20]. Interestingly, other studies have 
consistently reported reduced expression of NCOA4, a key regulator 
of ferritinophagy, in both diabetic infected wound tissues and high-
glucose–induced senescent fibroblasts, which appears to confer 
partial resistance to ferroptosis[32]. These observations suggest that 
fibroblast susceptibility to ferroptosis is finely tuned by cellular state 
and local microenvironmental cues.
  Neutrophil extracellular traps (NETs) represent a distinct form 
of programmed neutrophil cell death separate from ferroptosis[33]. 

Cell type The primary cause Key molecular event Functional impact

Fibroblast High glucose levels induce the 
accumulation of NETs

Activation of the IRE1ɑ/XBP1 pathway induces 
endoplasmic reticulum stress and promotes 
excessive accumulation of ROS and Fe2+

Inhibition of fibroblast proliferation 
and collagen synthesis impedes 

granulation tissue formation

Macrophage High glucose levels induce, oxidative 
stress

ROS-induced accumulation of SENP3 de-
SUMOylates FSP1, making M2 macrophages 

sensitive to ferroptosis

Promotes macrophage polarization 
toward the M1 phenotype and 
enhances the secretion of pro-

inflammatory cytokines, thereby 
amplifying the inflammatory response

Vascular endothelial cell High glucose levels, oxidative stress, 
and the accumulation of AGEs

Activation of the p53 signaling pathway 
downregulates SLC7A11, thereby inhibiting 

cystine uptake and reducing glutathione synthesis.

Induction of AGEs, inhibition 
of endothelial cell proliferation, 

upregulation of ROS, and impairment 
of wound microcirculation.

Keratinocytes

Elevated glucose levels, dysregulation 
of inflammatory factors, and aberrant 
EGF signaling contribute to cellular 
dysfunction in diabetic conditions.

Elevated histone crotonylation levels 
downregulate SQSTM1 expression and suppress 

ferritinophagy, leading to the accumulation 
of ACSL4. Furthermore, downregulation 
of YTHDF2 impairs the stability of N6-

methyladenosine (m6A)-modified mRNA, thereby 
upregulating ACSL4 expression.

Inhibition of keratinocyte proliferation, 
migration, and re-epithelialization

Table 2. The role of ferroptosis in different cell types in infected diabetic wounds.
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In infected diabetic wounds, excessive NET deposition within 
the wound bed can activate the IRE1α/XBP1 signaling pathway, 
inducing endoplasmic reticulum stress. Persistent ER stress 
promotes ROS and Fe2+ overaccumulation, which subsequently 
triggers ferroptosis in fibroblasts and impairs their wound-repairing 
function[34].

4.2.  Ferroptosis of macrophages

  Macrophages are critical regulators of wound healing, 
orchestrating the balance between M1 pro-inflammatory and M2 
anti-inflammatory phenotypes to facilitate angiogenesis, collagen 
deposition, and tissue repair. Ferroptosis significantly influences 
macrophage function[35]. Dysregulated iron metabolism within 
macrophages can amplify the inflammatory response through 
excessive secretion of pro-inflammatory cytokines. Conversely, 
an imbalance in M1/M2 polarization further promotes ferroptosis 
by sustaining inflammation and oxidative stress, creating a 
self-reinforcing positive feedback loop[36]. Notably, SENP3 is 
highly expressed in infected diabetic wounds and mediates de-
SUMOylation of FSP1, thereby increasing the vulnerability of M2 
macrophages to ferroptosis and elevating the M1/M2 ratio under 
oxidative stress conditions[37].

4.3.  Ferroptosis in vascular endothelial cells

  Angiogenesis is a pivotal process in wound healing, supplying 
oxygen, nutrients, and signaling molecules necessary for tissue 
regeneration. In infected diabetic wounds, vascular endothelial cells 
are subjected to oxidative stress and elevated ROS, resulting in 
functional impairment. Metabolic disturbances and compromised 
antioxidant defenses promote the accumulation of 4-HNE, 
which triggers ferroptosis. Concurrently, the hyperglycemic 
microenvironment fosters the formation of advanced glycation end 
products, which inhibit endothelial and fibroblast proliferation, 
enhance ROS production, and impair wound perfusion. Several 
studies have shown that activation of the p53 signaling pathway is 
closely linked to suppression of the antioxidant system in diabetic 
endothelial cells[38]. Additionally, NETs can induce ferroptosis in 
endothelial cells via the PI3K/AKT pathway, representing another 
mechanism by which angiogenesis is compromised during the 
healing of infected diabetic wounds[39].

4.4.  Ferroptosis of keratinocytes

  Abnormal keratinocyte function is a major contributor to 
impaired healing in diabetic wounds, characterized by excessive 

ROS, mitochondrial dysfunction, and upregulation of ACSL4. 
Under high-glucose conditions, increased crotonylation of histone 
H3K27 suppresses SQSTM1 transcription, reduces autophagic 
flux, promotes ACSL4 accumulation, and enhances ferroptosis, 
ultimately delaying wound repair[40]. Similarly, Wu et al. reported 
that decreased expression of YTHDF2 elevates ACSL4 levels by 
modulating the stability of N6-methyladenosine (m6A)-modified 
mRNA, further exacerbating keratinocyte ferroptosis[41].

  Ferroptosis also contributes to a complex intercellular 
microenvironment that directly affects wound healing. In 
macrophages, ferroptosis drives polarization toward the pro-
inflammatory M1 phenotype, amplifying oxidative stress 
and indirectly suppressing fibroblast function. Ferroptosis in 
fibroblasts impairs granulation tissue formation and extracellular 
matrix remodeling, while endothelial cell ferroptosis diminishes 
oxygen and nutrient delivery to the wound and can indirectly 
exacerbate ferroptotic responses in fibroblasts and macrophages. 
In keratinocytes, lipid peroxidation and ACSL4 upregulation 
compromise cellular function. Together, these intercellular 
ferroptotic interactions create a self-reinforcing pathological network 
that severely impedes the healing of diabetic wounds.

5. Therapeutic strategies targeting ferroptosis

  Given the central role of ferroptosis in the pathogenesis of infected 
diabetic wounds, a variety of targeted therapeutic strategies have 
been developed. These include ferroptosis inhibitors, such as 
ferrostatin-1 (Fer-1), deferoxamine, resveratrol, quercetin, and 
curcumin, as well as advanced biomaterials, notably functional 
hydrogels. Such interventions offer multifaceted approaches to 
counteract impaired wound healing and provide a robust theoretical 

and experimental foundation for potential clinical translation (Table 3).

5.1.  Ferroptosis inhibitor

  Fer-1, a classical ferroptosis inhibitor, is widely employed in 
experimental studies. It suppresses ferroptosis by modulating the 
activity of system Xc- and GPX4, while downregulating transferrin 
receptor 1 (TFR1) and ferroportin-1 (FPN1), key regulators of iron 
uptake and export, respectively. Experimental evidence indicates 
that local administration of Fer-1 attenuates ferroptosis through 
activation of the PI3K/Akt signaling pathway, thereby accelerating 
wound healing in diabetic infected rat models. However, its limited 
metabolic stability poses a challenge for clinical translation[20]. 
Deferoxamine (DFO), an iron chelator, binds intracellular free 
iron to inhibit Fenton reactions, reduce hydroxyl radical (•OH) 
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Treatment strategy Medicine Mechanism Summary of therapeutic effects Ref.

Ferroptosis inhibitor Fer-1 Upregulation of the PI3K/Akt signaling 
pathway suppresses ferroptosis

Reducing the expression of oxidative stress and 
inflammatory markers at the wound site promotes wound 
healing

[20]

Iron chelating agents DFO Binding to intracellular iron inhibits the 
Fenton reaction and reduces •OH formation

Enhancing the regenerative potential of adipose-derived 
stem cells promotes angiogenesis [42]

Ferroptosis inhibitor Liraglutide
Activation of the Nrf2 signaling pathway 
up-regulates the expression of GPx4 and 
SLC7A11

Promoting keratinocyte proliferation enhances VEGF 
release [43]

Ferroptosis inhibitor Resveratrol

Regulation of ferroptosis markers, including 
GPX4, SLC7A11, ACSL4, and Nrf2, 
contributes to the control of cellular iron-
dependent death pathways

The up-regulation of VEGF and CD31 enhances 
angiogenesis [45]

Ferroptosis inhibitor, Iron 
chelator Baicalin

Upregulation of proteins associated with 
the SLC7A11/GPX4 axis enhances cellular 
resistance to ferroptosis

Enhancing the survival rate of fibroblasts [46]

Ferroptosis inhibitor 毬-BA

Elevated STAT3 phosphorylation reduces 
Fe2+ and lipid peroxide levels and reverses 
the high glucose-induced expression changes 
of ACSL4 and GPX4

Reduction of inflammatory cell infiltration, improved 
organization of granulation tissue, and enhanced collagen 
deposition collectively contribute to accelerated wound 
healing.

[47]

Ferroptosis inhibitor Hesperetin Activation of the SIRT3 signaling pathway Reduction of ferroptosis levels in the tissue preserves 
endothelial cell physiological function [39]

Ferroptosis inhibitor Platelet-rich 
plasma

Downregulation of TFRC and ACSL4 
protein expression, along with restoration 
of antioxidant defense proteins including 
SLC7A11, GPX4, and NFE2L2

Inhibition of inflammation and excessive fibrosis, 
coupled with enhanced endothelial cell proliferation, 
functional recovery, and restoration of NO levels

[48]

Ferroptosis inhibitor ApoVs
Significant reduction of lipid peroxidation, 
as indicated by decreased 4-HNE levels in 
endothelial cells

Promotion of skin recovery is associated with increased 
density of mature blood vessels and enhanced collagen 
deposition

[49]

Ferroptosis inhibitor MSC-EVs
Induction of mitochondrial fusion restores 
mitochondrial function and suppresses NET 
formation

Preservation of mitochondrial integrity in neutrophils 
restores mitochondrial function and enhances metabolic 
activity

[39]

Ferroptosis inhibitor MSCs-Q10 Delivery of miR-548ai and miR-660 leads to 
downregulation of ACSL4 expression

Enhancement of keratinocyte viability promotes cellular 
proliferation and migration [50]

Hydrogel-based delivery 
system for iron chelating 
agents

DFO, bioactive 
glass, sodium 
alginate 
hydrogel

Synergistically reduces •OH formation and 
enhances the expression of HIF-1α and 
VEGF

Enhancing endothelial cell migration and angiogenesis to 
facilitate revascularization [54]

Hydrogel-based delivery 
system for ferroptosis 
inhibitors

CA, gelatin, 
hyaluronic acid

Activation of TRPA1 and inhibition of 
endothelial cell ferroptosis via the Ca2+/
CaMKII/Nrf2/GPX4 signaling pathway

Enhance endothelial cell migration, proliferation, and 
angiogenesis [55]

Hydrogel-based delivery 
system for iron chelating 
agents

Tea 
polyphenols, 
vitamin C, 
tannic acid, 
chitosan, and 
Na2SeO3

Chelating extracellular iron, maintaining 
mitochondrial homeostasis, and activating 
the PI3K/AKT signaling pathway to 
suppress NOX4-mediated lipid peroxidation

Promote angiogenesis, reduce iron accumulation, and 
accelerate wound healing [56]

Hydrogel-based delivery 
system for nanozymes CuPBs, PVP

Inhibit iron accumulation and enhance the 
antioxidant capacity of the Xc−/GPX4 
system

The high iron chelation efficiency and ROS scavenging 
activity promote macrophage polarization toward the M2 
phenotype

[57]

Thermosensitive hydrogel 
loaded with exosomes

PRP- Exos, 
Pluronic F127 
hydrogel

Upregulate the expression of FosB and 
GPX4 in fibroblasts

Sustained release of exosomes inhibits inflammatory 
responses and fibroblast ferroptosis [59]

Hydrogel-encapsulated 
exosomes

4OI, Exos, 
GelMA

Regulating the Keap1/Nrf2/GPX4 axis 
to alleviate ROS-induced endothelial cell 
damage and ferroptosis

Accelerate wound healing and significantly improve 
wound healing quality [60]

Hydrogel-encapsulated 
exosomes

ASIV, Exos, 
Pluronic F127 
hydrogel

Upregulate the expression of SLC7A11, 
GPX4, FTL, and FTH1, and downregulate 
the expression of ACSL4

Promote endothelial progenitor cell viability and 
angiogenesis, reduce ROS levels, inhibit ferroptosis, and 
alleviate mitochondrial damage

[61]

Dual-responsive hydrogel 
loaded with peptides

Histatin 1, 
chitosan

Activated the Nrf2/HO-1 pathway in 
epidermal cells, thereby improving oxidative 
stress and mitochondrial damage

Promotion of angiogenesis and skin hair follicle 
regeneration [62]

Table 3. Therapeutic strategies and research advances in targeting ferroptosis for infected diabetic wounds.
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generation, and enhance cell viability. In addition, DFO upregulates 
hypoxia-inducible factor-α and VEGF, promoting angiogenesis 
and tissue repair[42]. While effective in mitigating ferroptosis in 
infected diabetic wounds, DFO administration may be accompanied 
by adverse effects such as anemia and edema. Deferiprone, an 
alternative iron chelator, offers advantages including improved 
safety, lower cost, and enhanced efficacy[43]. Preclinical studies have 
also suggested that dulaglutide exerts anti-ferroptotic effects[44].
  Natural compounds have shown considerable potential in 
attenuating ferroptosis and accelerating wound healing in infected 
diabetic wounds[45]. Plant-derived flavonoids, such as baicalin, 
exhibit strong ferroptosis-inhibitory activity[46]. Among traditional 
Chinese herbal constituents, β-boswellic acid reduces lipid 
peroxidation and ferroptosis in fibroblasts under high-glucose 
conditions via STAT3 phosphorylation, while hesperetin suppresses 
tissue ferroptosis and promotes wound repair through activation of 
the SIRT3 signaling pathway[39,47]. Despite these promising effects, 
the precise molecular targets and long-term safety of these natural 
compounds require further investigation before clinical application.
  Platelet-rich plasma (PRP) has been shown to inhibit ferroptosis 
and promote healing in infected diabetic wounds, with its underlying 
molecular mechanisms only recently elucidated[48]. Mesenchymal 
stem cells (MSCs) possess robust proliferative capacity and 
multilineage differentiation potential. Apoptotic vesicles released by 
MSCs during apoptosis can modulate the wound microenvironment, 
alleviating ferroptosis, restoring endothelial function, and enhancing 
angiogenesis[49]. MSC-derived extracellular vesicles further hold 
considerable promise for repairing infected diabetic wounds by 
transferring functional mitochondria to neutrophils within the wound 
tissue, inducing mitochondrial fusion, restoring mitochondrial 
function, reducing neutrophil extracellular trap formation, and 
markedly improving wound healing[39]. Additionally, MSC-derived 
coenzyme Q10 enhances keratinocyte proliferation and migration 
while suppressing ACSL4-mediated ferroptosis through delivery of 
miR-548ai and miR-660, thereby accelerating skin wound closure in 
diabetic mice[50].

5.2. Innovative applications and design of hydrogel materials

  Hydrogels represent a promising wound drug delivery platform, 
providing a moist environment, facilitating absorption of tissue 
exudate, and enabling controlled release of therapeutic agents[51–53]. 
Recently, functional hydrogel dressings designed to target 
ferroptosis have been developed for the treatment of infected 
diabetic wounds, achieving sustained suppression of ferroptosis 
and significantly improved healing outcomes[54–56]. Conventional 
ferroptosis inhibitors face limitations such as suboptimal efficacy, 
poor metabolic stability, and potential severe side effects. In 

contrast, nanomaterials offer superior biocompatibility, scalability, 
and therapeutic efficiency. For example, copper-rich Prussian blue 
nanoparticles exhibit high iron-chelating capacity and potent ROS 
scavenging activity, achieving wound healing rates nearly twice 
those observed with DFO[57].
  Cell-derived therapies are also advancing rapidly. Exosomes, owing 
to their intrinsic biological properties and regulatory functions, show 
broad potential in wound repair[58]. Platelet-rich plasma-derived 
exosomes enhance fibroblast proliferation and migration, and when 
incorporated into thermosensitive Pluronic F127 hydrogel, they 
provide sustained exosome release while inhibiting ferroptosis 
via upregulation of FosB and GPX4 in fibroblasts[59]. As natural 
nanoscale vesicles, exosomes exhibit excellent biocompatibility 
and serve as effective drug carriers. Integration of exosomes 
into hydrogel matrices allows maintenance of their biological 
activity while co-delivering therapeutic agents such as itaconic 
acid and astragaloside IV, thereby reducing ferroptosis in vascular 
endothelial cells and accelerating wound healing in infected 
diabetic wounds[60,61]. Additionally, Histatin-1, a multifunctional 
peptide, activates the Nrf2/HO-1 pathway in epidermal cells in 
type 2 diabetic mouse models, alleviating oxidative stress and 
mitochondrial damage, and suppressing ferroptosis[62].

5.3. Clinical Translation and Challenges

  It is important to recognize that ferroptosis-targeted therapies 
remain far from clinical application. To date, most interventions 
for diabetic wound healing have been limited to cell and animal 
studies, with no rigorous clinical trials providing definitive evidence 
that inhibiting ferroptosis can stabilize or accelerate wound repair. 
For instance, the ferroptosis inhibitor Fer-1 effectively reverses 
ferroptotic cell death in diabetic models but is hindered by poor 
metabolic stability, unfavorable pharmacokinetics, and potential 
hepatotoxicity, limiting its translational potential. Similarly, the 
ACSL4 inhibitor rosiglitazone is constrained by liver toxicity 
concerns[63]. Other pharmacological agents remain largely at the 
preclinical stage, and although some marketed hypoglycemic drugs 
may partially modulate ferroptosis-related pathways, their clinical 
efficacy typically results from the combined action of multiple 
mechanisms.
  In terms of materials-based strategies, hydrogels provide an 
attractive platform due to their three-dimensional polymer networks, 
high water content, strong plasticity, excellent biocompatibility, and 
low cost. These properties facilitate filling irregular wound surfaces 
and sustaining drug release, making hydrogels highly suitable for 
wound repair. When loaded with iron chelators, antioxidants or 
ROS-scavenging nanomaterials, or cell-derived products such as 
exosomes, hydrogels can suppress lipid peroxidation, improve 
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microcirculation, promote re-epithelialization, and inhibit ferroptosis 
in wound-resident cells, thereby enhancing healing outcomes. 
Despite promising results in preclinical models, these systems 
remain largely experimental, and their clinical translation will 
require further optimization and rigorous validation.

6. Conclusion

  Diabetic wound healing is a highly complex process involving 
the interplay of multiple cellular and molecular mechanisms. This 
study establishes ferroptosis as a central mechanism underlying 
delayed diabetic wound healing and provides novel insights for the 
development of intelligent dressings, facilitating a paradigm shift 
in wound management from "passive coverage" toward "active 
regulation" of the microenvironment.
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