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Defective NCOA4-dependent ferroptosis in senescent
fibroblasts retards diabetic wound healing
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Cellular senescence describes a state of permanent proliferative arrest in cells. Studies have demonstrated that diabetes promotes
the pathological accumulation of senescent cells, which in turn impairs cell movement and proliferation. Historically, senescence
has been perceived to be a detrimental consequence of chronic wound healing. However, the underlying mechanism that causes
senescent cells to remain in diabetic wounds is yet to be elucidated. Ferroptosis and ferritinophagy observed in diabetes are due to
iron metabolism disorders, which are directly associated with the initiation and progression of diabetes. Herein, we reveal that
senescent fibroblasts in diabetic wounds are resistant to ferroptosis and that impaired ferritinophagy may be a contributing cause.
Further, the expression of NCOA4, a key factor that influences ferritinophagy, is decreased in both diabetic wound tissue and high
glucose-induced senescent fibroblasts. Moreover, NCOA4 overexpression could render senescent fibroblasts more vulnerable to
ferroptosis. A faster wound healing process was also linked to the induction of ferroptosis. Thus, resistance to ferroptosis impedes
the removal of senescent fibroblasts; promoting ferritinophagy could reverse this process, which may have significant implications
for the management of diabetic wounds.
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INTRODUCTION
In recent years, the rising prevalence of diabetes has been
accompanied by an increase in diabetic ulcers, a serious
complication that is the leading cause of disability and amputation
in diabetic patients [1, 2]. Hyperglycemia stimulates the formation
of advanced glycosylation end products, causes oxidative damage,
and induces persistent inflammation, tying diabetes and senes-
cence closely together [3]. Fibroblasts obtained from chronic
wounds are susceptible to senescence [4]; however, the molecular
and cellular drivers of senescence in chronic non-healing wounds
have not been identified, nor has a correlation between their
function and poor wound healing outcomes been established.
In diabetic wounds, impaired cellular function and bacterial

colonization promote substantial immune cell recruitment and
residence, resulting in prolonged, severe local inflammation [5].
This makes diabetic wounds the optimal setting for triggering
cellular senescence [6]. For instance, neutrophils generate high
levels of reactive oxygen species (ROS), which induce senescence
in surrounding cells via the paracrine senescence-associated
secretory phenotype (SASP) of neighboring fibroblasts, a process
triggered by telomere shortening [7, 8]. Moreover, the expression
of cytokines and chemokines is enhanced in diabetic wounds [9].
These essential components of SASP drive macrophages into an
inflammatory state [10]. Other local variables, including patho-
genic bacterial products [11] and tissue iron [12], may enhance
inflammatory responses and impair immune cell function,

accelerating the senescence of diabetic wounds. From a clinical
standpoint, the prevalence of non-healing diabetic wounds
highlights the critical need for new treatment techniques.
Some conditions associated with the formation of senescent

cells, such as neurodegeneration (including Alzheimer’s and
Parkinson’s disease), osteoarthritis, and idiopathic pulmonary
fibrosis, are characterized by a severe iron imbalance, and iron
load is commonly correlated with the extent of disease severity
[12–14]. In vitro studies have demonstrated that iron accumulates
in senescent replicative fibroblasts, and the iron storage protein,
ferritin, is abundant in senescent cells [15, 16]. Excessive iron has
been suggested to cause cell damage or promote ferroptosis due
to redox toxicity [17].
Ferroptosis is a form of programmed cell death initiated by iron-

dependent lipid peroxidation [18]. A surplus of active free iron can
generate oxidative stress by accelerating the production of ROS
through the Fenton reaction [19, 20]. In diabetes, the levels of the
primary indicators of iron storage, iron and ferritin, are substan-
tially elevated [21]. Additionally, plasma levels of antioxidant
enzymes, such as glutathione (GSH) and SOD, and H2O2 were
lower in diabetic individuals and animal models [22]. Even though
intracellular ROS and lipid peroxide (LPO) levels are elevated in
diabetic wounds, senescence causes a substantial accumulation of
ferritin, which traps free iron and leads to a decline in iron ion
levels [12, 23]. Therefore, we hypothesized that senescent cells in
diabetic wounds are less vulnerable to ferroptosis. For the
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breakdown of ferritin and the release of free iron ions, ferritin
metabolism is mostly dependent on ferritinophagy, a form of
chaperone-mediated autophagy [24]. Notably, autophagy may
suppress senescence by enhancing the quality and quantity of
proteins and organelles, preserving stemness, fostering genomic
stability, or a combination of these mechanisms [25]. Damage to

lysosome function in senescent cells reduces ferritinophagy [26],
which partially explains the accumulation of iron and ferritin in
diabetic wounds.
To confirm these hypotheses, we collected tissue samples from

diabetic wounds and analyzed ferritinophagy-related indicators to
detect clinical evidence of dysregulated iron metabolic

Fig. 1 Senescence is linked to diabetic wounds. a A hypothesized model of the impact of NCOA4 deficiency in senescent fibroblasts within
diabetic wounds. b Representative H & E staining and immunostaining of p16 photomicrographs illustrating the architecture of diabetes
wounds (DW) and normal skin (NS). Scale bar= 200 μm. c Quantification of p16 immunostaining in b. d The mRNA level of p16 were detected
by real-time PCR in normal glucose cultured fibroblasts (NG) and high glucose cultured fibroblasts (SF). e SA-β-GAL staining illustrates
increased senescent fibroblasts after high glucose culture. Scale bar= 100 μm. Data represent the mean ± SEM of triplicates. *P < 0.05;
****P < 0.0001.
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homeostasis. We constructed a high glucose-induced senescent
cell model and a diabetic mouse model to investigate the impact
of senescence on ferritinophagy and ferroptosis. We investigated
the role of nuclear receptor coactivator 4 (NCOA4) in regulating
ferroptosis (Fig. 1a). Finally, we observed that inducing ferroptosis
in diabetic mice promoted wound healing to some extent. Our
findings identify novel therapeutic targets for the treatment of
diabetic wounds.

RESULTS
Senescent cells accumulation in diabetic wounds
Tissue samples from patients with diabetic ulcers were collected
and discarded skin flap samples from healthy individuals under-
going plastic surgery were used as the control. Firstly, the tissue
was stained with hematoxylin and eosin (H & E). Diabetic wounds
(DW) differ from normal skin (NS) in that they have a thicker
epidermis, exhibit keratinocyte proliferation, decreased dermal
collagen content, and disrupted fibroblast organization (Fig. 1b).
Using immunohistochemical staining, we evaluated the senes-
cence phenotype of cells in the diabetic wound samples and
discovered that the protein expression of p16 was increased in
this tissue (Fig. 1b, c). Increased senescence-related β galactosi-
dases (SA-β-GAL) was also confirmed in diabetic wounds
(Supplementary Fig. S1). As the most common cell type in the
skin, fibroblasts serve as both synthesis cells, depositing extra-
cellular mesenchyme, and signaling cells, secreting growth factors
that are crucial for intercellular signaling and healing [27, 28]. Due
to the fact that fibroblasts are essential for wound healing and
tissue repair, we selected fibroblasts as the in vitro study’s subject.
Then we cultivated primary mouse skin fibroblasts in a complete
medium with a high glucose content of 33.3 mM, while the
glucose concentration in the control group was 5.56 mM, to
investigate whether a high glucose environment can cause

fibroblast senescence in vitro. After 14 days of high glucose
therapy, the high glucose (HG) group had considerably more cells
at the same passage stained with SA-β-GAL than the control
group (normal glucose, NG) (Fig. 1e). These findings were
supported by qPCR analysis, wherein the mRNA expression of
p16 was significantly elevated in diabetic wounds (Fig. 1d). Then,
we evaluated the impact of high glucose on cell migration. The
wound healing assay showed that cells cultured in HG displayed a
lower migratory capacity compared with cells in NG medium
(Supplementary Fig. S2). This data indicates that the high glucose
environment in diabetic wounds causes cellular senescence and
suggests a connection between senescence and pathological
repair.

Senescence renders fibroblasts immune to ferroptosis
Different doses of erastin, a traditional inducer of ferroptosis [29],
were administered to normal fibroblasts (NF) and senescent
fibroblasts (SF) resulting from high glucose, to test the sensitivity
of senescence to ferroptosis. Following 24 hours of treatment with
various concentrations of erastin (2, 3, 4, and 5 μm), a CCK8 assay
showed that the activity of SF was much higher than that of NF,
with no differences in the control treatment (Fig. 2a). In
ferroptosis, glutathione peroxidase 4 (GPX4) is a crucial checkpoint
[30]. Lipid peroxide damage and ferroptosis result from an
accumulation of lipid peroxides in glutathione-inhibited cells
when GPX4 activity is low [31]. After 6 h of ferroptosis-induction
treatment (erastin concentration of 5μm) in SF and NF, GPX4
expression in senescent cells was not significantly different to that
in the control group; however, GPX4 expression was drastically
lower in NF (Fig. 2b, c). We then evaluated the fluctuation in
peroxide concentration in response to this treatment using several
approaches. The ROS content of NF that were treated with erastin
were significantly elevated, whereas no significant changes were
evident in SF (Fig. 2d, e). In line with ROS data, the LPO

Fig. 2 Senescent fibroblasts exhibit a ferroptosis-resistant phenotype. a Relative cell viability of erastin (2, 3, 4, 5 μΜ) -stimulated fibroblasts.
b Protein level of GPX4 after 5 μΜ erastin treatment. c Quantification of GPX4 immunoblotting in b. d, f Intracellular ROS and LPO level in
fibroblasts with the indicated treatment. Scale bar in d= 200 μm, Scale bar in f= 100 μm. e, g Quantification of ROS and LPO level in d and f.
Data represent the mean ± SEM of triplicates. *P < 0.05; **P < 0.01; ns nonsignificant, NF normal fibroblast, SF senescent fibroblast, CTCF
corrected total cell fluorescence.
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concentration in SF was not considerably affected (Fig. 2f, g). This
series of experiments indicates that high glucose-induced
senescence renders fibroblasts immune to ferroptosis and may
be responsible for the significant accumulation of senescent cells
in diabetic wounds.

Altered content of ferritin and free iron in senescence
The underlying cause for senescence rendering cells resistant to
ferroptosis was then investigated. Changes in the amount of
ferritin and stored iron ions are a consequence of senescence-
induced iron metabolism disorders [32]. Immunohistochemical
staining demonstrated that ferritin expression in diabetic wound
tissue was substantially higher than in normal skin tissue (Fig. 3a,
b). Ferritin is mostly degraded via ferritinophagy, where it is carried
to lysosomes to be degraded and to liberate ferric ions, thus
preserving intracellular iron homeostasis [33]. It has been proposed
that senescence hinders the ferritinophagy process and that the
inability to breakdown ferritin results in a decrease in free
intracellular iron ions [34]. Thus, we have investigated the role of
NCOA4 in this process, as it is a cargo receptor that facilitates the
entry of ferritin into the lysosome and is necessary for the
maintenance of iron homeostasis [24]. Immunohistochemical
staining revealed that the expression of NOCA4 was considerably
reduced in diabetic wounds (Fig. 3a, c). Furthermore, qPCR
confirmed that the mRNA expression of NCOA4 was reduced in
diabetic wound tissues (Fig. 3e). In contrast to the change in its
protein expression, mRNA expression of FTH1 was decreased, as
ferritin expression is regulated at the transcriptional and transla-
tional levels (Fig. 3d). Additionally, after regulation, changes at the
protein level of ferritin precede changes at the RNA level [35], thus
providing evidence that ferritin accumulation in the context of

aging is unlikely to be regulated by the transcription or translation
of ferritin. Using the fluorescent dye FerroOrange, we also
measured intracellular free iron ions, which were significantly
(P < 0.0001) lower in high glucose-induced SF than in NF (Fig. 3f, g).
Therefore, senescence-induced ferritin buildup is not caused by an
elevation in ferritin mRNA transcription, but rather by a decrease in
NCOA4 expression, resulting in impaired ferritinophagy.

Ferritinophagy impairment in senescent fibroblasts
We investigated whether altered NOCA4 expression was associated
with the insensitivity of senescence to ferroptosis. To enhance
intracellular NCOA4 expression, we created an overexpression
plasmid and transfected it into primary mouse skin fibroblasts. Both
qPCR and western blot indicated that the expression of both mRNA
and protein of NCOA4 was enhanced after transfection, demon-
strating successful plasmid transfection (Fig. 4a, b). According to
previous experimental findings, protein and mRNA expression of
NCOA4 reduced in diabetic wounds (Fig. 3a, c). Therefore, we
hypothesized that this effect is owing to a senescent phenotype.
After successfully transfecting fibroblasts with NCOA4 plasmid,
normal and high glucose cultures were added, and immunofluor-
escence staining was used to evaluate NCOA4 expression. In
fibroblasts treated with high glucose, NCOA4 expression was much
lower than that in cells cultivated in normal media. The transfection
of the NCOA4 plasmid improved NCOA4 expression in the high
glucose group (Fig. 4d, e). NCOA4-mediated ferritinophagy is
primarily responsible for ferritin breakdown. A decrease in FTH1
expression and an increase in free ferric ions were observed in SF
with an overexpression of NCOA4 (Fig. 4f, g). This demonstrates
that the intracellular ferritin and ferric ions in senescent cells can be
altered by modulating the expression of NCOA4.

Fig. 3 Diabetes wounds exhibit impaired ferritin degradation. a Immunohistochemistry staining of FTH1 and NCOA4 in DW and NS. Scale
bar= 200mm. b, c Quantification of FTH1 and NCOA4 immunostaining in a. d, e The mRNA level of FTH1 and NCOA4 were detected by real-
time PCR in DW and NS. f Intracellular free iron ions in fibroblasts. Scale bar= 50 μm. g Quantification of intracellular free iron ions in f. Data
represent the mean ± SEM of triplicates. **P < 0.01; ****P < 0.0001. DW diabetes wounds, NS normal skin, NF normal fibroblast, SF senescent
fibroblast, CTCF corrected total cell fluorescence.
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Fig. 4 Overexpression of NCOA4 repaired the ferritinophagy in senescent fibroblast. a, b The mRNA and protein level of NCOA4 in
fibroblasts to detect the transfection efficiency of NCOA4. c Quantification of NCOA4 immunoblotting in b. d Immunofluorescence staining of
NCOA4 in NF and SF after transfected NCOA4 plasmid. Scale bar= 100 μm. e Quantification of NCOA4 immunofluorescence staining in d.
f Immunoblot of FTH1 in SF with the indicated treatment. i Quantification of FTH1 immunoblotting in f. g Intracellular free iron ions in
fibroblasts with the indicated treatment. Scale bar= 50 μm. h Quantification of intracellular free iron ions in g. j, k Relative cell viability of NF
and SF with erastin (5 μΜ) stimulation after transfection. Data represent the mean ± SEM of triplicates. **P < 0.01; ****P < 0.0001. DW diabetes
wounds, NS normal skin, NF normal fibroblast, SF senescent fibroblast, CTCF corrected total cell fluorescence.
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Given that overexpression of NCOA4 increased the iron content
of senescent cells, we anticipated that it may also overcome the
resistance of senescent cells to ferroptosis. The CCK8 assay
demonstrated that erastin dramatically decreased the cellular
activity of normal glucose-cultured cells, regardless of NCOA4
overexpression. In contrast, erastin diminished cellular viability
exclusively in senescent cells that were cultivated in high glucose
when NCOA4 was overexpressed (Fig. 4j, k). Consistent with CCK8
results, erastin induced an increase in LPO formation exclusively in
senescent cells that overexpressed NCOA4 (Supplementary Fig. S3).
These findings suggest that a high glucose microenvironment

reduces NCOA4 expression in SF. Overexpression of NCOA4 by
plasmid transfection accelerates the breakdown of ferritin, raises

the concentration of ferric ions, and increases the susceptibility of
SF to ferroptosis. Therefore, the insensitivity of SF to ferroptosis
may be correlated with a decrease in NCOA4 expression.

Inducing ferroptosis to promote diabetic wound healing
We demonstrated the effects of variation in ferritinophagy on
diabetic wounds as well as establish the relationship between
diabetic wounds and ferroptosis in vivo. Full-thickness skin defect
surgery was performed on the backs of both BALB/c mice with
streptozotocin (STZ)-induced type 1 diabetes mice and non-diabetic
mice using sodium citrate buffer. The wound site was treated with
erastin for seven consecutive days following surgery to induce
ferroptosis; photographs were taken on days 0, 3, 7, 14, and 21; and

Fig. 5 Inducing ferroptosis increases increases the rate of wound healing in vivo. a A schematic view of the experimental setting.
b Photographs of wound closure and simulation plots of wound closure. c The quantitative analysis of wound closure. Data represent the
mean ± SEM of triplicates. *P < 0.05; ***P < 0.001; ns nonsignificant. STZ streptozotocin; nDb non-diabetic, Db diabetic.
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Fig. 6 Erastin accelerate wounds healing process. a H&E staining of the wound indicated the healing situation on day 14. Scale bar= 200 μm
(upper). b Immunohistochemistry staining of Ki67 in nDb and Db wound sections at day 14 after surgery. Scale bar= 50 μm. c Quantitative
evaluation of the Ki67-positive cell ratio. d Prussian blue staining of the nDb and Db wounds at day 14 after surgery. Scale bar= 50 μm.
e Quantitative evaluation of the Prussian blue-positive cell ratio. f Immunoblot of FTH1 and NCOA4 in wounds with the indicated treatment.
g, h Quantification of FTH1 and NCOA4 immunoblotting in f. i, j The mRNA level of p16, FTH1, and NCOA4 were detected by real-time PCR in
wounds with the indicated treatment. Data represent the mean ± SEM of triplicates. **P < 0.01; ***P < 0.001; ****P < 0.0001; ns nonsignificant,
nDb non-diabetic, Db diabetic.
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tissue was collected on day 14 (Fig. 5a). Overall, wound healing in
diabetic mice was found to be slower than that in non-diabetic
mice, and the erastin intervention accelerated wound healing in
diabetic wounds to a rate consistent with normal acute wound
healing (Fig. 5b, c). On the 14th day postoperatively, we performed H
& E staining on the wounds which revealed that saline-treated non-
diabetic wounds had completed epithelialization, whereas the
diabetic wounds had only reached the granulation stage and were
significantly infiltrated by inflammatory cells. The non-diabetic
wounds treated with erastin exhibited clear epithelization, and the
diabetic wounds treated with erastin commenced the epithelization
process at a significantly greater rate than that in the control group
(Fig. 6a). Furthermore, ki67 staining indicated that erastin therapy
increased cellular proliferation in mice with diabetic wounds, to a
level equivalent to that in non-diabetic mice wounds (Fig. 6b, c).
To further elucidate the effects of ferritinophagy in vivo, we

analyzed the levels of FTH and NCOA4 in wound tissue. We
discovered that ferritin expression was higher in diabetic wounds,
and that therapy with erastin decreased FTH expression in non-
diabetic wounds, however, erastin had no impact on diabetic
wounds (Fig. 6f, g). Evidently, NCOA4 expression was low in
diabetic wounds, and erastin treatment had a minimal effect on
NCOA4 expression, which is consistent with previous reports
involving human tissue (Fig. 6f, h). Similarly, we examined the
expression of FTH1 and NCOA4 at the genetic level. We found that
the mRNA expression of FTH1 and NCOA4 was both higher in non-
diabetic wounds than in diabetic wounds (Fig. 6j, k). This also
corroborates the results obtained from clinical samples. We then
quantified the iron content of the wounds. The iron content of
diabetic wounds was shown to be greater than that of non-
diabetic wounds; however, erastin had no effect on the
accumulation of iron ions in diabetic wounds (Fig. 6d, e).
The rate of wound healing is lower in diabetic mice than in non-

diabetic mice, and the effects of an altered ferritinophagy process
is consistent with in vitro test results. Furthermore, treatment with
erastin aided in the healing of diabetic and non-diabetic wounds
but had no effect on ferritinophagy.

DISCUSSION
The established link between senescence and chronic, non-healing
diabetic wounds, has led to senescence being a proposed
therapeutic target [36]. Despite the lack of well-established research
on the connection between diabetic wounds and senescence, a
growing number of publications are contributing to a deeper
understanding of the role of senescence in diabetic wounds [37].
Firstly, senescent cells create a collection of SASPs that regulate the
nearby microenvironment, thereby influencing various aspects of
wound regeneration, including cell proliferation, matrix remodeling,
and angiogenesis [38]. Another factor that hinders the healing of
diabetic wounds is the accumulation of oxidative damage. In
normal circumstances, inflammatory signals elicit an immune
response that results in the elimination of abnormal cells [39].
However, in aged tissue, these clearance systems are disturbed,
resulting in an intense immune response, aseptic inflammation, and
consequent prolongation of pathological processes [40]. Further-
more, the conversion of M1 macrophages into M2 macrophages is
inhibited, and their diminished capacity renders them insusceptible
to migration to sites where senescent cells congregate [41]. Thus,
the overall primary properties of senescent cells, including SASP,
ROS, and malfunction of the immune system, inhibit diabetic
wound healing. Consequently, targeting senescent cells in diabetic
chronic wounds may be useful prospective therapy. Several
potential treatments are already in development to either eliminate
senescent cells or minimize their negative effects to accelerate
diabetic wound healing. Zhao et al. described a nanomaterial that
can target senescent cells and induce apoptosis, demonstrating
that it could be used to promote diabetic wound healing [42].

Since ferroptosis was identified, many emerging studies have
been focused on the prevention and treatment of tumors [18].
Owing to our expanding understanding of ferroptosis, its role in
diabetic wounds has attracted considerable interest in recent
years [43]. In ferroptosis and diabetes, depleted GPX4 and GSH,
increased iron, and enhanced lipid peroxidation are common
characteristics [44]. There is a large body of research attributing
some diabetic complications to high glucose levels that promote a
shift in the upstream core regulating components, leading to iron
overload and a reduction in antioxidant capacity via distinct
pathways [45, 46]. Current research suggests that autophagy
regulates ferroptosis through modulating cellular iron home-
ostasis and generating reactive oxygen species [47]. Ferroptosis
and ferritinophagy are observed in diabetic complications due to
inherent cell metabolic pathway disorders, such as iron overload
induced by faulty iron metabolism, which is directly associated to
the formation and progression of diabetic complications [48].
It has been shown that senescent fibroblasts induced by other

stimuli (radiation, replicative and oncogenic) are highly resistant to
ferroptosis [34]. Congruent with this finding, our research shows that
ferritin significantly accumulates and NCOA4 expression is drastically
decreased in senescent fibroblasts induced by a high glucose
medium. Under these conditions, ferritin binds to intracellular iron,
reducing the available free iron. Thus, cells develop a resistance to
ferroptosis owing to the reduction in free iron.
In addition to the radiation, replicative and oncogenic involved

in that study, high glucose is also a common stimulus that induces
cellular senescence. Hyperglycemia is a proximal trigger for many
downstream molecular disorders in diabetes, including cellular
senescence. The excessive production of reactive oxygen species
(ROS) and the extensive oxidative attack on multicellular targets,
including mitochondrial structures, establish a perpetuating cycle
[49, 50]. We believe it is plausible to hypothesize that senescence
explains why high glucose-induced cells are resistant to ferroptosis
and have altered iron homeostasis protein expression. And this
hyper-resistance to ferroptosis is considered to be one of the
reasons behind the high rate of senescent cells in diabetic wounds.
Future research should concentrate on targeting the pathophy-

siological aspects of senescence and mitigating its negative effects
on diabetic wound healing. Our study offers preliminary evidence
that therapy with ferroptosis-inducers accelerate the healing of
diabetic wounds. Due to the inherent complexity of the wound
environment, the possibility that erastin promotes diabetic wound
healing by other processes cannot be precluded. For example,
erastin can promote diabetic wound healing by inhibiting the
membrane transporter SLC7A11 to activate efferocytosis [51].
Therefore, targeting the induction of senescent cell death and
achieving precise management in the context of complicated
wounds is a promising direction. Overall, our findings provide
strong foundations for the future development of therapeutics to
target ferritinophagy and eliminate senescence in diabetic wounds.

MATERIALS AND METHODS
Human specimen acquisition
In this study, non-diabetic patients (n= 3) who underwent surgery for
diverse reasons, such as flap grafting following accidental trauma, were
included as the healthy control group. Patients with diabetic foot ulcers
(n= 3) who underwent ulcer excision surgery were also included as the
test group. They offered adequate wound and peri-wound tissue for
examination. This research was authorized by the Ethics Committee of the
Nanfang Hospital of Southern Medical University.

Primary fibroblast harvest and treatment
As reported previously, primary fibroblasts were isolated from the skin of
neonatal BALB/c mice [52]. Then primary fibroblasts were cultivated in a
complete medium with a high glucose content of 33.3 mM (HG) for
14 days, and the glucose concentration in the control group was 5.56mM

X. Wei et al.

8

Cell Death Discovery           (2023) 9:138 



(NG). Medium changes were performed at two-day intervals until the cells
were ready for testing. All tests were conducted on cells between passages
three and five.

ROS assay
Total intracellular ROS levels were measured using the ROS Assay Kit
(Beyotime, S0033, China) according to the manufacturer’s instructions. After
high glucose treatment for 14 days, HG group and NG group fibroblasts of
the same passage (P5/6) were seeded at a density of 1 × 105 cells/well in 24-
well cell culture plate and treated with erastin at the concentration of 5 μm
for 6 h. Cells were incubated with 10mM DCFH-DA reagent for 20min at
37 °C according to the manufacturer’s instructions. Finally, cells were
observed using an Olympus IX73 fluorescence microscope.

LPO assay
The cell preparation is same as ROS assay. After treatment, cells were
incubated with Liperfluo (Dojindo, L248, China) for one hour according to
the manufacturer’s instructions. Then the cells were washed with PBS and
observed using an Olympus IX73 fluorescence microscope (Olympus,
Tokyo, Japan).

Fe2+evaluation
Briefly, fibroblasts (P2) were transfected with either a control plasmid or
NOCA4 overexpression plasmid, then the cultures were treated with HG
and NG. After 14 days’ culture, FerroOrange (Dojindo, F374, China) was
applied to reveal the distribution and expression of ferrous iron in the
cytoplasm of living fibroblasts (P5/6). The fibroblasts culture medium was
replaced with serum-free medium containing 1 μM FerroOrange, and then
cells were incubated at 37 °C for 30min before being detected using a
confocal fluorescence microscope (Zeiss, LSM980, Oberkochen, Germany).

Western blotting
Total cell and tissue proteins were extracted. Bicinchoninic acid method was
used to determine the protein concentration and quantify the total amount of
protein. SDS-polyacrylamide gel electrophoresis was performed to separate
the protein extracts. After the electrophoresis, the gel was transferred to
polyvinylidene fluoride membrane. The membranes were incubated with 5%
skim milk for 1 h. The primary antibodies: NCOA4 (Sino Biological, #203674,
China, 1:400), FTH (Abcam, #ab75972, USA, 1:500), GPX4 (Abcam, #ab125066,
USA, 1: 1000); GAPDH (Abcam, #ab181602, USA, 1:1000); β-actin (Abcam,
#ab8226, USA, 1:500) were added to incubate with the membranes at 4 °C
overnight. Secondary antibody was incubated for 1 h at room temperature.
Densitometry analysis was performed using the ImageJ software.

Cell transfection with NCOA4 overexpression plasmid
Primary fibroblasts were transfected with either a control plasmid or NOCA4
overexpression plasmid (both sourced from VectorBuilder, Guangzhou,
China) using UltraCruz® Transfection Reagent (Santa Cruz Biotechnology,
sc-395739, Texas, USA) according to the manufacturer’s guidelines. After
adding the plasmid and transfection reagent for 6 h, the medium was
changed to a HG or NG medium for further studies. The efficacy of
transfeciton was analyzed by western blot and qPCR 48 h after transfection.

Mouse diabetes model
Care and treatment of animals were performed in accordance with
institutional procedures as well as national laws and rules. The
Experimental Animal Ethics Committee of the Nanfang Hospital authorized
the experimental procedure. Diabetic (Db) and non-diabetic (nDb) groups
(n ≥ 3) were randomly formed in male BALB/c mice aged six weeks. The
diabetic group received a sodium citrate solution of STZ (50mg/kg)
through intraperitoneal injection for five days, and the control group
received sodium citrate solution.

Histological analysis
SA-β-Gal staining, p16, NCOA4, FTH1 immunohistochemistry, Perl’s
staining and H & E staining were performed in wound tissue (day 14) of
human and mice. (see Supplementary Materials and Methods).

Statistical analysis
All experiments were from at least 3 individual substances and repeated at
least three times unless otherwise indicated. Error bars represent SEM.

Student’s t-test was used to compare two groups of independent samples.
For multiple-group comparisons, we used one-way ANOVA as a parametric
method. Statistical significance was defined by P value (*P < 0.05,
**P < 0.01, ***P < 0.001, ****P < 0.0001) and the P values were two-sided.
P < 0.05 was considered statistically significant. NS indicates no significant
difference. All statistical analyses were performed with GraphPad Prism
(version 8.0, GraphPad Software, SanDiego, CA).

DATA AVAILABILITY
The data sets that support the findings of the current study are available from the
corresponding authors upon reasonable request.
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