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Abstract

Wound healing is a complex biological process involving multiple steps, including hemostasis, inflammation, proliferation, and remodeling. A
novel form of regulated cell death, ferroptosis, has garnered attention because of its involvement in these processes. Ferroptosis is characterized
by the accumulation of lipid peroxides and is tightly regulated by lipid metabolism, iron metabolism, and the lipid-peroxide repair network,
all of which exert a significant influence on wound healing. This review highlights the current findings and emerging concepts regarding the
multifaceted roles of ferroptosis throughout the stages of normal and chronic wound healing. Additionally, the potential of targeted interventions

aimed at modulating ferroptosis to improve wound-healing outcomes is discussed.
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Highlights:

* Wound healing is a complex biological process that involves multiple steps.

» Ferroptosis is an emerging form of regulated cell death caused by iron-dependent lipid peroxidation. It is regulated by lipid metabolism, iron metabolism,

and lipid peroxide repair network.

* Ferroptosis is involved in different stages of normal wound healing and chronic wound healing.

» Ferroptosis holds promise as a potential target for enhancing wound healing.

Background

Wounds are widely acknowledged as prevalent and persistent
clinical conditions that impose substantial economic costs
and social challenges on patients. Wound healing is a com-
plex and dynamic process that is essential for recovering the
structural and functional integrity of tissues. This process
involves a well-coordinated series of biological events includ-
ing hemostasis, inflammation, proliferation, and remodeling
[1]. Understanding these mechanisms not only addresses fun-
damental biological questions but also paves the way for inno-
vative treatments and interventions that can accelerate and
optimize tissue repair in diverse clinical scenarios. Ferroptosis,
a nonapoptotic form of cell death driven by iron-dependent
lipid peroxidation, has garnered significant attention in recent
years because of its implications in various pathological con-
ditions, including ischemia-reperfusion injury (IRI), neurode-
generative diseases, acute heart injury, and cancer [2]. Fer-
roptosis inhibitors represent a promising class of compounds
with the potential to address these conditions. Their thera-
peutic applications could extend beyond neurodegeneration
and cardiovascular diseases to cancer and other diseases in
which ferroptosis plays a significant role. Intriguingly, current
research underscores the critical role of ferroptosis throughout
the wound-healing trajectory. Deciphering the intricacies of

this relationship at the cellular and molecular levels will unveil
novel pathways and potential therapeutic targets that could
revolutionize wound management and regenerative medicine
[3]. This review consolidates our current understanding of
wound-healing processes, elucidates the mechanism of ferrop-
tosis, and discusses the latest advancements in understanding
their interplay. Furthermore, we discuss promising avenues for
regulating ferroptosis to promote healing in both chronic and
acute wound environments.

Review
Characteristics of ferroptosis

In 2012, Dixon et al. introduced the concept of ferropto-
sis, a unique form of regulated cell death characterized by
iron-dependent lipid peroxidation [4]. Recent research has
highlighted its implications in various pathological conditions
including IRI, neurodegenerative diseases, acute heart injury,
and cancer. Ferroptosis is distinct from apoptosis, autophagy,
and necrosis in terms of cellular mechanisms and morpho-
logical changes [2]. The morphological features of ferrop-
tosis include preserved integrity of the plasma membrane,
mitochondrial shrinkage, and the reduction or disappearance
of mitochondrial cristae [5]. The regulation of ferroptosis is
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Figure 1. Mechanism of ferroptosis. Ferroptosis is regulated by various metabolic events and signaling pathways, including lipid metabolism, redox-active
iron, and the lipid-peroxide repair network. PUFAs such as arachidonic acid (AA) and adrenic acid (AdA) are converted to their CoA derivatives by ACSL4.
LPCAT3 incorporates these derivatives into phospholipids, forming PUFA-PL. Subsequently, PUFA-PL is peroxidized by LOX to generate PUFA-OOH,
thereby contributing to lipid peroxidation. Cellular iron is another essential factor of ferroptosis; Fe3+ is imported into the cell via the TFR1 and is reduced
to Fe2t by DMT1. LIP contributes to lipid peroxidation through the Fenton reaction. GPX4, along with GSH, reduces lipid peroxides to their nontoxic
forms. FSP1 generates RTAs, including CoQqgH3 (reduced CoQ) and VKH2 (reduced vitamin K), which neutralize lipid peroxyl radicals. GCH1 produces
BH4, a cofactor in antioxidant defense. PUFAs polyunsaturated fatty acids, ACSL4 long-chain fatty acid-CoA ligase 4, LPCAT3 lysophosphatidylcholine
acyltransferase 3, AA arachidonic acid, AdA adrenic acid, LOX lipoxygenases, TFR1 transferrin receptor 1, DMTT1 divalent metal transporter 1, LIP labile
iron pool, GSH glutathione, GPX4 glutathione peroxidase 4, BH4 tetrahydrobiopterin, VKHZ2 hydroquinone vitamin K

intricately linked to lipid metabolism, redox-active iron, and
the lipid-peroxide repair network in cells [6] (Figure 1).

Lipid metabolism and ferroptosis

Lipid peroxidation is triggered by the oxidation of the carbon—
carbon double bonds of polyunsaturated fatty acyl chains
within phospholipids (PL-PUFA) in cellular membranes. This
process leads to the accumulation of phospholipid hydroper-
oxides (PLOOHs), which rapidly and irreparably damage the
cell membranes, culminating in cell death [7]. Two enzymes,
long-chain fatty acid-coenzyme A (CoA) ligase 4 (ACSL4)
and lysophosphatidylcholine acyltransferase 3 (LPCAT?3), are
crucial for PL-PUFA production. ACSL4 catalyzes the con-
jugation of CoA with arachidonic acid (20:4) and adrenic
acid (22:4), critical polyunsaturated fatty acids (PUFAs) that
induce ferroptosis [8, 9]. Subsequently, LPCAT3 esterifies
these CoA-bound acids to phospholipids, enhancing the incor-
poration of long-chain PUFAs into the lipid and membrane
structure [10]. Furthermore, protein kinase C beta I (PKCAII)
phosphorylates and activates ACSL4, acting as a lipid per-
oxidation sensor and promoting a positive feedback loop
that accelerates lipid peroxidation [11]. The balance between
PUFAs and monounsaturated fatty acids (MUFAs) is impor-
tant for maintaining lipid peroxidation levels. Endogenous
production of PL-MUFA by enzymes such as stearoyl-CoA
desaturase 1 (SCD1) and ACSL3 or exogenous supplemen-
tation of PL-MUFA can inhibit ferroptosis [12]. Deuterated

polyunsaturated fatty acids (D-PUFAs), which prevent the
formation of PL-PUFAs, have been used to protect cells and
tissues from ferroptosis [13]. Additionally, polyunsaturated
ether phospholipids (ePL-PUFAs), synthesized in peroxisomes,
serve as substrates for lipid peroxidation, contributing to
the resistance of cancer cells to ferroptosis [14]. Recently,
MBOAT1/2 was found to inhibit ferroptosis by altering the
cellular phospholipid profile [15].

Iron homeostasis and ferroptosis

Iron plays a crucial role in ferroptosis because iron chelators
can completely inhibit this process. Iron promotes lipid perox-
idation via both enzyme-dependent and enzyme-independent
Fenton reactions. Under acidic conditions, iron reacts with
peroxides to generate the free radical PLOe. This initiates
a damaging chain reaction, producing further radicals such
as PLOOQe, which escalates lipid peroxidation and eventually
leads to cell death [7]. Additionally, several redox enzymes,
including lipoxygenases (LOXs) and cytochrome P450 oxi-
doreductase (POR), which are key regulators of ferroptosis,
require iron for their catalytic activity [9, 16, 17]. Therefore,
maintaining iron homeostasis is critical for preventing ferrop-
tosis.

Cellular iron homeostasis is primarily governed by the iron
sensor proteins iron-responsive element-binding protein 1
(IRP1) and iron-responsive element-binding protein 2 (IRP2),
which regulate the expression of genes essential for iron
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uptake, storage, and export [18]. Extracellular iron bound to
transferrin is internalized by cells via transferrin receptor 1
(TER1). Inside the endosome, iron (Fe3T) is dissociated from
transferrin and reduced to iron (Fe?t), which is subsequently
transported into the cytoplasm by divalent metal transporter
1 (DMT1), contributing to the labile iron pool (LIP) [18].
LIP is crucial not only for the synthesis of mitochondrial
proteins, such as iron-sulfur clusters, but also for iron storage
in ferritin. Ferritin-bound iron can be mobilized back into the
LIP via ferritinophagy [19].

Ferritin heavy chain 1 (FTH1) prevents ferroptosis in
cardiomyocytes, and it is vital for the activity of leukemic
hematopoietic stem cells [20, 21]. Adin et al. discovered
that disrupting the interaction between TFR1 and transferrin
decreases the iron content in vascular smooth muscle cells,
inhibits iron-dependent oxidative reactions, and delays the
onset of abdominal aortic aneurysm [22]. Furthermore,
studies have shown that dihydroartemisinin increases the LIP
content by binding to free cellular iron and activating IRPs,
thereby enhancing the sensitivity of cancer cells to ferroptosis
[23].

Lipid-peroxide repair network and ferroptosis

Cells have various lipid-peroxide repair networks that
counteract lipid peroxidation and prevent ferroptosis. These
systems include the glutathione peroxidase 4 (GPX4)-
glutathione (GSH) system, nicotinamide adenine dinucleotide
phosphate (NAPDH)-ferroptosis suppressor protein 1
(FSP1)—coenzyme Q10 (CoQqp)/vitamin K system, GTP
cyclohydrolase 1 (GCH1)-tetrahydrobiopterin (BH4) system,
and other antioxidant mechanisms [24]. GPX4 is a critical
enzyme within the glutathione peroxidase family and the only
known enzyme capable of directly reducing PLOOH in cells
[25, 26]. The cystine/glutamate antiporter system Xc—, which
consists of the SLC7A11 and SLC3A2 subunits, plays a vital
role by importing cystine into cells [4]. Once inside, cystine
is converted via a series of enzymatic reactions to synthesize
GSH. GSH serves as a substrate for GPX4 and participates in
the reduction of lipid peroxides, through which it is converted
to oxidized GSH. Compounds that inhibit either GPX4 or the
system Xc— significantly contribute to the onset of ferroptosis.

FSP1 is the second most critical suppressor of ferroptosis.
Serving as an NADPH-ubiquinone reductase, FSP1 converts
CoQqo into its reduced form CoQqoH,, which acts as an
endogenous radical-trapping antioxidant (RTA) that reduces
lipid peroxides [27, 28]. Recent studies have shown that
FSP1 is involved in the noncanonical vitamin K pathway,
producing a reduced form of vitamin K that helps inhibit lipid
peroxidation and ferroptosis [29]. Considering the critical
role of GPX4 in maintaining cell survival in various healthy
tissues, targeting this enzyme may lead to severe adverse
effects. Consequently, FSP1 has emerged as a favorable target
for cancer therapies [30]. The development of icFSP1, the first
described on-target FSP1 inhibitor that promotes FSP1 phase
separation, has shown potential for sensitizing cancer cells to
ferroptosis and hindering tumor growth [31].

GCH1 synthesizes dihydrobiopterin/tetrahydrobiopterin
(BH2/BHj4), both of which can counteract lipid peroxides
[32]. Dihydroorotate dehydrogenase (DHODH) mediates fer-
roptosis defense mechanisms in the mitochondria by reducing
ubiquinone to ubiquinol [33]. Additionally, in the final step
of cholesterol biosynthesis, 7-dehydrocholesterol reductase

(DHCR?7) consumes its substrate 7-dehydrocholesterol (7-
DHC), which shields lipids from autoxidation and subsequent
fragmentation, potentially enabling cancer cells to evade
ferroptosis [34, 35]. Lipid-peroxide repair networks serve
as antagonists of ferroptosis, shielding both normal and
cancerous tissues from this form of cell death. These networks
offer various targets for therapeutic interventions under
different pathological conditions.

Pathological and physiological role of ferroptosis

Ferroptosis is a key factor influencing the progression of
various diseases. Ischemia reperfusion induces massive oxida-
tive stress, leading to damage in multiple organs, including
the brain, liver, and kidneys [36]. Extensive studies have
shown that ferroptosis plays a critical role in the cell death
and inflammation associated with IRI. Ferroptosis is impli-
cated in neurodegenerative diseases such as Huntington’s
disease (HD), Alzheimer’s disease (AD), Parkinson’s disease
(PD), and amyotrophic lateral sclerosis (ALS) [37]. Ferroptosis
inhibitors such as the iron chelators deferiprone (DFP) and
ferrostatin-1 (Fer-1) have been reported to alleviate these con-
ditions in mouse models. Furthermore, ferroptosis contributes
to organ injuries associated with nonalcoholic steatohepatitis
(NASH) [38], doxorubicin (DOX)-induced cardiomyopathy
[20], and chronic obstructive pulmonary disease associated
with cigarette smoking [39].

The physiological role of ferroptosis is a focal point in this
field. In the immune system, T follicular helper cell (Tfh)
homeostasis is regulated by the selenium-GPX4-ferroptosis
axis, and selenium supplementation enhances Tth cell func-
tion during infections and postvaccination [40]. Additionally,
ferroptosis is induced in tumors via a mechanism where T-
cell-derived IFN-y combines with arachidonic acid in the
microenvironment, functioning as a pathway for CD8*T-cell-
mediated tumor elimination [41]. Ferroptosis also plays a
pivotal role in the developmental cell death of the rice blast
[42]. Recent studies have demonstrated that ferroptosis can
propagate over long distances between cells through reac-
tive oxygen species (ROS)-triggered waves, underscoring its
role in coordinating global cell death events during muscle
remodeling in the embryonic avian limb [43]. Furthermore,
the impact of ferroptosis on aging has been documented in
the nematode Caenorbabditis elegans [44].

The last decade has seen rapid progress in research on
ferroptosis [2]. On one hand, unveiling the regulatory mech-
anisms underlying ferroptosis may pave the way for the
development of potent therapeutic approaches targeting this
process. On the other hand, elucidating the physiological and
pathological roles of ferroptosis has significantly deepened
our understanding of its implications across multiple diseases,
including wound healing, as discussed further below.

Ferroptosis in wound healing

Tissue wound healing constitutes a multifaceted phenomenon
that encompasses various biological processes and cell types
that collaborate to restore the structure and function of
injured tissue [45]. This intricate process occurs in four
sequential stages: hemostasis, inflammation, proliferation,
and remodeling [46]. Each of these stages is pivotal in
the overall repair process, necessitating the meticulous
coordination of diverse cellular signals and biochemical
pathways. Remarkably, ferroptosis has been implicated in
these stages and in various types of wound healing (Figure 2).
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Hemostasis

The primary objective at injury sites is to quickly seal
the exposed tissue, which prevents fluid loss and impedes
pathogen invasion. Hemostasis is the initial stage of wound
healing and is characterized by the severing of blood
vessels at the injury site. This process results in damage to
epidermal and connective tissue cells, as well as disruption
of the extracellular matrix (ECM) [47]. Following injury,
vasoconstriction occurs to reduce blood loss, followed by
the release of adenosine diphosphate from endothelial cells to
attract platelets. Subsequently, platelets adhere to the damaged
vessel wall, become activated, and aggregate to form a clot.
This clot blocks the damaged vessel, effectively sealing it.
Subsequently, the coagulation cascade is activated, leading to
the formation of thrombin, which converts fibrinogen into
an insoluble fibrin network, culminating in the formation
of a blood clot [48]. During the final stage of clotting, the
surface of the blood clot undergoes dehydration and forms a
scab that effectively prevents further fluid loss. Consequently,
the damaged blood vessels are sealed, and bleeding is halted.
Studies have shown that targeted delivery of extracellular
vesicle—derived nanoparticles containing milk fat globule
EGF factor 8 (MFGES) to endothelial cells can promote
wound healing by counteracting ferroptosis induced by
mitochondrial damage [49]. In the context of diabetic ulcers,
the inhibition of ferroptosis in endothelial cells facilitates
wound healing [50]. Studies have found that platelets can
inhibit ferroptosis and promote wound healing. For example,
platelet-rich plasma has been found to inhibit ferroptosis and
promote the healing of diabetic ulcers; however, the exact
mechanism of this process remains to be fully elucidated [51].
In addition, platelet-rich fibrin significantly promotes wound
healing [52]. Because of the procoagulant role of thrombin,
it has been incorporated in several wound-healing materials
[53, 54]. Vitamin K hydroquinone (VKH2), a coagulation
promoter that facilitates thrombin generation, inhibits lipid
peroxidation and prevents ferroptosis. Both Vitamin K
Epoxide Reductase Complex Subunit 1 Like 1 (VKORC1L1)
and FSP1 reduce vitamin K to VKH2, thereby facilitating
coagulation and suppressing ferroptosis [29]. However, some
studies have suggested that fibrin matrices containing high
concentrations of thrombin may trigger inflammation and
delay wound healing compared with matrices with lower
thrombin concentrations [55]. In cerebral IRI and cancer,
increased thrombin levels have been found to activate the
PLA2a—ACSL4 pathway, which induces ferroptosis [56, 57].
Ferroptosis may significantly affect platelet activation during
the coagulation process. Under oxidative stress, hemoglobin
releases heme, a cofactor that catalyzes ROS generation. This
pathway may modulate the activation of human platelets via
ferroptosis [58].

Inflammation

Acute inflammation. After completion of the hemostasis
stage, the inflammation stage begins promptly. The cellular
response during the inflammatory stage is characterized
by an influx of leukocytes into the wound area. Within
the blood clot, monocytes differentiate into macrophages
that recruit neutrophils to the wound site [59]. These M1-
polarized macrophages and neutrophils play a critical role in
eliminating bacteria through an oxygen-dependent pathway
and in clearing the wound by engulfing dead bacteria and
cellular debris [60]. Although several studies have revealed the
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necessity of inflammation in wound cleansing, an excessive
inflammatory response can lead to increased collagen
deposition and the formation of scars [61, 62]. During this
process, leukocytes secrete various pro-inflammatory factors
such as TNF-o, IL-18, IL-6, and IFN-y. These cytokines
further trigger ROS production, amplifying the oxidative—
reductive reactions at the site of inflammation and creating
an inflammatory cycle [63]. The relationship between iron,
ROS, inflammatory factors, and the sustained polarization
of macrophages is complex and intricate. The accumulation
of iron within macrophages primarily stems from heme
iron obtained through the phagocytosis of erythrocytes,
as well as nonheme iron released from damaged or dead
cells. On one hand, iron accumulation in M1 macrophages
significantly enhances the secretion of TNF« i vitro, thereby
further promoting the polarization of macrophages into the
M1 phenotype through the NF-kB signaling pathway [64,
65]. A similar phenomenon has been observed in venous
ulcers [66]. Additionally, iron accumulation in macrophages
can drive polarization by increasing ROS production and
inducing p53 acetylation [66-68]. On the other hand,
pro-inflammatory cytokines such as IL-6 can influence
macrophage iron metabolism by regulating systemic iron
homeostasis. Both iron chelators and antioxidants have been
shown to facilitate wound healing [69, 70], which suggests
their potential therapeutic benefits. Considering that both
ROS and iron are critical triggers of ferroptosis and that
ferroptosis tends to exacerbate the inflammatory response,
further exploration of the role of ferroptosis during this
stage of wound healing is important. Ferroptosis has been
implicated in the dysregulation of this stage, which results in
chronic inflammation.

Chronic inflammation. When the inflammatory response is
persistently activated during wound healing, failure of M1
macrophages to transition to the M2 phenotype can lead to
the formation of chronic wounds [71]. Chronic wounds are
characterized by their inability to heal within the expected
timeframe. These wounds arise from various factors such
as diabetic hyperglycemia, infections, and radiation. They
exhibit elevated levels of ROS, inflammatory cytokines, and
bacteria [72]. Below, we summarize the relationship between
different types of chronic wounds and ferroptosis.

Diabetic ulcers

Diabetes is a prevalent chronic disease characterized by
hyperglycemia. Diabetic foot ulcers are common and highly
morbid complications of diabetes that lead to a decline
in functional status, infections, hospitalizations, lower-
extremity amputations, and death [73]. High iron levels are
a risk factor for diabetes, and they contribute to diabetic
phenotypes in various tissues [74]. Additionally, cells in
hyperglycemic environments exhibit elevated ROS levels,
which can cause oxidative damage and cell death [75, 76].
Iron targeting in diabetic ulcers has been shown to promote
wound healing. Transdermal delivery of deferoxamine (DFO)
prevents diabetic ulcer formation and enhances the healing of
existing diabetic wounds [77]. Moreover, DFO released from
hydrogel nanofibrous scaffolds upregulates the expression of
HIF-1«, which leads to the rapid recruitment of angiogenesis-
related cells and wound healing in diabetic rats [78]. Secretory
autophagosomes reduce the production and release of
free iron from human dermal fibroblasts in high-glucose
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Relationship between ferroptosis and wound healing
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Figure 2. Relationship between wound healing and ferroptosis. (a) Hemostasis is characterized by the activation of thrombin, which can induce
ferroptosis. During this phase, endothelial cells may also be susceptible to ferroptosis. Importantly, both platelet-rich plasma and the procoagulant factor
VKH2 have been shown to inhibit the occurrence of ferroptosis. (b) During the acute inflammatory phase of wound healing, macrophages polarize into
M1 macrophages, which secrete pro-inflammatory cytokines and produce ROS. Concurrently, a notable accumulation of iron occurs at the site of injury.
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ferroptosis. (e) Chronic inflammation is characterized by the persistent polarization of M1 macrophages, which play a pivotal role in conditions such as
diabetic ulcers, radiation injuries, pressure ulcers, and lower extremity venous ulcers. Inhibitors of ferroptosis have been shown to mitigate chronic
inflammation and different types of chronic wounds. (d) During the proliferation phase, the migration and rapid proliferation of fibroblasts may induce
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remodeling phase, myofibroblasts influence ECM components, leading to scar formation. The levels of ferroptosis suppressors such as GPX4 and
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environments, thereby improving diabetic wound healing
[79]. Interestingly, ROS delays diabetic wound healing by
triggering ferroptosis, and inhibition of ferroptosis with Fer-
1 has been found to accelerate wound healing in diabetic
rats [80]. Furthermore, research has demonstrated that the
anti-ferroptotic and anti-inflammatory effects of Fer-1, which
promote diabetic wound healing, are mediated through the
stimulation of nuclear erythroid 2-related factor 2 (Nrf2) [81].

Radiation-induced injuries

Since its discovery, ionizing radiation has been a pivotal
component of cancer therapy. Despite its therapeutic benefits,
ionizing radiation induces ROS production and DNA breaks
in normal tissues, leading to significant organ damage and
skin injury [82]. Recent advances in ferroptosis have shown
that irradiation induces ferroptosis through both ROS gen-
eration and ACSL4 upregulation [83, 84]. Targeting ferrop-
tosis mitigates irradiation-induced injury in various tissues
[85-87]. Ultraviolet (UV) irradiation induces lipid peroxide
accumulation and iron overload, leading to keratinocyte death
via ferroptosis and skin inflammation [88]. Nicotinamide
mononucleotide (NMN) and liproxstatin-1 (Lip-1) strongly
mitigate UV-induced skin injury via defense ferroptosis [89].

Pressure ulcers

Pressure ulcers, caused by sustained pressure, is typically
characterized by persistent necrotic tissue and abnormal iron
accumulation. Recent studies have shown that the knockout
of myoglobin (a protein composed of globin and ferric heme)
or administration of DFO can lower the levels of oxida-
tive stress markers and alleviate tissue damage at pressure
ulcer sites [90]. Targeting endothelial cells with extracellular
vesicle—derived nanoparticles containing MFGES8 mitigates
ferroptosis, facilitating the healing of pressure ulcers [49].
Furthermore, the antioxidant 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) substantially decreases pressure ulcer for-
mation following skin ischemia-reperfusion (I/R), primarily
because of its inhibitory effect on ferroptosis [91].

Venous leg ulcers

Chronic venous diseases frequently result in skin pigmenta-
tion and leg ulcers. Research has demonstrated that varicose
veins in the legs can lead to the accumulation of red blood
cells, and the subsequent breakdown of hemoglobin results in
excess tissue iron. Iron deposition on the skin is a hallmark
of leg ulcers [92]. Furthermore, studies have shown that iron
accumulation in chronic venous leg ulcers is accompanied by
elevated lipid peroxidation [93, 94]. The iron chelator DFX
has been found to significantly promote wound healing [66],
indicating the involvement of ferroptosis in chronic venous
ulcers.

In addition to chronic wound healing, ferroptosis plays
a significant role in traumatic neuronal injuries, including
controlled cortical impact injury, traumatic spinal cord injury,
and traumatic hippocampal injury [95-97]. Both intraventric-
ular injection of Fer-1 and GPX4 overexpression have been
shown to significantly reduce iron accumulation and neuronal
damage by inhibiting ferroptosis [95, 98, 99].

Typical chronic wounds exhibit a notable accumulation
of iron and ROS, which leads to significant ferroptosis.
The application of ferroptosis inhibitors markedly reduces
inflammation and expedites wound healing. The link between
chronic wounds and ferroptosis is becoming increasingly
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evident, highlighting the potential of therapeutic interventions
targeting ferroptosis to improve the outcomes of patients with
chronic wounds.

Proliferation

The proliferation stage of wound healing involves the forma-
tion of new cells and tissues. It is involved in the proliferation
and migration of fibroblasts and epithelial cells and in angio-
genesis. Epithelial cells at the wound edge migrate inward,
covering the wound and restoring the epithelium through a
process called re-epithelialization [100]. Concurrently, after
an injury and during the resolution of the inflammatory
response, fibroblasts begin to migrate from the surrounding
dermis to the blood clot. The granulation tissue, stimulated
by cytokines released by M2 polarized macrophages such as
PDGF, TGF-B, EGE, and IGF-1, replaces the fibrin clot and
rapidly generates a new ECM [101]. Prostaglandin E2 (PGE;)
modulates the repair of various tissues through activation
of stem cells, inflammation, and angiogenesis [102]. During
the proliferation stage of cutaneous wound healing, PGE;
improves M2 macrophage polarization [103]. Interestingly,
PGE?2 signaling protects cells from DOX-induced cardiomy-
ocyte ferroptosis and ferroptosis induced by cerebral I/R
[104, 105].

During the proliferative phase, the proliferation of newly
formed capillaries and fibroblasts promotes the formation of
granulation tissue. However, the rapid proliferation of fibrob-
lasts may create a localized ischemic and hypoxic microen-
vironment [106]. Studies have shown that oxygen and glu-
cose deprivation in primary mouse skin fibroblasts induces
ferritinophagy mediated by nuclear receptor coactivator 4
(NCOA4), leading to ferroptosis. In mouse models of ischemic
wounds, the inhibition of both ferroptosis and autophagy
promotes wound healing [107]. Endothelial cells play a crucial
role in promoting capillary formation, maintaining vascu-
lar integrity, and regulating tissue remodeling. High glucose
concentrations enhance ferroptosis in endothelial cells by
activating the p53-SLC7A11-GSH axis [108]. Moreover, both
endothelial cells and fibroblasts under high-glucose conditions
exhibit increased lipid peroxidation levels, upregulation of
ferroptosis-related proteins, and reduced cell survival and
migration capacity. Notably, Fer-1 reverses these effects and
promotes wound healing in diabetic rats [80].

Remodeling

In the final stage of wound healing, the granulation tissue
undergoes transformation into scar tissue, which involves
the synthesis and degradation of collagen and ECM compo-
nents [109]. A key aspect of this process is the activity of
matrix metalloproteinases secreted by epidermal cells, which
play a central role in tissue remodeling [110, 111]. Dur-
ing the remodeling process, the population of inflammatory
cells and fibroblasts within the wound area substantially
decreases. Because of these cellular changes, scars are formed
with a reduced number of cells [112]. Fibroblasts synthesize
and secrete collagen, which contributes to the reconstruction
and reinforcement of tissue structure in the wound area
[113, 114]. If fibroblasts abnormally proliferate and differ-
entiate into myofibroblasts, excessive collagen-rich ECM is
produced, leading to fibrosis and ultimately keloid formation
[115]. RNA sequencing has revealed differentially expressed
ferroptosis-related genes in keloid tissues compared to those
in normal human skin [116]. A therapy against keloid induces
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Table 1. Commonly utilized ferroptosis inhibitors

Class Drugs Target Animal models Clinical development  Application in wound
healing
Synthetic RTAs Fer-1 Lipid peroxidation, Huntington’s disease, N/A Diabetic wounds [80,
15Lox/PEBP1 iron-overload-induced 81], traumatic brain
liver damage, and injury [95, 98, 99],
DOX-induced fibrosis in keloids [118]
cardiotoxicity
Lip-1 Lipid peroxidation GPX4 KO mice; liver N/A UV-induced skin injury
IRI [89]
TEMPO Lipid peroxidation Cardiac reperfusion, N/A Pressure ulcers [91]
brain reperfusion
CuATSM Lipid peroxidation N/A Parkinson’s disease; N/A
amyotrophic lateral
sclerosis
Endogenous CoQ1o Lipid peroxidation Cancer cell sensitivity N/A N/A
lipophilic RTAs to ferroptosis
BH4 Lipid peroxidation Cancer cell sensitivity N/A N/A
to ferroptosis
7-DHC Lipid peroxidation Renal IRI N/A N/A
Natural RTAs Silibinin Lipid peroxidation Renal IR]; Health product for N/A
GPX4-KO-induced liver protection
liver and renal injury
Vitamin E Lipid peroxidation GPX4 KO in Daily nutrition N/A
endothelial cells, liver,
and hematopoietic
system
Vitamin K Lipid peroxidation GPX4 KO in liver, liver,  Daily nutrition N/A
or kidney IRI
Iron chelators DFO Labile iron Neurodegeneration, Iron-overload- Diabetic wounds [77,
IRIL, NASH, and related 78], pressure ulcers [90],
hemorrhagic stroke diseases traumatic spinal cord
injury [95]
DFP Labile iron Iron-overload-induced Parkinson’s disease, N/A
ferroptosis in cerebral Frederich’s ataxia
toxoplasmosis,
rhabdomyolysis-
induced acute kidney
injury
Selenium Tat SelPep GPX4 Neuronal IRI Nutrition element N/A
Thiazolidinediones Pioglitazone ACSL4 Intracerebral Type 2 diabetes N/A
hemorrhage
Rosiglita- ACSL4 GPX4 KO mice, Type 2 diabetes N/A
zone intestinal IRI
D-PUFAs RT001 PUFA autoxidation Neurodegeneration Friedreich’s ataxia; N/A

infantile
neuroaxonal
dystrophy

PEBP1 phosphatidylethanolamine binding protein 1, Lip-1 liproxstatin-1, RTAs radical-trapping antioxidants, DFO deferoxamine, DFP deferiprone,
ACSL4 long-chain fatty acid-CoA ligase 4, PUFA polyunsaturated fatty acid, DOX doxorubicin, GPX4 glutathione peroxidase 4, TEMPO 2,2,6,6-

tetramethylpiperidine-1-oxyl, Fer-1 ferrostatin-1, IRI ischemia-reperfusion injury, N/A not applicable

ferroptosis in keloid fibroblasts via ROS, accompanied by
downregulation of SLC7A11 and GPX4 [117]. Additionally,
iron has been demonstrated to accumulate in keloid tissue,
along with significant downregulation of SLC7A11, GPX4,
and Nrf2 and upregulation of transferrin receptor protein
1 (TFRC). Fer-1 inhibits ferroptosis, thereby reducing ECM
deposition and fibrosis [118]. In addition, the genetic deletion
of ferroportin, a crucial iron regulator, in macrophages affects
stromal cell proliferation, blood and lymphatic vessel forma-
tion, and fibrogenesis during wound healing, without affecting
inflammatory processes [119].

In summary, ferroptosis regulators play crucial roles
at various stages of wound healing. Notably, a positive
feedback mechanism involving ROS, iron, and inflammation
links wound healing with lipid peroxidation. An imbalance

between lipid peroxidation and repair mechanisms triggers
ferroptosis and persistent inflammatory response, potentially
exacerbating hard-to-heal wounds. Systemic disorders, such
as diabetes and immunosuppression, significantly impact
ferroptosis regulators during wound healing. Targeting these
factors can potentially optimize the healing process and
increase the likelihood of successful wound closure.

Therapeutic implication of ferroptosis in wound
healing

Recent studies have focused on the identification and synthesis
of ferroptosis inhibitors, which hold significant promise for
therapeutic applications in diseases linked to ferroptosis
(Table 1). RTAs directly target lipid peroxidation to inhibit
ferroptosis. Fer-1, the first synthetic RTA used to inhibit
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ferroptosis, is effective in various disease models, including
HD, iron-overload-induced liver damage, and DOX-induced
cardiotoxicity [20, 120, 121]. In addition, Fer-1 has been
used to alleviate diabetic wounds, traumatic brain injury,
and fibrosis in keloids. However, its low metabolic stability
limits its application iz vivo [122]. Lip-1, which inhibits
ferroptosis in UV-induced skin injury, is more suitable for use
in animal models than Fer-1 [26]. TEMPO, an organic nitroxyl
radical, shares common functions with antioxidants such as
Fer-1 but uniquely exhibits volatile effects. Recent research
has highlighted the role of TEMPO in mitigating oxidative-
stress-related tissue damage following cardiac reperfusion and
protecting against ferroptosis-induced cell death after brain
reperfusion in mouse models [123]. Additionally, it reduces
the progression of cutaneous IRI to pressure ulcer formation
[91]. Copper (II)-diacetyl-bis(N*-methylthiosemicarbazone)
(CuATSM) and its structurally similar analog CuATSP are
other notable synthetic RTAs, with CuATSM demonstrating
potent antiferroptotic activities in clinical settings for
neurodegenerative diseases such as ALS and PD [124].

FSP1 has been identified as a crucial ferroptosis suppressor
by reducing endogenous lipophilic RTA coenzyme Q10 and
natural lipophilic RTA vitamin K, thereby reducing lipid
peroxidation and subsequent ferroptosis [27-29]. BH4 is an
important RTA that, alone or in conjunction with vitamin
E, shields lipid membranes from oxidative damage, further
underpinning cellular defense mechanisms against ferroptosis
[32,125]. Recently, 7-DHC, an intermediate metabolite in dis-
tal cholesterol biosynthesis, was identified as an endogenous
inhibitor of ferroptosis [34, 35]. Enhancing 7-DHC levels by
inhibiting DHCR7 has shown potential for managing cancer
metastasis and reducing the progression of kidney IRI [34].
Silibinin, a natural product renowned for its hepatoprotective
properties, is safe and effective in inhibiting ferroptosis at both
cellular and tissue levels [126, 127]. a-Tocopherol, the most
active component of vitamin E, is a well-recognized lipophilic
RTA. It works synergistically with GPX4 to inhibit ferroptosis
in various tissues, including the vascular endothelium, liver,
and hematopoietic system [128-131].

Iron chelators such as DFO and DFP sequester iron, thereby
preventing the accumulation of iron-dependent lipid perox-
ides and offering a strategic approach to combat ferroptosis.
DFO was the first U.S. Food and Drug Administration (FDA)-
approved treatment for diseases associated with iron over-
load. It attenuates ferroptosis-related diseases in mouse mod-
els, including neurodegeneration, NASH, and hemorrhagic
stroke. Furthermore, DFO has been shown to alleviate dia-
betic wounds and traumatic spinal cord injury. However,
this may result in side effects such as anemia and edema
[132]. DFP, developed as an alternative to DFO, inhibits iron
overload induced by cerebral and rhabdomyolysis-induced
acute kidney injury [133, 134]. It offers a safer and more cost-
effective alternative with enhanced efficacy in clinical settings,
such as in neuronal diseases [135].

In addition to ferroptosis inhibitors, therapeutic strategies
aimed at modulating ferroptosis include GPX4 activation
through selenium supplementation [136]; inhibition of
lipoxygenases; and targeting of ACSL4 using drugs such as
pioglitazone and rosiglitazone, which are commonly used
for their modulatory effect on peroxisome proliferator—
activated receptor gamma (PPARy) in diabetes management
[8]. Moreover, clinical trials involving D-PUFAs to block the
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biosynthesis of pro-oxidative phospholipids have underscored
their therapeutic potential in neurodegenerative diseases [137,
138]. Therefore, it is worthwhile to apply these clinically
applicable inhibitors of ferroptosis for wound healing.

Wound healing involves intricate cellular processes in which
ferroptosis plays a significant role. By specifically targeting
ferroptosis at wound sites, pharmacological interventions can
potentially reduce systemic side effects while maximizing local
therapeutic efficacy. Furthermore, the integration of advanced
wound dressings such as hydrocolloids, foam, alginate, and
hydrogels optimizes healing conditions, offering significant
prospects for the development of novel therapeutic strategies
that improve recovery outcomes in both chronic and acute
wound scenarios.

Conclusions

Ferroptosis modulators play important roles throughout the
different stages of wound healing. The use of ferroptosis
inhibitors is a groundbreaking approach for wound manage-
ment. Wound healing is a complex process involving numer-
ous tissues and cell types and is characterized by a distinct
temporal sequence. However, a comprehensive panoramic
map depicting its initiation and progression is lacking. Most
existing studies have focused on individual cell types, or they
have been limited to phenotypic analyses, rendering the iden-
tity of the cell types undergoing ferroptosis at different stages
ambiguous. Therefore, harnessing technologies such as single-
cell transcriptomics and spatial omics is essential for compre-
hensively mapping these processes. Precision medicine and tar-
geted therapies are currently used for clinical treatment. Such
insights could provide a foundation for developing precision
treatments to regulate ferroptosis and potentially facilitate the
development of more effective treatment strategies for wound
healing. In addition to ferroptosis, other forms of cell death,
including necroptosis and apoptosis, are involved in wound
healing. Therefore, combined approaches targeting different
types of cell death may offer a novel therapeutic strategy for
wound healing.
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