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Ferroptosis, driven by an imbalance in redox homeostasis, has recently been identified to regulate macrophage
function and inflammatory responses. SENP3 is a redox-sensitive de-SUMOylation protease that plays an
important role in macrophage function. However, doubt remains on whether SENP3 and SUMOylation regulate
macrophage ferroptosis. For the first time, the results of our study suggest that SENP3 sensitizes macrophages to
RSL3-induced ferroptosis. We showed that SENP3 promotes the ferroptosis of M2 macrophages to decrease M2

macrophage proportion in vivo. Mechanistically, we identified the ferroptosis repressor FSP1 as a substrate for
SUMOylation and confirmed that SUMOylation takes place mainly at its K162 site. We found that SENP3 sen-
sitizes macrophages to ferroptosis by interacting with and de-SUMOylating FSP1 at the K162 site. In summary,
our study describes a novel type of posttranslational modification for FSP1 and advances our knowledge of the
biological functions of SENP3 and SUMOylation in macrophage ferroptosis.

1. Introduction

Ferroptosis has recently been identified as an iron-dependent pro-
grammed cell death that is driven by lipid peroxidation, with mecha-
nisms distinct from those of apoptosis, necrosis, and pyroptosis [1-3].
Initiated by an imbalance in redox homeostasis, ferroptosis is regulated
by iron metabolism and diverse cellular metabolism involving amino
acids, glucose, and lipids [4,5]. Recently, many studies have investi-
gated the regulatory role that ferroptosis plays in macrophage function
and inflammatory response [3]. Evidence suggests that
damage-associated molecular patterns and alarmins are released during
ferroptosis of macrophages, amplifying inflammation and tissue damage
[6,7]. In addition, a recent study indicated that macrophages in different
polarization states exhibit diverse susceptibilities to ferroptosis. Acti-
vated (M1) macrophages mediate inflammation, which is vital for mi-
crobial killing [8]. Alternatively activated (M2) macrophages limit
inflammatory response and are responsible for tissue regeneration [9].
Previous studies suggested that M1 macrophages show significantly
increased tolerance to ferroptosis compared to M2 macrophages, leading
to a higher M1/M2 ratio under conditions of oxidative stress [10]. The
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pathologically increased M1/M2 ratio of macrophages is a major
contributor to multiple diseases, including chronic non-healing wounds.
However, the underlying molecular mechanisms of ferroptosis require
further elucidation.

Recently, there is growing recognition of the significance of protein
post-translational modifications (PTMs) in ferroptosis [11,12]. Studies
have shown that ferroptosis regulators can undergo PTMs, such as
phosphorylation, acetylation, glycosylation, ubiquitination, and succi-
nation, which play indispensable roles in regulating ferroptosis [13,14].
It is important to determine whether there are new novel PTMs involved
in regulating ferroptosis. SUMOylation, a recently discovered type of
PTM that generally refers to SUMO1 and SUMO2/3 modification, is
possibly related to ferroptosis [14,15]. The level of protein SUMOylation
is regulated by both SUMOylation and de-SUMOylation and is mediated
by the SUMO-specific protease SENP [16]. SENP3 is the predominant
oxidative stress-sensitive protein in the SENP family [17]. It is unclear
whether SUMOylation regulates ferroptosis. In addition, the role of the
de-SUMOylation enzyme SENP3 in regulating ferroptosis remains un-
clear.
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Glutathione peroxidase 4 (GPX4) is considered as the key repressor
of ferroptosis, catalyzing phospholipid hydroperoxides reduction [18].
Inactivating GPX4 with RSL3 or conditional GPX4 knockout can induce
ferroptosis in mouse embryonic fibroblasts [2,19]. The Conrad team and
the Olzmann team recently identified ferroptosis suppressor protein 1
(FSP1) as the next major ferroptosis suppressor in addition to GPX4, by
using a genetic suppressor screen or synthetic lethal CRISPR-Cas9 screen
[20,21]. Studies have suggested that FSP1 exerts ferroptosis inhibition
parallel to GPX4 activity by reducing coenzyme Q10 and vitamin K [22,
23]. It remains largely unknown whether SUMOylation regulates the
function of FSP1. In addition, it remains unclear what role SENP3 plays
in regulating FSP1.

This study is the first to explore the relationship between SENP3 and
macrophage ferroptosis. We clarified that SENP3 regulates macrophage
phenotype by controlling ferroptosis to influence diabetic wound heal-
ing. Mechanistically, we clarified that SENP3 regulates macrophage
ferroptosis through SUMOylation of FSP1. Moreover, we identified K162
as the predominant SUMOylation site for FSP1. Overall, this study ad-
vances our knowledge of the biological roles of SENP3 and SUMOylation
during ferroptosis and chronic non-healing wounds.

2. Methods
2.1. Animals

Animals were obtained from the Shanghai Laboratory Animal Cen-
ter. C57BL/6 mice at 5-12 weeks of age were used, as indicated in the
figures and legends. The animals were housed under specific pathogen-
free (SPF) conditions. Senp3 flox/flox (SENP3ﬂ/ ﬂ) or Senp3 flox/flox;
Lyz2-Cre (SENP3°%°) mice were established as previously described
[24]. The Institutional Animal Care & Use Committee of Shanghai Jiao
Tong University School of Medicine approved the protocol
(RJ2023021).

2.2. Cell culture and cell transfection

Cells were obtained from the American Type Culture Collection. The
RAW264.7 cells were maintained using RPMI 1640 medium (Gibco).
HEK293T and HT1080 cells were maintained using DMEM medium
(Gibco). The cells were cultured with medium containing 10 % fetal
bovine serum (Gibco) and 1 % penicillin/streptomycin (NCM Biotech),
5 % CO, at 37 °C. In HEK293T cells, plasmid DNA and shRNAs were
transfected using PEI (Yeasen).

2.3. Bone marrow-derived monocytes (BMDMs) isolation and culture

BMDMs from SENP3!! or SENPX® mice were isolated as described
previously [24]. Mice were sacrificed and subsequently sterilized. The
cell suspensions were obtained by flushing the bones using RIPM 1640
(Gibco) and then filtered by 70-pm cell strainers. The cells were main-
tained in a medium supplemented with 25 ng/ml M-CSF (Abclonal) for 7
days to differentiate.

2.4. Cell viability assays

We seeded 2 x 10* BMDMs, 1 x 10* RAW 264.7, or 1 x 10* HT1080
cells on 96-well plates overnight. Then, we incubated cells with
ferrostatin-1 (MCE), viFSP1 (MCE), LPS (100 ng/ml) and IL-4 (25 ng/
ml) for 24 h. Then, cell viability was tested 5 h after RSL3 treatment
using a Cell Counting Kit (Beyotime). The cell viability was expressed as
a relative value of the control sample.

2.5. LDH release assays

We seeded 2 x 10* BMDMs, 1 x 10* RAW 264.7, or 1 x 10* HT1080
cells on 96-well plates overnight. Then, we incubated cells with
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ferrostatin-1 (MCE), viFSP1 (MCE), LPS (100 ng/ml), and IL-4 (25 ng/
ml) during seeding on 96-well plates. Next, cells were treated with RSL3
(Selleck). The cell death rate was determined by the LDH detection kit
(Promega) following the instructions. Briefly, cell lysates were prepared
by using 10x lysis from the kit as a lysate sample as total LDH release. 50
pL culture supernatant was obtained as the medium sample. Lysate and
medium samples were each mixed with reagents for 30 min, following
which the addition of a 50 pL stop solution initiated a measurement by a
microplate reader at 490 nm. Cell death levels were quantified as a
relative value of total LDH release.

2.6. BODIPY 581/591 C11 staining

We seeded BMDMs or HT1080 (1 x 10° cells per well) on 6-well
dishes overnight. Cells were treated with RSL3 for 1 h and incubated
with 2.5 pM BODIPY 581/591 C11 (Thermo Fisher), resuspended in
300-500 pL of Hanks’ balanced salt solution (HBSS, Gibco). Subse-
quently, a flow cytometer (CytoFLEX Beckman Coulter) was used to
analyze. Data were analyzed using CytExpert.

2.7. SYTOX Green

BMDMs or HT1080 were seeded on 6-well dishes (1 x 10° cells per
well) overnight. Cells were incubated with 1 pM RSL3 for 5 h 1:20000
SYTOX Green (Thermo Fisher) was added and incubated for 10 min,
then images were taken by fluorescence microscopy randomly at least 5
images for each sample. Data were analyzed by Image J and results were
expressed as dead cells/total cells%.

2.8. Zymosan peritonitis RSL3-ferroptosis model

SENP3% and SENP3°° mice were administered an intraperitoneal
injection of zymosan A (Sigma-Aldrich, from Saccharomyces cerevisiae)
at a dosage of 100 mg/kg as previously described [10]. Seventy-two
hours after zymosan administration, the mice were injected with sa-
line or RSL3 (40 mg/kg) intraperitoneally. Five hours after the RSL3
administration, peritoneal exudates were isolated.

2.9. Flow cytometry

Macrophages were derived from mouse peritoneal exudates as pre-
viously described [10] and stained at 4 °C for 30 min using
fluorescence-conjugated antibodies: Brilliant Violet 510™ anti-mouse
CD45 (1:200, 30-F11 clone, 103138, Biolegend); Alexa Fluor® 700
anti-mouse/human CD11b (1:200, M1/70 clone, 101222, Biolegend);
Brilliant Violet 785™ anti-mouse F4/80 (1:200, BM8 clone, 123141,
Biolegend); FITC anti-mouse CD80 Antibody (1:200, 16-10A1 clone,
104705, Biolegend); PE anti-mouse CD206 Antibody (1:200, C068C2
clone, 141705, Biolegend); APC750 Live/dead (1:100). All assays were
performed by CytoFLEX Beckman Coulter. Data were analyzed using
CytExpert.

2.10. Mice and rat diabetic model

For mice diabetic model, 5 weeks mice (C57BL/6wild-type mice,
SENP3/ ﬂ, and SENP3%° were administered with streptozotocin (dis-
solved in citrate buffer; Yeasen) with 80 mg/kg and 40 mg/kg a week
later. For the rat diabetic model, 6-week-old rats were intraperitoneally
injected with 60 mg/kg and 30 mg/kg a week later with streptozotocin.
Blood glucose and weight were monitored weekly. The mice with blood
glucose levels above 16.7 mM were fed for 6-8 weeks and used for the
following experiments. Citrate buffer alone injected mice or rats were
used as no diabetic controls.
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2.11. Full-thickness diabetic wounds model

Full-thickness skin wounds were carried out as previously described
[11]. On days 3, 5, 7, 11, and 15 post-surgery, these wounds were
documented by photography, and the extent of wound closure was
quantified. The image analysis was conducted using ImageJ. On days 5,
7, and 15 post-surgery, the wounds with 5 mm surrounding tissues were
analyzed.

2.12. Histology, immunohistochemistry, and immunofluorescence of skin
wounds

The sections of skin wounds were stained through H&E and Masson
staining. Macrophages, and angiogenesis in the skin wounds, paraffin-
embedded mouse or rat wound sections were stained by antibodies
against SENP3 (1:400; Cell Signaling Technology, 5591), F4/80 (1:100;
Invitrogen, MA1-91124), CD68 (1:400; Abcam, ab955), AGR-1 (1:400;
Cell Signaling Technology, 93668), iNOS (1:400, Invitrogen, PA1-036)
and CD31 (1:1000, Abcam, ab281583). For immunohistochemistry,
sections were stained with a DAB Substrate kit (Vector Laboratories, SK-
4100) following secondary antibodies. The Digital Pathology Slide
Scanner from Shanghai Runnerbio Technology CO., Ltd was used to scan
the slides. For immunofluorescence, sections were stained using
fluorescence-labeled secondary antibodies (1:400, Invitrogen; A11006
or A32766 or A10042) for 60 min. Following staining of the nuclei using
DAPI (Yeasen), the slides were captured using an Olympus digital
camera or scanned by a digital slide scanner 3DHISTECH. All images
were analyzed by Image J software.

2.13. FerroOrange staining

We seeded BMDMs (1 x 10° cells per well) on a 3.5 cm fluorescent
imaging dish. Cells were stimulated with 1 pM RSL3 for 4 h. Following
three washes in HBSS, 1 uM FerroOrange (DOJINDO, F374) was added
to the cells. Then, we randomly took at least five images for each sample
using a Zeiss LSM880. Data were analyzed using Image J, with results
expressed as fluorescence intensity.

2.14. Glutathione peroxidase (GPX) activity assay

Intracellular GPX activity was quantified by coupling to NADPH
oxidation in the presence of excess glutathione reductase using a cellular
GPX assay kit (Beyotime, S0056) as previously described [25]. Briefly,
BMDMs were cultured in 10 cm dishes and treated with 1 pM RSL3 for 2
h. After that, the supernatant of cell lysates was collected to perform the
GPX activity assay following the instructions. The protein level of each
sample was determined by a BCA assay (Pierce, Thermo Scientific). GPX
activity was calculated and expressed as mU/mg protein.

2.15. Sh-RNA, plasmid, and mutagenesis

sh-NC and sh-SENP3, described in Supplementary Information
Table 1, were constructed as described previously [24]. The plasmids
were constructed and used as described previously [24,26]. The plas-
mids including human FSP1, mouse FSP1, and human SENP3 were
generated by Shanghai Xitu Biotechnology Co., Ltd. The coding
sequence region of human SENP3 (NM_015670.6) was synthesized (de
novo synthesis) and cloned to the pLVX-EFla-IRES-puro vector. The
coding sequence region of human FSP1 (NM_001198696.2) with
N-terminal 3 x Flag was synthesized (de novo synthesis) and cloned
between Xhol and BamHI sites of the pLVML-CMV-IRES-puro vector. The
coding sequence region of mouse FSP1 (NM_001039194.3) with C-ter-
minal 3 x Flag was synthesized (de novo synthesis) and cloned between
Xbal and BamHI sites of the pLVX-EFla-IRES-puro vector. The human
HA-FSP1 was generated in our laboratory based on the WT plasmid
using pCDH lentivectors. The human FSP1 mutants, including the 3 x
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flag-FSP1 K43R mutant, the 3 x flag-FSP1 K162R mutant, and the 3 x
flag-FSP1 K225R mutant, were generated in our laboratory based on the
WT plasmid using the Vazyme 2 x Phanta Flash Master Mix (P510). The
mouse FSP1-K162R mutant expression plasmid was also generated by
Shanghai Xitu Biotechnology Co., Ltd., that is based on the WT plasmid
by site-directed mutagenesis. The primers for mutagenesis are shown in
Table 1. The plasmid details are listed in Table 2.

2.16. Preparation of lentiviral particles, stable expression, or knockdown
by transfection

A lentiviral packaging system comprising a transfer plasmid, pMD2.
G, and psPAX2 was co-infected into HEK293T cell. Following a 48-h
incubation, cell culture supernatant was filtered through 0.45-pm sy-
ringe filters to transduce the cell line of interest.

We seeded the cells in a 10 cm dish one day before transfection.
Supernatants containing viral particles were added for 12 h and then
were changed. Two days after the transfection, cells were subjected to
the selection process involving puromycin (0.5 pg/ml for HT1080, 2 pg/
ml for RAW 264.7) to obtain cells with stable expression SENP3, FSP1,
or FSP1 K162R in HT1080 and RAW 264.7 cells. To achieve stable
expression, the cells were maintained under selective conditions.

For stable knockdown SENP3 by sh-NC and sh-SENP3, RAW 264.7
cells were used for the following experiment 48 h after infection.

2.17. Immunoblotting (IB)

We carried out the IB as described [27]. The antibodies that were
utilized in the experiment were: SENP3 (Cell Signaling, 5591),
SUMO2/3 (Cell Signaling, 4971), SUMO1 (Cell Signaling, 4940), RH
(QIAGEN, 34610), HA (Cell Signaling, 3724), Flag (Sigma, F3165) and
B-actin (Cell Signaling, 4970), vinculin (Proteintech, 66305), tubulin
(Proteintech,66362), GFP (Proteintech, 66002), FSP1 (Cell Signaling,
24972), FSP1 (Proteintech, 68049-1).

2.18. Flag immunoprecipitation assay

The flag immunoprecipitation assay was performed using the routine
protocol as previously described [26]. After transfection, the cells were
lysed using a lysis buffer followed by centrifugation at 13000g for 15
min. Then, Anti-Flag M2 Magnetic beads (Sigma Aldrich, M8823) were
added to cell lysates to incubate overnight at 4 °C. Next, we analyzed the
eluted samples through IB.

2.19. Ni-NTA pull-down assay

The Ni-NTA pull-down assay was carried out using the previously
described method [26]. Briefly, we transfected cells with RH-tagged
plasmids and then lysed them following the manufacturer’s protocol.
Subsequently, the cell lysates were incubated with HisSep Ni-NTA
MagBeads (Yeasen) for 2 h. Next, we analyzed the eluted RH-tagged
proteins through IB.

2.20. Statistical analysis

An unpaired t-test or multiple unpaired t-tests were used to compare
differences between the two groups. Either one-way analysis of variance
(ANOVA) or two-way ANOVA was used to analyze group differences.
Statistical significance is defined as a p-value less than 0.05. The results
are represented as means =+ sd. The statistical analysis for this study was
conducted using GraphPad Prism 9.0.
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3. Results
3.1. SENPS3 sensitizes macrophages to RSL3-induced ferroptosis

To elucidate whether SENP3 and SUMOylation play roles in regu-
lating the ferroptosis of macrophages, we treated RAW 264.7 macro-
phages with RSL3 to induce ferroptosis [10,28,29]. According to the
results, RSL3 suppressed cell viability and elevated LDH release in RAW
264.7 cells, and these effects were rescued by the ferrostatin-1 (Ferl)
treatment (Fig. 1A and B). These results suggested that the ferroptosis of
macrophages can be induced by RSL3.

During RSL3-induced macrophage ferroptosis, SENP3 rapidly accu-
mulated in response to RSL3 stimulation along with decreased SUMO2/
3 modification (Fig. 1C), whereas SUMO1 modification remained stable
(Supplementary Fig. 1A), which was further ascertained by statistical
analysis (Supplementary Fig. 1B). SENPs can regulate SUMO2/3 modi-
fication [30,31]. Therefore, we attempted to determine whether the
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accumulation of SENP3 can lead to decreased SUMO2/3 modification
during ferroptosis by stably knocking down SENP3 expression in RAW
264.7 macrophages. SENP3 knockdown significantly reversed the
decrease in SUMO2/3 modification in response to RSL3 stimulation
(Supplementary Figs. 1C and D). However, in untreated cells, SENP3
knockdown did not affect SUMO2/3 modification, indicating that other
SENP family members may compensate for the loss of SENP3 under
basal conditions. Previous studies have shown that SENP3 expression
increases under oxidative stress [32]. SENP3 accumulated in
RSL3-stimulated RAW264.7 cells within 120 min. Meanwhile, antioxi-
dant N-acetyl cysteine (NAC) reversed the increase in SENP3 expression
(Supplementary Figs. 1E and F). The data indicate that RSL3-induced
SENP3 accumulation is ROS-dependent. Together, these data suggest
that SENP3 expression increases and SUMO2/3 modification decreases
during RSL3-induced macrophage ferroptosis.

Next, we determined whether SENP3 regulates RSL3-induced
macrophage ferroptosis. Knockdown of SENP3 expression promoted
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Fig. 1. SENP3 sensitizes macrophages to RSL3-induced ferroptosis. (A-B) RAW 264.7 macrophages were incubated with vehicle, RSL3 (1 pM), and RSL3 (1 pM) +
Fer-1 (1 pM) for 5 h. Then, the viability (A) and the Lactate dehydrogenase (LDH) release (B) of RAW 264.7 macrophages were tested. (C) RAW 264.7 macrophages
were stimulated with RSL3 (1 pM) for the indicated time, and SENP3 and SUMO2/3 modification were measured by IB. (D-F) RAW 264.7 macrophages stable
knockdown of SENP3 or not were constructed by sh-SENP3 and sh-NC. These cells were then incubated with vehicle, RSL3 (1 pM), and RSL3 (10 pM) for 5 h. Next,
the viability (D) and Lactate dehydrogenase (LDH) release (E) of RAW 264.7 macrophages were tested. SENP3 expression in sh-NC and sh-SENP3 RAW 264.7
macrophages were validated by IB (F). (G-I) RAW 264.7 macrophages were stably overexpressing SENP3 or empty vector as control. SENP3 overexpressing and
control RAW 264.7 macrophages were then incubated with vehicle or RSL3 (1 pM) for 5 h. Next, the viability (G) and LDH release (H) of these cells were tested.
Western blots validated SENP3 expression in control and SENP3 RAW 264.7 macrophages (I). (J-M) Naive bone marrow derived macrophages (BMDM) from
SENP31fl and SENP3¢k° (SENP3Y72~/" mice) were treated with vehicle, RSL3 (1 pM), and RSL3 (10 pM) for 5 h. Then, the viability (J) and LDH release (K) of these
cells were tested. SYTOX Green staining of SENP3%"f and SENP3°%° BMDMs (L) and statistics analysis of dead/total cells% were shown (M). (N-P) SENP311 and
SENP3°*° BMDMs were incubated with RSL3 (1 pM) for 1 h. Lipid peroxidation was evaluated by BODIPY 581/591 C11 staining (N) and statistics analysis of mean
FITC (O). Western blots validated the expression of SENP3 in SENP3%l and SENP3“® BMDMs (P). Scale bars, 100 pm. Data are shown as means + SD. Data are
representative of three independent experiments. ****p < 0.0001, **p < 0.01, *p < 0.05, One-way ANOVA (A, B). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p <
0.05, Multiple unpaired t-tests (D, E, G, H, J, K, O). **p < 0.01, unpaired t-test (M).




X. Chen et al.

cell viability and suppressed LDH release in response to RSL3 stimula-
tion in RAW 264.7 cells (Fig. 1D-F). Moreover, SENP3 overexpressing
RAW264.7 cells exhibited reduced cell viability and increased LDH
release (Fig. 1G-I). The above results suggest that SENP3 sensitizes RAW
264.7 cells to RSL3-induced ferroptosis.

Furthermore, BMDMs from SENP31/f! or SENP3%° mice were used to
validate the regulation of SENP3 on macrophage ferroptosis. SENP3°%°
BMDMs exhibited increased cell viability and reduced LDH release
compared with those from SENP3"/! mice during RSL3-induced fer-
roptosis (Fig. 1J and K). Moreover, a SYTOX Green assay was performed
to assess cell death. We observed that SENP3*® BMDMs showed
decreased positive cells than SENP3"!! BMDMs (Fig. 1L and M). In
addition, SENP3°*® BMDMs also exhibited relatively decreased lipid
peroxidation compared with that of SENP3'/f BMDMs after RSL3
stimulation (Fig. IN-P). These data suggest that SENP3 sensitizes
BMDMs to RSL3-induced ferroptosis. Collectively, these results
demonstrated that SENP3 makes macrophages more susceptible to
ferroptosis.

3.2. SENP3 promotes the ferroptosis of M2 macrophages

Previous studies have shown that M2 macrophages were more sen-
sitive than M1 macrophages to RSL3-induced ferroptosis [10]. Herein,
we polarized SENP3™! and SENP3%° BMDMs to M1 and M2 macro-
phages respectively, followed by stimulation with RSL3. The data sug-
gested that after RSL3 stimulation, M2 macrophages showed
significantly decreased cell viability and increased LDH release, while
the cell viability and LDH release did not markable change in
RSL3-treated M1 macrophages (Fig. 2A and B). The SYTOX Green assay
results also showed fewer positive cells of M1 than M2 after RSL3
treatment (Fig. 2C and D). The results indicated that M2 macrophages
were more sensitive than M1 macrophages to RSL3-induced ferroptosis.
Moreover, compared with SENP3"# M2 macrophages, SENP3%° M2
macrophages showed markedly increased cell viability and decreased
LDH release after RSL3 treatment (Fig. 2A-D). We used
SENP3-knockdown RAW264.7 macrophages to validate the role of
SENP3 expression in the ferroptosis of M2 macrophages via IL-4 polar-
ization. Similarly, compared with IL-4-polarized sh-NC RAW264.7 cells,
IL-4-polarized SENP3-knockdown RAW264.7 cells exhibited increased
cell viability and decreased LDH release (Fig. 2E and F). These results
suggest that loss of SENP3 expression confers a protective effect on M2
macrophages against RSL3-induced ferroptosis.

To test whether SENP3 drives ferroptosis of macrophages in vivo, we
used a mouse model of zymosan-induced sterile peritonitis followed by
RSL3 injection, in which RSL3 was injected 72 h after zymosan treat-
ment, and the peritoneal macrophages were mainly M2 macrophages
[10]. SENP3® and SENP3%° mice were injected with zymosan fol-
lowed by RSL3 injection. Next, peritoneal cells were collected to test
macrophage polarization by flow cytometry, and the gating strategy
used for CD45" CD11b + F4/80+ peritoneal macrophages is shown
(Fig. 2G). The results showed that in both the SENP3/!l and SENP3°*°
mice, among the CD45" CD11b + F4/80-+ macrophages, the percentage
of CD80" M1 macrophages was less than 5 %, while the percentage of
CD206+ M2 macrophages was at least twice as high as that of M1
macrophages (Fig. 2H-J). More importantly, the proportion of M2
macrophages was lower in the SENP31/fl group compared to the
SENP3%° group and the control group (Fig. 2H-J). Overall, SENP3
decreased the M2 macrophage proportion by enhancing the suscepti-
bility to ferroptosis of macrophages.

3.3. SENP3 is highly expressed in macrophages of diabetic wounds

The above results suggested that the SENP3 mediated decrease in the
proportion of M2 macrophages proportion was ferroptosis-dependent.
Next, to explore whether SENP3 functions in diabetic wounds, we first
examined its expression in wounds. In normal skin, SENP3 was primarily
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expressed in the hair follicles and the epidermis, while increasing
expression of SENP3 was observed in migrating tongues and wound area
on day 3 and day 5 post-injury, followed by a decrease on day 14
(Supplementary Fig. 2A). Increased SENP3 expression was observed in
the wound area at days 5 and 7 post-injury in both normal (NDM) and
diabetic (DM) wounds (Fig. 3A). However, increased SENP3 expression
was shown in diabetic wounds compared to normal wounds at 5 and 7
days post-injury (Fig. 3A and B). Western blotting revealed greater than
3-fold and 2-fold upregulation of SENP3 protein expression on day 5 and
day 7, respectively, in diabetic wounds compared with normal wounds
(Fig. 3C and D). The above results suggest that SENP3 was more highly
expressed in diabetic wounds than normal wounds.

The pathologically elevated M1/M2 ratio delays the healing process
in diabetic wounds [33]. Furthermore, a previous study showed that
SENP3 may regulate macrophage polarization [34]. We therefore
explored whether SENP3 accumulated in macrophages in diabetic
wounds. Immunofluorescence assays using macrophage markers
confirmed that macrophages in mouse skin wounds express SENP3
(Fig. 3E). Statistical analysis demonstrated increased SENP3 expression
in macrophages of diabetic wounds compared with those in normal
wounds (Fig. 3F).

Furthermore, greater SENP3 expression was also detected in rat
diabetic rat wounds (Fig. 3G and H) and macrophages (Fig. 31 and J)
than in normal controls. These findings indicated a potential patholog-
ical role of SENP3 in macrophages and diabetic wounds.

3.4. SENP3%° mice exhibited an increased proportion of M2
macrophages and promoted diabetic wound healing

Next, we conducted experiments on SENP3/fl and SENP3%° mice to
investigate the impact of SENP3 expression on diabetic wound healing
and macrophage polarization during the wound healing process. These
mice were intraperitoneally injected with streptozotocin (STZ) to induce
diabetes (Fig. 4A). The body weights and glucose levels of these mice
were monitored regularly for up to 6 weeks. The results showed that the
glucose levels in all mice were greater than 16.7 mmol/L, indicating
successful induction of the diabetic model. The two groups of mice
exhibited comparable body weights and blood glucose levels
(Supplementary Figs. 3A and B). Co-staining of SENP3 and F4/80 in the
wounds on day 5 confirmed that SENP3 was knocked out in macro-
phages (Supplementary Fig. 3C).

Full-thickness wounds were generated on these diabetic SENP
and SENP3%° mice, and the speed and the quality of wound healing
were accessed (Fig. 4A). Complete re-surfacing of the diabetic wounds
occurred by day 15 in SENP3°° mice, with visibly smaller wound areas
than in the SENP3"® mice at days 5, 7, and 11 post-injury (Fig. 4B and
C). HE and Masson staining on day 15 revealed that the wounds from the
SENP3° mice had an increased number of dermal papillae, epidermal
reticular ridges, well-constructed dermal and epidermal junctions, and a
more compact dermal layer composed of collagens (Fig. 4D), with a
decreased wound diameter, suggesting a greater healing speed (Fig. 4D
and E). Moreover, the longer length of the migrating tongue on day 7 in
wounds from SENP3%° mice than in those from SENP3"" mice indi-
cated faster re-epithelialization in SENP3%° mice (Fig. 4F and G).
Additionally, we evaluated vascularization in a wound by measuring the
presence of CD31, a marker specific to endothelial cells. We found more
CD31-positive vessels in the wounds of the SENP3°*° mice than in those
of SENP3™ mice, suggesting more blood vessel formation in the
wounds of the SENP3%*° mice (Fig. 4H and I). The above results suggest
that SENP3 deficiency in macrophages significantly improved diabetic
wound healing.

Diabetic wounds from SENP3/? and SENP3*® mice were subjected
to immunofluorescence assay to analyze macrophage polarization by co-
staining F4/80 macrophage with iNOS as a marker of M1 and ARG1 as a
marker of M2. As shown in Fig. 4J, F4/80+ iNOS + cells could be
observed at day 5 post-injury but were barely observed at day 7 and day
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Fig. 2. SENP3 promotes the ferroptosis of M2 macrophages. (A-D) BMDMs from SENP3"/f! and SENP3%° mice were incubated with LPS (100 pg/ml; M1 macro-
phages) and IL-4 (25 ng/ml; M2 macrophages) for 24 h independently, followed with RSL3 for 5 h. Next, the viability (A) and LDH release (B) of M1 and M2
macrophages from SENP3"! and SENP3*° mice were tested. SYTOX Green staining of M1 and M2 macrophages from SENP3" and SENP3%° mice (C) and statistics
analysis of dead/total cells% were shown (D). (E-F) Sh-NC and sh-SENP3 RAW 264.7 macrophages were treated by IL-4 (25 ng/ml) for 24 h, followed by RSL3 for 5
h. Next, the viability (E) and LDH release (F) of sh-NC and sh-SENP3 M2 macrophages were tested. (G-J) Peritoneal macrophages in a mouse model of zymosan-
peritonitis plus RSL3 were collected for flow cytometry test. Gating strategy of CD45" CD11b + F4/80+ peritoneal macrophages (G). Representative flow cytom-
etry images show CD206+ or CD80™ cells gated from CD45" CD11b + F4/80+ peritoneal macrophages (H). Statistics analysis of CD45" CD11b + F4/80 + CD206+-
macrophages and CD45" CD11b + F4/80+ CD80" macrophages in each group (I, J). Scale bars, 100 pm. Data represents mean + SD, n = 3 or 4 biologically in-
dependent samples. ****p < 0.0001, **p < 0.01, *p < 0.05, two-way ANOVA (A, B). ****p < 0.0001, *p < 0.05, Multiple unpaired t-tests (E, F). ****p < 0.0001, ***p

< 0.001, **p < 0.01, *p < 0.05, One-way ANOVA (D, I, J).

9 in the wound tissues, with comparable proportions of F4/80+ iNOS +
cells in the SENP3?® and SENP3%° mice (Fig. 4K). Moreover, F4/80+
ARG1+ cells were observed at 7 and 9 days post-injury, but not at 5 days
in the diabetic wounds from the SENP3"™ and SENP3%° mice (Fig. 4L).
More importantly, the proportion of F4/80+ ARG1+ cells of wounds on
days 7 and 9 in the SENP3°° mice was greater than that of the SENP37/1
group (Fig. 4M). These findings suggest that SENP3 deficiency in

macrophages increases the proportion of M2 macrophages and promotes
diabetic wound healing.

3.5. SENP3-driven ferroptosis is dependent on FSP1

The underlying mechanisms by which SENP3 regulates ferroptosis
remain unclear. Ferroptosis is iron-dependent. Here, we used
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Fig. 3. SENP3 is highly expressed in macrophages of diabetic wounds. C57BL/6 wild-type mice or SD rats were intraperitoneally injected with streptozotocin (STZ)
to induce diabetics (DM), or PBS as control (NDM). Full-thickness wounds were created on these NDM or DM mice or rats and collected at the indicated time. (A-F)
wounds from NDM or DM mice were collected at 5 days and 7 days post-surgery. The skin wounds were subjected to immunohistochemistry of SENP3 (A); and
statistics analysis of SENP3 positive area/wound area% (B). The level of SENP3 in mice skin wounds was evaluated by IB (C); and statistics analysis of SENP3/actin
(D). Wounds collected at 5 days post-surgery were subjected to immunofluorescence staining of SENP3 or F4/80 (E) and statistics analysis of F4/80(+) SENP3
(+)/F4/80(+) cells% (F). (G-J) wounds from NDM or DM rats were collected at 5 days and 7 days post-surgery. The skin wounds were subjected to immunobhis-
tochemistry of SENP3(G) and statistics analysis of SENP3 positive area/wound area% (H). Immunofluorescence staining of SENP3 or CD68 of wounds collected at 5
days post-surgery (I) and statistics analysis of CD68(+) SENP3(+)/CD68(+) cells% (J). Scale bars, as indicated in the figures. Data represents mean + SD, n = 3

biologically independent samples. *

*p < 0.0001, *

“p < 0.0001, *p < 0.05, two-way ANOVA (B, D, H). **p < 0.01, *

*p < 0.0001, unpaired t-test (F, J).
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Fig. 4. SENP3°%° mice exhibited an increased proportion of M2 macrophages and promoted diabetic wound healing. (A) SENP3"" (n = 19) and SENP3%° (n = 19)
mice were injected with STZ. After 6-8 weeks, two full-thickness wounds were created on each mouse. (B-C) Photographs of full-thickness wounds of diabetic
SENP3%! and SENP3%° mice were taken at the indicated time and representative photographs were shown (A); Statistical results of relative wound area (fold of the
wound on Day 0) (n = 5) (B). (D-E) Skin wounds were collected at 15 days post-surgery and subjected to hematoxylin and eosin (HE) staining and Masson staining
(D); statistical results of wound diameter measured in pictures from HE staining (n = 5) (E). (F-I) Skin wounds were collected at 7 days post-surgery and subjected to
HE staining (F) and statistical results of migrating tongue on day 7 (n = 5) (G). Immunohistochemistry of CD31 (H) and statistical results of CD31 positive area/total
area% (n = 6) (I). (J-M) Skin wounds were collected on days 5, 7, and 9. The skin wounds slices were subjected to immunofluorescence staining of F4/80 and iNOS
(J) and statistics analysis of F4/80(+) iNOS (+)/F4/80(+) cells% in day 5 diabetic wounds from SENP3"?! and SENP3°° mice (K). Immunofluorescence staining of
F4/80 and ARG1 (L) and statistical results of F4/80 (+) ARG1 cells/F4/80 (+) cells% of day 7 and day 9 diabetic wounds (M). Scale bars, as indicated in the figures.
Data represents mean + SD. The above results were acquired from four independent experiments. ***p < 0.001, **p < 0.01, *p < 0.05, unpaired t-test (C, E, G, I, K).
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Fig. 5. SENP3-driven ferroptosis is dependent on FSP1. (A-B) BMDMs from SENP3%" and SENP3%*° mice were treated with RSL3 (1 pM) for 4 h. FerroOrang staining
of cells was completed (A). The statistics of mean fluorescence intensity were shown (B). (C) SENP3"fl and SENP3°*® BMDMs were incubated with RSL3 for 2 h. GPX
activity was evaluated. (D-G) SENP37f and SENP3°%° BMDMs were pretreated with or without viFSP1 (1 pM) for 24 h followed by RSL3 (1 uM) incubation for 5 h.
Next, the viability (D) and LDH release (E) of these cells were tested. In addition, SYTOX Green staining of these cells and statistics analysis of dead/total cells% were
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FerroOrang to test the accumulation of free iron (Fe*1). Increased Fe?"
levels were shown after BMDMs incubation with RSL3, but the Fe?*
levels in the SENP3!l and SENP3°“° BMDMs were comparable (Fig. S5A
and B). These results indicate that the SENP3 sensitizing macrophages to
RSL3-induced ferroptosis is independent of iron accumulation.

Considering that RSL3 affects GPX4 (glutathione peroxidase 4), GPX
activity was assessed in the SENP3/# and SENP3°*° BMDMs. Both the
SENP31!l and SENP3°*° BMDMs showed comparable decreases in GPX
activity after RSL3 incubation (Fig. 5C). These results indicate that
SENP3 deficiency did not affect GPX activity during RSL3-induced
ferroptosis.

In addition to GPX4, FSP1 is important in preventing cells from
ferroptosis [35]. To explore whether SENP3 sensitizing macrophages to
RSL3-induced ferroptosis is FSP1-dependent, SENP3/!l and SENP3°k®
BMDMs were subjected to RSL3 with pretreatment of viFSP1 [36], an
FSP1 inhibitor, for 24 h. Compared with SENP3%fl BMDMs, SENP3°k
BMDMs showed an increase in cell viability, and a decrease in LDH
release of the RSL3 group, while cell viability (Fig. 5D), LDH release
(Fig. 5E), and percentage of dead cells (Fig. 5F and G) were comparable
in the viFSP14+RSL3 group (Fig. 5D-G). These data suggest that the
protective effect of SENP3 loss on ferroptosis was reversed by FSP1 in-
hibition, indicating that SENP3 may regulate ferroptosis through FSP1.

To confirm that SENP3 regulates ferroptosis through FSP1, we used
HT1080, a widely used fibrosarcoma cell line that is commonly used in
ferroptosis studies. Consistent with previous data, the overexpression of
SENP3 in HT1080 cells sensitized them to ferroptosis induced by RSL3,
while co-transfection with FSP1 inhibited the effects of SENP3 over-
expression (Fig. 5SH-K). We also verified the protein level of SENP3 and
FSP1 expression in each group by IB (Fig. L). These results indicate that
SENP3 sensitizes ferroptosis of macrophages is dependent on FSP1 and
that SENP3 may affect the expression of FSP1.

3.6. SENP3 De-SUMOylates FSP1 at the K162 site

The enzyme SENP3, a SUMO-specific protease, is responsible for
removing the SUMO from substrate proteins, affecting their stability,
activity, and function [27,37]. We used SUMOylation prediction soft-
ware to predict the possibility of SUMOylation of FSP1 (https://www.ab
cepta.com/sumoplot/; http://cplm.biocuckoo.cn/View.php?id=C
PLMO055952; https://sumo.biocuckoo.cn/userguide.php). The results
showed that FSP1 has a high SUMO modification score according to all
three kinds of SUMO prediction software (Fig. 6A).

Therefore, a HEK293T cell overexpression system was used to
determine whether SENP3 interacts with FSP1. Co-IP assays were per-
formed. The results indicated that SENP3 and FSP1 interact with each
other (Fig. 6B and C). Next, we investigated whether FSP1 was subjected
to SUMO3 modifications using HEK293T cells. SUMO3 conjugated to
FSP1 exhibited bands at 100-130, 70-100, and 55-70 kDa, indicating
poly-SUMO protein conjugation (Fig. 6D). Moreover, there was a
marked increase in the SUMOylation of FSP1 with increasing
RH-SUMOS3 overexpression (Supplementary Fig. 4A). Wild-type (WT)
SENP3 removed SUMO3 on FSP1 (Fig. 6D, Supplementary Fig. 4B),
while SENP3 inactivating mutant (C532A) did not show such effects
(Fig. 6D). To validate that the SUMO3 modification of FSP1 changed
during ferroptosis, RH-SUMO and flag-FSP1 were overexpressed in
HEK293T cells. After RSL3 induction, the SUMO3 conjugated FSP1 level
dramatically decreased (Fig. 6E). These findings indicate that FSP1 is a
SUMOS3 substrate protein that can be de-SUMOylated by SENP3.

To identify the SUMOylation site of FSP1, plasmids were constructed
for overexpression of flag-tagged WT-FSP1 or K43R-FSP1, K162R-FSP1,
or K225-FSP1 according to the prediction software as shown in Fig. 6A.
The results showed that the K162R mutation noticeably decreased
SUMO3-conjugation with the FSP1 protein. However, the K43R and
K225R mutations did not affect the SUMO bands (Fig. 6F). Moreover,
HT1080 cells stably overexpressed WT-FSP1 or K162R-FSP1 followed
by Co-IP assay. The results suggested that the FSP1 K162R mutant
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cannot affect the FSP1-SENP3 binding ability (Fig. 6G). These data
confirmed that FSP1 is a substrate of SENP3 and that K162 is a dominant
SUMO3 modification site of FSP1. The FSP1 structure suggests that K162
is conserved in species ranging from Xenopus to various mammals
(Fig. 6H). These findings provide evidence that the site at K162 has the
potential to serve as a regulatory site for FSP1 function.

Next, we tried to determine the possible mechanism by which SENP3
and SUMOylation regulate FSP1. From the results in Figs. 5L and 6C, and
Supplementary Fig. 4B, the protein level of FSP1 decreased when SENP3
was co-transfected, indicating that the protein level of FSP1 may be
affected by SENP3. Thus, we explored the effects of SENP3 and
SUMOylation on the FSP1 protein level. The data suggested that the
FSP1 protein level was increased in a dose-dependent manner by RH-
SUMO3 overexpression (Supplementary Fig. 4C) and decreased by
SENP3 overexpression (Supplementary Figs. 4D and E). Next, we
explored whether SENP3 affects the FSP1 stability by overexpressing
FSP1 in HT1080 cells with or without SENP3, and then these cells were
subjected to the protein biosynthesis inhibitor cycloheximide. The re-
sults showed that the half-life of FSP1 was significantly shortened by
SENP3 overexpression (Supplementary Fig. 4F). Moreover, NAC pre-
treatment increased the half-life of FSP1 by decreasing SENP3 accu-
mulation (Supplementary Fig. 4G). Increased FSP1 level was also shown
after stable knockdown of SENP3 in RAW264.7 cells and SENP3
knockout BMDMs at baseline and in response to RSL3 stimulation
(Supplementary Figs. 4H and I). These data indicate that SENP3 reduces
FSP1stability.

3.7. De-SUMOylation of FSP1 at the K162 site reversed its ability to
inhibit ferroptosis

We next analyzed the regulatory effect of SUMOylation at the K162
site on FSP1 function. HT1080 cells were stably overexpressed flag-FSP1
or flag-FSP1 K162R with or without SENP3 overexpression. After RSL3
treatment, compared with control cells and flag-FSP1 K162R-over-
expressing cells, FSP1-overexpressing cells had significantly greater cell
viability and decreased LDH release (Fig. 7A and B). The SYTOX Green
assay showed that there were fewer dead FSP1 overexpressing cells than
control cells and FSP1 K162R overexpressing cells (Fig. 7C and D).
Compared to control cells and flag-FSP1 K162R-overexpressing cells,
flag-FSP1-overexpressing cells also exhibited decreased accumulation of
hydroperoxy-lipids (Fig. 7E-G). These data indicate that mutating FSP1
at the K162 site inhibits the anti-ferropotic effect of FSP1. Moreover,
simultaneous SENP3 overexpression significantly inhibited the anti-
ferroptotic effect of FSP1 but did not exacerbate ferroptosis in FSP1
K162R-overexpressing cells (Fig. 7A-G). Collectively, these data sug-
gested that the SUMO3 modification of FSP1 is vital for protection
against ferroptosis.

To elucidate the protective effect of FSP1 and the K162 site mutant
FSP1 on macrophage ferroptosis, mouse flag-FSP1, mouse flag-FSP1
K162R, or control plasmid was stably overexpressed in RAW 264.7
cells. Consistent with the results in HT1080 cells, compared with flag-
FSP1 K162R-overexpressing cells, flag-FSP1-overexpressing RAW mac-
rophages exhibited increased cell viability (Fig. 7H), reduced LDH
release (Fig. 71), fewer SYTOX Green-positive cells (Fig. 7J and K), and
decreased accumulation of hydroperoxy-lipids (Fig. 7L and M). Overall,
mutating FSP1 at the K162 site reversed its protective effect against
RSL3-induced macrophage ferroptosis.

4. Discussion

It remains unknown whether SENP3 and SUMOylation regulate FSP1
and macrophage ferroptosis. In this study, we clarified that SENP3 can
sensitize macrophages to RSL3-induced ferroptosis through de-
SUMOylating FSP1 at the K162 site. We suggest that SENP3 inhibits
the proportion of M2 macrophage by promoting ferroptosis to delay
diabetic wound healing. These results will broaden the understanding of
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Fig. 6. SENP3 De-SUMOylates FSP1 at the K162 site. (A) prediction of SUMO modification site of Q9BRQ8.FSP1_HUMAN using GPS-SUMO, SUMOplot, and CLPM.
(B—C) HEK293T cells were co-transfected with co-transfected with flag-SENP3 and HA-FSP1 plasmids or GFP-SENP3 and 3 x flag-FSP1 plasmids with vectors as
control for 36 h. Co-IP was performed using FLAG-M2 beads for immunoprecipitation and using anti-HA (B) or anti-GFP antibodies (C) for IB. (D) HEK293T cells
were transfected with 3 x flag-FSP1, RH-SUMO3, UBC9, HA-SENP3, or HA-SENP3 C532A mutant with indicated vectors for 48 h. RH-SUMO3 was pulled down using
Ni-NTA beads and then analyzed by IB as indicated. Close brace indicated SUMO3-conjugated FSP1. (E) HEK293T cells were transfected with 3 x flag-FSP1,
RH-SUMO3, and UBC9 with indicated vectors for 48 h followed by stimulation with RSL3 (10 pM) for the indicated time. FSP1 that was conjugated with RH-SUMO3
was detected by Ni-NTA pull-down assay. (F) HEK293T cells were transfected with RH-SUMO3, UBC9, and 3 x flag-FSP1 or 3 x flag-FSP1 K43R, K162R, K225R
mutants with indicated vectors for 48 h. Cells were lysed and RH-SUMO3 was pulled down using Ni-NTA beads and then analyzed by IB as indicated. Close brace
indicated SUMO3-conjugated FSP1. (G) HT1080 cells were stably overexpressing 3 x flag-FSP1 or 3 x flag-FSP1 K162R. Co-IP was performed using FLAG-M2 beads
for immunoprecipitation and using anti-SENP3 antibody for IB. (H) Structure of human FSP1 protein from AlphaFold Protein Structure Database. The K162 site in
FSP1 is conserved. The sequences around FSP1 K162 from different species were aligned. Conserved lysine residues corresponding to human FSP1 are marked in red.

WB data represents at least three independent experiments.

the biological roles of SENP3 and SUMOylation in regulating FSP1 and
macrophage ferroptosis.

In the past decade, the regulatory mechanisms of protein post-
translational modifications (PTMs) involved in ferroptosis have been
gradually recognized for their importance. Several PTMs, including
phosphorylation, ubiquitination, acetylation, and methylation, were
suggested to be implicated in controlling ferroptosis [38]. However,
much is still unknown about new PTMs involved in ferroptosis regula-
tion [14,15]. Our study reports a novel role for SENP3 and SUMO3
modification in regulating the ferroptosis of macrophages. We observed
that SENP3 quickly accumulated along with decreased SUMO3 modifi-
cation during RSL3-induced macrophage ferroptosis. Moreover, SENP3
loss partly rescued macrophages from RSL3-induced ferroptosis. Our
work highlights the function of SUMOylation and SENP3 in macrophage
ferroptosis.

The dynamic balance of protein SUMOylation and de-SUMOylation,
especially for SUMOZ2/3, is thought to be an important response for cells
to oxidative stress [27,32]. Ferroptosis is driven by ROS accumulation
due to excessive free iron and subsequent lipid peroxidation. These
events are closely related to oxidative stress [39]. Improving antioxidant
capacity or scavenging ROS can effectively enhance resistance to fer-
roptosis [40]. Our results suggested that SENP3, a protease specific to
SUMO2/3 and sensitive to redox status, partly accounts for the facili-
tation of ferroptosis by ROS, which furthers our understanding of the
mechanisms during ferroptosis.

GPX4 mediates the reduction of lipid peroxides [41]; FSP1 prevents
lipid peroxidation by converting ubiquinone to ubiquinol [20,21]; and
dihydroorotate dehydrogenase (DHODH) inhibits mitochondrial lipid
peroxidation [42]. These proteins increase cell tolerance to ferroptosis.
Although substrates closely related to ferroptosis, such as Keapl/Nrf2
[43], P53 [44], BECN1 [45], and NF2/YAP [46], can undergo
SUMOylation, the role of SUMOylation in regulating key ferroptosis
regulatory proteins is still unclear. Our results showed that FSP1 could
be SUMOylated at the K162 site and de-SUMOylated by SENP3. We
observed a decrease in the SUMOylation of FSP1 during RSL3-induced
ferroptosis. De-SUMOylation of FSP1 at the K162 site reversed its abil-
ity to inhibit ferroptosis. These results revealed SUMOylation as a vital
regulator of ferroptosis.

FSP1 suppresses ferroptosis by mediating ubiquinone (CoQ10)
regeneration [20,21]. The catalytic activity of FSP1 requires the
carboxy-terminal domain, which forms two active sites on either side of
FAD and mediates functional dimerization. These sites function in
reducing ubiquinone [47]. Myristoylation of FSP1, which can be
inhibited by iFSP1, promotes its membrane localization, allowing it to
exert its enzyme activity and inhibit ferroptosis [20,21]. Unlike iFSP1,
icFSP1 initiates the relocalization and condensation of FSP1, thereby
preventing ferroptosis induction. The FSP1 condensates induced by
icFSP1 exhibit phase separation, a widely used mechanism to modulate
biological activity [48]. Here, we found that SUMOylation of FSP1 is
also important for its role in ferroptosis. The effect of FSP1 SUMOylation
and SENP3 may be attributed to FSP1 SUMOylation on the stability of
FSP1. However, we did not explore how SENP3 regulates the stability of
FSP1, and whether the SUMOylation of FSP1 affects its subcellular
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localization, dimerization, or enzyme activity. Thus, the mechanism by
which FSP1 is regulated upon SUMOylation needs to be further studied.

Our study suggests that the underlying mechanism by which
SUMOylation and SENP3 affect ferroptosis is FSP1-dependent. The re-
sults will assist in the development of new approaches for treating
multiple diseases, including chronic non-healing wounds. For example,
the FSP1-dependent vitamin K metabolism was found to prevent fer-
roptosis [23]. It was reported that the topical use of CoQ10 [49], vitamin
K [50], or NAC [51] in diabetic wounds can be beneficial via uniden-
tified immunomodulatory mechanisms. Herein, combined with our
discovery of increased SENP3 expression in diabetic wounds and that
SENP3 inhibited the anti-ferroptosis effect of FSP1, the application of
NAC to decrease SENP3 expression and as well as that of coenzyme Q10
or vitamin K to provide a substrate for FSP1 may have a synergistic effect
on promoting wound healing. Further research in this area is warranted.

A pathologically increased M1/M2 proportion causes impaired tissue
repair. Recently, Kagan and his colleagues showed that M1 macrophages
are more resistant to ferroptosis than M2 macrophages, and the pro-
portion of M2 macrophages can be increased by inhibiting ferroptosis in
vivo [10]. Here, our results showed that the loss of SENP3 expression
inhibited the sensitivity of M2 macrophages to ferroptosis. The
pro-inflammatory effects of ferroptosis and the significance of M2
macrophages in tissue repair suggest that the regulation of ferroptosis by
SENP3 is critical in managing inflammatory response in various
degenerative conditions.

Previous studies have indicated that M2 macrophages have a rela-
tively lower oxidative state than M1 macrophages [52]. We found that
knockdown or knockout of SENP3 expression had no significant effect
on the tolerance of M1 macrophages to ferroptosis but markedly
inhibited ferroptosis in M2 macrophages. This may be due to the strong
tolerance of M1 macrophages to ferroptosis, which is not easily induced
in vitro, making the role of SENP3 unobservable. Conversely, this may
be because M1 macrophages inherently possess a higher level of anti-
oxidant systems, making the role of SENP3 in promoting ferroptosis less
significant in these cells. In M1 macrophages, SENP3 is involved in
regulating transcription factors and participating in inflammatory re-
sponses [24]. In contrast, M2 macrophages, in a relatively moderate
redox state, have weaker antioxidant mechanisms and are more prone to
ferroptosis. Therefore, the regulation of SENP3 on ferroptosis becomes
apparent. This indirectly provides supportive evidence for the different
redox states of macrophages in different polarization states.

Diabetic wounds are characterized by a failure to transition from an
inflammatory phase to a regenerative phase, in which an elevated M1/
M2 ratio plays a major pathological role. Previous studies have indicated
that ROS contributes to impaired macrophage function and diabetic
wound healing, but there is a lack of research on the direct removal of
ROS. Our study describes the function of SENP3 and SUMO2/3 modi-
fication in macrophages in diabetic wounds, which was previously un-
known. We found that SENP3 is highly expressed in diabetic wounds.
Loss of SENP3 expression promoted diabetic wound healing and
increased M2 macrophage infiltration. Our work suggests that protein
SUMOylation is important for wound healing.
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Fig. 7. SENP3 de-SUMOylated FSP1 at the K162 Site and reversed its effect of inhibiting ferroptosis. (A-D) HT1080 cells were stably overexpressing 3 x flag-vector,
3 x flag-FSP1 or 3 x flag-FSP1 K162R, with SENP3 overexpression or empty vector, followed by RSL3 (1 pM, 5 h) incubation. Next, the viability (A) and LDH release
(B) of cells were tested. SYTOX Green staining of cells (C) and statistics analysis of dead/total cells% were shown (D). (E-G) HT1080 cells were stably overexpressing
3 x flag-vector, 3 x flag-FSP1 or 3 x flag-FSP1 K162R, with SENP3 overexpression or empty vector, followed by RSL3 (1 pM, 1 h) incubation. Lipid peroxidation was
evaluated by BODIPY 581/591 C11 staining(E). Statistics analysis of mean FITC intensity was shown (F). Western blots validated the expression of FSP1 and SENP3
expression in HT1080 cells which were transfected with 3 x flag-vector, 3 x flag-FSP1, or 3 x flag-FSP1 K162R, with SENP3 overexpression or empty vector (G).
(H-K) RAW264.7 macrophages were stably overexpressing vector as control, 3 x flag-FSP1 or 3 x flag-FSP1 K162R followed by RSL3 (1 pM, 5 h) incubation. Next,
the viability (H) and LDH release (I) of cells were tested. SYTOX Green staining of cells (J) and statistics analysis of dead/total cells% were shown (K). (L-N)
RAW264.7 macrophages were stably overexpressing empty vector, 3 x flag-FSP1 or 3 x flag-FSP1 K162R followed by RSL3 (1 pM, 1 h) incubation. Lipid peroxi-
dation was evaluated by BODIPY 581/591 C11 staining (L). Statistics analysis of mean FITC intensity was shown (M). Western blots validated the expression of FSP1
expression in RAW 264.7 cells which were transfected with vector, mouse flag-FSP1, or mouse flag-FSP1 K162R (N). Scale bars, 100 um. Represents results of three
independent experiments. ****p < 0.0001, ***p < 0.001, *p < 0.05, two-way ANOVA (A, B, F, H, I, M). ****p < 0.0001, ns p > 0.05, one-way ANOVA (D, K).

Iron overload [53] and increased ROS [54] have been identified as
causes of unrestrained proinflammatory M1 macrophage population
infiltration in chronic non-healing wounds. A recent study suggested
that ferroptosis contributes to sustained inflammation and impaired
diabetic wound healing [55]. However, the mechanisms and factors that
determine ferroptosis in diabetic wounds are not fully understood. The
high expression of SENP3 in diabetic wounds and its role in ferroptosis
indicated that ferroptosis in diabetic wounds could be attributed to
ROS-induced SENP3 accumulation. Inhibiting SENP3 or ferroptosis may
be suitable for treating diabetic wounds.

CRediT authorship contribution statement

Xuelian Chen: Writing — review & editing, Writing — original draft,
Visualization, Supervision, Software, Project administration, Method-
ology, Investigation, Data curation. Jizhuang Wang: Writing — review
& editing, Writing — original draft, Validation, Methodology, Investi-
gation, Conceptualization. Peilang Yang: Project administration,
Methodology, Conceptualization. Hsin-Ying Liu: Software. Shan
Zhong: Methodology. Chenghao Lu: Methodology. Min Gao: Valida-
tion, Formal analysis. Dan Liu: Methodology. Jie Zhang: Funding
acquisition. Jiagiang Wang: Validation. Shan Ma: Methodology.
Wenao Wang: Methodology, Investigation. Hanting Zhu: Methodol-
ogy. Xiong Zhang: Writing — review & editing, Writing — original draft,
Funding acquisition. Yan Liu: Writing — review & editing, Writing —
original draft, Supervision, Project administration.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

Acknowledgements

We deeply thank Drs. Jing Yi and Jie Yang (Shanghai Jiaotong
University School of Medicine) for SENP3*° mice and plasmids. These
studies were funded by the National Natural Science Foundation of
China (No. 82272262, 82302796, 82202442, 82172199, 82202444,
82202452, and 82302802), Shanghai Directed Projects of Biopharma-
ceutical Field (No. 22DX1900600), and Shanghai Sailing Program (No.
22YF1437800 and 22YF1424900). Graphical abstract was generated
using BioRender.com.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.redox.2024.103267.

14

References
[1] B.R. Stockwell, Ferroptosis turns 10: emerging mechanisms, physiological
functions, and therapeutic applications, Cell 185 (2022) 2401-2421, https://doi.
org/10.1016/j.cell.2022.06.003.
X. Jiang, B.R. Stockwell, M. Conrad, Ferroptosis: mechanisms, biology and role in
disease, Nat. Rev. Mol. Cell Biol. 22 (2021) 266-282, https://doi.org/10.1038/
s41580-020-00324-8.
L. Deng, S. He, N. Guo, W. Tian, W. Zhang, L. Luo, Molecular mechanisms of
ferroptosis and relevance to inflammation, Inflamm. Res. 72 (2023) 281-299,
https://doi.org/10.1007/s00011-022-01672-1.
H.F. Yan, T. Zou, Q.Z. Tuo, S. Xu, H. Li, A.A. Belaidi, P. Lei, Ferroptosis:
mechanisms and links with diseases, Signal Transduct. Targeted Ther. 6 (2021) 49,
https://doi.org/10.1038/541392-020-00428-9.
D. Tang, X. Chen, R. Kang, G. Kroemer, Ferroptosis: molecular mechanisms and
health implications, Cell Res. 31 (2021) 107-125, https://doi.org/10.1038/
s41422-020-00441-1.
Y. Sun, P. Chen, B. Zhai, M. Zhang, Y. Xiang, J. Fang, S. Xu, Y. Gao, X. Chen, X. Sui,
G. Li, The emerging role of ferroptosis in inflammation, Biomed. Pharmacother.
127 (2020) 110108, https://doi.org/10.1016/j.biopha.2020.110108.
E.P. Amaral, D.L. Costa, S. Namasivayam, N. Riteau, O. Kamenyeva, L. Mittereder,
K.D. Mayer-Barber, B.B. Andrade, A. Sher, A major role for ferroptosis in
Mycobacterium tuberculosis-induced cell death and tissue necrosis, J. Exp. Med.
216 (2019) 556-570, https://doi.org/10.1084/jem.20181776.
P.J. Murray, Macrophage polarization, Annu. Rev. Physiol. 79 (2017) 541-566,
https://doi.org/10.1146/annurev-physiol-022516-034339.
S. Watanabe, M. Alexander, A.V. Misharin, G.R.S. Budinger, The role of
macrophages in the resolution of inflammation, J. Clin. Invest. 129 (2019)
2619-2628, https://doi.org/10.1172/JCI124615.
A.A. Kapralov, Q. Yang, H.H. Dar, Y.Y. Tyurina, T.S. Anthonymuthu, R. Kim, C.
M. St Croix, K. Mikulska-Ruminska, B. Liu, I.H. Shrivastava, V.A. Tyurin, H.C. Ting,
Y.L. Wy, Y. Gao, G.V. Shurin, M.A. Artyukhova, L.A. Ponomareva, P.S. Timashev,
R.M. Domingues, D.A. Stoyanovsky, J.S. Greenberger, R.K. Mallampalli, I. Bahar,
D.I. Gabrilovich, H. Bayir, V.E. Kagan, Redox lipid reprogramming commands
susceptibility of macrophages and microglia to ferroptotic death, Nat. Chem. Biol.
16 (2020) 278-290, https://doi.org/10.1038/s41589-019-0462-8.
J. Wang, P. Yang, T. Yu, M. Gao, D. Liu, J. Zhang, C. Lu, X. Chen, X. Zhang, Y. Liu,
Lactylation of PKM2 suppresses inflammatory metabolic Adaptation in pro-
inflammatory macrophages, Int. J. Biol. Sci. 18 (2022) 6210-6225, https://doi.
org/10.7150/ijbs.75434.
F. Humphries, L. Shmuel-Galia, N. Ketelut-Carneiro, S. Li, B. Wang, V.V. Nemmara,
R. Wilson, Z. Jiang, F. Khalighinejad, K. Muneeruddin, S.A. Shaffer, R. Dutta,
C. Ionete, S. Pesiridis, S. Yang, P.R. Thompson, K.A. Fitzgerald, Succination
inactivates gasdermin D and blocks pyroptosis, Science 369 (2020) 1633-1637,
https://doi.org/10.1126/science.abb9818.
C. Cui, F. Yang, Q. Li, Post-translational modification of GPX4 is a Promising Target
for treating ferroptosis-related diseases, Front. Mol. Biosci. 9 (2022) 901565,
https://doi.org/10.3389/fmolb.2022.901565.
X. Wei, X. Yi, X.H. Zhu, D.S. Jiang, Posttranslational modifications in ferroptosis,
Oxid. Med. Cell. Longev. 2020 (2020) 8832043, https://doi.org/10.1155/2020/
8832043.
Z. Sheng, J. Zhu, Y.N. Deng, S. Gao, S. Liang, SUMOylation modification-mediated
cell death, Open Biol 11 (2021) 210050, https://doi.org/10.1098/rsob.210050.
A.C.O. Vertegaal, Signalling mechanisms and cellular functions of SUMO, Nat. Rev.
Mol. Cell Biol. 23 (2022) 715-731, https://doi.org/10.1038/s41580-022-00500-y.
Z. Cai, Z. Wang, R. Yuan, M. Cui, Y. Lao, Y. Wang, P. Nie, L. Shen, J. Yi, B. He,
Redox-sensitive enzyme SENP3 mediates vascular remodeling via de-SUMOylation
of beta-catenin and regulation of its stability, EBioMedicine 67 (2021) 103386,
https://doi.org/10.1016/j.ebiom.2021.103386.
Y. Liu, Y. Wan, Y. Jiang, L. Zhang, W. Cheng, GPX4: the hub of lipid oxidation,
ferroptosis, disease and treatment, Biochim. Biophys. Acta Rev. Canc 1878 (2023)
188890, https://doi.org/10.1016/j.bbcan.2023.188890.
J. Liu, R. Kang, D. Tang, Signaling pathways and defense mechanisms of
ferroptosis, FEBS J. 289 (2022) 7038-7050, https://doi.org/10.1111/febs.16059.
K. Bersuker, J.M. Hendricks, Z. Li, L. Magtanong, B. Ford, P.H. Tang, M.A. Roberts,
B. Tong, T.J. Maimone, R. Zoncu, M.C. Bassik, D.K. Nomura, S.J. Dixon, J.
A. Olzmann, The CoQ oxidoreductase FSP1 acts parallel to GPX4 to inhibit
ferroptosis, Nature 575 (2019) 688-692, https://doi.org/10.1038/541586-019-
1705-2.

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]


http://BioRender.com
https://doi.org/10.1016/j.redox.2024.103267
https://doi.org/10.1016/j.redox.2024.103267
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1016/j.cell.2022.06.003
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1038/s41580-020-00324-8
https://doi.org/10.1007/s00011-022-01672-1
https://doi.org/10.1038/s41392-020-00428-9
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1038/s41422-020-00441-1
https://doi.org/10.1016/j.biopha.2020.110108
https://doi.org/10.1084/jem.20181776
https://doi.org/10.1146/annurev-physiol-022516-034339
https://doi.org/10.1172/JCI124615
https://doi.org/10.1038/s41589-019-0462-8
https://doi.org/10.7150/ijbs.75434
https://doi.org/10.7150/ijbs.75434
https://doi.org/10.1126/science.abb9818
https://doi.org/10.3389/fmolb.2022.901565
https://doi.org/10.1155/2020/8832043
https://doi.org/10.1155/2020/8832043
https://doi.org/10.1098/rsob.210050
https://doi.org/10.1038/s41580-022-00500-y
https://doi.org/10.1016/j.ebiom.2021.103386
https://doi.org/10.1016/j.bbcan.2023.188890
https://doi.org/10.1111/febs.16059
https://doi.org/10.1038/s41586-019-1705-2
https://doi.org/10.1038/s41586-019-1705-2

X. Chen et al.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

371

[38]

S. Doll, F.P. Freitas, R. Shah, M. Aldrovandi, M.C. da Silva, L. Ingold, A. Goya
Grocin, T.N. Xavier da Silva, E. Panzilius, C.H. Scheel, A. Mourao, K. Buday,

M. Sato, J. Wanninger, T. Vignane, V. Mohana, M. Rehberg, A. Flatley, A. Schepers,
A. Kurz, D. White, M. Sauer, M. Sattler, E.W. Tate, W. Schmitz, A. Schulze,

V. O’Donnell, B. Proneth, G.M. Popowicz, D.A. Pratt, J.P.F. Angeli, M. Conrad,
FSP1 is a glutathione-independent ferroptosis suppressor, Nature 575 (2019)
693-698, https://doi.org/10.1038/541586-019-1707-0.

W. Li, L. Liang, S. Liu, H. Yi, Y. Zhou, FSP1: a key regulator of ferroptosis, Trends
Mol. Med. 29 (2023) 753-764, https://doi.org/10.1016/j.molmed.2023.05.013.
E. Mishima, J. Ito, Z. Wu, T. Nakamura, A. Wahida, S. Doll, W. Tonnus,

P. Nepachalovich, E. Eggenhofer, M. Aldrovandi, B. Henkelmann, K.I. Yamada,

J. Wanninger, O. Zilka, E. Sato, R. Feederle, D. Hass, A. Maida, A.S.D. Mourao,
A. Linkermann, E.K. Geissler, K. Nakagawa, T. Abe, M. Fedorova, B. Proneth, D.
A. Pratt, M. Conrad, A non-canonical vitamin K cycle is a potent ferroptosis
suppressor, Nature 608 (2022) 778-783, https://doi.org/10.1038/541586-022-
05022-3.

Y. Lao, K. Yang, Z. Wang, X. Sun, Q. Zou, X. Yu, J. Cheng, X. Tong, E.T.H. Yeh,
J. Yang, J. Yi, DeSUMOylation of MKK? kinase by the SUM0O2/3 protease SENP3
potentiates lipopolysaccharide-induced inflammatory signaling in macrophages,
J. Biol. Chem. 293 (2018) 3965-3980, https://doi.org/10.1074/jbc.M117.816769.
G. Wang, L. Xie, B. Li, W. Sang, J. Yan, J. Li, H. Tian, W. Li, Z. Zhang, Y. Tian,
Y. Dai, A nanounit strategy reverses immune suppression of exosomal PD-L1 and is
associated with enhanced ferroptosis, Nat. Commun. 12 (2021) 5733, https://doi.
org/10.1038/541467-021-25990-w.

Y. Zhang, K. Yang, J. Yang, Y. Lao, L. Deng, G. Deng, J. Yi, X. Sun, Q. Wang, SENP3
suppresses Osteoclastogenesis by de-conjugating SUMO2/3 from IRF8 in bone
marrow-derived Monocytes, Cell Rep. 30 (2020) 1951-1963 e1954, https://doi.
org/10.1016/j.celrep.2020.01.036.

C. Huang, Y. Han, Y. Wang, X. Sun, S. Yan, E.T. Yeh, Y. Chen, H. Cang, H. Li, G. Shi,
J. Cheng, X. Tang, J. Yi, SENP3 is responsible for HIF-1 transactivation under mild
oxidative stress via p300 de-SUMOylation, EMBO J. 28 (2009) 2748-2762, https://
doi.org/10.1038/embo;j.2009.210.

W.S. Yang, R. SriRamaratnam, M.E. Welsch, K. Shimada, R. Skouta, V.

S. Viswanathan, J.H. Cheah, P.A. Clemons, A.F. Shamji, C.B. Clish, L.M. Brown, A.
W. Girotti, V.W. Cornish, S.L. Schreiber, B.R. Stockwell, Regulation of ferroptotic
cancer cell death by GPX4, Cell 156 (2014) 317-331, https://doi.org/10.1016/j.
cell.2013.12.010.

D.M. Cheff, C. Huang, K.C. Scholzen, R. Gencheva, M.H. Ronzetti, Q. Cheng, M.
D. Hall, E.S.J. Arner, The ferroptosis inducing compounds RSL3 and ML162 are not
direct inhibitors of GPX4 but of TXNRD1, Redox Biol. 62 (2023) 102703, https://
doi.org/10.1016/j.redox.2023.102703.

L. Gong, E.T. Yeh, Characterization of a family of nucleolar SUMO-specific
proteases with preference for SUMO-2 or SUMO-3, J. Biol. Chem. 281 (2006)
15869-15877, https://doi.org/10.1074/jbc.M511658200.

C.D. Lima, D. Reverter, Structure of the human SENP7 catalytic domain and poly-
SUMO deconjugation activities for SENP6 and SENP7, J. Biol. Chem. 283 (2008)
32045-32055, https://doi.org/10.1074/jbc.M805655200.

S. Yan, X. Sun, B. Xiang, H. Cang, X. Kang, Y. Chen, H. Li, G. Shi, E.T. Yeh, B. Wang,
X. Wang, J. Yi, Redox regulation of the stability of the SUMO protease SENP3 via
interactions with CHIP and Hsp90, EMBO J. 29 (2010) 3773-3786, https://doi.
org/10.1038/emboj.2010.245.

V. Falanga, R.R. Isseroff, A.M. Soulika, M. Romanelli, D. Margolis, S. Kapp,

M. Granick, K. Harding, Chronic wounds, Nat. Rev. Dis. Prim. 8 (2022) 50, https://
doi.org/10.1038/541572-022-00377-3.

M. Xiao, Q. Bian, Y. Lao, J. Yi, X. Sun, X. Sun, J. Yang, SENP3 loss promotes M2
macrophage polarization and breast cancer progression, Mol. Oncol. (2021),
https://doi.org/10.1002/1878-0261.12967.

J. Zheng, M. Conrad, The metabolic Underpinnings of ferroptosis, Cell Metabol. 32
(2020) 920-937, https://doi.org/10.1016/j.cmet.2020.10.011.

T. Nakamura, E. Mishima, N. Yamada, A.S.D. Mourao, D. Trumbach, S. Doll,

J. Wanninger, E. Lytton, P. Sennhenn, T. Nishida Xavier da Silva, J.P.F. Angeli,
M. Sattler, B. Proneth, M. Conrad, Integrated chemical and genetic screens unveil
FSP1 mechanisms of ferroptosis regulation, Nat. Struct. Mol. Biol. 30 (2023)
1806-1815, https://doi.org/10.1038/541594-023-01136-y.

Y. Yang, Y. He, X. Wang, Z. Liang, G. He, P. Zhang, H. Zhu, N. Xu, S. Liang, Protein
SUMOylation modification and its associations with disease, Open Biol 7 (2017),
https://doi.org/10.1098/rsob.170167.

Y. Wang, J. Hu, S. Wu, J.S. Fleishman, Y. Li, Y. Xu, W. Zou, J. Wang, Y. Feng,

J. Chen, H. Wang, Targeting epigenetic and posttranslational modifications

15

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Redox Biology 75 (2024) 103267

regulating ferroptosis for the treatment of diseases, Signal Transduct. Targeted
Ther. 8 (2023) 449, https://doi.org/10.1038/541392-023-01720-0.

F. Kuang, J. Liu, D. Tang, R. Kang, Oxidative damage and antioxidant defense in
ferroptosis, Front. Cell Dev. Biol. 8 (2020) 586578, https://doi.org/10.3389/
fcell.2020.586578.

S.K. NaveenKumar, M. Hemshekhar, K. Kemparaju, K.S. Girish, Hemin-induced
platelet activation and ferroptosis is mediated through ROS-driven proteasomal
activity and inflammasome activation: protection by Melatonin, Biochim. Biophys.
Acta, Mol. Basis Dis. 1865 (2019) 2303-2316, https://doi.org/10.1016/j.
bbadis.2019.05.009.

1. Ingold, C. Berndt, S. Schmitt, S. Doll, G. Poschmann, K. Buday, A. Roveri,

X. Peng, F. Porto Freitas, T. Seibt, L. Mehr, M. Aichler, A. Walch, D. Lamp,

M. Jastroch, S. Miyamoto, W. Wurst, F. Ursini, E.S.J. Arner, N. Fradejas-Villar,
U. Schweizer, H. Zischka, J.P. Friedmann Angeli, M. Conrad, Selenium Utilization
by GPX4 is required to prevent Hydroperoxide-induced ferroptosis, Cell 172 (2018)
409-422 e421, https://doi.org/10.1016/j.cell.2017.11.048.

C. Mao, X. Liu, Y. Zhang, G. Lei, Y. Yan, H. Lee, P. Koppula, S. Wu, L. Zhuang,
B. Fang, M.V. Poyurovsky, K. Olszewski, B. Gan, DHODH-mediated ferroptosis
defence is a targetable vulnerability in cancer, Nature 593 (2021) 586-590,
https://doi.org/10.1038/541586-021-03539-7.

H. Guo, J. Xu, Q. Zheng, J. He, W. Zhou, K. Wang, X. Huang, Q. Fan, J. Ma,

J. Cheng, W. Mei, R. Xing, R. Cai, NRF2 SUMOylation promotes de novo serine
synthesis and maintains HCC tumorigenesis, Cancer Lett. 466 (2019) 39-48,
https://doi.org/10.1016/j.canlet.2019.09.010.

Z. Zhang, M. Guo, M. Shen, D. Kong, F. Zhang, J. Shao, S. Tan, S. Wang, A. Chen,
P. Cao, S. Zheng, The BRD7-P53-SLC25A28 axis regulates ferroptosis in hepatic
stellate cells, Redox Biol. 36 (2020) 101619, https://doi.org/10.1016/j.
redox.2020.101619.

R. Kang, S. Zhu, H.J. Zeh, D.J. Klionsky, D. Tang, BECN1 is a new driver of
ferroptosis, Autophagy 14 (2018) 2173-2175, https://doi.org/10.1080/
15548627.2018.1513758.

J. Wu, A.M. Minikes, M. Gao, H. Bian, Y. Li, B.R. Stockwell, Z.N. Chen, X. Jiang,
Intercellular interaction dictates cancer cell ferroptosis via NF2-YAP signalling,
Nature 572 (2019) 402-406, https://doi.org/10.1038/s541586-019-1426-6.

Y. Lv, C. Liang, Q. Sun, J. Zhu, H. Xu, X. Li, Y.Y. Li, Q. Wang, H. Yuan, B. Chu,
D. Zhu, Structural insights into FSP1 catalysis and ferroptosis inhibition, Nat.
Commun. 14 (2023) 5933, https://doi.org/10.1038/s41467-023-41626-7.

T. Nakamura, C. Hipp, A. Santos Dias Mourao, J. Borggrafe, M. Aldrovandi,

B. Henkelmann, J. Wanninger, E. Mishima, E. Lytton, D. Emler, B. Proneth,

M. Sattler, M. Conrad, Phase separation of FSP1 promotes ferroptosis, Nature 619
(2023) 371-377, https://doi.org/10.1038/s41586-023-06255-6.

Z. Mao, J.H. Wu, T. Dong, M.X. Wu, Additive enhancement of wound healing in
diabetic mice by low level light and topical CoQ10, Sci. Rep. 6 (2016) 20084,
https://doi.org/10.1038/srep20084.

S. Kandhasamy, B. Liang, D.P. Yang, Y. Zeng, Antibacterial vitamin K3 Carnosine
Peptide-Laden Silk Fibroin Electrospun Fibers for Improvement of skin wound
healing in diabetic rats, ACS Appl. Bio Mater. 4 (2021) 4769-4788, https://doi.
org/10.1021/acsabm.0c01650.

B. Qian, J. Li, K. Guo, N. Guo, A. Zhong, J. Yang, J. Wang, P. Xiao, J. Sun, L. Xiong,
Antioxidant biocompatible composite collagen dressing for diabetic wound healing
in rat model, Regen Biomater 8 (2021) rbab003, https://doi.org/10.1093/rb/
rbab003.

B. Briine, N. Dehne, N. Grossmann, M. Jung, D. Namgaladze, T. Schmid, A. von
Knethen, A. Weigert, Redox control of inflammation in macrophages, Antioxidants
Redox Signal. 19 (2013) 595-637, https://doi.org/10.1089/ars.2012.4785.

A. Sindrilaru, T. Peters, S. Wieschalka, C. Baican, A. Baican, H. Peter, A. Hainzl,
S. Schatz, Y. Qi, A. Schlecht, J.M. Weiss, M. Wlaschek, C. Sunderkotter,

K. Scharffetter-Kochanek, An unrestrained proinflammatory M1 macrophage
population induced by iron impairs wound healing in humans and mice, J. Clin.
Invest. 121 (2011) 985-997, https://doi.org/10.1172/JC144490.

C. Dunnill, T. Patton, J. Brennan, J. Barrett, M. Dryden, J. Cooke, D. Leaper, N.
T. Georgopoulos, 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. 14 (2017) 89-96, https://doi.org/10.1111/
iwj.12557.

S. Li, Y. Li, Z. Wu, Z. Wu, H. Fang, Diabetic ferroptosis plays an important role in
triggering on inflammation in diabetic wound, Am. J. Physiol. Endocrinol. Metab.
321 (2021) E509-E520, https://doi.org/10.1152/ajpendo.00042.2021.


https://doi.org/10.1038/s41586-019-1707-0
https://doi.org/10.1016/j.molmed.2023.05.013
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1038/s41586-022-05022-3
https://doi.org/10.1074/jbc.M117.816769
https://doi.org/10.1038/s41467-021-25990-w
https://doi.org/10.1038/s41467-021-25990-w
https://doi.org/10.1016/j.celrep.2020.01.036
https://doi.org/10.1016/j.celrep.2020.01.036
https://doi.org/10.1038/emboj.2009.210
https://doi.org/10.1038/emboj.2009.210
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.cell.2013.12.010
https://doi.org/10.1016/j.redox.2023.102703
https://doi.org/10.1016/j.redox.2023.102703
https://doi.org/10.1074/jbc.M511658200
https://doi.org/10.1074/jbc.M805655200
https://doi.org/10.1038/emboj.2010.245
https://doi.org/10.1038/emboj.2010.245
https://doi.org/10.1038/s41572-022-00377-3
https://doi.org/10.1038/s41572-022-00377-3
https://doi.org/10.1002/1878-0261.12967
https://doi.org/10.1016/j.cmet.2020.10.011
https://doi.org/10.1038/s41594-023-01136-y
https://doi.org/10.1098/rsob.170167
https://doi.org/10.1038/s41392-023-01720-0
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.3389/fcell.2020.586578
https://doi.org/10.1016/j.bbadis.2019.05.009
https://doi.org/10.1016/j.bbadis.2019.05.009
https://doi.org/10.1016/j.cell.2017.11.048
https://doi.org/10.1038/s41586-021-03539-7
https://doi.org/10.1016/j.canlet.2019.09.010
https://doi.org/10.1016/j.redox.2020.101619
https://doi.org/10.1016/j.redox.2020.101619
https://doi.org/10.1080/15548627.2018.1513758
https://doi.org/10.1080/15548627.2018.1513758
https://doi.org/10.1038/s41586-019-1426-6
https://doi.org/10.1038/s41467-023-41626-7
https://doi.org/10.1038/s41586-023-06255-6
https://doi.org/10.1038/srep20084
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1021/acsabm.0c01650
https://doi.org/10.1093/rb/rbab003
https://doi.org/10.1093/rb/rbab003
https://doi.org/10.1089/ars.2012.4785
https://doi.org/10.1172/JCI44490
https://doi.org/10.1111/iwj.12557
https://doi.org/10.1111/iwj.12557
https://doi.org/10.1152/ajpendo.00042.2021

	SENP3 sensitizes macrophages to ferroptosis via de-SUMOylation of FSP1
	1 Introduction
	2 Methods
	2.1 Animals
	2.2 Cell culture and cell transfection
	2.3 Bone marrow-derived monocytes (BMDMs) isolation and culture
	2.4 Cell viability assays
	2.5 LDH release assays
	2.6 BODIPY 581/591 C11 staining
	2.7 SYTOX Green
	2.8 Zymosan peritonitis RSL3-ferroptosis model
	2.9 Flow cytometry
	2.10 Mice and rat diabetic model
	2.11 Full-thickness diabetic wounds model
	2.12 Histology, immunohistochemistry, and immunofluorescence of skin wounds
	2.13 FerroOrange staining
	2.14 Glutathione peroxidase (GPX) activity assay
	2.15 Sh-RNA, plasmid, and mutagenesis
	2.16 Preparation of lentiviral particles, stable expression, or knockdown by transfection
	2.17 Immunoblotting (IB)
	2.18 Flag immunoprecipitation assay
	2.19 Ni-NTA pull-down assay
	2.20 Statistical analysis

	3 Results
	3.1 SENP3 sensitizes macrophages to RSL3-induced ferroptosis
	3.2 SENP3 promotes the ferroptosis of M2 macrophages
	3.3 SENP3 is highly expressed in macrophages of diabetic wounds
	3.4 SENP3cko mice exhibited an increased proportion of M2 macrophages and promoted diabetic wound healing
	3.5 SENP3-driven ferroptosis is dependent on FSP1
	3.6 SENP3 De-SUMOylates FSP1 at the K162 site
	3.7 De-SUMOylation of FSP1 at the K162 site reversed its ability to inhibit ferroptosis

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	Appendix A Supplementary data
	References


