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I M M U N O L O G Y

Identification of a targeted ACSL4 inhibitor to treat 
ferroptosis-related diseases
Qian Huang1, Yi Ru1, Yingli Luo1, Xianyu Luo1, Didi Liu1, Yinchu Ma1, Xinru Zhou1,  
Maoyuan Linghu1, Wen Xu2*, Fei Gao3*, Yi Huang1,4*

Ferroptosis is a form of iron-dependent, lipid peroxidation–driven regulatory cell death that has been implicated in 
the pathogenesis of multiple diseases, including organ injury, ischemia/reperfusion, and neurodegenerative dis-
eases. However, inhibitors that directly and specifically target ferroptosis are not yet available. Here, we identify the 
compound AS-252424 (AS) as a potent ferroptosis inhibitor through kinase inhibitor library screening. Our results 
show that AS effectively inhibits lipid peroxidation and ferroptosis in both human and mouse cells. Mechanistically, 
AS directly binds to the glutamine 464 of ACSL4 to inhibit its enzymatic activity, resulting in the suppression of 
lipid peroxidation and ferroptosis. By using nanoparticle-based delivery systems, treatment with AS-loaded 
nanoparticles effectively alleviate ferroptosis-mediated organ injury in mouse models, including kidney ischemia/
reperfusion injury and acute liver injury (ALI). Thus, our results identify that AS is a specific and targeted inhibitor of 
ACSL4 with remarkable antiferroptosis function, providing a potential therapeutic for ferroptosis-related diseases.

INTRODUCTION
Ferroptosis is a form of regulated cell death driven by the excessive 
accumulation of lipid peroxidation on cell membranes in an iron-
dependent manner (1, 2). Recent advances in ferroptosis have 
showed that it plays a pivotal role in tumor suppression (3). The tu-
mor suppressors p53 and breast cancer 1-associated protein 1 have 
been found to promote ferroptosis by inhibiting the expression of 
solute carrier family 7 member 11 (SLC7A11) and thus exerting its 
tumor-suppressive function (4, 5). Moreover, CD8+ T cells promote 
tumor cell lipid peroxidation and ferroptosis by releasing interferon-γ 
(IFN-γ) and down-regulating the expression of SLC3A2 and SL-
C7A11 during immunotherapy and radiotherapy (6, 7). Arachidonic 
acid (AA) in combination with IFN-γ synergistically induces tumor 
cell ferroptosis in an acyl–coenzyme A (CoA) synthetase long-chain 
family member 4 (ACSL4)–dependent manner, and AA supplemen-
tation promotes immunotherapy (8). Although ferroptosis contrib-
utes to tumor suppression and immunotherapy, excessive ferroptosis 
can also lead to the pathogenesis of multiple diseases, including or-
gan injury, ischemia/reperfusion (I/R), and neurodegenerative dis-
eases (9, 10), suggesting that ferroptosis might be a potential target 
for the treatment of these diseases.

Now, with the mechanism of ferroptosis continues to be explored, 
several proteins have been found to defend against ferroptosis by lim-
iting the production of lipid peroxidation, including glutathione per-
oxidase 4 (GPX4), ferroptosis suppressor protein 1 (FSP1), and 
guanosine triphosphate cyclohydrolase-1 (GCH1) (11–14). GPX4 is 
a glutathione (GSH)–dependent selenoenzyme that plays an essential 
role in inhibiting ferroptosis by converting toxic lipid hydroperoxides 
(L-OOH) to nontoxic lipid alcohols (L-OH) (15, 16). FSP1 acts as a 
ferroptosis suppressor in parallel with GPX4, which inhibits lipid 

peroxidation by reducing the lipophilic radical-trapping antioxidants 
(RTAs) ubiquinone to ubiquinol in a GSH-independent manner (17, 
18). GCH1 causes lipid remodeling by promoting the synthesis of its 
metabolic derivatives tetrahydrobiopterin/dihydrobiopterin (BH4/
BH2), which also trap lipid peroxidation to inhibit ferroptosis inde-
pendently of the GPX4/GSH system (11). In addition to these fer-
roptosis suppressors that promote lipid peroxide clearance, ACSL4, a 
lipid metabolism enzyme, has been reported to enhance lipid perox-
ide generation (19, 20). ACSL4 contributes to ferroptosis by promot-
ing the esterification of polyunsaturated fatty acids (PUFAs) to 
acyl-CoA, especially adrenic acid (C22:4) and AA (C20:4) (21). 
Therefore, ACSL4 is an important pharmacological target for ferrop-
tosis in the treatment of ferroptosis-related diseases. However, com-
pounds that directly target ACSL4 are not yet available.

AS-252424 (AS) is a furan-2-ylmethylene thiazolidinedione that 
acts as a selective small-molecule PI 3-kinase γ (PI3Kγ) inhibitor 
with potent anti-PI3Kγ kinase activity (22). AS has been found to be 
associated with inhibition of reactive oxide species production (23), 
but its role in ferroptosis is still unclear. Moreover, AS blocks neutro-
phil infiltration by markedly reducing chemotaxis to monocyte 
chemoattractant protein 1 in a PI3Kγ-independent manner (22), 
suggesting the existence of other targets for AS. In this study, we 
identified AS as a targeted ferroptosis inhibitor through kinase in-
hibitor library screening, which directly binds to the glutamine 464 
of ACSL4 to inhibit lipid peroxidation and ferroptosis, contributing 
to the treatment of kidney I/R injury and acute liver injury (ALI). 
Together, our findings reveal the potential role and molecular mech-
anisms of AS in controlling ferroptosis and provide a promising ther-
apeutic approach for the treatment of ferroptosis-related diseases.

RESULTS
Identification of AS inhibits RSL3-induced lipid peroxidation 
and ferroptosis
To identify small molecular compounds that inhibit ferroptosis, we 
performed a kinase inhibitor library screening in HT-1080 cells 
(Fig. 1A). The results showed that enzastaurin, an inhibitor of 
ferroptosis regulator protein kinase C (24), was identified, which 
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confirmed the robustness of our screening system for ferroptosis in-
hibitors (Fig. 1B and table S1). Encouragingly, among these previ-
ously uncharacterized ferroptosis inhibitors, AS greatly inhibited 
RSL3-induced ferroptosis (Fig.  1, B and C). Moreover, the half-
maximal inhibitory concentration (IC50) of AS for RSL3-induced 
ferroptosis was approximately 2.2 μM (Fig. 1D). To further deter-
mine the inhibitory effect of AS on ferroptosis, we first pretreated 
HT-1080 cells with AS and then stimulated with various concentra-
tions of RSL3, showing that AS substantially rescued cells from 
ferroptosis (Fig. 1E). Similarly, AS almost completely blocked RSL3-
induced cell death indicated by staining with propidium iodide (PI) 
(Fig. 1, F and G). Since iron-dependent lipid peroxidation is a key 
hallmark of ferroptosis, the levels of lipid peroxidation were detect-
ed in AS-treated HT-1080 cells by staining with BODIPY-C11 
581/591. We found that AS was as effective as ferrostatin-1 (Fer-1) 
in eliminating RSL3-induced lipid peroxidation (Fig.  1, H and I). 
Therefore, these results suggested that AS efficiently suppressed 
RSL3-induced lipid peroxidation and ferroptosis.

AS is a common inhibitor of ferroptosis
To further verify the inhibitory effect of AS on ferroptosis, we tested 
the antiferroptotic effect of AS on another eight different human and 
murine cell lines, including MDA-MB-231, Hela, A549, L-02, HK-2, 
HT22, MCA205, and B16-F10. Similar to HT-1080 cells, AS also in-
hibit RSL3-induced ferroptosis in these cell lines (Fig. 2, A and B, 
and fig. S1, A to F), suggesting that AS has a universal antiferrop-
totic activity in a cell-independent effect. Moreover, AS effectively 
blocked lipid peroxidation in MDA-MB-231 and HT22 cells (Fig. 2, 
C to F). In addition to RSL3, other compounds, including erastin (2) 
and FIN56 (25), have also been reported to induce ferroptosis. To 
explore whether AS has an inhibitory effect on erastin- and FIN56-
induced ferroptosis, we stimulated AS-pretreated HT-1080 cells with 
erastin or FIN56 and found that AS greatly improved cell viability 
and rescue cell death (Fig. 2, G and H). The similar results were also 
shown in MDA-MB-231 and HT22 cells (Fig. 2, I to L). Moreover, 
AS could also inhibit GPX4 knockout–induced ferroptosis as Fer-1 
(Fig. 2M), indicating that AS is a common inhibitor of ferroptosis.

Fig. 1. AS inhibits RSL3-induced lipid peroxidation and ferroptosis. (A) Screening scheme of ferroptosis inhibitors. HT-1080 cells were pretreated with DMSO or 10 μM 
inhibitors for 1 hour and then stimulated with 1 μM RSL3 for 8 hours, and cell viability was detected by CCK-8 assay. (B) Results of ferroptosis inhibitor screen-
ing. (C) Chemical structure of AS. (D) Cell viability analysis of HT-1080 cells pretreated with different concentrations of AS for 1 hour and then stimulated with 1 μM RSL3 
for 8 hours. (E) Cell viability analysis of HT-1080 cells pretreated with or without AS for 1 hour and then stimulated with different concentrations of RSL3 for 8 hours. 
(F) Images of HT-1080 cells pretreated with AS or ferroptosis inhibitor Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of PI. (G) The percent-
age of PI-positive HT-1080 cells pretreated with AS or Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of PI. (H) Lipid peroxidation was 
analyzed by flow cytometry in HT-1080 cells pretreated with AS or Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. (I) The 
percentage of C11-BODIPY–positive HT-1080 cells pretreated with AS or Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. Data 
are the mean ± SEM, n = 3 biologically independent experiments [(G) and (I)]. Statistical analysis was performed using an unpaired two-tailed Student’s t test. ***P < 0.001.
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AS directly targets ACSL4 to inhibit ferroptosis
AS has long been known as a potent and selective inhibitor of PI3Kγ 
and is involved in a variety of pathophysiological events by inhibit-
ing the kinase activity of PI3Kγ (22, 26). To understand whether AS 
rescues ferroptosis by inhibiting PI3Kγ, we first examined the effect 
of several other inhibitors of PI3Kγ, including taselisib, CAY10505 
(CAY), AS-605240, IITZ-01, and CZC24832, on ferroptosis. The re-
sults showed that these inhibitors had no effect on RSL3-induced 
ferroptosis in HT-1080 and MDA-MB-231 cells (fig. S2, A and B), 
implying that AS may inhibit ferroptosis in a PI3Kγ-independent 
manner. To further confirm this result, we knocked out PI3Kγ in 
HT-1080 and MDA-MB-231 cells with CRISPR-Cas9 and found 
that PI3Kγ deficiency neither rescued cell death nor affected the 
inhibitory effect of AS on ferroptosis (fig. S2, C and D). Moreover, 
AKT, a well-known downstream target of PI3K, has previously been 
found to be inhibited by AS (27). We treated cells with several other 
AKT inhibitors, including Afuresertib, PHT-427, Ipatasertib, 
and AKT inhibitor VIII, and found that these inhibitors did not 
affect RSL3-induced ferroptosis (fig. S2, E and F). Thus, these 
results suggest that AS inhibits ferroptosis independent of the 
PI3K-AKT pathway.

Since ferroptosis is an iron-dependent cell death caused primarily 
by unrestricted lipid peroxidation, we next explored whether AS in-
hibits ferroptosis by regulating iron metabolism and oxidative stress. 
We first examined the iron level in the cells by staining with FerroOr-
ange, a Fe2+-selective fluorescent probe, and the results showed that AS 
had no effect on RSL3-induced iron accumulation (fig. S3A). Further-
more, we used ultraviolet (UV)−vis (visible) spectroscopy to analyze 
the iron chelation ability of AS and found that desferrioxamine (DFO) 
could chelate iron as previously reported (28), but AS could not chelate 
iron directly (fig. S3, B and C). We next explored the antioxidant 
activity of AS by using 2,2-diphenyl-1-picrylhydrazyl (DPPH) analyze, 
and the results showed that Fer-1, a classical RTA, sharply reduced 
the levels of free radicals, but AS had no free radical scavenging 
activity (fig. S3D). These results indicate that AS cannot act as iron 
chelator or RTA to inhibit ferroptosis.

To investigate the specific molecular mechanism by which AS 
inhibits ferroptosis, we screened for the potential biological target of 
AS. A biotin-tagged AS (Bio-AS) was designed and synthesized 
(fig. S4A). We first tested the effect of Bio-AS on RSL3-induced 
ferroptosis in HT-1080 and MDA-MB-231 cells, and the results 
showed that Bio-AS had a favorable antiferroptotic activity as free AS 

Fig. 2. AS is a common inhibitor of ferroptosis. (A and B) Cell viability analysis of MDA-MB-231 cells (A) or HT22 cells (B) pretreated with or without AS for 1 hour and 
then stimulated with different concentrations of RSL3 for 8 hours. (C and E) Lipid peroxidation was analyzed by flow cytometry in MDA-MB-231 cells (C) or HT22 cells (E) 
pretreated with AS or Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. (D and F) The percentage of C11-BODIPY–positive 
MDA-MB-231 cells (D) or HT22 cells (F) pretreated with AS or Fer-1 for 1 hour and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. (G and H) Cell 
viability (G) or LDH release (H) assay of HT-1080 cells pretreated with or without AS for 1 h and then stimulated with 1 μM RSL3, 20 μM erastin, or 40 μM FIN56. (I and J) Cell 
viability (I) or LDH release (J) assay of MDA-MB-231 cells pretreated with or without AS for 1 hour and then stimulated with 1 μM RSL3, 20 μM erastin, or 40 μM FIN56. 
(K and L) Cell viability (K) or LDH release (L) assay of MDA-MB-231 cells pretreated with or without AS for 1 hour and then stimulated with 1 μM RSL3, 20 μM erastin, 
or 40 μM FIN56. (M) CRISPR-Cas9–generated GPX4-knockout HT-1080 cells were treated with or without AS or Fer-1. The expression of GPX4 was detected by immunoblot-
ting (left), and the cell viability was detected by CCK-8 assay (right). Data are the mean ± SEM, n = 3 biologically independent experiments [(D) and (F) to (M)]. Statistical 
analysis was performed using an unpaired two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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(fig. S4, B and C), indicating that the addition of the biotin tag had 
no effect on the function of AS. Next, Bio-AS was used as an affinity 
probe and incubated with cell lysates of HT-1080 cells. Bio-AS was 
pulled down with streptavidin beads, and the Bio-AS–binding pro-
teins were affinity-purified and further analyzed by liquid chroma-
tography–tandem mass spectrometry (LC-MS/MS) (fig.  S4D). 
Unexpectedly, the LC-MS/MS analysis indicated that the protein 
intensity of ACSL4 was the highest (fig. S4E and table S2). To deter-
mine the interaction between AS and ACSL4, a biotin-streptavidin 
pull-down assay was performed with Bio-AS, and the results showed 
that ACSL4, but not GPX4, was pulled down by Bio-AS both in HT-
1080 and MDA-MB-231 cells in a dose-dependent manner (Fig. 3, 
A and B). Furthermore, the in  situ binding of AS to ACSL4 was 
verified by the drug affinity–responsive target stability (DARTS) as-
say, a method for identifying label-free small-molecule target based 
on the reduction in protease sensitivity of target protein upon drug 
binding. The results showed that AS protected ACSL4 from the deg-
radation by pronase in HT-1080 and MDA-MB-231 cells but had no 
effect on other ferroptosis-related proteins, such as GPX4 (Fig. 3C 
and fig. S4F). In addition, the engagement between AS and ACSL4 

was further characterized by cell thermal shift assay (CETSA), and 
the data showed that AS sharply improved the thermostability of 
ACSL4 compared with the control (Fig. 3D and fig. S4G). To deter-
mine whether AS interacts directly with ACSL4, Bio-AS was incu-
bated with recombinant ACSL4 protein, and we found that 
recombinant ACSL4 protein could be pulled down by Bio-AS 
(Fig. 3E and fig. S4H), indicating that AS directly binds to ACSL4. 
Then, to verify whether AS alleviated ferroptosis by targeting 
ACSL4, we knocked out ACSL4 in HT-1080 cells. The results showed 
that ACSL4 knockout (ACSL4-KO) substantially abolished the anti-
ferroptotic function of AS, whereas reexpression of wild type (WT)–
ACSL4 (ACSL4 isoform 1, UniProt accession no. O60488-1) 
restored the inhibitory effect of AS on ferroptosis (Fig. 3, F and G). 
ACSL4 is a lipid metabolism enzyme that has been reported to me-
diate ferroptosis by promoting the esterification of PUFAs to acyl-
CoA (19). We found that AS treatment hugely inhibited the 
enzymatic activity of ACSL4 (Fig. 3H). Moreover, we further per-
formed lipidomic analysis of WT and ACSL4-KO HT-1080 cells 
with or without AS treatment and found that AS treatment of 
WT HT-1080 cells phenocopied the lipidomic changes of different 

Fig. 3. AS directly targets ACSL4 to inhibit ferroptosis. (A and B) The cell lysates of HT-1080 (A) or MDA-MB-231 (B) were incubated with different concentrations of 
Bio-AS for 2 hours and then pulled down by using streptavidin beads. The total proteins (input), bound proteins (PD), and remained proteins (after PD) were immunoblotted as 
indicated. (C) The cell lysates of HT-1080 were incubated with or without AS for 2 hours and then treated with different concentrations of pronase. The expression of ACSL4 
and GPX4 was detected by immunoblotting. (D) The cell lysates of HT-1080 were incubated with or without AS for 2 hours and then treated with increasing melting tem-
perature (37° to 61°C). The expression of ACSL4 was detected by immunoblotting. (E) The recombinant ACSL4 protein was incubated with different concentrations of 
Bio-AS for 2 hours and then pull-down by using streptavidin beads. The expression of ACSL4 was detected by immunoblotting. (F and G) CRISPR-Cas9–generated ACSL4-
knockout HT-1080 cells were transduced with or without human ACSL4 and then treated with AS for 1 hour and stimulated with RSL3. The expression of ACSL4 was de-
tected by immunoblotting (F), and the cell viability was detected by CCK-8 assay (G). (H) Recombinant ACSL4 protein was incubated with different concentrations of AS 
for 10 min at 37°C. The enzymatic activity of ACSL4 was analyzed by measuring the formation of AA-CoA from AA following the protocol described in Material and Meth-
ods. (I) Heatmap of major PE species in WT and ACSL4 KO HT-1080 cells treated with or without AS and then stimulated with RSL3 for 6 hours. Each PE/PC species was 
normalized to the corresponding mean value. Data are the mean ± SEM, n = 3 biologically independent experiments [(G) and (H)]. Statistical analysis was performed using 
an unpaired two-tailed Student’s t test. NS, P > 0.05, **P < 0.01, ***P < 0.001. PE, phosphatidylethanolamine; PC, phosphatidyl cholines.
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long-chain PUFA-containing phospholipids species triggered by 
ACSL4-KO (Fig. 3I). Moreover, AS treatment could not further re-
duce the level of these long-chain PUFA-containing phospholipids 
species in ACSL4-KO HT-1080 cells (Fig. 3I). Collectively, these re-
sults suggest that AS prevents ferroptosis via directly targeting 
ACSL4 and inhibiting its enzymatic activity.

AS binds to the glutamine 464 of ACSL4
Next, we investigated in detail how AS binds to ACSL4. Since AS 
structure has an acrylamide group, which is an electrophile that 
usually covalently and irreversibly bind to the cysteine in target pro-
tein through a Michael addition reaction (29), we next explored 
whether AS has an irreversible inhibitory effect on ferroptosis. After 
treating HT-1080 and MDA-MB-231 cells with AS for 1 hour, we 
washed the cells three times to remove the free compound and then 
stimulated the cells with RSL3. The results showed that the antifer-
roptotic effect of AS disappeared after washing (Fig.  4, A and B), 
indicating that the inhibition of ferroptosis by AS was reversible. To 
investigate the contribution of acrylamide group to the antiferroptotic 

effect of AS, we synthesized reduced AS (r-AS) by a reduction reac-
tion to destroy the acrylamide group of AS (fig. S5A). Similar to 
AS, r-AS still inhibited RSL3-induced ferroptosis (Fig. 4, C and D). 
These results indicate that AS may bind to ACSL4 through a nonco-
valent bond and reversibly inhibits ferroptosis.

We further identify the possible binding sites of AS and ACSL4. 
Since the crystal structure of ACSL4 is not yet available, we used the 
AlphaFold-based three-dimensional structure of ACSL4 for molec-
ular interaction docking to predict the binding site of AS. The results 
showed that AS was readily docked into the pocket of ACSL4 with a 
binding energy of −6.37 kcal/mol (fig. S5B). Furthermore, AS may 
bind to ACSL4 through hydrogen bonding at four residues, includ-
ing Q464, G465, G467, and D573 (Fig. 4E). To decipher which resi-
due in ACSL4 binds to AS, DARTS was performed in human 
embryonic kidney (HEK) 293T cells overexpressing either WT or 
mutant plasmids of ACSL4. We found that only the Q464A muta-
tion in ACSL4 abolished its binding to AS (Fig. 4F and fig. S5C), 
suggesting that AS may bind to Q464 of ACSL4. To further clarify 
this result, CETSA analysis was performed, and we found that AS 

Fig. 4. AS binds to the Gln464 residue of ACSL4 to inhibit its activity. (A and B) Cell viability analysis of HT-1080 cells (A) or MDA-MB-231 cells (B) pretreated with AS 
for 30 min and washed three times and then stimulated with 1 μM RSL3 for 8 hours. (C and D) Cell viability analysis of HT-1080 cells (C) or MDA-MB-231 cells (D) pretreated 
with AS or r-AS for 1 hour and then stimulated with 1 μM RSL3 for 8 hours. (E) Three-dimensional binding mode diagrams between ACSL4 and AS. (F) The cell lysates of 
HEK293T overexpressing WT or Q464A mutant Flag-ACSL4 were incubated with or without AS for 2 hours and then treated with different concentrations of pronase. The 
expression of ACSL4 was detected by immunoblotting. (G) The cell lysates of HEK293T overexpressing Flag-ACSL4 Q464A were incubated with or without AS for 2 hours 
and then treated with increasing melting temperature (37° to 61°C). The expression of ACSL4 was detected by immunoblotting. (H to J) CRISPR-Cas9–generated ACSL4-
knockout HT-1080 cells were transduced with WT or Q464A mutant Flag-ACSL4 and then treated with AS for 1 hour and stimulated with RSL3 or erastin. The expression 
of ACSL4 was detected by immunoblotting (H), and the cell viability was analyzed by CCK-8 [(I) and (J)]. Data are the mean ± SEM, n = 3 biologically independent experi-
ments [(A) to (D) and (I) and (J)]. Statistical analysis was performed using an unpaired two-tailed Student’s t test. NS, P > 0.05, **P < 0.01, ***P < 0.001.
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had no effect on ACSL4 thermostability compared to control upon 
Q464A mutation (Fig. 4G and fig. S5D). Furthermore, we found that 
AS inhibited RSL3- and erastin-induced ferroptosis in ACSL4-KO 
HT-1080 cells reconstituted with WT ACSL4 but not in ACSL4-KO 
HT-1080 cells reconstituted with mutant ACSL4 (Q464A) (Fig. 4, H 
to J). Collectively, these results suggest that AS binds directly to 
Q464 of ACSL4 to inhibit ferroptosis.

Next, we investigate the specificity of ACSL4 binding and inhibi-
tion by AS. The mammalian ACSL family contains five members, 
namely, ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6. We analyze 
the conservation of Q464 in these ACSL proteins and found that 
Q464 was present only in ACSL3 and ACSL4, whereas it was absent 
in ACSL1, ACSL5, and ACSL6 (fig. S6A). Since Q464 is conserved in 
ACSL3 and ACSL4, we explored whether AS could also bind to 
ACSL3. By using the DARTS analysis, we found that AS does not 
bind to ACSL3 (fig. S6B). To explore the effect of AS on the enzy-
matic activities of ACSL1 and ACSL3, we purified these two proteins 
(fig. S6C). By using the enzyme activity assays in vitro, we found that 
AS had no effect on the activities of ACSL1 and ACSL3 (fig. S6, D 
and E). Thus, these results indicate that AS specifically binds to 
ACSL4 and inhibits its enzymatic activity.

Since several compounds, including triacsin C, PRGL493, rosi-
glitazone (ROSI), pioglitazone (PIO), and troglitazone (TRO), have 
recently been reported to be ACSL4 inhibitors (30), we thus com-
pared the inhibitory efficacy and specificity of AS and these com-
pounds on ACSL4 and ferroptosis. The IC50 of these compounds on 
RSL3-induced ferroptosis were tested, and we found that AS was 
more effective in inhibiting ferroptosis than other ACSL4 inhibitors 
except TRO (fig. S7, A to D). Unexpectedly, one of the inhibitors of 
ACSL4, the natural product triacsin C, failed to inhibit ferroptosis 
(fig. S7E). One possible reason is that triacsin C may be more in-
clined to induce apoptosis and necrosis (31). Since TRO has a better 
inhibitory effect on ferroptosis, we next explore whether it specifi-
cally targets ACSL4 like AS. DARTS analysis was performed in HT-
1080 cells, and we found that TRO did not bind to ACSL4 (fig. S7F). 
Previous studies reported that TRO has antioxidant activity (32), 
and our results also showed that TRO was able to scavenger free 
radicals by DPPH analysis (fig. S7G), implying that TRO may have a 
broad antioxidant effect rather than being a specific inhibitor of fer-
roptosis. In addition, since AS, ROSI, PIO, and TRO belong to the 
thiazolidinediones compounds and share the same compound scaf-
fold, we thus investigate whether AS targets ACSL4 via the thiazoli-
dinediones motif. The results showed that thiazolidinedione could 
not bind to ACSL4 (fig. S7H). Together, these results indicate that 
AS is a potent, specific, and targeted inhibitor of ACSL4.

AS-loaded nanoparticles inhibit ferroptosis in vitro
Since AS is a hard-to-dissolve compound with a short half-life 
(t1/2 = 1 hour) and a high clearance rate (2.25 liters/kg per hour) 
(22), we developed a methoxy poly(ethylene glycol)-poly (ε-
caprolactone) (mPEG-PCL) copolymer–based nanoparticle for AS 
delivery (fig. S8A). Dynamic light scattering analysis revealed that 
the size of AS-loaded nanoparticles (AS-NPs) was approximately 
107.3 nm (Fig. 5A), and transmission electron microscopy images 
also showed that AS-NPs were spherical with an average size of 
100 nm (fig.  S8B). The average ζ-potentials of these AS-NPs was 
around −1.0 mV (fig. S8C), and AS-NPs had superior stability in 
purified water, phosphate-buffered saline (PBS), or PBS containing 
10% fetal bovine serum (FBS) (Fig. 5B). Moreover, AS-NPs have a 

good drug release ability, which can release the encapsulated AS 
rapidly and efficiently (Fig. 5C). To investigate the cellular uptake of 
AS-NPs, HT-1080 cells were incubated with rhodamine B loaded 
nanoparticles for various time periods. We found that the percent-
age of rhodamine B–positive cells reach up to 85% at 6 hours (Fig. 5, 
D and E), suggesting that AS-NPs could easily deliver AS into 
the cells.

Next, to investigate whether AS-NPs could efficiently inhibit fer-
roptosis in  vitro, we pretreated HT-1080 and MDA-MB-231 cells 
with free AS or AS-NPs and then stimulated with RSL3. The results 
showed that AS-NPs rescued cells from ferroptosis as useful as free 
AS (Fig. 5, F and G) and also blocked RSL3-induced cell death indi-
cated by PI staining (fig. S9, A to D). Moreover, erastin- or FIN56-
induced cell death was also inhibited by AS-NPs in both HT-1080 
and MDA-MB-231 cells (fig.  S9, E to H). Lipid peroxidation as a 
biomarker of ferroptosis was also examined, and we found that AS-
NPs could effectively inhibit lipid peroxidation (Fig. 5, H to K). In 
sum, these data suggest that AS-NPs have a notable antiferroptotic 
effect in vitro.

AS-NPs protect against I/R–induced acute kidney injury
On the basis of the favorable antiferroptotic effect of AS-NPs in vitro, 
we further investigated the protective effect of AS-NPs against 
ferroptosis-related diseases in vivo. Previous studies have reported 
that ferroptosis has a dominant role in I/R-induced acute kidney in-
jury (AKI) (33), suggesting that ferroptosis is a potential target for 
the treatment of kidney injury. To examine the effect of AS-NPs on 
AKI in mice, AS-NPs (20 mg/kg) were intraperitoneally injected at 
1 hour before renal I/R. We found a markedly reduction in blood 
urea nitrogen (BUN) and serum creatinine levels after AS-NP treat-
ment (Fig. 6, A and B). Kidney injury was evaluated by hematoxylin 
and eosin (H&E) staining and terminal deoxynucleotidyl transferase–
mediated deoxyuridine triphosphate nick end labeling (TUNEL) 
staining, and the results showed that AS-NPs markedly reduced the 
widespread degeneration of tubular architecture, renal tubular cell 
swelling, and damage (Fig.  6, C and D). We next investigated 
the effect of AS-NPs on kidney inflammation and ferroptosis. 
Prostaglandin-endoperoxide synthase 2 (PTGS2) is a key enzyme in 
prostaglandin biosynthesis, which was recently identified as a bio-
marker of ferroptosis (14). The result showed that the expression of 
PTGS2 was markedly decreased after AS-NP treatment (Fig.  6E). 
Furthermore, we performed lipidomic analysis of kidney and found 
that AS-NP treatment hugely reduced the level of different long-
chain PUFA-containing phospholipids species (Fig. 6F). In ad-
dition, the expression of proinflammatory cytokines IFN-γ and 
interleukin-6 (IL-6) in kidney and the level of IL-1β in serum were 
also inhibited by AS-NPs (Fig. 6, G to I). All these results suggest 
that AS-NPs inhibit renal inflammation and ferroptosis and allevi-
ate AKI after I/R.

Since AS is involved in a variety of pathophysiological events by 
acting on the known target PI3Kγ (24), we therefore investigated 
whether the remission of AKI by AS-NPs was dependent on PI3Kγ. 
We first tested the expression level and activity of PI3Kγ in the kid-
ney tissues, and the results showed that AS-NPs inhibited PI3Kγ 
expression and activation (fig.  S10A). Furthermore, we examined 
the effect of CAY, another specific inhibitor of PI3Kγ, on AKI in 
mice. The results showed that CAY did not affect the production 
of BUN and creatinine (fig. S10, B and C), and the pathological in-
jury, inflammatory cytokine expression, and ferroptosis level of the 
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kidney were also not changed after CAY treatment (fig. S10, D to H). 
Together, these results suggest that AS-NPs alleviate AKI by acting 
on ACSL4 but not PI3Kγ.

AS-NP treatment prevents ConA-induced ALI
In addition to contributing to AKI, ferroptosis was also found to be 
involved in concanavalin A (ConA)–induced ALI (34). To investigate 
whether AS-NPs can alleviate ConA-induced ALI, the C57BL/6 mice 
were pretreated with AS-NPs before challenge with a lethal dose of 
ConA (30 mg/kg). The results showed that AS-NPs greatly improved 
the survival rate of mice compared with free AS and control (Fig. 7A). 
In addition, the function of liver was analyzed, and we found that 
AS-NP treatment inhibits serum aspartate aminotransferase (AST) 
and alanine aminotransferase (ALT) levels (Fig. 7, B and C). Further-
more, the pathological injury of the liver was also greatly improved 
by H&E staining analysis (Fig. 7D). To investigate the inhibitory ef-
fect of AS-NPs on ferroptosis in the liver, we examined the expression 
of PTGS2 and found that it was steeply inhibited by AS-NPs (Fig. 7E). 
We further performed lipidomic analysis of liver and found that AS-
NP treatment sharply reduced the level of different long-chain PUFA-
containing phospholipids species (Fig. 7F). In addition, by examining 

the levels of liver inflammation, we found that AS-NPs markedly in-
hibited IFN-γ and IL-6 expression in liver and IL-1β production in 
serum (Fig. 7, G to I). Together, these results suggest that AS-NPs 
have a highly potent inhibitory effect on liver inflammation and fer-
roptosis in mice of ConA-induced ALI.

We next explored whether the effect of AS-NPs on preventing 
liver injury was dependent on PI3Kγ. The results showed that 
AS-NPs inhibited PI3Kγ expression and activation in the liver 
(fig. S11A). Furthermore, we tested the effect of CAY on ALI in mice 
and found that CAY had no effect on the production of AST and 
ALT (fig. S11, B and C). Moreover, the pathological injury, inflam-
matory cytokine expression, and ferroptosis level of the liver were 
also not changed after CAY treatment (fig. S11, D to H). In sum-
mary, these results suggest that AS-NPs attenuate ConA-induced 
AKI independent of PI3Kγ.

DISCUSSION
Ferroptosis is a type of programmed cell death driven by iron-
dependent lipid peroxidation that has been implicated in the 
pathogenesis of multiple diseases, including organ injury, I/R, and 

Fig. 5. AS-NPs inhibit ferroptosis. (A) The diameter of the NPs and AS-NPs. (B) Stability of the NPs and AS-NPs in different media (ddH2O, PBS, 10% and FBS). Dm, diam-
eter; PDI, polydispersity index. (C) Percentage of AS-NPs released at different time points. (D) The uptake of nanoparticle was analyzed by flow cytometry in HT-1080 cells. 
(E) The percentage of rhodamine B–positive HT-1080 cells. (F and G) Cell viability analysis of HT-1080 cells (F) or MDA-MB-231 cells (G) pretreated with AS or AS-NPs 
for 3 hours and then stimulated with 1 μM RSL3 for 8 hours. (H and J) Lipid peroxidation was analyzed by flow cytometry in HT-1080 cells (H) or MDA-MB-231 cells (J) 
pretreated with AS or AS-NPs for 3 hours and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. (I and K) The percentage of C11-BODIPY–positive 
HT-1080 cells (I) or MDA-MB-231 cells (K) pretreated with AS or AS-NPs for 3 hours and then stimulated with 1 μM RSL3 for 8 hours in the presence of C11-BODIPY. Data are 
the mean ± SEM, n = 3 biologically independent experiments [(E) to (G), (I), and (K)]. Statistical analysis was performed using an unpaired two-tailed Student’s t test. NS, 
P > 0.05, **P < 0.01, ***P < 0.001.
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neurodegenerative diseases (9, 10). Therefore, the development of 
targeted inhibitors of ferroptosis may provide candidate strategies 
for the treatment of these diseases. In this study, we identified that 
AS can directly bind to the glutamine 464 of ACSL4 and thus act 
as a specific and targeted ferroptosis inhibitor. Furthermore, AS 
has a notable therapeutic effect on ferroptosis-related diseases, 
including AKI and ALI. These findings not only reveal the mecha-
nism by which AS inhibits ferroptosis but also provide a potential 
therapeutic approach for the treatment of ferroptosis-related diseases.

Now, a few small-molecule compounds have shown potential in-
hibitory effects on ferroptosis. Deferoxamine as an iron chelator has 
been found to inhibit ferroptosis and has neuroprotective effects on 
primary cortical neurons (34). However, iron is an essential element 
for many fundamental physiological activities, and chelation iron by 
deferoxamine may increase the risk of iron imbalance (35, 36). 
Vitamin K, serotonin (5-hydroxytryptamine), 3-hydroxyanthranilic 
acid, Fer-1, and liproxstatin-1 were found to inhibit ferroptosis by 
acting as potent RTAs (37–39), suggesting that these compounds 
may have a wide range of antioxidant effects. In addition, itaconate, 
quercetin, and resveratrol have been found to inhibit ferroptosis via 
defense against oxidative stress (40, 41). Despite the existence of 

different ferroptosis inhibitors, the efficacy of their clinical applica-
tion is still unclear. Our results demonstrate that AS is a specific fer-
roptosis inhibitor by directly targeting the Q464 residue of ACSL4, 
which provides a potential candidate drug for the clinical treatment 
of ferroptosis-related diseases.

AS is a potent PI3Kγ inhibitor that prevents tumor cell growth 
and enhances tumor cell therapy (42, 43). However, its role in fer-
roptosis is now unknown. Our data identified that AS is a potent 
inhibitor of ferroptosis through kinase inhibitor library screening. 
AS inhibited ferroptosis with an IC50 value of 2.2 μM, indicating that 
it was more effective than most other ferroptosis inhibitors. Further-
more, we found that AS was able to inhibit ferroptosis induced by 
various activators in a variety of human and murine cell lines, sug-
gesting that AS is a common inhibitor of ferroptosis. Unexpectedly, 
we found that AS inhibited lipid peroxidation and ferroptosis in an 
PI3Kγ-independent manner, suggesting that the antiferroptotic 
effect of AS may be dependent on other targets. Further identifica-
tion by mass spectrometry showed that AS directly binds to Q464 of 
ACSL4 to inhibit its enzymatic activity. However, the Q464A muta-
tion of ACSL4 has no effect on ferroptosis, but it inhibits the antifer-
roptotic effect of AS. One possible mechanism is that AS might 

Fig. 6. AS-NPs protect against I/R-induced AKI. (A) The levels of BUN. (B) The levels of serum creatinine. (C) Representative images of kidney sections with H&E staining. 
Black arrows indicate renal tubular injury during renal IRI. (D) Representative images of kidney sections with TUNEL staining. (E) The mRNA levels of PTGS2. (F) Heatmap 
of major PE/PC species in kidney of mice pretreated with AS or AS-NPs for 1 hour before kidney I/R. Each PE/PC species was normalized to the corresponding mean value. 
(G and H) IFN-γ (G) and IL-6 (H) in kidney were evaluated by real-time polymerase chain reaction (PCR). (I) Enzyme-linked immunosorbent assay (ELISA) analysis of IL-1β in 
serum of C57BL/6J mice after kidney I/R injury and pretreated with free AS or AS-NPs (20 mg/kg). Data are the mean ± SEM, n = 5 biologically independent mice [(A), (B), 
(E), and (G) to (I)]. Statistical analysis was performed using an unpaired two-tailed Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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trigger a conformational change in ACSL4 and thereby inhibit its 
enzymatic activity.

Since I/R-induced AKI and ConA-induced ALI are two classical 
animal models of ferroptosis (32, 33), we evaluated the efficacy of 
AS in vivo by using these two animal models. To overcome the low 
water solubility and short half-life of AS, we developed an AS-
NP. Our study demonstrates that AS-NPs notably inhibited ferrop-
tosis in vivo and in vitro. Furthermore, AS-NP treatment notably 
reduced the inflammatory response and improved the pathogenesis 
of AKI and ALI. Considering that ferroptosis is not only implicated 
in AKI and ALI, it has also been reported to contribute to the patho-
genesis of other ferroptosis-related diseases, such as neurodegenera-
tive diseases, pulmonary fibrosis, and autoimmune diseases (10, 44, 
45). Therefore, AS may have great potential in the treatment of these 
ferroptosis-related diseases.

MATERIALS AND METHODS
Chemicals
AS (T6208), RSL3 (T3646), erastin (T1765), taselisib (T1999), rosigli-
tazone (T0334), troglitazone (T3170), pioglitazone (T0214), PRGL493 
(T35666), CAY (T6433), AS-605240 (T2248), IITZ-01 (T6799), CZC24832 
(T1949), afuresertib (T1911), PHT-427 (T2420), ipatasertib (T6252), 
and AKT inhibitor VIII (T3346) were purchased from Topscience; 
FIN56 (HY-103087) and Fer-1 (HY-100579) were purchased from 

MedChemExpress; triacsin C (T139793) was purchased from 
Aladdin; and 2,4-thiazolidinedione (T819408) was purchased 
from Macklin.

Cells lines
HT-1080, MDA-MB-231, HT22, L-02, A549, Hela, B16-F10, 
MCA205, HK-2, and HEK293T cells were cultured in Dulbecco’s 
minimum essential medium (DMEM) supplemented with 10% FBS 
and 1% penicillin/streptomycin (P/S) at 37°C in an incubator with a 
humidified atmosphere of 20% O2 and 5% CO2. All cell lines in our 
laboratory were routinely tested for mycoplasma contamination, 
and the cells used in this study were negative for mycoplasma.

Animals
C57BL/6 male mice aged 8 to 10 weeks were obtained from GemPhar-
matech. All mice were kept under specific pathogen–free conditions 
in the Animal Facility of the Jiangnan University Animal Center. All 
procedures involving mice and experimental protocols were approved 
by the Ethics Committee of Jiangnan University Animal Center.

Assessment of lipid peroxidation
Cells were seeded in six-well plates at a density of 5 × 104 cells per 
well. On the next day, the cells were treated with the indicated com-
pounds and then collected, stained with 5 μM BODIPY 581/591 
C11 (Invitrogen, D3861) at 37°C for 30 min, and analyzed by flow 

Fig. 7. AS-NP treatment prevents ConA-induced ALI. (A) Survival analysis of C57BL/6J mice pretreated with free AS or AS-NPs (20 mg/kg) and then intraperitoneally 
injected with ConA (30 mg/kg). n = 6 per group. (B to I) C57BL/6J mice pretreated with free AS or AS-NPs (20 mg/kg) and then intraperitoneally injected with ConA 
(15 mg/kg) for 24 hours. n = 5 biologically independent mice. Serum levels of AST (B) and ALT (C). Images of H&E staining in liver cross sections (D). The mRNA expression 
of PTGS2 was evaluated by real-time PCR (E). Heatmap of all major PE/PC species in liver with hierarchical clustering of control, ConA, ConA + AS, and ConA + AS-NPs. Each 
PE/PC species was normalized to the corresponding mean value (F). The mRNA expression of IFN-γ (G) and IL-6 (H) in liver was evaluated by real-time PCR. IL-1β (I) in serum 
was analyzed by ELISA. Data are the mean ± SEM. Statistical analysis was performed using an unpaired two-tailed Student’s t test [(B), (C), (E), and (G) to (I)] or generalized 
Wilcoxon test (A). *P < 0.05, ***P < 0.001.
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cytometry. At least 5000 cells were analyzed in each group, and all 
experiments were repeated at least three times.

LDH release assay
Cell death assays were performed by measuring the release of LDH 
from cells into the culture medium by the LDH Cytotoxicity Assay 
Kit (Beyotime, C0016) according to the manufacturer’s instructions. 
The fluorescence intensity was measured at a wavelength of 490 nm 
and was determined using a microplate reader (BioTek Epoch).

Cell viability assay
Cell viability was measured using a Cell Counting Kit-8 (CCK-8, 
Topscience) according to the manufacturer’s instructions. Briefly, 
cells were seeded in a 96-well plate at a density of 5000 cells per well. 
The next day, after the treatment of different compounds for a cer-
tain time, each well was added with 10 μl of CCK-8 and cultured for 
2 hours (37°C, 5% CO2), and the absorbance was detected by using 
a microplate reader (BioTek Epoch) at 450 nm.

PI staining
Cells were seeded in a 12-well plate at a density of 2.5 × 105 cells per 
well. On the second day, the cells treated with the corresponding 
compounds for a certain time were stained with PI (5 μg/ml) and 
photographed by a Nikon microscope (NiKon Ti-U). All experi-
ments were repeated at least three times.

Western blot
Cells were washed in cold PBS and lysed in NP-40 lysis buffer 
(Beyotime, P0013F). Lysates were incubated on ice for 30  min 
and cleared by centrifugation at 12,000g for 10  min. Protein 
concentration was quantified using a BCA Protein Assay Kit 
(Beyotime, P0012). Total protein was mixed with sample 
buffer and denatured at 100°C for 10 min. Sample was separat-
ed by SDS–polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a polyvinylidene difluoride membrane (Millipore, 
IPVH00010). Membranes were blocked with 5% (w/v) nonfat 
dry milk and incubated with primary antibodies β-actin rabbit 
monoclonal antibody (mAb; Abmart, P30002), PI3Kγ rabbit 
mAb (Zenbio, R25369), p-AKT (Ser473) rabbit mAb (Cell Sig-
naling, #9271), GPX4 rabbit mAb (ABclonal, A1933), ACSL3 
rabbit mAb (Zenbio, 161226), and ACSL4 rabbit mAb (Zenbio, 
R24265), overnight at 4°C followed by washing in 0.1% Tween/
PBS. Membranes were incubated with corresponding second-
ary antibodies at 25°C for 1 hour and then washed three times 
before signal detection.

Real-time PCR
Total RNA was prepared using the TRIzol Reagent (Vazyme, R401-
01) according to the manufacturer’s instructions. cDNA was synthe-
sized using HiScript II Q RT SuperMix for quantitative polymerase 
chain reaction (qPCR; Vazemy, R223-01). qPCR was performed 
on cDNA using Hieff qPCR SYBR Green Master Mix (Yeasen, 
11201ES08) on a StepOnePlus Real-Time PCR System. Gene 
expression was quantified using the following primers: human β-
actin forward: GCTCCTCCTGAGCGCAAGTAC; human β-actin 
reverse: GGACTCGTCATACTCCTGCTTGC; human PTGS2 for-
ward: CGGTGAAACTCTGGCTAGACAG; human PTGS2 reverse: 
GCAAACCGTAGATGCTCAGGGA; mouse PTGS2 forward: CG-
GACTGGATTCTATGGTGAAA; mouse PTGS2 reverse: 

C T TG A AG TG G G TC AG G ATG TAG ;  m ou s e  I F N - γ  for-
ward:  A G GTCAACAACCCACAGGTC; mouse IFN-γ  re-
verse :  ATCAGCAGCGACTCCTTTTC; mouse IL-6 forward: 
CCGGAGAGGAGACTTCACAG; mouse IL-6 reverse: CAGAATT-
GCCATTGCACAAC. The expression levels of target genes 
were normalized by subtracting the corresponding β-actin thresh-
old cycle value. All fold changes were expressed normalized to 
the untreated control.

Drug affinity–responsive target stability
The cells were collected and the total proteins were separated by the 
use of lysis buffers. The cell lysates were centrifuged at 12,000g at 4°C 
for 10 min. The supernatant was treated with dimethyl sulfoxide 
(DMSO) or AS. After incubation at 4°C for 2 hours, pronase (Roche, 
10165921001) was added to the lysate at room temperature and incu-
bated for another 2 hours. The reaction was terminated by adding a 
protease inhibitor mixture and SDS-PAGE sample buffer, followed by 
Western blotting.

Cell thermal shift assay
Cells were collected, and the pelleted cells were washed with PBS, 
followed by lysis with NP-40 (containing phosphatase inhibitors) 
for 30 min at 4°C. Subsequently, the samples were centrifuged at 
12,000g for 10 min at 4°C. The protein supernatant after centrifuga-
tion was treated with DMSO or AS. After being coincubated with 
drugs for 2 hours, the cells in each group were heated at different 
temperatures (37° to 61°C) for 5 min and then centrifuged at 4°C for 
10 min, and the supernatants were analyzed by immunoblotting.

Chemical synthesis
Structure the HS-PEG-H-AS (r-AS)
AS (163.9 μl, 30.5 mg/ml) was mixed with HS-PEG-OH (0.5 μl, 
78.8 mg/ml) and 2,2-dimethoxy-2-phenylacetophenone (1  ml, 
10.0 mg/ml), and the reaction was stirred overnight under UV 
(350 nm) at room temperature. Then, the vacuum freeze dryer was 
used for the mixture solution to dry and to give the desired product 
r-AS. The bonding efficiency was measured by nuclear magnetic 
resonance (NMR; 30.1 mg, 80%) as a yellow solid.
Structure the Bio-AS
d-Biotin (2.61 mg) was mixed with 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (1.3 mg) and 4-dimethylaminopyridine (1.65 mg) in 100 μl 
of DMSO. Then, the freezing dryer was used for the mixture solution to 
dry and to give the desired product Bio-AS. The conjugation efficacy was 
measured by 1H-NMR (10.0 mg, 70%) as a yellow solid.

DPPH assay
Substances (Fer-1, AS, and DMSO) were diluted in methanol and pipet-
ted in 96-well plates in triplicate. DPPH solution (final concentration, 
200 μM) was added to start the reaction. After the equilibrium settled 
(generally after 0.5 hours), the fluorescence intensity was measured at a 
wavelength of 517 nm and was determined using a microplate reader 
(BioTek Epoch) instrument. All values were normalized to DMSO.

Iron chelating studies
FeSO4 or FeCl3 (1.5 mM) solution was added into the solution con-
taining DFO or AS (1.5 mM) at the concentration of 50 μM in Hepes 
buffer (20 mM, pH = 7.4) with 150 mM NaCl. The UV-vis spectra in 
the range of 290 to 600 nm for DFO and 290 to 600 nm for AS were 
recorded by a microplate reader (Synergy H4).
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Detection of intracellular Fe2+

Cells were seeded in a 12-well plate at a density of 2.5 × 105 cells 
per well. On the second day, the cells treated with the corre-
sponding compounds for a certain time were stained with Fer-
roOrange (1 μM). Nuclei were costained with antifade mounting 
medium with 4′,6-diamidino-2-phenylindole (DAPI; Beyotime, 
P0131), and images were captured under a microscope (ZEISS, 
Axio Imager Z2).

Histology and immunostaining
The samples were collected and immediately fixed in 4% para-
formaldehyde fix solution (Beyotime, P0099) overnight. After 
being washed once with PBS, samples were transferred into 70% 
ethanol and subjected to embedding, and sections were pre-
pared and stained with H&E. Slides were examined under a Nikon 
ECL IPSE Ci biological microscope, and images were acquired 
with a Nikon DS-U3 color digital camera.

TUNEL staining
TUNEL staining was used to evaluate sample apoptosis. The sam-
ples were fixed in 4% paraformaldehyde fix solution (Beyotime, 
P0099) overnight at room temperature and then washed with 
PBS, and the samples were treated with the CoraLite Plus 488 
TUNEL Assay Apoptosis Detection Kit (Proteintech, PF00006) 
according to the manufacturer’s instructions. Nuclei were 
costained with antifade mounting medium with DAPI (Beyotime, 
P0131), and images were captured under a microscope (ZEISS, 
Axio Imager Z2).

Plasmid construction and lentivirus infection
We used CRISPR-Cas9 technology to knock out PI3Kγ, GPX4, and 
ACSL4. Each single guide RNA (sgRNA) was cloned into the empty 
backbone of lenti-CRISPR v2. The following sgRNA sequences were 
used: sgPI3Kγ, 5′-TGGGCAGCACGAACTCGATG-3′ and 
3′-CATCGAGTTCGTGCTGCCCA-5′; sgGPX4: 5′-CGTGTGCA 
TCGTCACCAACG-3′ and 3′-CGTTGGTGACGATGCACACG-5′; 
sgACSL4, 5′-GACATTGAACGAATGTATGG-3′ and 3′-CCATACA 
TTCGTTCAATGTC-5′. LentiGuide clones were transfected into 
HEK293T cells with a psPAX2 packaging plasmid and pMD2.G 
expressing plasmid. Cells were infected with lentivirus and selected 
with puromycin (Biosharp, BS111) for 7 days, and then single 
cells were sorted into 96-well plates. Single cells were main-
tained in DMEM with 10% FBS and 1% P/S at 37°C in an incu-
bator with 20% O2 and 5% CO2 for 3 to 4, weeks and each colony 
was verified by Western blot to confirm target gene deletion.

ACSL4 activity assay
ACSL4 activity was measured following a previously described 
methodology (45). Briefly, recombinant ACSL4 protein was co-
incubated with different concentrations of AS for 10 min at 37°C 
in a 100-μl reaction system containing 175 mM tris (pH 7.4), 10 
mM adenosine triphosphate, 8 mM MgCl2, 5 mM dithiothreitol, 
250 μM CoA, and 50 μM [3H]-AA. After terminating the reac-
tion with 1 ml of ethyl acetate, the upper layer was removed, and 
the lower layer aqueous phase was further extracted twice. Then, 
the radioactivity of the extracted aqueous phase was evaluated 
by the liquid scintillation counter. The result was expressed as a 
percentage of the total enzymatic activity.

Mass spectrometry analysis
Lipids were extracted from approximately 30 mg of tissues, or 5 × 106 
cells using the lipids were extracted using the Bligh and Dyer method. 
The organic phase was dried and dissolved in 50 μl of mobile phase A 
[trichloromethane/isopropanol 2:1 (v/v)] for vortex. Then, the phos-
pholipids were mixed with mobile phase B [acetonitrile/isopropanol/
water 7:9:4 (v/v/v) and 10 mM ammonium acetate], and MS and MS/
MS analysis of PLs was performed on a Q-Exactive hybrid quadrupole-
orbitrap mass spectrometer (Thermo Fisher Scientific).

In situ pull-down experiment and target validation
HT-1080 cells were grown in culture medium until 70 to 80% conflu-
ence. The cells were lysed by NP-40 lysis buffer (Beyotime, P0013F) for 
30 min at 4°C. Next, the lysis buffer was subsequently collected by cen-
trifugation at 12,000g for 10 min at 4°C. The supernatants were incu-
bated with Bio-AS for 2 hours at 4°C, and then the mixture was 
incubated with streptavidin beads (Thermo Fisher Scientific, 20359). 
The beads were washed with PBS. The enriched proteins were sus-
pended by loading buffer and boiled for 15 min and then separated by 
SDS-PAGE for target validation and analyzed by LC-MS/MS.

Preparation and characterization of AS-NPs
One milligram of mPEG-PCL (20.0 mg/ml) mixed with 50 μg of AS 
(30.5 mg/ml) was stirred in 700 μl of polyvinylpyrrolidone water 
(1 mg/ml) for 3 to 5 min at 60°C, the dialyzed solution was then centri-
fuged at 4°C at 21,000g for 1 hour, the supernatant was removed, and 1 ml 
of distillation-distillation H2O (ddH2O) was added to resuspend. The 
NanoSight NS300 was used to measure particle size and zeta potential.

AS-NP stability
The dispersion solution of 300 μl of nanoparticles was placed in a 
glass bottle at 37°C for 0, 6, 12, 18, 24, 30, 36, and 42 hours to ob-
serve the state of the dispersion solution, and the particle size of 
AS-NPs was measured.

In vitro drug release studies
A certain amount of the prepared drug-carrying nanoparticles was 
loaded into the dialysis bag and then sealed and put into 20 ml of 
ddH2O (pH 7.4) to investigate the drug release behavior in vitro. At 
a specific point in time, 1 ml of ddH2O was taken out to determine 
the content of AS, so as to obtain the release curve in vitro.

ConA-induced acute liver injury mouse models
C57BL/6 male mice were housed in a dedicated pathogen-free ani-
mal facility. For survival studies, the dose of ConA (Sigma-Aldrich, 
11028-71-0) used was 30 mg/kg. In ALI studies, the ConA dose was 
reduced to 15 mg/kg. ConA was injected into the tail vein of mice. 
For measurement of proinflammatory cytokines, blood was collected 
from the eyeball of mice 3 hours after ConA injection. Mice were 
euthanized 24 hours after injection. At this time point, liver and 
blood samples were collected for H&E staining and measurement of 
AST/ALT (Nanjing Jiancheng Bioengineering Institute) according 
to the instructions in the manual.

IRI-AKI mouse experiment
C57BL/6 male mice were randomly divided into four groups (n = 5). 
Intraperitoneal injection of AS and AS-NPs 1 hour before molding 
and then IRI-AKI was induced by clamping the renal pedicles for 
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25 min. The mice in the control group received operations in which 
the kidneys were exposed but not clamped, and they were treated 
with sterile PBS. After reperfusion for 24 hours, the mice were eu-
thanized, and the blood and kidneys were obtained for analysis. 
Kidney and blood samples were collected for H&E staining and 
BUN/creatinine (Nanjing Jiancheng Bioengineering Institute) ac-
cording to the instructions in the manual.

Statistical analysis
The data were presented based on at least three independent experi-
ments as mean ± SEM. The comparison of indicated two groups was 
performed by Student’s t test (two-tailed, unpaired) using GraphPad 
Prism 8: *P < 0.05, **P < 0.01, ***P < 0.001, and not significant 
(NS). All of the statistical details can be found in the figure legends.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Legends for tables S1 and S2

Other Supplementary Material for this manuscript includes the following:
Tables S1 and S2
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