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The role of SLC7A11 in diabetic
wound healing: novel insights
and new therapeutic strategies
Wei Zhang1, Jiawei Feng1, Yiming Ni1,2, Gen Li1, Yuqing Wang1,
Yemin Cao1, Mingmei Zhou1,2* and Cheng Zhao1*

1Shanghai Traditional Chinese Medicine Integrated Hospital, Shanghai University of Traditional
Chinese Medicine, Shanghai, China, 2Institute of Interdisciplinary Integrative Medicine Research,
Shanghai University of Traditional Chinese Medicine, Shanghai, China
Diabetic wounds are a severe complication of diabetes, characterized by

persistent, non-healing ulcers due to disrupted wound-healing mechanisms in

a hyperglycemic environment. Key factors in the pathogenesis of these chronic

wounds include unresolved inflammation and antioxidant defense imbalances.

The cystine/glutamate antiporter SLC7A11 (xCT) is crucial for cystine import,

glutathione production, and antioxidant protection, positioning it as a vital

regulator of diabetic wound healing. Recent studies underscore the role of

SLC7A11 in modulating immune responses and oxidative stress in diabetic

wounds. Moreover, SLC7A11 influences critical processes such as insulin

secretion and the mTOR signaling pathway, both of which are implicated in

delayed wound healing. This review explores the mechanisms regulating

SLC7A11 and its impact on immune response, antioxidant defenses, insulin

secretion, and mTOR pathways in diabetic wounds. Additionally, we highlight

the current advancements in targeting SLC7A11 for treating related diseases and

conceptualize its potential applications and value in diabetic wound treatment

strategies, along with the challenges encountered in this context.
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heterodimeric amino acid transporter; IL-1b, Interleukin-1b; IL-10, interleukin-10; IRS-1, insulin receptor

substrate 1; IRS-2, insulin receptor substrate 2; KEAP1, kelch-like ECH-associated protein-1; mTOR,

mechanistic target of rapamycin; mTORC1, mechanistic Target of rapamycin complex 1; mTORC2,

mechanistic Target of rapamycin complex 2; NF-kappaB, nuclear factor kB; NRF2, nuclear factor

erythroid 2- related factor 2; PGE2, production of prostaglandin E2; PKB, protein kinase B; PRC1,

polycomb repressive complex 1; ROS, reactive oxygen species; SASP, senescence-associated secretory

phenotype; SOD, superoxide dismutase; SWI/SNF, switch/sucrose non-fermentable; T2DM, type 2

diabetes mellitus; TNF-a, tumor necrosis factor alpha; uORFs, upstream open reading frames.
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1 Introduction

Diabetes mellitus (DM) is characterized by persistent

hyperglycemia caused by defects in insulin secretion or function,

classifying it as a chronic metabolic disease. It is projected that by

2045, 783 million people will be affected (1, 2). Long-term exposure

to high blood sugar levels diminishes immune responses and

triggers complications related to nerves and blood vessels, leading

to conditions such as retinopathy, nephropathy, neuropathy, and

diabetic wounds (3). Diabetic foot ulcers (DFUs), a severe and

common type of diabetic wound, significantly contribute to

morbidity and mortality globally and impose substantial

economic burdens. These chronic ulcerative wounds are often

exacerbated by tissue ischemia or hypoxia and, due to impaired

sensory nerve function, result in a high rate of limb amputations.

The estimated mortality associated with DFUs is 5% within one year

and 42% within five years (4). Despite ongoing research into the

pathophysiological mechanisms and treatment options for diabetic

wounds, understanding the explicit mechanisms and effective

treatment strategies remains limited.

During the wound healing process, phagocytic cells such as

dendritic cells (DCs) efficiently mediate efferocytosis to clear

apoptotic cells from the injured area, thus promoting tissue repair

and suppressing autoimmune responses (5, 6). They release a

plethora of molecules, such as CD86 and C-C motif chemokine

receptor 7, facilitating the production of prostaglandin E2 (PGE2),

interleukin-1b (IL-1b), and interleukin-10 (IL-10) (7, 8). However,

the efferocytosis by macrophages is impaired in diabetes,

exacerbating the inflammatory response, leading to delayed

wound healing and impaired tissue regeneration (9, 10).

Moreover, long-term hyperglycemia in diabetic patients increases

mitochondrial reactive oxygen species (ROS) production, inducing

oxidative stress and lipid peroxidation, leading to cellular

dysfunction and death (11, 12). Impaired iron metabolism in

diabetes results in the accumulation of free plasma iron, further

inducing ferroptosis. Ferroptosis is a non-apoptotic cell death

dependent on ROS and iron availability, proven to impair

diabetic wound healing (13, 14). These alterations collectively

contribute to inflammation and oxidative stress in the wound

area, ultimately affecting wound healing (15).

SLC7A11 (xCT) is the subunit of the cystine/glutamate

antagonist system Xc- and plays a vital role in intracellular

cystine uptake and glutathione (GSH) synthesis (16). GSH, a

major antioxidant in cells, maintains the internal antioxidant

balance, which is crucial for combating oxidative stress and

ferroptosis in diabetic wound healing (17). The uptake of cystine

through SLC7A11-mediated activates the PI3K/AKT signaling

pathway, leading to the stimulation of mechanistic target of

rapamycin complex 1 (mTORC1), which in turn inhibits lipid

peroxidation and ferroptosis (18). This process is also linked to

macrophage polarization. Moreover, glutamate exported by system

Xc- to the extracellular space reduces insulin secretion (19). Beyond

mediating basic system Xc- functions, SLC7A11 regulates

efferocytosis by DCs and affects the release of factors such as

growth differentiation factor 15 (GDF15) (5). These findings

suggest that SLC7A11 may influence wound healing through
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multiple mechanisms. A thorough understanding of SLC7A11’s

regulatory mechanisms will aid in developing effective targeted

therapies for diabetic wound treatment.

In this review, we first discussed the key mechanisms that lead

to delayed wound healing in diabetes, then introduced in detail the

regulation of the SLC7A11-dependent signaling pathway on wound

healing in diabetes, and conceptualized its potential application and

challenges in diabetes wound treatment strategies. These insights

can provide a theoretical basis and new treatment methods for

treating diabetes wounds.
2 Overview of SLC7A11

2.1 The structure of system Xc- and its
transfer function

system Xc- belongs to the heterodimeric amino acid transporter

(HAT) family, comprising the light chain subunit SLC7A11 and the

heavy chain subunit SLC3A2 (4F2hc) (20). These two subunits are

connected via extracellular covalent disulfide bonds and fulfill

distinct roles (21). SLC7A11 is a multi-pass transmembrane

protein that facilitates the activity of system Xc- (22), while

SLC3A2 is a single-pass transmembrane protein, acting as a

stabilizing agent for the stability and proper membrane

localization of SLC7A11 (23). system Xc- is situated on the cell

membrane and functions as a sodium-independent reverse

transporter, expelling internal glutamate and absorbing

extracellular cystine at a 1:1 ratio (24, 25). Cysteine is an amino

acid involved in protein synthesis, post-translational modifications,

and maintaining redox balance (26, 27). It serves as a precursor for

antioxidants and biological macromolecules with antioxidant

qualities such as GSH (composed of cysteine, glutamate, and

glycine), taurine, and hydrogen sulfide (26, 27). The cellular

cysteine acquisition pathway involves the synthesis of

homocysteine with serine. This process occurs in tissues,

including the liver, kidney, pancreas, and specific cell lines in the

transsulfuration metabolic pathway (28). However, most cysteine is

absorbed from the extracellular environment via the system Xc-

(Figure 1). Unstable extracellular cysteine rapidly oxidizes to

cystine, which the system Xc- transports into the cell. The high

reductive environment inside the cell quickly converts cystine back

to cysteine.

Cysteine and glutamate combine enzymatically to form g-
glutamylcysteine by glutamate-cysteine ligase. Glutathione

synthase adds glycine to g-glutamylcysteine to form reduced

glutathione. This synthesized reduced glutathione acts as a

cofactor for ROS detoxification enzymes such as glutathione

peroxidase (GPX) and participates in the breakdown of peroxides

such as hydrogen peroxide. This process depletes GSH and helps to

protect cells from oxidative damage incurred by ROS. Reduced GSH

is oxygenated to glutathione disulfide in the presence of GPX.

Subsequently, glutathione reductase utilizes NADPH to regenerate

reduced GSH from glutathione disulfide (20). As a primary

antioxidant in cells, the continuous synthesis and regeneration of

reduced GSH are indispensable for maintaining cellular redox
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FIGURE 1

SLC7A11 regulation by various mechanisms. The expression and function of SLC7A11 are regulated at multiple levels under both basal and stress
conditions. Under basal conditions, ATF3 and p53 suppress the transcription of SLC7A11. BAP1 inhibits its expression by removing H2Aub ubiquitin
from the SLC7A11 promoter, whereas PRC1 ubiquitinates H2A on the SLC7A11 promoter, also suppressing SLC7A11. p53-mediated nuclear
translocation of USP7 further inhibits SLC7A11 transcription by reducing H2Bub ubiquitination occupancy. Under stress conditions, ATF4 activates
SLC7A11 transcription via the GCN2-eIF2a signaling pathway in response to amino acid deprivation. During oxidative stress, KEAP1-mediated
degradation of NRF2 is inhibited, allowing stable NRF2 protein to translocate to the nucleus and activate the transcription of SLC7A11 and other
antioxidant genes. Additionally, the SWI/SNF chromatin remodeling complex facilitates NRF2-mediated transcriptional activation of SLC7A11. The
H3K9 demethylase KDM3B promotes its transcription by reducing H3K9 methylation at the SLC7A11 promoter. In terms of post-translational
regulation, OTUB1 and CD44 form a trimeric complex with SLC7A11, ubiquitinating it to prevent its degradation by the proteasome, thereby
stabilizing SLC7A11 protein. High cell density inhibits mechanistic target of rapamycin 1 (mTORC1) and promotes SLC7A11 degradation in lysosomes.
mTORC2 and AKT inhibit the activity of the SLC7A11 transporter by phosphorylating serine 26 on SLC7A11. Created with BioRender.com.
FIGURE 2

Schematic illustration of healing mechanisms in normal and non-healing diabetic wounds. The healing of wounds involves the coordinated and
integrated interaction of various cell types, biomolecules, and the extracellular Matrix (ECM). Contrary to the healing process in normal wounds, in
diabetic wounds, the prolonged and excessive inflammatory responses, along with a state of oxidative stress, are significant impediments to wound
healing. This involves deficiencies in the immune system, particularly the absence of phagocytic cell efferocytosis, and an imbalance in antioxidative
mechanisms, leading to the accumulation of reactive oxygen species (ROS) in the wound. In such circumstances, more inflammatory cells engage in
the wound repair process, secreting pro-inflammatory factors. Concurrently, the decreased release of growth factors and an imbalance in
macrophage polarization, further lead to damage to neural and vascular structures. These comprehensive outcomes subsequently affect the wound-
healing process, ultimately resulting in a prolonged inflammatory phase and wounds that are challenging to heal. Created with BioRender.com.
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homeostasis and mitigating oxidative stress-induced damage (29).

This ongoing supply of GSH is particularly crucial in conditions

characterized by elevated oxidative stress, such as chronic

inflammation or metabolic disorders like diabetes (30).

Furthermore, the transport of extracellular cystine into the cell via

the system Xc- is critical for sustaining intracellular levels of

cysteine and GSH (24).

In the subsequent discussion, we shall now address the extended

functions of system Xc-, including roles in oxidative stress, ferroptosis,

and immune-inflammatory responses. Given that SLC3A2 also acts as

a chaperone for multiple other amino acid transporter proteins and

has multifunctional capabilities beyond its role in system Xc- (23). We

will concentrate on investigating the impact of SLC7A11 on diabetic

wound healing, specifically its regulatory roles in various physiological

and pathological mechanisms.
2.2 Regulatory mechanisms of SLC7A11

Multiple mechanisms precisely control SLC7A11’s expression

and activity to maintain its appropriate function in organisms

(Figure 1). These include transcriptional regulation by

transcription factors, epigenetic regulators, and post-

transcriptional regulatory mechanisms such as tuning its mRNA

levels, subcellular localization, protein stability, and transporter

protein activity (20). In this section, we will explore how various

mechanisms regulate SLC7A11 and the downstream biological

effects it mediates.

2.2.1 Transcriptional regulation of SLC7A11 by
transcriptional factors

SLC7A11 is induced to be expressed under diverse stress

conditions, including oxidative stress, amino acid starvation,

metabolic stress, and genotoxic stress, contributing to maintaining

redox homeostasis and supporting cells alive under stress

conditions (20). Activating transcription factor 4 (ATF4) and

nuclear factor erythroid 2- related factor 2 (NRF2) are core

transcription factors involved in the stress-induced transcription

of SLC7A11. ATF4, belonging to the ATF/CREB (activating

transcription factor/cyclic AMP response element binding)

transcription factors family, is activated primarily through the

mRNA translation mechanism under stress conditions, including

hypoxia, endoplasmic reticulum stress, amino acid starvation, and

viral infection, and facilitates target gene transcription in the

nucleus (31). Under non-stress conditions, the translation of

ATF4 mRNA is inhibited by upstream open reading frames

(uORFs) in its 5′ untranslated region. Under stress conditions,

the translation of ATF4 uORF is inhibited, which involves various

upstream kinases activating the phosphorylation of eukaryotic

initiation factor 2a (eIF2a) under cell stress, leading to an

increase in ATF4 protein levels (31). Research indicates the

general control non-derepressible-2 (GCN2)-eIF2a-ATF4
signaling pathway is activated during amino acid starvation,

upregulating the expression of SLC7A11 (32). This promotes the

transcription of genes related to stress response and amino acid
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metabolism, adapting to the state of amino acid deprivation (32).

NRF2 is another key transcription factor in promoting SLC7A11

transcription and mainly mediates oxidative stress-responsive

transcription processes (33). Similarly, under non-stress

conditions, NRF2 interacts with kelch-like ECH-associated

protein-1 (KEAP1). KEAP1 serves as a substrate adapter protein

for the Cullin3-dependent ubiquitin ligase complex, promoting

NRF2 to be degraded by the proteasome via KEAP1-Cullin3-

mediated ubiquitination. When oxidative stress occurs, KEAP1 is

inactivated, and its degradative effect on NRF2 is impaired,

enhancing the stability of NRF2 protein. Subsequently, NRF2

combines with an antioxidant response element to regulate the

transcription of antioxidant defense and redox homeostasis-related

genes such as SLC7A11 (34).

Furthermore, the expression of SLC7A11 can also be

transcriptionally repressed (16). p53 is recognized as a

transcription factor that represses SLC7A11 expression (35).

Under ferroptosis-inducing conditions, p53 induces ferroptosis by

partially inhibiting the expression of SLC7A11, whereas its absence

leads to increased resistance to ferroptosis through the upregulation

of SLC7A11 (35). Activating transcription factor 3 (ATF3) is

another member of the ATF/CREB transcription factors family. It

mainly regulates the transcription of SLC7A11 under basal

conditions without affecting the stress-induced expression of

SLC7A11. A study confirmed that ATF3 expression is

upregulated after erastin (a potent inducer of ferroptosis)

treatment (36), binds to the SLC7A11 promoter, and represses its

expression in a p53-independent manner and that ATF3

contributes to erastin-induced ferroptosis by downregulating

SLC7A11 (37).

In summary, SLC7A11 expression is repressed by ATF3 and

p53 under basal conditions, whereas various stress conditions

promote SLC7A11 transcription partly via ATF4 or NRF2.

Together, these regulatory mechanisms maintain a low-level state

of SLC7A11 in vivo under normal conditions and are ready to

respond to stress stimuli to satisfy physiological demands.

2.2.2 Epigenetic regulation of
SLC7A11 transcription

Epigenetic regulation of gene transcription occurs primarily

through DNA and DNA-associated histones modifications, such as

methylation, phosphorylation, ubiquitination, and acetylation (38).

Particular DNA or histone modifications are frequently related to

particular gene transcription types (16). SLC7A11 is a critical

transcriptional target of the nuclear deubiquitinating enzyme

BAP1 (39). BAP1 deubiquitinates histone 2A (H2Aub) on the

SLC7A11 promoter and represses SLC7A11 expression in a p53-

independent way (39, 40). Polycomb Repressive Complex 1 (PRC1)

is the primary ubiquitin ligase mediating H2Aub (41). Similar to

BAP1, PRC1 inhibits the expression of SLC7A11, even though

PRC1 and BAP1 have opposite effects on the levels of H2Aub on the

SLC7A11 promoter. The key to this repression of SLC7A11 may lie

in the balance of H2A ubiquitination and deubiquitination

mediated by BAP1 and PRC1 instead of changes in the level of

H2Aub itself (16). Contrastingly, monoubiquitination of histone 2B
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1467531
(H2Bub) at the lysine 120 site is usually related to transcriptional

activation (42). As research indicates, erastin treatment reduces the

overall levels of H2Bub and the occupancy of H2Bub on the

SLC7A11 promoter, thereby inhibiting SLC7A11 transcription

(43). Moreover, the repressive function of histone H3 lysine 9

(H3K9) methylation on transcription has been confirmed (44).

A recent study showed that overexpression of the H3K9

demethylase KDM3B reduces H3K9 methylation and increases

SLC7A11 expression by removing repressive marks on the

SLC7A11 promoter. This enhances protection against erastin-

induced ferroptosis (45). BRD4 belongs to the bromodomains

and exogenous structural domains family that may facilitate

SLC7A11 transcription via epigenetic mechanisms (46). Recently,

the chromatin remodeling activity of the switch/sucrose non-

fermentable (SWI/SNF) complex was found to be associated with

SLC7A11 transcriptional regulation (47). Specifically, ARID1A, a

SWI/SNF complex component, combines with the SLC7A11

promoter to promote NRF2-mediated activation of SLC7A11

transcription (47).

2.2.3 Posttranslational regulation of SLC7A11
Various post-translational mechanisms also regulate the

localization, stability, and transporter activity of SLC7A11. OTUB

is a deubiquitinase of the Ovarian Tumor family. It was shown that

OTUB and adhesion molecule CD44 variant (CD44v) regulates the

stability of SLC7A11 and sensitivity to ferroptosis (48). Precisely,

SLC7A11, ubiquitin aldehyde binding 1 (OTUB1), and CD44v form a

trimeric complex, interacting to maintain cell surface localization and

stability of SLC7A11 (49, 50). Furthermore, the transmembrane

protein SLC7A11 is also thought to be regulated by lysosomal

degradation due to its localization on the plasma membrane (16).

The mechanistic target of rapamycin (mTOR) belongs to the PI3K-

related kinase family, which is a serine/threonine kinase. mTOR

exists in two distinct kinase complexes, mTORC1 and mechanistic

target of rapamycin complex 2 (mTORC2), exerting regulatory effects

on SLC7A11. Studies have shown that the inactivation of mTORC1

can promote the lysosomal degradation of SLC7A11, even though the

specific mechanism remains unknown (51). mTORC2 interacts with

SLC7A11 and responds to growth factor stimulation by

phosphorylating serine 26 in the SLC7A11 cytoplasmic region,

resulting in inhibition of its transporter activity (52).
3 Excessive inflammatory and
oxidative stress states in diabetic
wound healing

Compared to normal skin, diabetic skin appears to have more

inflammatory cell infiltration, edema, and less granulation tissue

formation, leading to a decreased wound healing reserve capacity in

diabetic wounds (53, 54). Abundant evidence suggests that the

persistent excessive inflammatory immune response and oxidative

stress state in wounds of diabetic patients are important aspects

contributing to this adverse alteration (Figure 2). Systemic

accumulation of advanced glycation end products (AGEs) due to
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hyperglycemia induces oxidative stress responses, damages skin and

inflammatory cell functions, and increases the hardness of the

extracellular matrix (ECM) (55, 56). Subsequent tissue damage

leads the wound to a prolonged state of excessive inflammation,

with a significant infiltration of neutrophils. The ROS and

destructive enzymes produced by excessive inflammation

perpetuate this adverse cycle (57). This oxidative stress impairs

the healing, disrupts the regular order of overlapping healing stages,

and ultimately promotes the emergence of a “chronic wound

phenotype” (58, 59). Due to the high levels of inflammation and

oxidative stress, the chronic wound environment provides perfect

conditions for inducing senescent cells. Under the influence of a

series of intrinsic and extrinsic factors, mitotic cells become

senescent and non-proliferative. The senescence-associated

secretory phenotype (SASP) of these cells, characterized by the

secretion of proinflammatory cytokines (such as TNF-a, IL-6),
chemokines, and tissue-degrading proteases (such as MMPs),

further exacerbates the inflammatory environment and impedes

wound healing (60). This hypersecretory phenotype disrupts the

normal wound healing processes by maintaining a chronic

inflammatory state, degrading extracellular matrix components,

and potentially inducing senescence in neighboring cells (61),

creating a self-perpetuating cycle of impaired healing.
3.1 Excessive inflammation response and
immune system deficiencies

3.1.1 Sustained excessive inflammatory response
in diabetic wounds

In diabetic patients, the impairment of wound closure caused by

hyperglycemia is closely associated with multiple factors, including

atherosclerosis, dysfunction of skin cells, and peripheral

neuropathy. These factors collectively increase the vulnerability of

the skin and the risk of infection, thereby significantly delaying the

healing process (62). Unlike acute wounds, the healing of diabetic

wounds is characterized by a persistent excessive inflammatory

phase, manifested by extensive infiltration of inflammatory cells

such as neutrophils and macrophages (63–65). Concurrently, pro-

inflammatory cytokines such as interleukin-1 (IL-1), interleukin-6

(IL-6), tumor necrosis factor alpha (TNF-a), and plasma C-reactive

protein are continuously produced at the wound site (63, 64, 66, 67),

coupled with heightened bacterial proliferation (64, 68). Under the

influence of these inflammatory chemokines, pro-inflammatory

cytokines such as b-defensins, keratinocyte chemotactic factors,

and macrophage inflammatory proteins play a crucial role in

inducing leukocyte aggregation at the wound site (12, 69, 70).

However, in diabetic patients, the expression of inflammatory

cytokines increases, b-defensin levels decrease, abnormal

activation of sensor activation signals and transcription activators,

and reduced activity of protein kinase B (PKB) and nuclear factor

kB (NF-kappaB) (12, 69, 70), leading to a sustained excessive

inflammatory response and severe impairment of the wound

healing process. This persistent pro-inflammatory phenomenon

has also been demonstrated in diabetic animal ulcer models as a

significant impediment to wound healing (71).
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3.1.2 Immune deficiencies and cell dynamics in
diabetic wound healing

Wound healing involves reactions from various immune

systems and the participation of different immune cells. However,

in diabetic patients, the impairment of these immune cell functions

has been established (72). Impaired phagocytic activity and

leukocyte dysfunction in obese and diabetic patients, compared to

healthy individuals, may be related to elevated infection prevalence

in this population (73). Chronic inflammation in diabetic wounds

leads to T-cell accumulation and subsequently elevated levels of C-

C motif chemokine receptor 4 and TNF-a, thereby significantly

impacting the immune response and increasing susceptibility to

opportunistic pathogens in wounds (74–76).

The immunological process of phagocytes clearing apoptotic

cells from the injured area is known as efferocytosis, essential for

tissue repair in skin wounds (77). Efferocytosis is carried out by

“professional” phagocytes (such as monocytes, macrophages, and

DCs) and “non-professional” phagocytes (such as epithelial cells)

(78). After skin injury, DCs, neutrophils, and macrophages residing

or recruited to the skin act as phagocytes, exerting an efferocytosis

role to influence wound healing (5, 79, 80). Therefore, defects in

efferocytosis are often associated with chronic inflammation of

wounds and persistent inflammatory diseases (9, 81, 82). The

presence of defects in the efferocytosis of phagocytes isolated

from diabetic mice and humans in wounds, which exacerbate the

inflammatory response, further confirms that the efferocytosis

defects of phagocytes are a general characteristic of diabetes (9, 83).
3.2 The oxidative stress state in
diabetic wounds

Several recent studies have revealed the crucial role of oxidative

stress in diabetic wound healing. ROS are a class of molecules formed

from oxygen, including free radicals and non-radical species such as

singlet oxygen, superoxide anions, hydrogen peroxide, and hydroxyl

radicals. Even low levels of ROS are beneficial against external

damage (84). However, excess reactive nitrogen species and ROS in

tissues can lead to oxidative stress. Oxidative stress and decreased

antioxidant capacity cause redox imbalance and further damage cells

and tissues, a significant reason for the non-healing of diabetic

wounds (85). Redox imbalance is usually associated with an

excessive accumulation of oxidative products and decreased activity

of antioxidant enzymes. Clinical research has indicated that the high

oxidative stress state in delayed healing diabetic wounds is related to

hyperglycemia and tissue hypoxia. Antioxidant enzyme activities are

also significantly reduced in patients with long-standing type 2

diabetes mellitus (T2DM) (86). Oxidative stress affects the normal

wound-healing process and is closely related to neurovascular

complications and ischemic hypoxic injury, which together account

for the delayed healing of diabetic wounds.

3.2.1 Excessive ROS production and antioxidant
redox imbalance

Typically, cells control the excessive production of ROS through

a range of antioxidant defense mechanisms. This includes
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enzymatic antioxidants such as GPX, catalase, and superoxide

dismutase (SOD), as well as non-enzymatic antioxidants

like glutathione, metal ion chelators, and vitamins. However,

oxidative stress is triggered when the balance between ROS

production and these antioxidants is disrupted. In diabetes,

persistent hyperglycemia produces excessive ROS by increasing

mitochondrial oxygen consumption, impairing mitochondrial

function, or activating the evolutionarily conserved ROS-

producing NADPH oxidase. In the microenvironment of chronic

wounds, elevated ROS levels are associated with a range of harmful

effects on wound healing, such as the production of AGEs (87). The

levels of AGEs in the serum of diabetic patients and their receptors

on the skin surface tend to be elevated (88, 89), and the interaction

of these AGEs with endothelial cell surface receptors leads to

excessive generation of ROS (90). The edge and center areas of

diabetic wounds seem more prone to excessive oxidative stress and

damage, which may further lead to poor wound healing (91, 92).

Furthermore, AGEs impair wound contraction and prolong the

inflammatory response, hampering the proliferation of the ECM

(93). Elevated ROS levels impair endothelial cell function in wound

repair, thus hindering angiogenesis (94). It also causes upregulation

of intercellular adhesion molecule-1 expression, which promotes

activated leukocyte exudation (95). These alterations inhibit

keratinocyte migration, delaying the re-epithelialization of the

wound (96). In terms of metalloproteinase regulation, ROS can

lead to the inactivation of tissue inhibitors, promoting the

formation of a proteolytic microenvironment in chronic wounds

(97), and induce the expression of matrix metalloproteinases in

fibroblasts, especially under the exposure to singlet oxygen (98),

hydrogen peroxide (99), or hydroxyl radicals (100). Diabetic

wounds, with their lower antioxidant reserves, provide favorable

conditions for the accumulation of ROS. Studies have shown that

compared to acute wounds, chronic wounds have significantly

increased levels of SOD released by neutrophils (101) and have

low levels of GSH (102). Additionally, the activation of oxidative

stress response transcription factor Nrf2-related pathways has been

shown to protect vascular endothelial cells from oxidative stress-

induced damage, thereby promoting angiogenesis and accelerating

wound healing in diabetic mice (103). However, in patients with

type 2 diabetes and DFU, the circulating levels of Nrf2 and its

downstream targets are significantly reduced (104, 105).

3.2.2 Peripheral neuropathy and hypoxia in
diabetic wounds

In diabetes, excessive oxidative stress can have detrimental effects

on the structure, metabolism, and blood supply of peripheral nerves

(106), leading to widespread deterioration in myelinated axons,

Schwann cells, and sensory neurons located in the dorsal root

ganglia (107). This may result in impaired nerve function and

hypoxia. Increased ROS levels lead to DNA damage and

polyadenosine ribose polymerase activation, a process that inhibits

glucuronide dehydrogenase activity. This inhibition further triggers

polyol and hexosamine pathways increases protein kinase C activity,

promotes AGE formation, and activates apoptosis-related signaling

pathways such as p38 MAPK and NF-kB. These changes lead to

altered gene expression, apoptotic signaling, cytokine release, and
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microvascular dysfunction, ultimately resulting in impaired

neurological function and the development of neuropathy (108).

Additionally, oxidative stress, in conjunction with energy deficiency,

contributes to axonal damage. Given that axons are rich in

mitochondria, providing a direct supply of neural energy, a lack of

ATP supply could result in the loss of ability to transport along the

axon, exacerbating axonal injury and leading to diabetic neuropathy.

This phenomenon is further aggravated under oxidative stress,

triggering axonal degeneration or apoptosis (109). Studies show

that at least half of diabetic patients develop clinically significant

peripheral neuropathy (110, 111). This peripheral neuropathy can

induce sensory, motor, and autonomic nerve function disorders,

leading to delayed wound healing (15). Sensory nerve dysfunction

reduces diabetic ulcer patients’ awareness of wounds (112), leading to

diminished or loss of skin protection (57), which represents a

significant threat to diabetic ulcer wound regeneration (15). By

increasing plantar pressure, motor neuropathy directly damages

tissues, leading to the occlusion of plantar capillaries, local tissue

ischemia, and destruction (113). Autonomic neuropathy caused by

diabetes manifests as abnormalities in sweat gland function, resulting

in abnormal temperature regulation, reduced skin sweating, and dry,

cracked skin. These changes further compromise skin integrity,

making the wound more susceptible to infection (114). Moreover,

dysfunction of the peripheral sympathetic nerves may lead to

dysregulation of vascular regulation and abnormal arteriovenous

shunting, potentially causing abnormalities in skin blood flow and

microcirculatory dysfunction, thus causing local blood circulation

distribution disorders and insufficient nutritive capillary blood supply

(57). This circulatory disorder, causing insufficient oxygen and

nutrient supply to diabetic wounds, is further exacerbated under

the influence of hemoglobin glycation (69).
3.2.3 Microvascular complications and ischemia
in diabetic wounds

Microvessels serve as natural conduits for the transport of blood

and immune cells, and they supply nutrients to the skin of the lower

limbs (115). In diabetic wounds, complications in these microvessels

exacerbate ischemia and hypoxia at the wound site, posing challenges

to normal healing processes. Diabetic microvascular complications

arise from a complex pathology involving microangiopathy and

macroangiopathy, driven by processes such as non-enzymatic

glycation, oxidative stress, inflammation, endothelial dysfunction, and

a hypercoagulable state (116, 117). These factors collectively lead to

endothelial cell damage and dysfunction. Unlike other cell types, such

as skeletal muscle cells, adipocytes, and hepatocytes, endothelial cells

have a reduced capacity to decrease glucose uptake in response to

elevated extracellular glucose levels, leading to hyperglycemia within

these cells and consequent oxidative stress and damage (118). Excess

ROS leads to endothelial dysfunction through various mechanisms,

including activation of biochemical pathways such as AGE/RAGE,

polyols, hexosamine, and protein kinase C. These pathways trigger

oxidative stress, leading to inflammation, reduced nitric oxide, pericyte

degeneration, endothelial hyperplasia, basementmembrane thickening,

impaired vasorelaxation, and increased procoagulant activity, thereby

contributing to the progression of diabetic microangiopathy (119–122).
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Structural changes in the microvasculature of diabetic wounds impede

the delivery of nutrients and activated leukocytes, increasing tissue

susceptibility to infection and exacerbating inflammation reaction, then

promoting the development and progression of diabetic wounds (57).

Additionally, these structural changes increase the likelihood

of microvascular occlusions, further exacerbating local ischemia

and hypoxia in diabetic wounds (57). MicroRNAs, such as miR-210

induced by hypoxia-inducible factor-1 alpha in ischemic wounds, play

significant roles in diabetic microvascular complications by inhibiting

keratinocyte proliferation and hindering wound closure (123).
4 Mechanism of SLC7A11 in regulating
diabetic wound healing

4.1 SLC7A11 and efferocytosis in diabetic
wound healing

In diabetic wounds, continuous cell death triggers inflammatory

responses, disrupting the tissue repair process (78, 82, 124). During

this process, phagocytic cells such as macrophages clear the dead cells

from the wound through a process known as efferocytosis to mitigate

these negative effects. Among these, DCs are a heterogeneous group

of professional phagocytes capable of recognizing and engulfing

apoptotic cells. DCs are essential in maintaining tissue homeostasis

by regulating innate and adaptive immune responses. Co-stimulatory

molecules such as CD80, CD86, and MHC-II are essential for DCs

maturation and subsequent activation of native CD4 T cells. Their

deficiency may lead to T cell immunosuppression or tolerance,

whereas effective efferocytosis by DCs suppresses the immune

responses to self-antigens. Meanwhile, abundant evidence

highlights the favorable aspects of efferocytosis by DCs in diabetic

wound healing. After phagocytosing infected apoptotic cells, DCs

release large amounts of cyclooxygenase-2, PGE2, IL-10, and TGF-b,
which contribute to balancing inflammatory responses and

promoting tissue repair (125–127). Recent research has revealed

that SLC7A11 primarily regulates efferocytosis in dendritic cells

within diabetic mouse skin wounds, acting as a critical regulatory

factor in diabetic wound healing. DCs treated with erastin or

SLC7A11-KO show increased aerobic glycolysis, which fulfills the

bioenergetic demands of efferocytosis. Pharmacologically inhibiting

the function of SLC7A11 significantly enhances wound healing in

diabetic mice (5). Experiments indicate that in db/db mice, which are

prone to diabetes, reduced efferocytosis and lower levels of GDF15 are

associated with high expression of SLC7A11 (5). Therefore, inhibiting

SLC7A11 in wounds can promote diabetic wound healing through at

least twomechanisms: improving cellular efferocytosis and enhancing

the release of factors such as GDF15 by efferocytic cells (Figure 3A).
4.2 The role of SLC7A11 in oxidative stress
and ferroptosis in diabetic wounds

Among the multiple pathological mechanisms leading to

abnormalities in diabetic wound healing, there is gradually a
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widespread concern about the impairment of wound healing by

hyperglycemia-induced ROS accumulation and oxidative stress.

Ferroptosis, an iron-dependent form of non-apoptotic cell death

typically characterized by the accumulation of lipid ROS (14), has

been proven to be closely associated with the pathological process of

diabetic wound healing (17). Ferroptosis damages wound healing in

diabetic patients by affecting the pathology of ROS and lipid

peroxidation products (15). In a high-glucose environment, the

increased ROS, lipid peroxidation, and ferroptosis-related proteins

in fibroblasts and endothelial cells lead to reduced viability and

migration rates, whereas the ferroptosis inhibitor Fer-1 can

significantly alleviate these adverse effects (13). An animal study

showed that pharmacological inhibition of ferroptosis reduces the

expression of inflammatory and oxidative stress markers in diabetic

rat wounds and promotes wound healing by activating the PI3K/

AKT pathway (13). Thus, effective inhibition of ferroptosis may
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positively affect diabetic wound healing. Notably, SLC7A11 plays a

vital role in the ferroptosis mechanism through its unique function

in mediating cystine/glutamate exchange (Figure 3B). SLC7A11

promotes cellular cystine uptake, providing the necessary

precursors for synthesizing GSH, which is crucial for detoxifying

cytotoxic lipid peroxides by glutathione peroxidase 4 (GPX4). By

utilizing GSH, GPX4 reduces lipid peroxides to lipid alcohols,

thereby inhibiting the occurrence of ferroptosis (128). In diabetic

conditions, sustained high glucose-induced oxidative stress results

in the downregulation of SLC7A11 expression, which decreases

intracellular cystine levels. This reduction leads to depleted GSH

biosynthesis and inhibits GPX4 activity, ultimately triggering

ferroptosis (129). Therefore, activating SLC7A11 to import

cystine and promote glutathione synthesis can effectively prevent

the accumulation of lipid peroxides and the occurrence of

ferroptosis, protecting diabetic wound healing (20).
FIGURE 3

(A) SLC7A11 acts as a brake on dendritic cell (DC) efferocytosis. Efferocytosis in DCs is enhanced via glycogenolysis with the inhibition or knockout of
SLC7A11 during diabetic wound healing. (B) SLC7A11 is a multi-pass transmembrane protein that mediates the activity of the cystine/glutamate
antiporter, system Xc-. SLC3A2 is a companion protein that maintains the stability and proper membrane localization of SLC7A11. Together, they form
the system Xc- via an extracellular covalent disulfide bond and operate in a 1:1 ratio to export intracellular glutamate and import extracellular cystine,
which provides cysteine for glutathione synthesis. Extracellular cystine is imported into the cell via SLC7A11 and then reduced to cysteine. Cysteine
combines with glutamate, and in the presence of enzymatic addition of a glycine molecule, produces glutathione (GSH). GSH neutralizes and clears
reactive oxygen species (ROS), protecting cells from oxidative damage. Ferroptosis is a form of non-apoptotic cell death that depends on lipid oxidation
and the accumulation of intracellular iron. Glutathione peroxidase 4 (GPX4) uses GSH to reduce lipid hydroperoxides to lipid alcohols, thereby inhibiting
ferroptosis. The cystine uptake mediated by SLC7A11 and PI3K/AKT signaling promotes the activation of mTORC1, which through the Rag-mTORC1-
4EBP signaling axis, enhances GPX4 protein synthesis. It also upregulates the SREBP1-SCD1 axis to increase MUFA synthesis and inhibits autophagy,
thereby suppressing lipid peroxidation and ferroptosis. In the context of diabetic wounds, these metabolic balancing processes are disrupted. Trivalent
iron (Fe3+) binds to transferrin and is imported into cells via the membrane protein transferrin receptor 1. Fe3+ is then reduced to Fe2+ by a reductase.
Finally, excessive intracellular iron mediated by high glucose levels generates ROS through the Fenton reaction, leading to ferroptosis. Created with
BioRender.com.
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4.3 Influence of SLC7A11 on
insulin secretion

In T2DM, disruption of the insulin signaling pathway is a known

pathological factor leading to impaired wound healing (130).

Reduction in the number of cell surface insulin receptors,

the impediments of PI3K activation, and subsequent signal

transmission within the insulin signaling pathway contribute to

ineffective insulin work, thereby developing insulin resistance (131).

In addition, insulin regulates the differentiation of skin keratin-forming

cells and glucose transport through IR-related signals (132).

Expression of insulin receptor, insulin receptor substrate 1 (IRS-1),

insulin receptor substrate 2 (IRS-2), Src Homology 2 Domain

Containing, Extracellular Signal-Regulated Kinase (ERK) and AKT

are increased in healing wound tissues compared to intact skin. In

contrast, these pathways are weakened in the injured skin of diabetic

rats. Topical application of insulin normalizes wound healing time in

diabetic animals, subsequently reversing defective insulin signal

transduction (133). In pancreatic b-cells, insulin secretion is

tightly associated with the glucose metabolism process and its

various by-products, ranging from ATP and glutamate (19) to ROS

(134). This relatively unrestricted glucose metabolic pathway renders

b-cells particularly sensitive to oxidative stress induced by

hyperglycemia (135, 136). The Slc7a11 gene is upregulated to

provide sufficient cysteine to cope with the inflammatory response

and alleviate the increase in ROS production, mitigating cellular

damage (137). Studies indicate that constitutive deficiency of system

Xc- results in approximately a threefold decrease in GSH levels in the
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islets, characteristic upregulation of Chac1 due to cysteine deficiency,

and reduced b-cell-specific gene expression and increased markers

of endoplasmic reticulum stress, thus diminishing insulin secretion

both in vitro and in vivo (137). Furthermore, ferroptosis induced by the

inhibition of system Xc- with erastin has been shown to impair islet

viability (138). Even though intracellular glutamate enhances insulin

secretion, extracellular glutamate might activate ionic receptors,

thereby slowing insulin exocytosis (Figure 4). This process is

regulated by system Xc- (19), presenting a double-edged sword for

pancreatic b-cells.
4.4 SLC7A11 and mTOR-related pathways

The mTOR pathways play a core role in maintaining cellular and

physiological homeostasis, closely associated with various growth

disorders such as obesity and T2DM, and regulate insulin sensitivity

and glucose homeostasis (139). PI3K also activates another serine/

threonine kinase, AKT, a key signaling hub for multiple cellular

functions. Activation of AKT affects a series of downstream

pathways, including cell survival, proliferation, aging, apoptosis,

and angiogenesis (140, 141). Studies show that reduced activity of

the PI3K/AKT signaling pathway weakens cellular responses such as

insulin uptake, thus promoting the development of DM (140). In

DM, multiple signaling pathways, including epidermal growth factor

receptor (EGFR)/PI3K/AKT and extracellular signal regulated

kinases (ERKs), are affected and activate their downstream Bcl2-

associated death signaling, increasing apoptosis and decreasing
FIGURE 4

SLC7A11 transports glutamate to regulate insulin secretion. Pancreatic ß-cells partially release glutamate extracellularly via system Xc- (SLC7A11).
Extracellular glutamate activates NMDA receptors on ß-cells, inducing reactivation of the off K-ATP channel. This leads to repolarization of islet cells
and closure of calcium channels, reducing insulin secretion rate. In addition, SLC7A11 imports cystine and synthesizes GSH, thereby inhibiting the
impairment of islet viability by oxidative stress and ferroptosis. Created with BioRender.com.
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proliferation, then impeding wound healing (142). Further research

highlights the prominent role of SLC7A11 in regulating these

changes. It was shown that SLC7A11-mediated uptake of cystine

and PI3K/AKT signaling activates mTORC1, at least partly through

the Rag-mTORC1-4EBP signaling axis to promote GPX4 protein

synthesis (18). This activation enhances MUFA synthesis and inhibits

autophagy by upregulating the SCD1-SREBP1 axis, thus preventing

lipid peroxidation and ferroptosis (143). This mechanism differs from

the conventional model in which SLC7A11 regulates GPX4 and

inhibits ferroptosis via cysteine-mediated GSH synthesis, forming the

SLC7A11-GSH-GPX4 axis. Additionally, the interaction between

mTOR signaling targets and GPX4 regulates autophagy-dependent

ferroptosis in human pancreatic cancer cells (144). Notably, SLC7A11

can modulate selenium uptake and directly enhance selenium-

dependent GPX4 protein levels (145, 146). However, this

mechanism seems to promote GPX4 synthesis by a cellular sensing

mechanism independent of mTORC1 mediation (147).
5 The role of SLC7A11 in the
treatment strategies for
diabetic wounds

5.1 Immune regulation strategies in
diabetic wound related to SLC7A11

Diabetic wounds are primarily characterized by persistent

stagnation in a non-productive inflammatory stage, leading to

compromised formation and consolidation of mature granulation

tissue (148, 149). This prolonged inflammatory phase, unrelated to

the successful control of local infections, suggests that the

susceptibility of diabetic wounds to infections (150–152) might

stem from a primary defect in innate immune response

mechanisms (153, 154). During the healing process, the plasticity

of macrophages allows them to transition from an initial pro-

inflammatory phenotype (M1) to an anti-inflammatory phenotype

(M2), facilitating tissue repair (155, 156). However, in non-healing

diabetic wounds, macrophage dysfunction leads to a pronounced

pro-inflammatory state (157). The reduced capability of macrophages

in diabetic patients to perform efferocytosis may also contribute to the

decreased prevalence of the M2 phenotype, partially promoting an

increase in M1 macrophages (158). Meanwhile, hyperglycemia serves

as a primary trigger for excessive inflammatory responses. Research

indicates that hyperglycemia and its related factors, such as AGEs,

TNF-a, and other pro-inflammatory signaling proteins, exhibit

significant cytotoxicity detrimental to the recovery of wound tissues

(58, 159). AGEs promote macrophage polarization to the M1

phenotype through autophagy activation (160). Due to their

heightened response to inflammatory stimuli, macrophages release

more inflammatory factors and exhibit reduced phagocytosis of

pathogens and apoptotic cells, thus impairing pathogen clearance

(161). The PI3K-AKT-mTOR signaling pathway mediates the

perception of environmental and metabolic cues, influencing

macrophage polarization in a complicated and not yet fully defined

manner (162). Amino acids and other potential metabolic inputs into

the Akt-mTORC1 axis align M2 activation with metabolic status
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(163). For example, glutamine metabolism promotes the production

of UDP-GlcNAC, a crucial modifier of various M2 markers (164).

Oxidative metabolism has also been shown to correlate with M2

activation, even though specific mechanisms remain unclear. These

factors collectively contribute to the pro-inflammatory, pro-oxidative,

and pro-degradative environment within diabetic wounds (165).

Therefore, targeting SLC7A11 to modulate the immune and

inflammatory responses in diabetic wounds presents a promising

therapeutic strategy. Ginsenoside Rg5, a rare ginsenoside, exerts

hypoglycemic effects by improving insulin resistance and

mitochondrial biogenesis in diabetic mice (166). Recent studies

indicate that ginsenoside Rg5 can inhibit the expression and

activity of SLC7A11 through physical binding, essentially

counteracting SLC7A11’s negative regulation of glycolysis, which

facilitates the efferocytosis by DCs (Table 1) (167).
5.2 Antioxidant strategies in diabetic
wound treatment targeted SLC7A11

SLC7A11 promotes cystine uptake and glutathione

biosynthesis, thus preventing oxidative stress and ferroptosis (20),

constituting one of the primary antioxidative mechanisms in

diabetic wounds. Consequently, pharmacological modulation of

SLC7A11 to enhance antioxidation represents a promising

therapeutic strategy, as illustrated in Table 1. Xanthohumol, a

prenylated dietary flavonoid derived from hops, has been shown

to mitigate oxidative damage and accelerate diabetic wound healing

through NRF2 activation, positioning it as a potential nutritional

supplement and candidate drug for treating diabetic skin ulcers

(168). Similarly, bee venom significantly enhances wound closure in

diabetic mice by increasing the expression of collagen and b-
defensin 2 and restoring the levels of Angiopoietin-1 and NRF2

(the agonist ligands of Tie-2), thereby enhancing downstream

signaling of Tie-2 (169). Traditional antidiabetic drugs target

SLC7A11 to inhibit ferroptosis and exert antioxidative effects.

Canagliflozin, an antidiabetic drug, benefits cardiovascular health

in a diabetic cardiomyopathy model by regulating cardiac iron

balance and the system Xc-/GSH/GPX4 axis to inhibit ferroptosis

(170). Liraglutide, used for treating obesity and diabetes, inhibits

ferroptosis in db/db mice by enhancing the expression of the

SLC7A11 and NRF2/HO-1/GPX4 signaling pathways, reducing

ferritin deposition and lowering intracellular lipid ROS (171).

Extensive research indicates that bioactive compounds extracted

from animals and plants effectively regulate the expression and activity

of SLC7A11. Quercetin, a natural dietary flavonoid, improves the levels

of the antioxidative protein GPX4 and SLC7A11 in the lung tissues of

patients with neutrophilic airway inflammation, reversing lung

ferroptosis (172). Components extracted from the medicinal plant

Stemona, such as Tuberostemonine, alleviate pulmonary fibrosis by

regulating SLC7A11, GPX4, and GSH, reducing iron and ROS

accumulation (173). The well-known diabetes-ameliorating effects of

Glabridin (Glab) from licorice have been demonstrated. A recent

studies show that Glab protects diabetic rat kidneys by enhancing

SOD and GSH activities, increasing the expression of SLC7A11, GPX4,

and SLC3A2, and lowering malondialdehyde and iron concentrations
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as well as transferrin receptor 1 expression, thereby inhibiting

ferroptosis (174). Astaxanthin, a natural ketocarotenoid pigment,

mitigates IL-1b-induced chondrocyte ferroptosis by regulating

intracellular ROS, iron, and mitochondrial iron levels and by

inhibiting the expression of SLC7A11, GPX4, and ferritin, providing

relief for osteoarthritis (175). Cryptochlorogenic acid from mulberry
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leaves activates the system Xc-/GPX4/NRF2 pathway. It inhibits

nuclear receptor coactivator 4, improving blood glucose levels, iron

content, lipid peroxidation, and pancreatic damage in a diabetes model

(176). Additionally, some drugs regulate SLC7A11 in a p53-dependent

manner, such as zeaxanthin, which regulates GPX4, SLC7A11, and

other targets by downregulating p53 expression, reducing cellular lipid
TABLE 1 Immune modulation and antioxidant therapeutic strategies related to SLC7A11.

Medication Modification in SLC7A11 Conventional Roles Reference

Ginsenoside Rg5 Suppression of SLC7A11 expression
and activity

Hypoglycemic effects (167)

Xanthohumol Upregulate SLC7A11 expression Alleviate oxidative damage and accelerate diabetic wound healing (168)

Liraglutide UpregulateSLC7A11 expression Treatment of obesity and diabetes (171)

Bee venom Upregulate SLC7A11 expression Enhance wound closure in diabetic mice (169)

Canagliflozin Upregulate xCT expression Hypoglycemic effects (170)

Quercetin Repress SLC7A11 expression Reversal of ferroptosis in lungs (172)

Glab Upregulate SLC7A11 activity Ameliorate diabetes (174)

Astaxanthin Upregulate xCT expression utilized in the treatment of diabetes and cardiovascular diseases. (175)

Cryptochlorogenic acid Upregulate xCT expression Diabetes treatment (176)

Zeaxanthin Upregulate SLC7A11 expression Inhibition of ferroptosis to intervene in nonalcoholic fatty liver disease (177)

Sulforaphane Upregulate SLC7A11 expression Inhibition of ferroptosis in cardiac cells of mice with
diabetic cardiomyopathy

(178)

RSV Upregulate xCT expression Enhancement of the osteogenic potential of human dental pulp
stromal cells

(179)

Tuberostemonine Upregulate SLC7A11 expression Inhibition of ferroptosis thereby alleviating pulmonary fibrosis (173)
FIGURE 5

The pathological mechanisms in diabetic wound related to SLC7A11 and prospective therapeutic interventions. Created with BioRender.com.
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peroxidation and intervening in the development of non-alcoholic fatty

liver disease (177). The medications mentioned have been

demonstrated to mitigate oxidative stress and ferroptosis in disease

by modulating the expression and activity of SLC7A11 and its

downstream molecules, thereby alleviating the progression of the

disease. This molecular mechanism of action, achieved based on

targeting SLC7A11, provides a potential therapeutic strategy for

treating diabetic wounds.
6 Summaries and outlook

Diabetes is increasingly prevalent on a global scale. Particularly

diabetic wound complications, which are both common and severe,

often leading to amputation and even death. It thus constitutes a

significant burden on the global economy and public health

systems. In this context, developing effective therapeutic agents to

improve the outcome of diabetic wounds is particularly urgent. In

recent years, the roles of oxidative stress and aberrant inflammatory

regulation in the healing process of diabetic wounds have attracted

increasing attention. Compared to normal wound healing, the

inflammatory response in diabetic wounds is more intense and

persistent, and oxidative stress is relatively increased, leading to

prolonged healing processes and impaired tissue remodeling. Based

on the close relationship between SLC7A11 and the above

pathomechanisms, this article reviews the pathological

mechanisms of diabetic wounds, focusing particularly on the

abnormalities in inflammatory responses and oxidative balance,

and explores the critical role of SLC7A11 in regulating the healing

process of diabetic wounds (Figure 5). First, SLC7A11 regulates

efferocytosis to normalize the immune response at the wound site,

although excessive efferocytosis can also exacerbate inflammation.

Then, through the system Xc- exchange mechanism, cells can

export glutamate and absorb cystine, subsequently synthesizing

GSH to maintain oxidative balance. Properly regulating the

activity of SLC7A11 can effectively counteract the accumulation

of ROS and oxidative stress caused by the hyperglycemic

environment, thus preventing ferroptosis in the wound.

Additionally, SLC7A11 is closely associated with insulin secretion

and the mTOR signaling pathway. Theoretically, therapeutic

strategies based on SLC7A11 demonstrate a highly promising

potential. Currently, drugs targeting SLC7A11 are being

developed, and they have shown potential in promoting diabetic

wound treatment in vitro experiments and animal models.

Although this review delves into the critical role of SLC7A11 in

diabetic wound healing, it must be acknowledged that diabetic

wound healing is a multifactorial-driven complex process involving

various aspects, such as angiogenesis, microbial infection, and

diabetes-induced systemic complications. These areas still require

further systematic investigation. It is important to note that while

SLC7A11 inhibitors, such as Erastin, have shown some efficacy in

cancer research, their targeted application in diabetic wounds still

needs to be confirmed. The inhibition of SLC7A11 activity, while

potentially enhancing immune cell infiltration within the wound,

may also exacerbate oxidative stress, leading to increased ferritin

deposition and adverse outcomes. Therefore, precise regulation of
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SLC7A11 is crucial in addressing the complexity and variability of

therapeutic interventions. Although SLC7A11 presents a promising

target for improving diabetic wound healing, developing a

comprehensive and effective therapeutic strategy requires a

broader context that integrates other relevant mechanisms and

pathways. A deep understanding of these complex biological

processes is essential to translating these research advances into

clinical interventions and ultimately improving patient outcomes.
Author contributions

WZ: Conceptualization, Visualization, Writing – original draft,

Writing – review & editing. JF: Conceptualization, Software,

Supervision, Visualization, Writing – original draft, Writing –

review & editing. YN: Formal analysis, Investigation, Writing –

original draft. GL: Investigation, Software, Writing – original draft.

YW: Conceptualization, Methodology, Writing – original draft. YC:

Funding acquisition, Resources, Validation, Writing – original

draft, Writing – review & editing. MZ: Conceptualization,

Methodology, Resources, Writing – original draft, Writing –

review & editing. CZ: Formal analysis, Funding acquisition,

Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study

was supported by Shanghai Science and Technology Commission,

National Natural Science Foundation of Shanghai (23ZR1460300);

Shanghai Municipal Science and Technology Commission, Medical

Innovation Research Project (22Y11922700); Shanghai Municipal

Health Commission, General Program (202240386); Shanghai

Science and Technology Development Fund, Science and

Technology Innovation Project (AXZ-1); Shanghai Municipal

Science and Technology Commission, Science and Technology

Support Project of Biomedicine (21S21900100).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1467531
References
1. Unnikrishnan R, Anjana RM, Mohan V. Diabetes mellitus and its complications
in India. Nat Rev Endocrinol. (2016) 12:357–70. doi: 10.1038/nrendo.2016.53

2. Ogurtsova K, da Rocha Fernandes JD, Huang Y, Linnenkamp U, Guariguata L,
Cho NH, et al. Idf diabetes atlas: global estimates for the prevalence of diabetes for 2015
and 2040. Diabetes Res Clin Pract. (2017) 128:40–50. doi: 10.1016/j.diabres.2017.03.024

3. Lim JZ, Ng NS, Thomas C. Prevention and treatment of diabetic foot ulcers. J R
Soc Med. (2017) 110:104–9. doi: 10.1177/0141076816688346

4. Sinwar PD. The diabetic foot management - recent advance. Int J Surg. (2015)
15:27–30. doi: 10.1016/j.ijsu.2015.01.023

5. Maschalidi S, Mehrotra P, Keceli BN, De Cleene HKL, Lecomte K, van der
Cruyssen R, et al. Targeting slc7a11 improves efferocytosis by dendritic cells and wound
healing in diabetes. Nature. (2022) 606:776–84. doi: 10.1038/s41586-022-04754-6

6. Morante-Palacios O, Fondelli F, Ballestar E, Martinez-Caceres EM. Tolerogenic
dendritic cells in autoimmunity and inflammatory diseases. Trends Immunol. (2021)
42:59–75. doi: 10.1016/j.it.2020.11.001

7. Pujol-Autonell I, Ampudia RM, Planas R, Marin-Gallen S, Carrascal J, Sanchez A,
et al. Efferocytosis promotes suppressive effects on dendritic cells through
prostaglandin E2 production in the context of autoimmunity. PloS One. (2013) 8:
e63296. doi: 10.1371/journal.pone.0063296

8. Dejani NN, Orlando AB, Nino VE, Penteado LA, Verdan FF, Bazzano JMR, et al.
Intestinal host defense outcome is dictated by pge(2) production during efferocytosis of infected
cells. Proc Natl Acad Sci U.S.A. (2018) 115:E8469–E78. doi: 10.1073/pnas.1722016115

9. Khanna S, Biswas S, Shang Y, Collard E, Azad A, Kauh C, et al. Macrophage
dysfunction impairs resolution of inflammation in the wounds of diabetic mice.
PloS One. (2010) 5:e9539. doi: 10.1371/journal.pone.0009539

10. Sawaya AP, Stone RC, Brooks SR, Pastar I, Jozic I, Hasneen K, et al. Deregulated
immune cell recruitment orchestrated by foxm1 impairs human diabetic wound
healing. Nat Commun. (2020) 11:4678. doi: 10.1038/s41467-020-18276-0

11. Cheng TL, Chen PK, Huang WK, Kuo CH, Cho CF, Wang KC, et al.
Plasminogen/thrombomodulin signaling enhances vegf expression to promote
cutaneous wound healing. J Mol Med (Berl). (2018) 96:1333–44. doi: 10.1007/s00109-
018-1702-1

12. Icli B, Wu W, Ozdemir D, Li H, Cheng HS, Haemmig S, et al. Microrna-615-5p
regulates angiogenesis and tissue repair by targeting akt/enos (Protein kinase B/
endothelial nitric oxide synthase) signaling in endothelial cells. Arterioscler Thromb
Vasc Biol. (2019) 39:1458–74. doi: 10.1161/ATVBAHA.119.312726

13. Li S, Li Y, Wu Z, Wu Z, Fang H. Diabetic ferroptosis plays an important role in
triggering on inflammation in diabetic wound. Am J Physiol Endocrinol Metab. (2021)
321:E509–E20. doi: 10.1152/ajpendo.00042.2021

14. Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev EM, Gleason CE, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell. (2012) 149:1060–
72. doi: 10.1016/j.cell.2012.03.042

15. Feng J, Wang J, Wang Y, Huang X, Shao T, Deng X, et al. Oxidative stress and
lipid peroxidation: prospective associations between ferroptosis and delayed wound
healing in diabetic ulcers. Front Cell Dev Biol. (2022) 10:898657. doi: 10.3389/
fcell.2022.898657

16. Koppula P, Zhuang L, Gan B. Cystine transporter slc7a11/xct in cancer:
ferroptosis, nutrient dependency, and cancer therapy. Protein Cell. (2021) 12:599–620.
doi: 10.1007/s13238-020-00789-5

17. Yu X, Liu Z, Yu Y, Qian C, Lin Y, Jin S, et al. Hesperetin promotes diabetic
wound healing by inhibiting ferroptosis through the activation of sirt3. Phytother Res.
(2024) 38:1478–93. doi: 10.1002/ptr.8121

18. Zhang Y, Swanda RV, Nie L, Liu X, Wang C, Lee H, et al. Mtorc1 couples cyst(E)
Ine availability with gpx4 protein synthesis and ferroptosis regulation. Nat Commun.
(2021) 12:1589. doi: 10.1038/s41467-021-21841-w

19. Maechler P. Glutamate pathways of the beta-cell and the control of
insulin secretion. Diabetes Res Clin Pract. (2017) 131:149–53. doi: 10.1016/
j.diabres.2017.07.009

20. Koppula P, Zhang Y, Zhuang L, Gan B. Amino acid transporter slc7a11/xct at
the crossroads of regulating redox homeostasis and nutrient dependency of cancer.
Cancer Commun (London England). (2018) 38:12. doi: 10.1186/s40880-018-0288-x

21. Hung CC, Lin CH, Lane HY. Cystine/glutamate antiporter in schizophrenia:
from molecular mechanism to novel biomarker and treatment. Int J Mol Sci. (2021)
22:9718. doi: 10.3390/ijms22189718

22. Liu J, Xia X, Huang P. Xct: A critical molecule that links cancer metabolism to
redox signaling. Mol Ther. (2020) 28:2358–66. doi: 10.1016/j.ymthe.2020.08.021

23. Nakamura E, Sato M, Yang H, Miyagawa F, Harasaki M, Tomita K, et al. 4f2
(Cd98) heavy chain is associated covalently with an amino acid transporter and
controls intracellular trafficking and membrane topology of 4f2 heterodimer. J Biol
Chem. (1999) 274:3009–16. doi: 10.1074/jbc.274.5.3009

24. Conrad M, Sato H. The oxidative stress-inducible cystine/glutamate antiporter,
system X (C) (-): cystine supplier and beyond. Amino Acids. (2012) 42:231–46.
doi: 10.1007/s00726-011-0867-5
Frontiers in Immunology 13
25. Liu Y, Wu K, Fu Y, Li W, Zhao XY. Slc7a11 stimulates glutathione synthesis to
preserve fatty acid metabolism in primary hepatocytes. Redox Rep. (2023) 28:2260646.
doi: 10.1080/13510002.2023.2260646

26. Stipanuk MH, Dominy JE Jr., Lee JI, Coloso RM. Mammalian cysteine
metabolism: new insights into regulation of cysteine metabolism. J Nutr. (2006)
136:1652S–9S. doi: 10.1093/jn/136.6.1652S

27. Combs JA, DeNicola GM. The non-essential amino acid cysteine becomes
essential for tumor proliferation and survival. Cancers (Basel). (2019) 11:678.
doi: 10.3390/cancers11050678

28. Belisario DC, Kopecka J, Pasino M, Akman M, De Smaele E, Donadelli M, et al.
Hypoxia dictates metabolic rewiring of tumors: implications for chemoresistance. Cells.
(2020) 9:2598. doi: 10.3390/cells9122598

29. Zhang H, Forman HJ. Glutathione synthesis and its role in redox signaling.
Semin Cell Dev Biol. (2012) 23:722–8. doi: 10.1016/j.semcdb.2012.03.017

30. Karam BS, Chavez-Moreno A, Koh W, Akar JG, Akar FG. Oxidative stress and
inflammation as central mediators of atrial fibrillation in obesity and diabetes.
Cardiovasc Diabetol. (2017) 16:120. doi: 10.1186/s12933-017-0604-9

31. Pakos-Zebrucka K, Koryga I, Mnich K, Ljujic M, Samali A, Gorman AM.
The integrated stress response. EMBO Rep. (2016) 17:1374–95. doi: 10.15252/
embr.201642195

32. Kilberg MS, Shan J, Su N. Atf4-dependent transcription mediates signaling of
amino acid limitation. Trends Endocrinol Metab. (2009) 20:436–43. doi: 10.1016/
j.tem.2009.05.008

33. Rojo de la Vega M, Chapman E, Zhang DD. Nrf2 and the hallmarks of cancer.
Cancer Cell. (2018) 34:21–43. doi: 10.1016/j.ccell.2018.03.022

34. Sykiotis GP, Bohmann D. Stress-activated cap'n'collar transcription factors in
aging and human disease. Sci Signal. (2010) 3:re3. doi: 10.1126/scisignal.3112re3

35. Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et al. Ferroptosis as a P53-
mediated activity during tumour suppression. Nature. (2015) 520:57–62. doi: 10.1038/
nature14344

36. Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M, et al.
Pharmacological inhibition of cystine-glutamate exchange induces endoplasmic
reticulum stress and ferroptosis. Elife. (2014) 3:e02523. doi: 10.7554/eLife.02523

37. Wang L, Liu Y, Du T, Yang H, Lei L, GuoM, et al. Atf3 promotes erastin-induced
ferroptosis by suppressing system xc(). Cell Death differentiation. (2020) 27:662–75.
doi: 10.1038/s41418-019-0380-z

38. Jaenisch R, Bird A. Epigenetic regulation of gene expression: how the genome
integrates intrinsic and environmental signals. Nat Genet. (2003) 33 Suppl:245–54.
doi: 10.1038/ng1089

39. Zhang Y, Shi J, Liu X, Feng L, Gong Z, Koppula P, et al. Bap1 links metabolic
regulation of ferroptosis to tumour suppression. Nat Cell Biol. (2018) 20:1181–92.
doi: 10.1038/s41556-018-0178-0

40. Zhang Y, Zhuang L, Gan B. Bap1 suppresses tumor development by inducing
ferroptosis upon slc7a11 repression. Mol Cell Oncol. (2019) 6:1536845. doi: 10.1080/
23723556.2018.1536845

41. Sevilla A, Binda O. Post-translational modifications of the histone variant H2az.
Stem Cell Res. (2014) 12:289–95. doi: 10.1016/j.scr.2013.11.004

42. Henry KW, Wyce A, Lo WS, Duggan LJ, Emre NC, Kao CF, et al.
Transcriptional activation via sequential histone H2b ubiquitylation and
deubiquitylation, mediated by saga-associated ubp8. Genes Dev. (2003) 17:2648–63.
doi: 10.1101/gad.1144003

43. Wang Y, Yang L, Zhang X, Cui W, Liu Y, Sun QR, et al. Epigenetic regulation of
ferroptosis by H2b monoubiquitination and P53. EMBO Rep. (2019) 20:e47563.
doi: 10.15252/embr.201847563

44. Cruz-Tapias P, Robin P, Pontis J, Maestro LD, Ait-Si-Ali S. The H3k9
methylation writer setdb1 and its reader mpp8 cooperate to silence satellite DNA
repeats in mouse embryonic stem cells. Genes (Basel). (2019) 10:750. doi: 10.3390/
genes10100750

45. Wang Y, Zhao Y, Wang H, Zhang C, Wang M, Yang Y, et al. Histone
demethylase kdm3b protects against ferroptosis by upregulating slc7a11. FEBS Open
Bio. (2020) 10:637–43. doi: 10.1002/2211-5463.12823

46. Sui S, Zhang J, Xu S, Wang Q, Wang P, Pang D. Ferritinophagy is required for
the induction of ferroptosis by the bromodomain protein brd4 inhibitor (+)-jq1 in
cancer cells. Cell Death Dis. (2019) 10:331. doi: 10.1038/s41419-019-1564-7

47. Ogiwara H, Takahashi K, Sasaki M, Kuroda T, Yoshida H, Watanabe R, et al.
Targeting the vulnerability of glutathione metabolism in arid1a-deficient cancers.
Cancer Cell. (2019) 35:177–90 e8. doi: 10.1016/j.ccell.2018.12.009

48. Liu T, Jiang L, Tavana O, Gu W. The deubiquitylase otub1 mediates ferroptosis
via stabilization of slc7a11. Cancer Res. (2019) 79:1913–24. doi: 10.1158/0008-
5472.CAN-18-3037

49. Ishimoto T, Nagano O, Yae T, Tamada M, Motohara T, Oshima H, et al. Cd44
variant regulates redox status in cancer cells by stabilizing the xct subunit of system xc
frontiersin.org

https://doi.org/10.1038/nrendo.2016.53
https://doi.org/10.1016/j.diabres.2017.03.024
https://doi.org/10.1177/0141076816688346
https://doi.org/10.1016/j.ijsu.2015.01.023
https://doi.org/10.1038/s41586-022-04754-6
https://doi.org/10.1016/j.it.2020.11.001
https://doi.org/10.1371/journal.pone.0063296
https://doi.org/10.1073/pnas.1722016115
https://doi.org/10.1371/journal.pone.0009539
https://doi.org/10.1038/s41467-020-18276-0
https://doi.org/10.1007/s00109-018-1702-1
https://doi.org/10.1007/s00109-018-1702-1
https://doi.org/10.1161/ATVBAHA.119.312726
https://doi.org/10.1152/ajpendo.00042.2021
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.3389/fcell.2022.898657
https://doi.org/10.3389/fcell.2022.898657
https://doi.org/10.1007/s13238-020-00789-5
https://doi.org/10.1002/ptr.8121
https://doi.org/10.1038/s41467-021-21841-w
https://doi.org/10.1016/j.diabres.2017.07.009
https://doi.org/10.1016/j.diabres.2017.07.009
https://doi.org/10.1186/s40880-018-0288-x
https://doi.org/10.3390/ijms22189718
https://doi.org/10.1016/j.ymthe.2020.08.021
https://doi.org/10.1074/jbc.274.5.3009
https://doi.org/10.1007/s00726-011-0867-5
https://doi.org/10.1080/13510002.2023.2260646
https://doi.org/10.1093/jn/136.6.1652S
https://doi.org/10.3390/cancers11050678
https://doi.org/10.3390/cells9122598
https://doi.org/10.1016/j.semcdb.2012.03.017
https://doi.org/10.1186/s12933-017-0604-9
https://doi.org/10.15252/embr.201642195
https://doi.org/10.15252/embr.201642195
https://doi.org/10.1016/j.tem.2009.05.008
https://doi.org/10.1016/j.tem.2009.05.008
https://doi.org/10.1016/j.ccell.2018.03.022
https://doi.org/10.1126/scisignal.3112re3
https://doi.org/10.1038/nature14344
https://doi.org/10.1038/nature14344
https://doi.org/10.7554/eLife.02523
https://doi.org/10.1038/s41418-019-0380-z
https://doi.org/10.1038/ng1089
https://doi.org/10.1038/s41556-018-0178-0
https://doi.org/10.1080/23723556.2018.1536845
https://doi.org/10.1080/23723556.2018.1536845
https://doi.org/10.1016/j.scr.2013.11.004
https://doi.org/10.1101/gad.1144003
https://doi.org/10.15252/embr.201847563
https://doi.org/10.3390/genes10100750
https://doi.org/10.3390/genes10100750
https://doi.org/10.1002/2211-5463.12823
https://doi.org/10.1038/s41419-019-1564-7
https://doi.org/10.1016/j.ccell.2018.12.009
https://doi.org/10.1158/0008-5472.CAN-18-3037
https://doi.org/10.1158/0008-5472.CAN-18-3037
https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1467531
(-) and thereby promotes tumor growth. Cancer Cell. (2011) 19:387–400. doi: 10.1016/
j.ccr.2011.01.038

50. Yae T, Tsuchihashi K, Ishimoto T, Motohara T, Yoshikawa M, Yoshida GJ, et al.
Alternative splicing of cd44 mrna by esrp1 enhances lung colonization of metastatic
cancer cell. Nat Commun. (2012) 3:883. doi: 10.1038/ncomms1892

51. Gan W, Dai X, Dai X, Xie J, Yin S, Zhu J, et al. Lats suppresses mtorc1 activity to
directly coordinate hippo and mtorc1 pathways in growth control. Nat Cell Biol. (2020)
22:246–56. doi: 10.1038/s41556-020-0463-6

52. Gu Y, Albuquerque CP, Braas D, Zhang W, Villa GR, Bi J, et al. Mtorc2 regulates
amino acid metabolism in cancer by phosphorylation of the cystine-glutamate
antiporter xct. Mol Cell. (2017) 67:128–38 e7. doi: 10.1016/j.molcel.2017.05.030

53. Boulton AJM, Armstrong DG, Hardman MJ, Malone M, Embil JM, Attinger CE,
et al. Diagnosis and management of diabetic foot infections. American Diabetes
Association:Arlington (VA (2020).

54. Armstrong DG, Gurtner GC. A histologically hostile environment made more
hospitable? Nat Rev Endocrinol. (2018) 14:511–2. doi: 10.1038/s41574-018-0073-6

55. Blakytny R, Jude E. The molecular biology of chronic wounds and delayed
healing in diabetes. Diabetes Med. (2006) 23:594–608. doi: 10.1111/j.1464-
5491.2006.01773.x

56. Peppa M, Stavroulakis P, Raptis SA. Advanced glycoxidation products and
impaired diabetic wound healing. Wound Repair Regener. (2009) 17:461–72.
doi: 10.1111/j.1524-475X.2009.00518.x

57. Deng L, Du C, Song P, Chen T, Rui S, Armstrong DG, et al. The role of oxidative
stress and antioxidants in diabetic wound healing. Oxid Med Cell Longev. (2021)
2021:8852759. doi: 10.1155/2021/8852759

58. Berlanga-Acosta J, Schultz GS, Lopez-Mola E, Guillen-Nieto G, Garcia-Siverio
M, Herrera-Martinez L. Glucose toxic effects on granulation tissue productive cells: the
diabetics' Impaired healing. BioMed Res Int. (2013) 2013:256043. doi: 10.1155/2013/
256043

59. Patel S, Srivastava S, Singh MR, Singh D. Mechanistic insight into diabetic
wounds: pathogenesis, molecular targets and treatment strategies to pace wound
healing. BioMed Pharmacother. (2019) 112:108615. doi: 10.1016/j.biopha.2019.108615

60. Pulido T, Velarde MC, Alimirah F. The senescence-associated secretory
phenotype: fueling a wound that never heals. Mech Ageing Dev. (2021) 199:111561.
doi: 10.1016/j.mad.2021.111561

61. Childs BG, Durik M, Baker DJ, van Deursen JM. Cellular senescence in aging
and age-related disease: from mechanisms to therapy. Nat Med. (2015) 21:1424–35.
doi: 10.1038/nm.4000

62. Burgess JL, Wyant WA, Abdo Abujamra B, Kirsner RS, Jozic I. Diabetic wound-
healing science. Medicina (Kaunas). (2021) 57:1072. doi: 10.3390/medicina57101072

63. MacLeod AS, Mansbridge JN. The innate immune system in acute and chronic
wounds. Adv Wound Care (New Rochelle). (2016) 5:65–78. doi: 10.1089/
wound.2014.0608

64. Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration:
mechanisms, signaling, and translation. Sci Transl Med. (2014) 6:265sr6.
doi: 10.1126/scitranslmed.3009337

65. Sindrilaru A, Peters T, Wieschalka S, Baican C, Baican A, Peter H, et al. An
unrestrained proinflammatory M1 macrophage population induced by iron impairs
wound healing in humans and mice. J Clin Invest. (2011) 121:985–97. doi: 10.1172/
JCI44490

66. Beidler SK, Douillet CD, Berndt DF, Keagy BA, Rich PB, Marston WA.
Inflammatory Cytokine Levels in Chronic Venous Insufficiency Ulcer Tissue before
and after Compression Therapy. J Vasc Surg. (2009) 49:1013–20. doi: 10.1016/
j.jvs.2008.11.049

67. Doupis J, Lyons TE, Wu S, Gnardellis C, Dinh T, Veves A. Microvascular
reactivity and inflammatory cytokines in painful and painless peripheral diabetic
neuropathy. J Clin Endocrinol Metab. (2009) 94:2157–63. doi: 10.1210/jc.2008-2385

68. Pastar I, Nusbaum AG, Gil J, Patel SB, Chen J, Valdes J, et al. Interactions of
methicillin resistant staphylococcus aureus usa300 and pseudomonas aeruginosa in
polymicrobial wound infection. PloS One. (2013) 8:e56846. doi: 10.1371/
journal.pone.0056846

69. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing in
diabetes. J Clin Invest. (2007) 117:1219–22. doi: 10.1172/JCI32169

70. Hajmousa G, Przybyt E, Pfister F, Paredes-Juarez GA, Moganti K, Busch S, et al.
Human adipose tissue-derived stromal cells act as functional pericytes in mice and
suppress high-glucose-induced proinflammatory activation of bovine retinal
endothelial cells. Diabetologia. (2018) 61:2371–85. doi: 10.1007/s00125-018-4713-0

71. Baum P, Toyka KV, Bluher M, Kosacka J, Nowicki M. Inflammatory
mechanisms in the pathophysiology of diabetic peripheral neuropathy (Dn)-new
aspects. Int J Mol Sci. (2021) 22:10835. doi: 10.3390/ijms221910835

72. Diaz-Morales N, Rovira-Llopis S, Banuls C, Escribano-Lopez I, de Maranon AM,
Lopez-Domenech S, et al. Are mitochondrial fusion and fission impaired in leukocytes
of type 2 diabetic patients? Antioxid Redox Signal. (2016) 25:108–15. doi: 10.1089/
ars.2016.6707

73. Richard C, Wadowski M, Goruk S, Cameron L, Sharma AM, Field CJ.
Individuals with obesity and type 2 diabetes have additional immune dysfunction
compared with obese individuals who are metabolically healthy. BMJ Open Diabetes
Res Care. (2017) 5:e000379. doi: 10.1136/bmjdrc-2016-000379
Frontiers in Immunology 14
74. Barros JF, Waclawiak I, Pecli C, Borges PA, Georgii JL, Ramos-Junior ES, et al.
Role of chemokine receptor ccr4 and regulatory T cells in wound healing of diabetic
mice. J Invest Dermatol. (2019) 139:1161–70. doi: 10.1016/j.jid.2018.10.039

75. Moura J, Rodrigues J, Goncalves M, Amaral C, Lima M, Carvalho E. Impaired T-
cell differentiation in diabetic foot ulceration. Cell Mol Immunol. (2017) 14:758–69.
doi: 10.1038/cmi.2015.116

76. Xiong Y, Tan Y, Song YG. Analysis of T cell receptor vbeta diversity in peripheral
cd4+ and cd8+ T lymphocytes obtained from patients with chronic severe hepatitis B.
Hepat Mon. (2014) 14:e15900. doi: 10.5812/hepatmon.15900

77. Justynski O, Bridges K, Krause W, Forni MF, Phan Q, Sandoval-Schaefer T, et al.
Apoptosis recognition receptors regulate skin tissue repair in mice. bioRxiv. (2023)
17:523241. doi: 10.1101/2023.01.17.523241

78. Boada-Romero E, Martinez J, Heckmann BL, Green DR. The clearance of dead
cells by efferocytosis. Nat Rev Mol Cell Biol. (2020) 21:398–414. doi: 10.1038/s41580-
020-0232-1

79. Shook B, Xiao E, Kumamoto Y, Iwasaki A, Horsley V. Cd301b+ Macrophages
are essential for effective skin wound healing. J Invest Dermatol. (2016) 136:1885–91.
doi: 10.1016/j.jid.2016.05.107

80. Phillipson M, Kubes P. The healing power of neutrophils. Trends Immunol.
(2019) 40:635–47. doi: 10.1016/j.it.2019.05.001

81. Mehrotra P, Ravichandran KS. Drugging the efferocytosis process: concepts and
opportunities. Nat Rev Drug Discovery. (2022) 21:601–20. doi: 10.1038/s41573-022-
00470-y

82. Morioka S, Maueroder C, Ravichandran KS. Living on the edge: efferocytosis at
the interface of homeostasis and pathology. Immunity. (2019) 50:1149–62.
doi: 10.1016/j.immuni.2019.04.018

83. Maruyama K, Asai J, Ii M, Thorne T, Losordo DW, D'Amore PA. Decreased
macrophage number and activation lead to reduced lymphatic vessel formation and
contribute to impaired diabetic wound healing. Am J Pathol. (2007) 170:1178–91.
doi: 10.2353/ajpath.2007.060018

84. Dunnill C, Patton T, Brennan J, Barrett J, Dryden M, Cooke J, et al. Reactive
oxygen species (Ros) and wound healing: the functional role of ros and emerging ros-
modulating technologies for augmentation of the healing process. Int Wound J. (2017)
14:89–96. doi: 10.1111/iwj.12557

85. Cano Sanchez M, Lancel S, Boulanger E, Neviere R. Targeting oxidative stress
and mitochondrial dysfunction in the treatment of impaired wound healing: A
systematic review. Antioxidants (Basel). (2018) 7:98. doi: 10.3390/antiox7080098

86. Dworzanski J, Strycharz-Dudziak M, Kliszczewska E, Kielczykowska M,
Dworzanska A, Drop B, et al. Glutathione peroxidase (Gpx) and superoxide
dismutase (Sod) activity in patients with diabetes mellitus type 2 infected with
epstein-barr virus. PloS One. (2020) 15:e0230374. doi: 10.1371/journal.pone.0230374

87. Wan L, Bai X, Zhou Q, Chen C, Wang H, Liu T, et al. The advanced glycation
end-products (Ages)/ros/nlrp3 inflammasome axis contributes to delayed diabetic
corneal wound healing and nerve regeneration. Int J Biol Sci. (2022) 18:809–25.
doi: 10.7150/ijbs.63219

88. Kim JH, Yoon NY, Kim DH, Jung M, Jun M, Park HY, et al. Impaired
permeability and antimicrobial barriers in type 2 diabetes skin are linked to
increased serum levels of advanced glycation end-product. Exp Dermatol. (2018)
27:815–23. doi: 10.1111/exd.13466

89. Niu YW, Miao MY, Dong W, Dong JY, Cao XZ, Lu SL. [Effects of advanced
glycation end products and its receptor on oxidative stress in diabetic wounds].
Zhonghua Shao Shang Za Zhi. (2012) 28:32–5. doi: 10.3760/cma.j.issn.1009-
2587.2012.01.008

90. Goldin A, Beckman JA, Schmidt AM, Creager MA. Advanced glycation end
products: sparking the development of diabetic vascular injury. Circulation. (2006)
114:597–605. doi: 10.1161/CIRCULATIONAHA.106.621854

91. Long M, Rojo de la Vega M, Wen Q, Bharara M, Jiang T, Zhang R, et al. An
essential role of nrf2 in diabetic wound healing. Diabetes. (2016) 65:780–93.
doi: 10.2337/db15-0564

92. Lan CC, Wu CS, Huang SM, Wu IH, Chen GS. High-glucose environment
enhanced oxidative stress and increased interleukin-8 secretion from keratinocytes:
new insights into impaired diabetic wound healing. Diabetes. (2013) 62:2530–8.
doi: 10.2337/db12-1714

93. David JA, Rifkin WJ, Rabbani PS, Ceradini DJ. The nrf2/keap1/are pathway and
oxidative stress as a therapeutic target in type ii diabetes mellitus. J Diabetes Res. (2017)
2017:4826724. doi: 10.1155/2017/4826724

94. Fukai T, Ushio-Fukai M. Cross-talk between nadph oxidase and mitochondria:
role in ros signaling and angiogenesis. Cells. (2020) 9:1849. doi: 10.3390/cells9081849

95. Lee SE, Kim JM, Jeong SK, Jeon JE, Yoon HJ, Jeong MK, et al. Protease-activated
receptor-2 mediates the expression of inflammatory cytokines, antimicrobial peptides,
and matrix metalloproteinases in keratinocytes in response to propionibacterium
acnes. Arch Dermatol Res. (2010) 302:745–56. doi: 10.1007/s00403-010-1074-z

96. Lan CC, Liu IH, Fang AH, Wen CH, Wu CS. Hyperglycaemic conditions
decrease cultured keratinocyte mobility: implications for impaired wound healing in
patients with diabetes. Br J Dermatol. (2008) 159:1103–15. doi: 10.1111/j.1365-
2133.2008.08789.x

97. Lv Z, Han G, Li C. Tissue inhibitor of metalloproteinases 1 is involved in ros-
mediated inflammation via regulating matrix metalloproteinase 1 expression in the sea
frontiersin.org

https://doi.org/10.1016/j.ccr.2011.01.038
https://doi.org/10.1016/j.ccr.2011.01.038
https://doi.org/10.1038/ncomms1892
https://doi.org/10.1038/s41556-020-0463-6
https://doi.org/10.1016/j.molcel.2017.05.030
https://doi.org/10.1038/s41574-018-0073-6
https://doi.org/10.1111/j.1464-5491.2006.01773.x
https://doi.org/10.1111/j.1464-5491.2006.01773.x
https://doi.org/10.1111/j.1524-475X.2009.00518.x
https://doi.org/10.1155/2021/8852759
https://doi.org/10.1155/2013/256043
https://doi.org/10.1155/2013/256043
https://doi.org/10.1016/j.biopha.2019.108615
https://doi.org/10.1016/j.mad.2021.111561
https://doi.org/10.1038/nm.4000
https://doi.org/10.3390/medicina57101072
https://doi.org/10.1089/wound.2014.0608
https://doi.org/10.1089/wound.2014.0608
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1172/JCI44490
https://doi.org/10.1172/JCI44490
https://doi.org/10.1016/j.jvs.2008.11.049
https://doi.org/10.1016/j.jvs.2008.11.049
https://doi.org/10.1210/jc.2008-2385
https://doi.org/10.1371/journal.pone.0056846
https://doi.org/10.1371/journal.pone.0056846
https://doi.org/10.1172/JCI32169
https://doi.org/10.1007/s00125-018-4713-0
https://doi.org/10.3390/ijms221910835
https://doi.org/10.1089/ars.2016.6707
https://doi.org/10.1089/ars.2016.6707
https://doi.org/10.1136/bmjdrc-2016-000379
https://doi.org/10.1016/j.jid.2018.10.039
https://doi.org/10.1038/cmi.2015.116
https://doi.org/10.5812/hepatmon.15900
https://doi.org/10.1101/2023.01.17.523241
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1038/s41580-020-0232-1
https://doi.org/10.1016/j.jid.2016.05.107
https://doi.org/10.1016/j.it.2019.05.001
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1038/s41573-022-00470-y
https://doi.org/10.1016/j.immuni.2019.04.018
https://doi.org/10.2353/ajpath.2007.060018
https://doi.org/10.1111/iwj.12557
https://doi.org/10.3390/antiox7080098
https://doi.org/10.1371/journal.pone.0230374
https://doi.org/10.7150/ijbs.63219
https://doi.org/10.1111/exd.13466
https://doi.org/10.3760/cma.j.issn.1009-2587.2012.01.008
https://doi.org/10.3760/cma.j.issn.1009-2587.2012.01.008
https://doi.org/10.1161/CIRCULATIONAHA.106.621854
https://doi.org/10.2337/db15-0564
https://doi.org/10.2337/db12-1714
https://doi.org/10.1155/2017/4826724
https://doi.org/10.3390/cells9081849
https://doi.org/10.1007/s00403-010-1074-z
https://doi.org/10.1111/j.1365-2133.2008.08789.x
https://doi.org/10.1111/j.1365-2133.2008.08789.x
https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1467531
cucumber apostichopus japonicus. Dev Comp Immunol. (2022) 127:104298.
doi: 10.1016/j.dci.2021.104298

98. Kim JM, Noh EM, Kwon KB, Hwang BM, Hwang JK, You YO, et al.
Dihydroavenanthramide D prevents uv-irradiated generation of reactive oxygen
species and expression of matrix metalloproteinase-1 and -3 in human dermal
fibroblasts. Exp Dermatol. (2013) 22:759–61. doi: 10.1111/exd.12243

99. Cavalla F, Osorio C, Paredes R, Valenzuela MA, Garcia-Sesnich J, Sorsa T, et al.
Matrix metalloproteinases regulate extracellular levels of sdf-1/cxcl12, il-6 and vegf in
hydrogen peroxide-stimulated human periodontal ligament fibroblasts. Cytokine.
(2015) 73:114–21. doi: 10.1016/j.cyto.2015.02.001

100. Ohsawa I, Ishikawa M, Takahashi K, Watanabe M, Nishimaki K, Yamagata K,
et al. Hydrogen acts as a therapeutic antioxidant by selectively reducing cytotoxic
oxygen radicals. Nat Med. (2007) 13:688–94. doi: 10.1038/nm1577

101. Li S, Deng J, Sun D, Chen S, Yao X, Wang N, et al. Fbxw7 alleviates
hyperglycemia-induced endothelial oxidative stress injury via ros and parp
inhibition. Redox Biol. (2022) 58:102530. doi: 10.1016/j.redox.2022.102530

102. Mudge BP, Harris C, Gilmont RR, Adamson BS, Rees RS. Role of glutathione
redox dysfunction in diabetic wounds. Wound Repair Regener. (2002) 10:52–8.
doi: 10.1046/j.1524-475x.2002.10803.x

103. Li X, Wu G, Han F, Wang K, Bai X, Jia Y, et al. Sirt1 activation promotes
angiogenesis in diabetic wounds by protecting endothelial cells against oxidative stress.
Arch Biochem Biophys. (2019) 661:117–24. doi: 10.1016/j.abb.2018.11.016

104. Teena R, Dhamodharan U, Ali D, Rajesh K, Ramkumar KM. Genetic
polymorphism of the nrf2 promoter region (Rs35652124) is associated with the risk
of diabetic foot ulcers. Oxid Med Cell Longev. (2020) 2020:9825028. doi: 10.1155/2020/
9825028

105. Soares MA, Cohen OD, Low YC, Sartor RA, Ellison T, Anil U, et al. Restoration
of nrf2 signaling normalizes the regenerative niche. Diabetes. (2016) 65:633–46.
doi: 10.2337/db15-0453

106. Negi G, Kumar A, Sharma SS. Melatonin modulates neuroinflammation and
oxidative stress in experimental diabetic neuropathy: effects on nf-kappab and nrf2
cascades. J Pineal Res. (2011) 50:124–31. doi: 10.1111/j.1600-079X.2010.00821.x

107. Rosenberger DC, Blechschmidt V, Timmerman H, Wolff A, Treede RD.
Challenges of neuropathic pain: focus on diabetic neuropathy. J Neural Transm
(Vienna). (2020) 127:589–624. doi: 10.1007/s00702-020-02145-7

108. Shakeel M. Recent advances in understanding the role of oxidative stress in
diabetic neuropathy. Diabetes Metab Syndr. (2015) 9:373–8. doi: 10.1016/
j.dsx.2014.04.029

109. Fernyhough P, McGavock J. Mechanisms of disease: mitochondrial dysfunction
in sensory neuropathy and other complications in diabetes. Handb Clin Neurol. (2014)
126:353–77. doi: 10.1016/B978-0-444-53480-4.00027-8

110. Armstrong DG, Boulton AJM, Bus SA. Diabetic foot ulcers and their
recurrence. N Engl J Med. (2017) 376:2367–75. doi: 10.1056/NEJMra1615439

111. Armstrong DG. The 10-G monofilament: the diagnostic divining rod for the
diabetic foot? Diabetes Care. (2000) 23:887. doi: 10.2337/diacare.23.7.887

112. Huang H, Cui W, Qiu W, Zhu M, Zhao R, Zeng D, et al. Impaired wound
healing results from the dysfunction of the akt/mtor pathway in diabetic rats.
J Dermatol Sci. (2015) 79:241–51. doi: 10.1016/j.jdermsci.2015.06.002

113. Obrosova IG. Update on the pathogenesis of diabetic neuropathy. Curr
Diabetes Rep. (2003) 3:439–45. doi: 10.1007/s11892-003-0005-1

114. Rebelos E, Anastasiou IA, Tentolouris A, Papanas N, Jude E. What is new on
diabetic neuropathy? Insights from the 2023 ada and easd conferences. Int J Low
Extrem Wounds. (2024), 15347346241233938. doi: 10.1177/15347346241233938

115. Goncalves RC, Banfi A, Oliveira MB, Mano JF. Strategies for re-vascularization
and promotion of angiogenesis in trauma and disease. Biomaterials. (2021) 269:120628.
doi: 10.1016/j.biomaterials.2020.120628

116. Stehouwer CDA. Microvascular dysfunction and hyperglycemia: A vicious
cycle with widespread consequences. Diabetes. (2018) 67:1729–41. doi: 10.2337/dbi17-
0044

117. Goldberg RB. Cytokine and cytokine-like inflammation markers, endothelial
dysfunction, and imbalanced coagulation in development of diabetes and its
complications. J Clin Endocrinol Metab. (2009) 94:3171–82. doi: 10.1210/jc.2008-2534

118. Kaiser N, Sasson S, Feener EP, Boukobza-Vardi N, Higashi S, Moller DE, et al.
Differential regulation of glucose transport and transporters by glucose in vascular
endothelial and smooth muscle cells. Diabetes. (1993) 42:80–9. doi: 10.2337/
diab.42.1.80

119. Balasubramanian G, Vas P, Chockalingam N, Naemi R. A synoptic overview of
neurovascular interactions in the foot. Front Endocrinol (Lausanne). (2020) 11:308.
doi: 10.3389/fendo.2020.00308

120. Ngo BT, Hayes KD, DiMiao DJ, Srinivasan SK, Huerter CJ, Rendell MS.
Manifestations of cutaneous diabetic microangiopathy. Am J Clin Dermatol. (2005)
6:225–37. doi: 10.2165/00128071-200506040-00003

121. Domingueti CP, Dusse LM, Carvalho M, de Sousa LP, Gomes KB, Fernandes AP.
Diabetes mellitus: the linkage between oxidative stress, inflammation, hypercoagulability
and vascular complications. J Diabetes Complications. (2016) 30:738–45. doi: 10.1016/
j.jdiacomp.2015.12.018
Frontiers in Immunology 15
122. Semeraro F, Morescalchi F, Cancarini A, Russo A, Rezzola S, Costagliola C.
Diabetic retinopathy, a vascular and inflammatory disease: therapeutic implications.
Diabetes Metab. (2019) 45:517–27. doi: 10.1016/j.diabet.2019.04.002

123. Moura J, Borsheim E, Carvalho E. The role of micrornas in diabetic
complications-special emphasis on wound healing. Genes (Basel). (2014) 5:926–56.
doi: 10.3390/genes5040926

124. Henson PM. Cell removal: efferocytosis. Annu Rev Cell Dev Biol. (2017) 33:127–44.
doi: 10.1146/annurev-cellbio-111315-125315

125. Tzelepis F, Verway M, Daoud J, Gillard J, Hassani-Ardakani K, Dunn J, et al.
Annexin1 regulates dc efferocytosis and cross-presentation during mycobacterium
tuberculosis infection. J Clin Invest. (2015) 125:752–68. doi: 10.1172/JCI77014

126. Penteado LA, Dejani NN, Verdan FF, Orlando AB, Nino VE, Dias FN, et al.
Distinctive role of efferocytosis in dendritic cell maturation and migration in sterile or
infectious conditions. Immunology. (2017) 151:304–13. doi: 10.1111/imm.12731

127. Ma Y, Jiang T, Zhu X, Xu Y, Wan K, Zhang T, et al. Efferocytosis in dendritic
cells: an overlooked immunoregulatory process. Front Immunol. (2024) 15:1415573.
doi: 10.3389/fimmu.2024.1415573

128. Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta R, Viswanathan
VS, et al. Regulation of ferroptotic cancer cell death by gpx4. Cell. (2014) 156:317–31.
doi: 10.1016/j.cell.2013.12.010

129. Kajarabille N, Latunde-Dada GO. Programmed cell-death by ferroptosis:
antioxidants as mitigators. Int J Mol Sci. (2019) 20:4968. doi: 10.3390/ijms20194968

130. Kakanj P, Moussian B, Gronke S, Bustos V, Eming SA, Partridge L, et al. Insulin
and tor signal in parallel through foxo and S6k to promote epithelial wound healing.
Nat Commun. (2016) 7:12972. doi: 10.1038/ncomms12972

131. Brownlee M. Biochemistry and molecular cell biology of diabetic
complications. Nature. (2001) 414:813–20. doi: 10.1038/414813a

132. Wertheimer E, Spravchikov N, Trebicz M, Gartsbein M, Accili D, Avinoah I,
et al. The regulation of skin proliferation and differentiation in the ir null mouse:
implications for skin complications of diabetes. Endocrinology. (2001) 142:1234–41.
doi: 10.1210/endo.142.3.7988

133. Lima MH, Caricilli AM, de Abreu LL, Araujo EP, Pelegrinelli FF, Thirone AC,
et al. Topical insulin accelerates wound healing in diabetes by enhancing the akt and erk
pathways: A double-blind placebo-controlled clinical trial. PloS One. (2012) 7:e36974.
doi: 10.1371/journal.pone.0036974

134. Jezek P, Holendova B, Jaburek M, Tauber J, Dlaskova A, Plecita-Hlavata L. The
pancreatic beta-cell: the perfect redox system. Antioxidants (Basel). (2021) 10:197.
doi: 10.3390/antiox10020197

135. Xiao W, Loscalzo J. Metabolic responses to reductive stress. Antioxid Redox
Signal. (2020) 32:1330–47. doi: 10.1089/ars.2019.7803

136. Newsholme P, Keane KN, Carlessi R, Cruzat V. Oxidative stress pathways in
pancreatic beta-cells and insulin-sensitive cells and tissues: importance to cell
metabolism, function, and dysfunction. Am J Physiol Cell Physiol. (2019) 317:C420–
C33. doi: 10.1152/ajpcell.00141.2019

137. de Baat A, Meier DT, Rachid L, Fontana A, Boni-Schnetzler M, Donath MY.
Cystine/glutamate antiporter system X(C)(-) deficiency impairs insulin secretion in
mice. Diabetologia. (2023) 66:2062–74. doi: 10.1007/s00125-023-05993-6

138. Bruni A, Pepper AR, Pawlick RL, Gala-Lopez B, Gamble AF, Kin T, et al.
Ferroptosis-inducing agents compromise in vitro human islet viability and function.
Cell Death Dis. (2018) 9:595. doi: 10.1038/s41419-018-0506-0

139. Liu GY, Sabatini DM. Mtor at the nexus of nutrition, growth, ageing and
disease. Nat Rev Mol Cell Biol. (2020) 21:183–203. doi: 10.1038/s41580-019-0199-y

140. Li T, Wang G. Computer-aided targeting of the pi3k/akt/mtor pathway: toxicity
reduction and therapeutic opportunities. Int J Mol Sci. (2014) 15:18856–91.
doi: 10.3390/ijms151018856

141. Hoke GD, Ramos C, Hoke NN, Crossland MC, Shawler LG, Boykin JV.
Atypical diabetic foot ulcer keratinocyte protein signaling correlates with impaired
wound healing. J Diabetes Res. (2016) 2016:1586927. doi: 10.1155/2016/1586927

142. Xu K, Yu FS. Impaired epithelial wound healing and egfr signaling pathways in
the corneas of diabetic rats. Invest Ophthalmol Vis Sci. (2011) 52:3301–8. doi: 10.1167/
iovs.10-5670

143. Lei G, Zhuang L, Gan B. Mtorc1 and ferroptosis: regulatory mechanisms and
therapeutic potential. Bioessays. (2021) 43:e2100093. doi: 10.1002/bies.202100093

144. Liu Y, Wang Y, Liu J, Kang R, Tang D. Interplay between mtor and gpx4
signaling modulates autophagy-dependent ferroptotic cancer cell death. Cancer Gene
Ther. (2021) 28:55–63. doi: 10.1038/s41417-020-0182-y

145. Olm E, Fernandes AP, Hebert C, Rundlof AK, Larsen EH, Danielsson O, et al.
Extracellular thiol-assisted selenium uptake dependent on the X(C)- cystine transporter
explains the cancer-specific cytotoxicity of selenite. Proc Natl Acad Sci U.S.A. (2009)
106:11400–5. doi: 10.1073/pnas.0902204106

146. Lee N, Carlisle AE, Peppers A, Park SJ, Doshi MB, Spears ME, et al. Xct-driven
expression of gpx4 determines sensitivity of breast cancer cells to ferroptosis inducers.
Antioxidants (Basel). (2021) 10:317. doi: 10.3390/antiox10020317

147. Sekhar KR, Hanna DN, Cyr S, Baechle JJ, Kuravi S, Balusu R, et al. Glutathione
peroxidase 4 inhibition induces ferroptosis and mtor pathway suppression in thyroid
cancer. Sci Rep. (2022) 12:19396. doi: 10.1038/s41598-022-23906-2
frontiersin.org

https://doi.org/10.1016/j.dci.2021.104298
https://doi.org/10.1111/exd.12243
https://doi.org/10.1016/j.cyto.2015.02.001
https://doi.org/10.1038/nm1577
https://doi.org/10.1016/j.redox.2022.102530
https://doi.org/10.1046/j.1524-475x.2002.10803.x
https://doi.org/10.1016/j.abb.2018.11.016
https://doi.org/10.1155/2020/9825028
https://doi.org/10.1155/2020/9825028
https://doi.org/10.2337/db15-0453
https://doi.org/10.1111/j.1600-079X.2010.00821.x
https://doi.org/10.1007/s00702-020-02145-7
https://doi.org/10.1016/j.dsx.2014.04.029
https://doi.org/10.1016/j.dsx.2014.04.029
https://doi.org/10.1016/B978-0-444-53480-4.00027-8
https://doi.org/10.1056/NEJMra1615439
https://doi.org/10.2337/diacare.23.7.887
https://doi.org/10.1016/j.jdermsci.2015.06.002
https://doi.org/10.1007/s11892-003-0005-1
https://doi.org/10.1177/15347346241233938
https://doi.org/10.1016/j.biomaterials.2020.120628
https://doi.org/10.2337/dbi17-0044
https://doi.org/10.2337/dbi17-0044
https://doi.org/10.1210/jc.2008-2534
https://doi.org/10.2337/diab.42.1.80
https://doi.org/10.2337/diab.42.1.80
https://doi.org/10.3389/fendo.2020.00308
https://doi.org/10.2165/00128071-200506040-00003
https://doi.org/10.1016/j.jdiacomp.2015.12.018
https://doi.org/10.1016/j.jdiacomp.2015.12.018
https://doi.org/10.1016/j.diabet.2019.04.002
https://doi.org/10.3390/genes5040926
https://doi.org/10.1146/annurev-cellbio-111315-125315
https://doi.org/10.1172/JCI77014
https://doi.org/10.1111/imm.12731
https://doi.org/10.3389/fimmu.2024.1415573
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.3390/ijms20194968
https://doi.org/10.1038/ncomms12972
https://doi.org/10.1038/414813a
https://doi.org/10.1210/endo.142.3.7988
https://doi.org/10.1371/journal.pone.0036974
https://doi.org/10.3390/antiox10020197
https://doi.org/10.1089/ars.2019.7803
https://doi.org/10.1152/ajpcell.00141.2019
https://doi.org/10.1007/s00125-023-05993-6
https://doi.org/10.1038/s41419-018-0506-0
https://doi.org/10.1038/s41580-019-0199-y
https://doi.org/10.3390/ijms151018856
https://doi.org/10.1155/2016/1586927
https://doi.org/10.1167/iovs.10-5670
https://doi.org/10.1167/iovs.10-5670
https://doi.org/10.1002/bies.202100093
https://doi.org/10.1038/s41417-020-0182-y
https://doi.org/10.1073/pnas.0902204106
https://doi.org/10.3390/antiox10020317
https://doi.org/10.1038/s41598-022-23906-2
https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Zhang et al. 10.3389/fimmu.2024.1467531
148. Alavi A, Sibbald RG, Mayer D, Goodman L, Botros M, Armstrong DG, et al.
Diabetic foot ulcers: part I. Pathophysiology and prevention. J Am Acad Dermatol.
(2014) 70:1 e–18. doi: 10.1016/j.jaad.2013.06.055

149. Galkowska H, Wojewodzka U, Olszewski WL. Chemokines, cytokines, and
growth factors in keratinocytes and dermal endothelial cells in the margin of chronic
diabetic foot ulcers. Wound Repair Regener. (2006) 14:558–65. doi: 10.1111/j.1743-
6109.2006.00155.x

150. Borst SE. The role of tnf-alpha in insulin resistance. Endocrine. (2004) 23:177–82.
doi: 10.1385/ENDO:23:2-3:177

151. Acosta JB, del Barco DG, Vera DC, Savigne W, Lopez-Saura P, Guillen Nieto G,
et al. The pro-inflammatory environment in recalcitrant diabetic foot wounds. Int
Wound J. (2008) 5:530–9. doi: 10.1111/j.1742-481X.2008.00457.x

152. Soria B, Escacena N, Gonzaga A, Soria-Juan B, Andreu E, Hmadcha A, et al.
Cell therapy of vascular and neuropathic complications of diabetes: can we avoid limb
amputation? Int J Mol Sci. (2023) 24:17512. doi: 10.3390/ijms242417512

153. Geerlings SE, Hoepelman AI. Immune dysfunction in patients with diabetes
mellitus (Dm). FEMS Immunol Med Microbiol. (1999) 26:259–65. doi: 10.1111/j.1574-
695X.1999.tb01397.x

154. Graves DT, Kayal RA. Diabetic complications and dysregulated innate
immunity. Front Biosci. (2008) 13:1227–39. doi: 10.2741/2757

155. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration, and
fibrosis. Immunity. (2016) 44:450–62. doi: 10.1016/j.immuni.2016.02.015

156. Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: phenotypical
vs. Functional differentiation. Front Immunol. (2014) 5:514. doi: 10.3389/
fimmu.2014.00514

157. Barman PK, Koh TJ. Macrophage dysregulation and impaired skin wound
healing in diabetes. Front Cell Dev Biol. (2020) 8:528. doi: 10.3389/fcell.2020.00528

158. Aitcheson SM, Frentiu FD, Hurn SE, Edwards K, Murray RZ. Skin wound
healing: normal macrophage function and macrophage dysfunction in diabetic
wounds. Molecules. (2021) 26:4917. doi: 10.3390/molecules26164917

159. Kawahito S, Kitahata H, Oshita S. Problems associated with glucose toxicity:
role of hyperglycemia-induced oxidative stress.World J Gastroenterol. (2009) 15:4137–42.
doi: 10.3748/wjg.15.4137

160. Assis SIS, Amendola LS, Okamoto MM, Ferreira GDS, Iborra RT, Santos DR,
et al. The prolonged activation of the P65 subunit of the nf-kappa-B nuclear factor
sustains the persistent effect of advanced glycation end products on inflammatory
sensitization in macrophages. Int J Mol Sci. (2024) 25:2713. doi: 10.3390/ijms25052713

161. Louiselle AE, Niemiec SM, Zgheib C, Liechty KW. Macrophage polarization
and diabetic wound healing. Transl Res. (2021) 236:109–16. doi: 10.1016/
j.trsl.2021.05.006

162. Weichhart T, Hengstschlager M, Linke M. Regulation of innate immune cell
function by mtor. Nat Rev Immunol. (2015) 15:599–614. doi: 10.1038/nri3901

163. Covarrubias AJ, Aksoylar HI, Yu J, Snyder NW, Worth AJ, Iyer SS, et al. Akt-
mtorc1 signaling regulates acly to integrate metabolic input to control of macrophage
activation. Elife. (2016) 5:e11612. doi: 10.7554/eLife.11612

164. Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova Y, Loginicheva
E, et al. Network integration of parallel metabolic and transcriptional data reveals
metabolic modules that regulate macrophage polarization. Immunity. (2015) 42:419–30.
doi: 10.1016/j.immuni.2015.02.005
Frontiers in Immunology 16
165. Edmonds M, Manu C, Vas P. The current burden of diabetic foot disease. J Clin
Orthop Trauma. (2021) 17:88–93. doi: 10.1016/j.jcot.2021.01.017

166. Zhu Y, Yang H, Deng J, Fan D. Ginsenoside rg5 improves insulin resistance and
mitochondrial biogenesis of liver via regulation of the sirt1/pgc-1alpha signaling
pathway in db/db mice. J Agric Food Chem. (2021) 69:8428–39. doi: 10.1021/
acs.jafc.1c02476

167. Xia W, Zhu Z, Xiang S, Yang Y. Ginsenoside rg5 promotes wound healing in
diabetes by reducing the negative regulation of slc7a11 on the efferocytosis of dendritic
cells. J Ginseng Res. (2023) 47:784–94. doi: 10.1016/j.jgr.2023.06.006

168. Lu X, Liu M, Dong H, Miao J, Stagos D, Liu M. Dietary prenylated flavonoid
xanthohumol alleviates oxidative damage and accelerates diabetic wound healing via
nrf2 activation. Food Chem Toxicol. (2022) 160:112813. doi: 10.1016/j.fct.2022.112813

169. Hozzein WN, Badr G, Badr BM, Allam A, Ghamdi AA, Al-Wadaan MA, et al.
Bee venom improves diabetic wound healing by protecting functional macrophages
from apoptosis and enhancing nrf2, ang-1 and tie-2 signaling. Mol Immunol. (2018)
103:322–35. doi: 10.1016/j.molimm.2018.10.016

170. Du S, Shi H, Xiong L, Wang P, Shi Y. Canagliflozin mitigates ferroptosis and
improves myocardial oxidative stress in mice with diabetic cardiomyopathy. Front
Endocrinol (Lausanne). (2022) 13:1011669. doi: 10.3389/fendo.2022.1011669

171. Song JX, An JR, Chen Q, Yang XY, Jia CL, Xu S, et al. Liraglutide attenuates
hepatic iron levels and ferroptosis in db/db mice. Bioengineered. (2022) 13:8334–48.
doi: 10.1080/21655979.2022.2051858

172. Wang Y, Wan R, Peng W, Zhao X, Bai W, Hu C. Quercetin alleviates
ferroptosis accompanied by reducing M1 macrophage polarization during
neutrophilic airway inflammation. Eur J Pharmacol. (2023) 938:175407. doi: 10.1016/
j.ejphar.2022.175407

173. Liu Y, Tang A, Liu M, Xu C, Cao F, Yang C. Tuberostemonine may enhance the
function of the slc7a11/glutamate antiporter to restrain the ferroptosis to alleviate
pulmonary fibrosis. J Ethnopharmacology. (2024) 318:116983. doi: 10.1016/
j.jep.2023.116983

174. Tan H, Chen J, Li Y, Li Y, Zhong Y, Li G, et al. Glabridin, a bioactive component
of licorice, ameliorates diabetic nephropathy by regulating ferroptosis and the vegf/akt/
erk pathways. Mol Med. (2022) 28:58. doi: 10.1186/s10020-022-00481-w

175. Wang X, Liu Z, Peng P, Gong Z, Huang J, Peng H. Astaxanthin attenuates
osteoarthritis progression via inhibiting ferroptosis and regulating mitochondrial
function in chondrocytes. Chem Biol Interact. (2022) 366:110148. doi: 10.1016/
j.cbi.2022.110148

176. Zhou Y. The protective effects of cryptochlorogenic acid on beta-cells function
in diabetes in vivo and vitro via inhibition of ferroptosis. Diabetes Metab Syndr Obes.
(2020) 13:1921–31. doi: 10.2147/DMSO.S249382

177. Liu H, Yan J, Guan F, Jin Z, Xie J, Wang C, et al. Zeaxanthin prevents
ferroptosis by promoting mitochondrial function and inhibiting the P53 pathway in
free fatty acid-induced hepg2 cells. Biochim Biophys Acta Mol Cell Biol Lipids. (2023)
1868:159287. doi: 10.1016/j.bbalip.2023.159287

178. Wang X, Chen X, Zhou W, Men H, Bao T, Sun Y, et al. Ferroptosis is essential
for diabetic cardiomyopathy and is prevented by sulforaphane via ampk/nrf2 pathways.
Acta Pharm Sin B. (2022) 12:708–22. doi: 10.1016/j.apsb.2021.10.005

179. Zhang J, Li R, Man K, Yang XB. Enhancing osteogenic potential of hdpscs by
resveratrol through reducing oxidative stress via the sirt1/nrf2 pathway. Pharm Biol.
(2022) 60:501–8. doi: 10.1080/13880209.2022.2037664
frontiersin.org

https://doi.org/10.1016/j.jaad.2013.06.055
https://doi.org/10.1111/j.1743-6109.2006.00155.x
https://doi.org/10.1111/j.1743-6109.2006.00155.x
https://doi.org/10.1385/ENDO:23:2-3:177
https://doi.org/10.1111/j.1742-481X.2008.00457.x
https://doi.org/10.3390/ijms242417512
https://doi.org/10.1111/j.1574-695X.1999.tb01397.x
https://doi.org/10.1111/j.1574-695X.1999.tb01397.x
https://doi.org/10.2741/2757
https://doi.org/10.1016/j.immuni.2016.02.015
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.3389/fcell.2020.00528
https://doi.org/10.3390/molecules26164917
https://doi.org/10.3748/wjg.15.4137
https://doi.org/10.3390/ijms25052713
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1016/j.trsl.2021.05.006
https://doi.org/10.1038/nri3901
https://doi.org/10.7554/eLife.11612
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1016/j.jcot.2021.01.017
https://doi.org/10.1021/acs.jafc.1c02476
https://doi.org/10.1021/acs.jafc.1c02476
https://doi.org/10.1016/j.jgr.2023.06.006
https://doi.org/10.1016/j.fct.2022.112813
https://doi.org/10.1016/j.molimm.2018.10.016
https://doi.org/10.3389/fendo.2022.1011669
https://doi.org/10.1080/21655979.2022.2051858
https://doi.org/10.1016/j.ejphar.2022.175407
https://doi.org/10.1016/j.ejphar.2022.175407
https://doi.org/10.1016/j.jep.2023.116983
https://doi.org/10.1016/j.jep.2023.116983
https://doi.org/10.1186/s10020-022-00481-w
https://doi.org/10.1016/j.cbi.2022.110148
https://doi.org/10.1016/j.cbi.2022.110148
https://doi.org/10.2147/DMSO.S249382
https://doi.org/10.1016/j.bbalip.2023.159287
https://doi.org/10.1016/j.apsb.2021.10.005
https://doi.org/10.1080/13880209.2022.2037664
https://doi.org/10.3389/fimmu.2024.1467531
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	The role of SLC7A11 in diabetic wound healing: novel insights and new therapeutic strategies
	1 Introduction
	2 Overview of SLC7A11
	2.1 The structure of system Xc- and its transfer function
	2.2 Regulatory mechanisms of SLC7A11
	2.2.1 Transcriptional regulation of SLC7A11 by transcriptional factors
	2.2.2 Epigenetic regulation of SLC7A11 transcription
	2.2.3 Posttranslational regulation of SLC7A11


	3 Excessive inflammatory and oxidative stress states in diabetic wound healing
	3.1 Excessive inflammation response and immune system deficiencies
	3.1.1 Sustained excessive inflammatory response in diabetic wounds
	3.1.2 Immune deficiencies and cell dynamics in diabetic wound healing

	3.2 The oxidative stress state in diabetic wounds
	3.2.1 Excessive ROS production and antioxidant redox imbalance
	3.2.2 Peripheral neuropathy and hypoxia in diabetic wounds
	3.2.3 Microvascular complications and ischemia in diabetic wounds


	4 Mechanism of SLC7A11 in regulating diabetic wound healing
	4.1 SLC7A11 and efferocytosis in diabetic wound healing
	4.2 The role of SLC7A11 in oxidative stress and ferroptosis in diabetic wounds
	4.3 Influence of SLC7A11 on insulin secretion
	4.4 SLC7A11 and mTOR-related pathways

	5 The role of SLC7A11 in the treatment strategies for diabetic wounds
	5.1 Immune regulation strategies in diabetic wound related to SLC7A11
	5.2 Antioxidant strategies in diabetic wound treatment targeted SLC7A11

	6 Summaries and outlook
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


