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Normal cells require an adequate supply of nutrients and 
energy to survive. The depletion of nutrients and energy 
induces metabolic stress1. One type of metabolic stress is 

energy stress, which is characterized by the depletion of intracel-
lular ATP and a corresponding increase in intracellular AMP levels. 
Energy stress initially induces adaptive responses, which attempt 
to re-establish energy homeostasis. One important energy-stress-
induced adaptive response is mediated by AMP-activated pro-
tein kinase (AMPK), a critical sensor of cellular energy status2. In 
response to energy stress, AMPK is activated via AMP binding, 
upstream kinase phosphorylation and other mechanisms2. Once 
activated, AMPK phosphorylates a myriad of downstream targets 
to promote ATP-generating catabolic processes and inhibit ATP-
consuming anabolic processes, thereby restoring the energy balance 
and maintaining cell survival under conditions of energy stress3. 
However, under long-term and severe energy stress with excessive 
ATP depletion, such adaptive responses are unable to restore the 
energy balance and unresolved energy stress eventually induces 
apoptosis1,4,5. Whether energy stress regulates other nonapoptotic 
forms of regulated cell death remains largely unknown.

Ferroptosis is a nonapoptotic form of regulated cell death that is 
induced by the overproduction of phospholipid hydroperoxides in 
an iron-dependent manner6–10. Ferroptotic cell death is not associ-
ated with apoptotic hallmarks such as caspase-3 cleavage, can be 
induced in BAX/BAK-deficient cells and is suppressed by differ-
ent inhibitors from those that block apoptosis or necroptosis; thus, 
ferroptosis is distinct from other forms of regulated cell death6. 
Dysregulation of ferroptosis is associated with various pathological  

conditions and human diseases, such as ischaemia–reperfusion 
injury (IRI), neurodegeneration and cancer10–16.

Accumulating evidence indicates an intimate link between 
metabolism and ferroptosis10,17. The antioxidant enzyme gluta-
thione peroxidase 4 (GPX4) uses reduced glutathione to convert 
phospholipid hydroperoxides to lipid alcohols and inhibits fer-
roptosis18,19. Reduced glutathione is synthesized from glutamate, 
cysteine and glycine, among which cysteine is the rate-limiting 
precursor. Many cancer cells obtain cysteine mainly through the 
cystine–glutamate antiporter known as system xc

−-mediated trans-
port of extracellular cystine, which is an oxidized dimeric form of  
cysteine10,20. Correspondingly, cystine depletion, inhibition of 
system xc

−-mediated cystine transport by erastin or inactivation 
of GPX4 by RSL3 induces ferroptosis6,18. How other metabolic 
processes or other forms of metabolic stress regulate ferroptosis 
remains less well understood. In this study, we uncover a hitherto 
unrecognized coupling between energy stress and ferroptosis, with 
implications for the treatment of ferroptosis-associated diseases.

Results
Energy stress inhibits ferroptotic cell death. Glucose provides the 
major energy source in most cells and glucose starvation depletes 
ATP and induces energy stress. To study the role of energy stress 
in ferroptosis, we first examined the effect of glucose starvation 
on erastin-induced ferroptosis in immortalized mouse embry-
onic fibroblasts (MEFs). As expected, erastin treatment did not 
induce hallmarks of apoptosis, such as caspase-3 or poly(ADP-
ribose) polymerase (PARP) cleavage (Extended Data Fig. 1a), and 
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erastin-induced cell death could be fully rescued by the ferropto-
sis inhibitor ferrostatin-1, the iron chelator deferoxamine (DFO) 
or the antioxidant N-acetyl-cysteine (NAC), but not by the apop-
tosis inhibitor carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]- 
fluoromethylketone (Z-VAD-FMK) or the necroptosis inhibitor 
necrostatin-1s (Extended Data Fig. 1b). Since glucose starvation is 
associated with reactive oxygen species (ROS) induction21,22 and fer-
roptosis is driven by lipid peroxidation10, which is a type of ROS, 
we initially hypothesized that glucose starvation may potentiate 
erastin-induced ferroptosis. To our surprise, we observed that glu-
cose starvation largely rescued erastin-induced ferroptosis in MEFs  
(Fig. 1a,b). Time course experiments (Extended Data Fig. 1c) 
revealed that erastin treatment induced almost complete cell death 
within 16–24 h in immortalized MEFs, at which time points glucose 
starvation did not induce obvious cell death and almost completely 
rescued erastin-induced ferroptosis. The results are more difficult 
to interpret at later time points (48–96 h) because glucose starvation 
alone also induced substantial cell death. Notably, glucose-starva-
tion-induced cell death could not be blocked by ferrostatin-1 but 
was associated with caspase-3 cleavage (Extended Data Fig. 1c,d),  
suggesting that glucose starvation induced apoptosis but not  
ferroptosis in MEFs.

Ferroptosis can also be induced by cystine depletion (Extended 
Data Fig. 1e), GPX4 deletion or inactivation by its inhibitors, such 
as RSL3 (ref. 18). We found that ferroptosis induced by cystine deple-
tion, RSL3 treatment or GPX4 deletion were all substantially miti-
gated by glucose starvation (Fig. 1c–e). These data also suggested 
that glucose starvation probably impinges on the ferroptosis path-
way downstream of GPX4, although we cannot completely rule out 
the possibility that glucose starvation might inhibit ferroptosis in 
parallel to or upstream of GPX4.

Further analysis in MEFs cultured in different concentrations 
of glucose revealed that ATP depletion correlated with the rescu-
ing effects of glucose starvation on erastin-induced ferroptosis 
(Extended Data Fig. 1f,g). We further tested compounds that either 
induce or mimic energy stress, including 2-deoxy-d-glucose (2DG; 
a glucose analogue that blocks glycolysis), 5-aminoimidazole-4-car-
boxamide ribonucleotide (AICAR; an AMP analogue) and A769662 
(an AMPK activator). While treatment with these compounds alone 
did not induce substantial cell death in immortalized MEFs, at least 
at the chosen concentrations and time frames, they all substantially 
inhibited lipid peroxidation and ferroptosis induced by erastin, cys-
tine depletion or RSL3 treatment (Fig. 1f–k). We confirmed these 
findings in other cell lines, including Caki-1 and BJ cells (Extended 
Data Fig. 1h–k). Together, our results show that energy stress  
inhibits ferroptosis.

Energy stress inhibits ferroptotic cell death partly through 
AMPK. As all these treatments activate AMPK (Extended Data  
Fig. 1l), we tested whether AMPK is involved in energy-stress-
mediated ferroptosis inhibition. Notably, AMPK double knockout 
(DKO) in MEFs almost completely reversed the inhibitory effect of 
glucose starvation, A769662 and 2DG on erastin-induced ferropto-
sis (Fig. 2a–c). It is known that defective AMPK signalling promotes 
energy-stress-induced cell death in MEFs23–25. There was no obvious 
cell death in AMPK DKO MEFs cultured in glucose-free medium 
or treated with A769662 or 2DG at the time points when erastin 
induced potent ferroptosis (Fig. 2b,c). However, at the time point 
when erastin induced obvious ferroptosis, there was also substantial 
AICAR-induced cell death in AMPK DKO MEFs (Extended Data 
Fig. 1m), thus preventing us from examining the effect of AMPK 
deletion on AICAR-mediated ferroptosis inhibition. Notably, under 
treatment with 2 µM erastin, we did not observe any difference in 
erastin-induced ferroptosis between AMPK wild-type (WT) and 
DKO MEFs (Fig. 2b,c), probably because basal AMPK phosphory-
lation levels are low in MEFs (Fig. 2d); therefore, energy stress is 

needed to boost AMPK activity to reveal ferroptosis sensitivity 
differences between AMPK WT and DKO MEFs. Further dose-
dependent analyses revealed that AMPK deletion promoted fer-
roptosis induced by low-dose erastin (0.25, 0.5 and 1 µM) in MEFs 
(Extended Data Fig. 1n).

We further correlated basal AMPK activation status (AMPK 
T172 phosphorylation under 25 mM glucose) with ferroptosis sen-
sitivity in a panel of cell lines. We also examined Solute Carrier 
Family 7 Member 11 (SLC7A11) expression levels in these cell 
lines (SLC7A11 encodes xCT, which is a critical component of  
system xc

−20). Such analyses revealed that all SLC7A11-high 
cells were relatively more resistant to ferroptosis compared with 
SLC7A11-low cells (Fig. 2d–h). Notably, while AMPK activation 
status did not correlate with ferroptosis sensitivity in SLC7A11-
high cells, we observed an inverse correlation between AMPK acti-
vation and ferroptosis sensitivity in SLC7A11-low cells (Fig. 2d–h). 
Together, these data suggest that energy stress inhibits ferroptosis at 
least partly through AMPK.

AMPK inactivation sensitizes cancer cells to ferroptotic cell 
death. Our aforementioned data prompted us to further exam-
ine whether AMPK plays a causal role in ferroptosis resistance in 
the cell lines with high basal AMPK phosphorylation levels. We 
showed that inactivating AMPK using compound C dramatically 
sensitized ACHN cells (a ferroptosis-resistant cell line with high 
basal AMPK phosphorylation) to ferroptosis induced by erastin or 
cystine depletion (Fig. 3a,b; Extended Data Fig. 2a). Transmission 
electron microscopy (TEM) revealed that ACHN cells treated with 
compound C and erastin (or cystine depletion) exhibited shrunken 
mitochondria with increased membrane density, but did not show 
obvious DNA fragmentation in the nucleus, which is a characteris-
tic morphologic feature of ferroptosis (Fig. 3c).

Overexpression of constitutively active (CA) AMPK (amino 
acids 1–312 of AMPKα1) in Caki-1 cells (a ferroptosis-sensitive cell 
line with low basal AMPK activation) moderately increased ACC 
phosphorylation and partially protected cells from erastin-induced 
cell death (Fig. 3d,e). Conversely, AMPKα1/α2 DKO in ACHN cells 
using CRISPR–Cas9 technology massively sensitized ACHN cells to 
ferroptosis induced by erastin, cystine depletion or RSL3 (Fig. 3f–k; 
Extended Data Fig. 2b). We further showed that re-expression of 
AMPKα1, but not its T172A mutant or AMPKα2, in AMPK DKO 
ACHN cells restored AMPK and ACC phosphorylation (Fig. 3l) and 
largely rescued increased ferroptosis sensitivity in AMPK DKO cells 
(Fig. 3m), suggesting that AMPKα1 plays a dominant role in regu-
lating ferroptosis in ACHN cells and that AMPK inhibits ferropto-
sis in a kinase-dependent manner. We subsequently confirmed our 
results in RCC4 cells, another ferroptosis-resistant cell line with high 
basal AMPK phosphorylation (Extended Data Fig. 2c–l). Finally, we 
showed that deletion of LKB1, the major upstream kinase of AMPK, 
also sensitized ACHN cells to ferroptosis (Extended Data Fig. 3a,b). 
Collectively, these results suggest that AMPK inhibits ferroptosis in 
cells with high basal AMPK activation.

AMPK-mediated ACC phosphorylation inhibits ferroptosis. We 
next sought to study the underlying mechanism(s) by which energy-
stress-mediated AMPK activation regulates ferroptosis. In response 
to energy stress, AMPK activates catabolic processes, particularly 
autophagy, and inactivates anabolic processes, most notably fatty 
acid synthesis and protein synthesis2. Since recent studies showed 
that autophagy promotes ferroptosis26,27, but our results show that 
energy-stress-mediated AMPK activation inhibits ferroptosis, it 
is less likely that AMPK inhibits ferroptosis through its activation 
of autophagy. AMPK inhibits protein synthesis through its inhibi-
tion of mechanistic target of rapamycin complex 1 (mTORC1)23. 
However, rapamycin treatment abolished mTORC1 activation 
(Extended Data Fig. 3c) but did not obviously affect erastin-induced 
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ferroptosis (Extended Data Fig. 3d), suggesting that AMPK prob-
ably regulates ferroptosis through mTORC1-independent mecha-
nisms. In addition, AMPK deficiency or its activation by AICAR or 
2DG treatment did not substantially affect cystine uptake (Extended 
Data Fig. 3e–g) or cellular iron levels (Extended Data Fig. 3h).

ACC1 and ACC2 are two related enzymes that catalyse the syn-
thesis of malonyl-CoA from acetyl-CoA and function to promote 
fatty acid synthesis and inhibit fatty acid oxidation. Under energy 
stress, AMPK inhibits fatty acid synthesis through its phosphoryla-
tion and inhibition of both ACC1 and ACC2 (ref. 2). We found that, 
similar to glucose starvation, treatment with 5-(tetradecyloxy)-
2-furoic acid (TOFA), an allosteric inhibitor of ACC (ref. 28), 
potently inhibited lipid peroxidation (Fig. 4a–c) and ferroptosis 
(Fig. 4d–f; Extended Data Fig. 3i) induced by erastin, cystine deple-
tion or RSL3 in MEFs. Similar observations were made in other cell 
lines (Extended Data Fig. 3j,k). Consistently, metabolite profiling 
confirmed that, similar to glucose starvation or AICAR treatment, 
TOFA treatment decreased the levels of various fatty acids such 
as palmitic acid (C16:0) (Extended Data Fig. 3l,m). Importantly, 
TOFA treatment substantially mitigated increased lipid peroxi-
dation and ferroptosis sensitivity in AMPK DKO ACHN cells  
(Fig. 4g,h), suggesting that ACC is a key downstream effector of 
AMPK in the regulation of ferroptosis.

We next studied whether AMPK-mediated ACC phosphoryla-
tion plays a role in ferroptosis inhibition by energy stress. To this 
end, we generated MEFs from an ACC knock-in mouse model in 
which AMPK phosphorylation sites on both ACC1 (S79) and ACC2 
(S212) were mutated to alanine (ACC double knock-in (DKI))  
(Fig. 4i)29,30. Similar to AMPK deficiency (Fig. 2a–c), mutation of 
AMPK phosphorylation sites on ACC largely blocked the inhibi-
tory effect of A769662, AICAR or glucose starvation on erastin-
induced ferroptosis (Fig. 4j–l). Together, our data strongly suggest 
that AMPK regulates ferroptosis at least partly through AMPK-
mediated phosphorylation of ACC.

AMPK regulates polyunsaturated fatty acid (PUFA) generation. 
The data above prompted us to characterize lipid profile alterations 
caused by AMPK activation or inactivation. To study the impact 
of AMPK activation on lipid metabolism, we performed untar-
geted lipidomic analyses in MEFs treated with vehicle (control), 
A769662, erastin or A769662 plus erastin (Extended Data Fig. 4a). 
As shown in Fig. 5a, A769662 treatment caused significant decreases 
(false discovery rate (FDR)-corrected P < 0.05; fold change > 1.5) in 
the levels of 64 lipid species compared with vehicle treatment. To 
examine the impact of AMPK deficiency on lipid metabolism, we 
also performed untargeted lipidomic analysis in AMPK WT and 
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DKO ACHN cells with vehicle or erastin treatment (Extended Data  
Fig. 4b). As shown in Fig. 5b, we observed significant increases 
(FDR-corrected P < 0.05, fold change > 1.5) in the relative abundance  

of 73 lipid species in AMPK DKO ACHN cells compared with WT 
ACHN cells (under vehicle treatment). Consistent with previous 
reports31,32, erastin treatment altered the levels of several lipid species 
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DKO MEFs. EV, empty vector; Cre, Cre recombinase. b,c, Cell death measurements in AMPK WT and DKO MEFs treated with erastin (2 μM) cultured in 
25 or 0 mM glucose for 16 h (b) or cotreated with A769662 (200 μM) or 2DG (5 mM) for 16 h (c). d, An immunoblot showing the levels of AMPK T172 
phosphorylation, AMPK, SLC7A11 and LKB1 in the cell lines indicated. P-AMPK, phospho-AMPK. e, Cell death measurement in the indicated cell lines at 
24 h after 2 μM erastin treatment. f, Lipid peroxidation measurement in the indicated cell lines treated with 2 μM erastin for 24 h, except the MEFs (8 h), 
Caki-1 (16 h) and BJ (16 h) cell lines. g,h, The measurement of cell death (g) and lipid peroxidation (h) in the indicated cell lines cultured in cystine-free 
media for 36 and 16 h, respectively. Lipid peroxidation in MEFs was measured at 6 h. The mean ± s.d. are shown; n = 3 independent experiments. Statistical 
analysis was performed using an unpaired, two-tailed t test. Numerical source data and scanned images of unprocessed blots are provided as source data. 
Dashed lines separate the cell line groups based on the levels of basal AMPK phosphorylation and SLC7A11 expression..
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in both analyses; importantly, A769662 treatment (or AMPK dele-
tion) exerted similar global effects on lipid profiles under conditions 
of both vehicle and erastin treatment (Extended Data Fig. 4c,d).

By integrating the datasets from these two analyses, we identified 
17 lipid species that were downregulated by A769662 treatment in 
MEFs but upregulated by AMPK deletion in ACHN cells (Fig. 5c  
and Extended Data Fig. 5a), including PUFAs such as dihomo-
γ-linolenic acid (C20:3) and arachidonic acid (C20:4) (Fig. 5d,e). 
Further analyses confirmed that other fatty acids, such as palmitic 
acid (C16:0) and adrenic acid (C22:4), were similarly altered by 
AMPK activation or inactivation (although the fold changes did 
not meet the 1.5-fold cut-off under one or the other condition) 
(Extended Data Fig. 5b,c).

Accumulation of oxygenated phosphatidylethanolamines (PEs),  
specifically arachidonic acid (C20:4)- and adrenic acid (C22:4)-
containing PEs, are believed to play direct roles in driving  
ferroptosis33. Consistent with this, our lipidomic analyses showed 
that A769662 treatment decreased but AMPK deletion increased 

the levels of PE 18:0_20:4 and PE 18:0_22:4 (Extended Data  
Fig. 6a,b). Acyl-CoA synthetase long chain family member 4 
(ACSL4)-mediated PUFA-containing PE biosynthesis has been 
shown to be critical in driving ferroptosis31,33,34. We showed that 
ACSL4 deletion largely blocked erastin-induced ferroptosis in 
AMPK DKO cells (Extended Data Fig. 6c,d). Supplementation of 
γ-linolenic acid (a precursor for dihomo-γ-linolenic acid synthe-
sis) and arachidonic acid substantially sensitized A769662-treated 
MEFs or AMPK WT ACHN cells to erastin-induced ferroptosis 
(Fig. 5f,g). We confirmed that the supplementation of dihomo-γ-
linolenic acid or arachidonic acid increased the levels of proferrop-
totic PE 18:0_22:4 (and arachidonic acid treatment also increased 
the levels of PE 18:0_20:4) (Extended Data Fig. 6e,f). Finally, we 
showed that the supplementation of palmitic acid and stearic acid, 
the two most proximal fatty acids to AMPK, also sensitized ACHN 
cells to erastin-induced ferroptosis (Extended Data Fig. 6g,h).

To further substantiate our observations, we conducted untar-
geted lipidomic analysis in MEFs treated with TOFA (with or without 
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erastin treatment). We observed significant changes (one-way anal-
ysis of variance (ANOVA), FDR-corrected P < 0.05) in the relative 
abundance of many lipid species, including decreasing palmitic acid 
and palmitoleic acid levels, following TOFA treatment (Extended 
Data Fig. 6i,j). Notably, TOFA and A769662 treatments exhibited 
somewhat different lipidomic profiles (Extended Data Fig. 4c and 
Extended Data Fig. 6i). This is not entirely surprising, considering 
that AMPK activation by A769662 would also modulate other lipid 
metabolic enzymes besides inactivating ACC. Notably, A769662 
and TOFA decreased the levels of the same PUFA-containing PEs, 
including PE 18:0_22:4, PE 18:1_22:6, PE 16:0_22:6, PE P-18:1_22:6, 
PE P-18:0_22:6 and triacylglycerols (Extended Data Fig. 7a–d), 
which is consistent with the current model in which it is the oxi-
dation of PUFA-containing PEs that drives ferroptosis33. Together, 
these lipidomic analyses suggest that AMPK activation suppresses 
and AMPK deficiency drives PUFA-containing lipid biosynthesis, 
thus altering cellular sensitivity to ferroptosis.

Energy-stress-induced AMPK activation inhibits renal IRI. Our 
findings from cell line studies prompted further analysis of AMPK 
function in ferroptosis-associated pathological conditions in vivo. 
Consistent with previous studies that indicated a role for ferroptosis 
in renal IRI13,19, TEM analysis revealed a striking ferroptosis-associ-
ated morphologic change in renal epithelial cells following renal IRI 
characterized by smaller mitochondria with increased membrane 
density (Fig. 6a). To examine whether energy-stress inducers would 
protect from renal IRI by inhibiting ferroptosis, we treated WT mice 
with vehicle, AICAR, 2DG or ferrostatin-1 (as a positive control) 
and then subjected the mice to an established renal IRI protocol13. 
As expected, AICAR or 2DG treatment substantially increased 
AMPK phosphorylation in kidneys (Fig. 6b). Consistent with pre-
vious findings13, ferrostatin-1 treatment partially protected mice 
from renal IRI as quantified by tubular damage in the renal cortex 
(characterized by tubular dilatation, tubule brush border loss, flat-
tened epithelial cells or sloughing of cells); notably, AICAR or 2DG 
treatment exhibited a similar protective effect on renal IRI as fer-
rostatin-1 did (Fig. 6c,d).

To study the potential role of AMPK in renal IRI, we gener-
ated the AMPKα1/α2L/L, Rosa26-CreERT2 mouse model (hereafter 
referred to as AMPK DKO). Tamoxifen treatment substantially 
decreased AMPK levels in the kidneys of AMPK DKO mice com-
pared with those in the AMPKα1/α2L/L control (hereafter referred 
to as AMPK WT) mice (Extended Data Fig. 8a). Consistent with 
a recent report using the same mouse model35, AMPK DKO mice 
maintained a normal body weight for at least 2 months after tamox-
ifen treatment and did not show obvious phenotypic differences 
in their kidneys before or after IRI compared with WT controls 
(Extended Data Fig. 8b). Similar to our observations made in MEFs 
(see Fig. 2a–c), we found that the AICAR-mediated protective 
effect on renal IRI-induced renal damage and blood urea nitrogen 
(BUN) levels was largely abolished in AMPK DKO mice (Fig. 6e–g). 
Immunohistochemical analysis of 4-hydroxy-2-noneal (4-HNE; a 
lipid peroxidation marker) revealed that 4-HNE staining substan-
tially overlapped with tubular damage in the renal cortex follow-
ing ischaemia reperfusion (Extended Data Fig. 8c). AMPK deletion 
did not affect IR-induced 4-HNE staining in kidneys in vehicle-
treated mice but suppressed the protective effects of AICAR treat-
ment to reduce 4-HNE staining (Fig. 6h,i). This observation was 
further confirmed with immunohistochemical analysis using malo-
ndialdehyde, another lipid peroxidation marker (Extended Data  
Fig. 8d,e). Together, these in vivo data strongly suggest that energy 
stress exerts a protective effect on renal IRI at least partly through 
AMPK activation, which potentially relates to an energy-stress-
mediated inhibitory effect on lipid peroxidation and ferroptosis. It 
should be noted that a protective role of AMPK in the regulation of 
renal IRI has also been described in previous studies, possibly via 

AMPK-mediated autophagy activation36,37. Our study further sug-
gests that AMPK may regulate renal IRI through ferroptosis.

Discussion
Glucose is the principal nutrient required to maintain biosynthetic, 
bioenergetic and redox homeostasis and to maintain cell survival 
in most cells38. Glucose starvation leads to cell death due to ROS 
induction and/or energy depletion4,22. As ferroptosis is induced by 
lipid peroxidation, a type of ROS-mediated lipid damage, it seems 
logical that, if anything, glucose starvation should promote ferrop-
tosis. In this study, we revealed a counterintuitive finding that glu-
cose is required for ferroptosis and that glucose starvation largely 
prevents cells from undergoing ferroptosis. We found that treat-
ments that induce or mimic energy stress inhibit ferroptosis in vitro 
or ferroptosis-associated renal IRI in  vivo at least partly through 
AMPK activation. Under these conditions with low basal AMPK 
activation, boosting AMPK activation by energy stress inhibits fer-
roptosis. Conversely, in ferroptosis-resistant cell lines with high 
basal AMPK activation, AMPK inactivation dramatically sensi-
tizes these cells to ferroptosis. Collectively, our study convincingly 
establishes an inhibitory role of AMPK in regulating ferroptosis and 
further suggests that AMPK activators may be useful to treat the 
diseases or pathological conditions induced by ferroptosis, such as 
IRI. Mechanistically, our data suggest that the inhibitory effects of 
AMPK activation on ferroptosis do not involve the modulation of 
autophagy, mTORC1 signalling, cystine uptake or iron metabolism. 
Instead, our data support a model in which energy stress activates 
AMPK and AMPK then phosphorylates and inactivates ACC, 
resulting in the restrained biosynthesis of PUFAs and other fatty 
acids and ferroptosis inhibition (Extended Data Fig. 9).

A recent study showed that mitochondria play an important role 
in regulating ferroptosis39. AMPK is also vital for the regulation of 
mitochondrial homeostasis40. However, there is a major difference 
between mitochondria and AMPK function in ferroptosis. While 
mitochondria selectively promote cystine-starvation-induced or 
erastin-induced, but not RSL3-induced, ferroptosis39, our data 
clearly show that glucose starvation or AMPK deficiency affects 
ferroptosis induced by all of these ferroptosis inducers. Therefore, 
our data suggest that energy-stress-mediated AMPK activation 
probably inhibits ferroptosis through mitochondria-independent 
mechanisms. Furthermore, since lipid metabolism, and particularly 
PUFA biosynthesis, is important for ferroptosis mediated by differ-
ent ferroptosis inducers31,33,34, our proposed model linking AMPK-
mediated lipid metabolism to ferroptosis is in line with the data that 
AMPK deficiency sensitizes cells to all of the ferroptosis inducers 
that we have tested.

A recent study also reported a promoting role of AMPK in 
the regulation of ferroptosis41, which is opposite to our findings 
described here. There are several discrepancies between these  
studies. First, in contrast to this study, we did not observe any major 
effects of erastin on AMPK or ACC phosphorylation in the cell 
lines that we examined (Extended Data Fig. 2a). In addition, while 
this study proposed that AMPK-mediated Beclin 1 (BECN1) phos-
phorylation promotes ferroptosis by inhibiting SLC7A11-mediated 
cystine transport, we found that AMPK deletion or its activation by 
AICAR or 2DG treatment did not substantially affect cystine uptake 
(Extended Data Fig. 3e–g). It is possible that AMPK function in the 
regulation of ferroptosis is context dependent, and this awaits fur-
ther investigation in future studies.

We and others previously showed that ferroptosis is also an 
important tumour suppression mechanism11,14,42–45. Although fer-
roptosis has been linked to multiple pathological conditions or dis-
eases, its physiological function still remains enigmatic. We propose 
that tumour suppression may represent one physiological function 
of this form of regulated cell death. Our current study linking AMPK 
to ferroptosis also raises an intriguing question regarding whether 
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Fig. 6 | AMPK activation protects from renal IRI. a, TEM images of cortical renal tissues from mice after ischaemia reperfusion (IR) or sham treatment. 
Scale bars: left, 2 μm; right, 500 nm. The experiment was repeated three times, independently, with similar results. b–d, WT mice injected with vehicle, 
AICAR (0.5 mg g−1), 2DG (0.5 mg g−1) or ferrostatin-1 (2 μg g−1) were subjected to 30 min of IR. A western blot analysis showing AMPK activation in the 
tissue lysates from mouse kidneys (b); the experiment was repeated three times, independently, with similar results. Representative images of haematoxylin 
and eosin (H&E) staining of the renal cortex after IR (c); black lines show damaged renal proximal tubules (as characterized by tubular dilatation, tubule 
brush border loss, flattened epithelial cells or sloughing of cells); scale bars, 50 μm. Bar graphs showing the percentage tubular damage in the renal cortex (d);  
the mean ± s.d. are shown; n = 2 (sham), n = 3 (IR + ferrostatin-1), n = 4 (IR + vehicle, IR + AICAR) or n = 5 (IR + 2DG) mice. e–i, AMPK WT and DKO 
mice injected with either vehicle or AICAR for 7 d were subjected to IR. Representative images of H&E staining showing the damaged renal cortex after 
IR plus AICAR (e); scale bars, 50 μm. Bar graphs showing the percentage tubular damage (f); the mean ± s.d. are shown; n = 3 (DKO + vehicle), n = 4 
(WT + vehicle), n = 5 (DKO + AICAR) or n = 6 (WT + AICAR) mice. Bar graphs showing BUN levels (g); the mean ± s.d. are shown; n = 3 (DKO + vehicle, 
WT + AICAR, DKO + AICAR) or n = 4 (WT + vehicle) mice. Representative images showing 4-HNE immunohistochemical staining from mouse renal cortex 
with the indicated genotypes and treatment conditions (h); dark brown stained tubules indicate 4-HNE-positive staining; scale bars, 50 μm. Bar graphs 
showing the percentage of 4-HNE-positive tubules per visual field (i); the mean ± s.d. are shown; n = 4 (AICAR) or 5 (vehicle). Statistical analysis was 
performed using an unpaired, two-tailed t test. Numerical source data and scanned images of unprocessed blots are provided as source data.
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AMPK regulation of ferroptosis plays a role in tumour biology.  
The exact role of AMPK in tumour biology is highly context depen-
dent. AMPK can exert either a tumour-suppressive function by 
inhibiting major biosynthetic pathways (such as protein or fatty acid 
biosynthesis) or a tumour-promoting function by promoting tumour 
cell survival under metabolic stress conditions46. While the tumour-
suppressive role of the AMPK pathway is well established47, multiple 
recent studies have also convincingly established a tumour-promot-
ing role of AMPK in some tumour types35,48–51; in addition, some iso-
forms of AMPK are overexpressed or amplified in certain cancers52. 
In light of our current data showing that AMPK inhibits ferroptosis, 
it is tempting to speculate that AMPK’s pro-tumorigenic function 
might be at least partly mediated through its inhibition of ferroptosis 
in some contexts. Future studies will further dissect the potential role 
of ferroptosis in AMPK-mediated tumour development.
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Methods
Mice. All animal experiments were performed in accordance with a protocol 
approved by the Institutional Animal Care and Use Committee (IACUC) of 
The University of Texas MD Anderson Cancer Center; the protocol is in full 
compliance with policies of the IACUC. AMPKα1/α2L/L mice were provided by 
D. Nakada48 and crossed with Rosa26-CreERT2 mice as described in our previous 
publications53,54. Five-week-old mice were intraperitoneally injected with tamoxifen 
(Sigma-Aldrich, 120 μg g−1 body weight) for five consecutive days. Mice were 
subjected to IRI at two weeks post tamoxifen injection. For AICAR (Toronto 
Research Chemicals) or 2DG (Sigma-Aldrich) treatment, mice were either injected 
with vehicle (PBS) or drugs (0.5 mg g−1) at 10 d after the last tamoxifen injection 
for 7 d. IRI was performed on the following day. Ferrostatin-1 (Sigma-Aldrich) was 
injected 30 min before IRI. All mouse injections were intraperitoneal and the doses 
were calculated according to mouse body weight.

Primary cells. Primary MEFs were established from embryos at E13.5 as 
previously described55. MEFs were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/
streptomycin at 37 °C in an incubator with a humidified atmosphere of 20% O2 
and 5% CO2. The primary MEFs were immortalized by infection with SV40 
large T antigen (LT-MEFs). To generate AMPKα1/α2 WT and DKO MEFs, 
AMPKα1/α2L/L LT-MEFs were infected with either an empty vector control 
(pBABE-EV) or Cre-recombinase-expressing retrovirus (pBABE-Cre) and 
selected with puromycin (2 μg ml−1) for 4 d. Immortalized ACC WT and DKI 
MEFs were previously described29.

Cancer cell lines. BJ, ACHN, Caki-1, A498, MCF7, MDA-MB-231, A375 and 
A549 cell lines were obtained from the American Type Culture Collection (ATCC). 
RCC4 and UMRC6 cell lines were obtained from W. G. Kaelin at the Dana-Farber 
Cancer Institute. PANC-1 and DanG cell lines were obtained from H. Ying at the 
MD Anderson Cancer Center. The H157 cell line was obtained from J. A. Roth 
at the MD Anderson Cancer Center. All cell lines were cultured in culture media 
supplemented with 10% (volume/volume; v/v) FBS and 1% (v/v) penicillin/
streptomycin at 37 °C in an incubator with a humidified atmosphere of 20% O2 
and 5% CO2. RCC4, PANC-1, A549, MDA-MB-231, DanG, UMRC6 and A375 cell 
lines were cultured in DMEM (Sigma, D6429). BJ, ACHN, MCF7 and A498 cell 
lines were cultured in Eagle’s Minimum Essential Medium (ATCC, 30–2003). The 
H157 cell line was cultured in RPMI-1640 medium (Sigma, R8758) and the Caki-1 
cell line was cultured in McCoy’s 5a Medium Modified (ATCC, 30–2007).

All cell lines were cultured in a 10-cm plate and subcultured into a 12-well plate 
for cell death and lipid peroxidation measurement. For cell viability assays, cells 
were subcultured into a 96-well plate. Cells were treated with ferroptosis inducers, 
erastin (EMD Millipore) or RSL3 (Selleckchem); apoptosis inducer, staurosporine 
(LC Laboratories); cell death inhibitors, ferrostatin-1 (Sigma-Aldrich), 
necrostatin-1s (BioVision) or Z-VAD-FMK (R&D Systems); antioxidant, NAC 
(Sigma-Aldrich); iron chelator, DFO (Sigma-Aldrich); AMPK activator/inhibitors, 
A769662 (LC Laboratories), AICAR (Toronto Research Chemicals), 2DG (Sigma-
Aldrich), compound C (Sigma-Aldrich); ACC inhibitor, TOFA (Millipore). For 
glucose-free media and cystine-free media treatment, cells were cultured in normal 
growth media and then subcultured into 12-well plates. After overnight culture, 
cells were washed twice with PBS and the media was replaced with glucose- or 
cystine-free media. Dialysed FBS was used for glucose-free and cystine-free media.

Plasmid constructs. The gateway donor vectors containing the AMPKα1 WT and 
T172A mutant were described in our previous publications25,56. These genes were 
integrated into the pLenti6.3/V5 destination vector (Invitrogen) using gateway 
cloning. The sequences were verified from single clones. The pLenti-CMV/ 
TO_PRKAA2 (AMPKα2) was obtained from Addgene (plasmid no. 74447).  
The CA AMPK construct was described in our previous publication25.

CRISPR–Cas9-mediated gene knockout. Knockout of AMPKα1/α2, 
LKB1, GPX4 and ACSL4 in human cell lines was performed using single 
guide RNAs (sgRNAs) and CRISPR–Cas9 technology. sgRNAs were cloned 
into the lentiviral lentiCRISPR v2 vector or transient expression vector, 
pSpCas9(BB)-2A-GFP (PX458). sgAMPKα1: CCAGGAACTGA GTCTGCGCA, 
CTCACCCTTCACTTTGCCGA, TACTC AATCGACAGAAGATT; sgAMPKα2: 
GAAGATCGGACACTACGTGC, GTTGGAGAAC ATCAATTAAC, 
ACTTACAGTTTGATAATATG; sgLKB1: CCCTGGGTCCAGCATGGA GG, 
CACGGAGGGCGAGCTGATGT, AGCTTGGCCCGCTTGCGGCG; sgGPX4: 
GAG ATCAAAGAGTTCGCCGC; sgACSL4: AATAAAGCAGAGTACCCTGA, 
GAAGGCGTT GGTCTACTTGG. lentiCRISPR v2 clones were transfected into 
HEK293T cells with psPAX2 packaging plasmid and pMD2.G VSV-G envelope 
expressing plasmid. ACHN cells were infected with lentivirus with 0.8 μg ml−1 of 
polybrene, selected with puromycin (2 μg ml−1, Invivogen) for 3 d and then single 
cells were sorted into 96-well plates. For the transient transfection of PX458-guide 
RNA clones, an SF Cell Line 4D-Nucleofector X kit (Lonza) was used according 
to the manufacturer’s protocol. Briefly, 2 × 105 ACHN cells mixed with 1 μg of 
plasmid, nucleofector solution and supplement were subjected to nucleofection 
using a 4D-Nucleofector core unit. 24 h after the transfection, GFP-positive 

single cells were sorted into 96-well plates. Single cells were maintained in Eagle’s 
Minimum Essential Medium (ATCC, 30–2003) with 10% (v/v) FBS and 1% (v/v) 
penicillin/streptomycin at 37 °C in an incubator with 5% CO2 for 3–4 weeks 
and each colony was verified by western blot and DNA sequencing to confirm 
the target gene deletion. To enhance the gene silencing efficiency, we also used 
the construct with doxycycline (DOX)-inducible Cas9 expression, which was 
kindly provided by T.F. Westbrook (Baylor College of Medicine). ACHN cells 
were infected with lentivirus carrying DOX-inducible Cas9 and selected with 
400 μg ml−1 G418 (Sigma-Aldrich). 1 μg ml−1 of DOX (Sigma-Aldrich) was added 
to the media 48 h before PX458-guide RNA infection and cells were then cultured 
in DOX-free media 24 h after the sgRNA infection.

To generate GPX4 knockout cells, DOX-inducible Cas9 expressing Caki-1 cells 
were infected with sgRNAs targeting GPX4. DOX was added to the media in the 
presence of 1 μM ferrostatin-1. Cells were cultured with standard cell culture media 
supplemented with 1 μM ferrostatin-1. To induce ferroptosis, ferrostatin-1 was 
removed from the media.

Cell death assays. Cell death was measured by propidium iodide (Roche) staining 
using a flow cytometer, as previously described57,58. For propidium iodide-
staining, cells were seeded at a density of 70–80% confluence into 12-well plates. 
The next day, cells were treated with different reagents and media. To measure 
cell death, the cells were collected (including floating dead cells), stained with 
5 μg ml−1 propidium iodide and the percentage of the propidium iodide-positive 
dead cell population was analysed using the flow cytometer BD Accuri C6 (BD 
Biosciences) and an FL2 detector. A minimum of 5,000 single cells were analysed 
per well and all experiments were carried out at least in triplicate. For cells treated 
simultaneously with ferroptosis inducers and energy-stress inducers, appropriate 
times were selected to analyse cell death/lipid peroxidation before the lethal effect 
of energy-stress inducers.

Cell viability assay. Viable cells were measured using Cell Counting Kit-8 (CCK-8, 
Dojindo), as previously described59,60. Briefly, ACHN cells were seeded onto 96-well  
plates at a density of 2 × 104per well. The next day, cells were treated with fatty 
acids for 24 h. Subsequently, cells were treated with erastin or left untreated for 
16 h and then exposed to 10 μl of CCK-8 reagent (100 μl medium per well) for 1 h 
at 37 °C, 5% CO2 in an incubator. The absorbance at a wavelength of 450 nm was 
determined using a FLUOstar Omega microplate reader (BMG Labtech).

Determination of lipid peroxidation. Cells were seeded on 12-well plates and 
incubated overnight. The next day, cells were treated with compounds for the 
indicated times, harvested by trypsinization and resuspended in 200 μl PBS 
containing 5 μM C11-BODIPY 581/591 (Invitrogen). Cells were incubated for 
30 min at 37 °C in a water bath. Lipid peroxidation was assessed using the flow 
cytometer BD Accuri C6 with a 488 nm laser on an FL1 detector. A minimum of 
5,000 single cells were analysed per well.

Intracellular ATP level measurement. Intracellular ATP levels were measured 
using a CellTiter-Glo Luminescent assay kit (Promega, G7570) according to 
the manufacturer’s instructions and as previously described61. Briefly, 10,000 
cells per well were seeded in a 96-well plate 1 d before treatment. After the cells 
were cultured in media with different glucose concentrations, as indicated, 
each well received 100 μl CellTiter-Glo Reagent before incubation for 10 min at 
room temperature on a shaker. The luminescence of each well was subsequently 
measured with a Gen5 microplate reader (BIOTEK).

Fatty acid-dependent sensitization of ferroptosis. MEFs and ACHN cells were 
plated onto 96-well plates at a density of 1 × 104 per well (MEFs) and 2 × 104 per 
well (ACHN). After overnight incubation, cells were treated with specified fatty 
acids or fatty acids + 1 μM ferrostatin-1 with a series of fatty acid concentrations 
ranging from 40 to 0 μM for 24 h. Subsequently, cells were treated simultaneously 
with fatty acids with or without 2 μM erastin for 12 h (MEFs) or 18 h (ACHN) and 
cell viability was evaluated using CCK-8 reagent.

Cystine uptake assay. The cystine uptake assay was conducted as previously 
described14. Briefly, cells were plated in 12-well plates and incubated overnight.  
To measure the cystine uptake, the medium was replaced with fresh DMEM (which 
contains 200 μM cystine) containing [14C] cystine (PerkinElmer, 0.04 μCi) and the 
cells were incubated for 2 or 4 h. For Extended Data Fig. 3f,g, cells were pretreated 
with AICAR or 2DG for 4 h and [14C] cystine was added into the media for an 
additional 2 h. The uptake was terminated by rapidly rinsing cells twice with cold 
PBS and lysing in 0.1 mM NaOH. Radioactivity (disintegrations per minute) was 
measured using a Tri-Carb Liquid Scintillation Analyzer (PerkinElmer, 4810TR) in 
the presence of a quench curve. All experiments were carried out in triplicate.

Labile iron pool measurement. ACHN cells were seeded into 12-well plates at a 
density of 2 × 105 per well. On the following day, cells were incubated with 20 nM 
calcein-AM (C3099, Invitrogen) for 15 min and washed with PBS. Cells were then 
harvested and analysed using the flow cytometer BD Accuri C6 with a 488 nm laser 
on an FL1 detector.
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Immunoblotting. Western blotting to analyse protein expression was performed as 
previously described62–64. Briefly, cell pellets and tissues were lysed using RIPA lysis 
buffer (Millipore) and the protein concentration was determined by a Bradford 
assay (Bio-Rad) using a Nanodrop2000 (Thermo scientific). 15–20 μg of protein 
was used for immunoblot analysis using antibodies against phospho-AMPKα 
(T172, 1:1,000, 2535, Cell Signaling), AMPKα (1:1,000, 5832, Cell Signaling), 
AMPKα1 (1:1,000, 2795, Cell Signaling), AMPKα2 (1:1,000, 2757, Cell Signaling), 
phospho-ACC (S79, 1:1,000, 3661, Cell Signaling), ACC (1:1,000, 3662, Cell 
Signaling), phospho-S6 (S240/244, 1:5,000, 3661, Cell Signaling), S6 (1:1,000, 2217, 
Cell Signaling), phospho-S6K (T389, 1:1,000, 9205, Cell Signaling), S6K (1:1,000, 
sc-230, Santa Cruz), phospho-ULK1 (S757, 1:1,000, 6888, Cell Signaling), ULK1 
(1:1,000, 8054, Cell Signaling), LKB1 (1:1,000, sc-32245, Santa Cruz), SLC7A11 
(1:3,000, 12691, Cell Signaling), GPX4 (1:1,000, MAB5457, R&D systems), 
ACSL4 (1:1,000, sc-271800, Santa Cruz), cleaved caspase-3 (D175, 1:500, 9661, 
Cell Signaling), cleaved-PARP (D214, 1:1,000, 9544, Cell Signaling) and vinculin 
(1:50,000, V4505, Sigma).

Histology, analysis of organ damage and immunohistochemistry. Fresh 
kidney tissues were fixed in 10% neutral buffered formalin overnight, washed 
once with PBS and stored in 70% ethanol at 4 °C. The tissues were dehydrated 
and embedded in paraffin by the Research Histology Core Laboratory (MD 
Anderson Cancer Center) according to standard protocols. Embedded 
tissues were sectioned at a thickness of 5 μm for H&E, 4-HNE and MDA 
staining. H&E-stained kidney sections were analysed using an Olympus 
BX43 microscope. Organ damage on the renal cortex was evaluated using the 
following parameters: tubular dilatation, tubule brush border loss, flattened 
epithelial cells and sloughing of cells. The primary antibodies, 4-HNE (ab46545, 
Abcam, 1:200) or MDA (JAI-MMD-030N, Adipogen, 1:100), were incubated 
overnight at 4 °C. Staining was performed using the Vectastain elite ABC kit and 
DAB peroxidase substrate kit (Vector laboratories). Images were randomly taken 
from the renal cortex (ten images per mouse) at ×200 magnification using an 
Olympus BX43 microscope and the percentage of 4-HNE-positive tubular cells 
per image was analysed.

Kidney IRI. Induction of kidney IRI was performed via the dorsal approach 
and bilateral renal pedicle clamping for 30 min. Mice were anaesthetized 
with an intraperitoneal injection of ketamine (100 mg kg−1, Henry Schein)/
xylazine (10 mg kg−1, Sigma) and an analgesic, sustained-release buprenorphine 
(ZooPharm), was injected subcutaneously. Throughout the surgical procedure, 
heating pads were used to maintain mouse body temperature. Via the dorsal 
approach, the right kidney was removed and the left renal pedicle was clamped for 
30 min using a vascular clamp. The muscle layer and skin layer were closed using 
5-0 vicryl sutures (Ethicon). Sham-operated mice underwent identical surgical 
procedures, except the renal pedicle clamping. All mice were killed 24 h after 
reperfusion. In some experiments, AICAR (0.5 mg g−1) and 2DG (0.5 mg g−1) were 
injected into mice for 7 d before IRI and the surgical procedure was performed on 
the day following the last AICAR/2DG injection. For ferrostatin-1 treatment, mice 
were injected with 200 μl of PBS for 7 d and 2 μg g−1 of ferrostatin-1 was injected 
into the mice 30 min before ischaemia. For the TEM analysis, fresh kidneys were 
cut into slices perpendicular to the long axis from the renal cortex and 1 mm3 cubes 
were fixed at 4 °C using the solution provided by the High Resolution Electron 
Microscopy Facility at the MD Anderson Cancer Center.

TEM. TEM analysis was performed by the High Resolution Electron Microscopy 
facility at the MD Anderson Cancer Center. Samples were fixed with a solution 
containing 3% glutaraldehyde plus 2% paraformaldehyde in 0.1 M cacodylate 
buffer, pH 7.3, then washed in 0.1 M sodium cacodylate buffer and treated with 
0.1% Millipore-filtered cacodylate-buffered tannic acid, postfixed with 1% 
buffered osmium and stained en bloc with 1% Millipore-filtered uranyl acetate. 
The samples were dehydrated in increasing concentrations of ethanol, infiltrated 
and embedded in LX-112 medium. The samples were polymerized in a 60 °C oven 
for approximately 3 d. Ultrathin sections were cut in a Leica Ultracut microtome 
(Leica), stained with uranyl acetate and lead citrate in a Leica EM Stainer and 
examined in a JEM 1010 transmission electron microscope (JEOL, USA, Inc.) at an 
accelerating voltage of 80 kV. Digital images were obtained using the AMT Imaging 
System (Advanced Microscopy Techniques Corp.).

Lipidomic analyses. Sample preparation. Lipids were extracted from each cell 
pellet using a modified Matyash65 method, as described previously66. Briefly, MEFs  
were cultured in 0 mM glucose-containing media or treated with vehicle (DMSO),  
2 mM AICAR, 200 μM A769662, 25 μM TOFA, 2 μM erastin, 200 μM A769662 +  
2 μM erastin or 25 μM TOFA + 2 μM erastin for 8 h. AMPK WT and DKO ACHN 
cells were treated with vehicle (DMSO) or 2 μM erastin for 11 h. In addition, 
ACHN cells were treated with vehicle (DMSO), 20 μM dihomo-γ-linolenic acid 
or 20 μM arachidonic acid for 18 h. For Extended Data Fig. 3m, the frozen cell 
pellets were processed and analysed by the Mayo Clinic Hospital metabolomics 
core. All the other lipidomic analyses were performed as follows. Cells were 
homogenized in 250 μl cold methanol containing 0.01% butylated hydroxytoluene 
and 1 μl of SPLASH lipidomics internal standard mix (Avanti Polar Lipids, Inc.) 

with a microtip solicitor. Homogenized samples were transferred to fresh glass 
vials containing 850 μl of cold methyl-tert-butyl ether (MTBE) and vortex-mixed 
for 30 s. To enhance the lipid extraction efficiency, the samples were incubated on 
ice for 2 h on the shaker. After the addition of 200 μl of ice-cold water, the samples 
were incubated for 20 min on ice and centrifuged at 3,000 r.p.m. for 20 min at 4 °C. 
The upper phase containing the lipids was collected and dried down under a  
gentle stream of nitrogen gas. The dried samples were reconstituted with 
2-propanol/acetonitrile/water (4:3:1, v/v/v and 0.01% butylated hydroxytoluene) 
before LC–MS analysis. A quality control sample was prepared by combining 40 µl 
of each sample to assess the reproducibility of the features through the runs.

LC conditions. Lipids were separated using an Acquity UPLC HSS T3 column 
(2.1 × 100 mm, 1.8 μm) over a 17-min gradient elution on a Waters Acquity  
UPLC I-Class system. Mobile phase A consisted of acetonitrile/water (60:40, v/v)  
and mobile phase B was 2-propanol/acetonitrile/water (85:10:5, v/v/v) both 
containing 10 mM ammonium acetate and 0.1% acetic acid. The gradient profile 
was 40% B for 1.5 min, 40–100% B in 10.5 min, 100% B for 3 min, 40% B in 1 min 
and 40% B for 1 min. The oven temperature was set at 55 °C and the flow rate  
was 400 µl min−1. The injection volume was 6 µl using the flow-through needle 
mode. The quality control sample was injected between the samples and at the 
beginning and end of the run to monitor the performance and the stability  
of the MS platform.

MS conditions. The SYNAPT G2-Q-ToF mass spectrometer was operated in 
both positive and negative electrospray ionization modes. For the positive mode, 
a capillary voltage and sampling cone voltage of 3 kV and 32 V were used. The 
source and desolvation temperatures were kept at 120 and 500 °C, respectively. 
Nitrogen was used as the desolvation gas with a flow rate of 900 l h−1. For the 
negative mode, a capillary voltage of 2 kV and a cone voltage of 30 V were used. 
The source temperature was 120 °C and the desolvation gas flow was set to 850 l h−1. 
Depending on the ionization mode, the protonated molecular ion of leucine 
encephalin ([M + H]+, mass to charge ratio (m/z): 556.2771) or the deprotonated 
molecular ion ([M − H]−, m/z: 554.2615) was used as a lock mass for mass accuracy 
and reproducibility. The data were collected in duplicates in data-independent 
(MSE) mode over the mass range m/z: 50 to 1,600 Da. The quality control sample 
was also acquired in enhanced data-independent ion mobility (HDMSE) in both 
positive and negative modes for enhancing the structural assignment of lipid 
species. The electrospray ionization source settings for ion mobility were the same 
as described above. The travelling wave velocity was set to 650 m s−1 and the wave 
height was 40 V. The helium gas flow in the helium cell region of the ion-mobility 
spectrometry cell was set to 180 ml min−1. Nitrogen, used as the drift gas, was  
held at a flow rate of 90 ml min−1 in the ion-mobility spectrometry cell. The low 
collision energy was set to 4 eV and the high collision energy was ramped from  
25 to 65 eV in the transfer region of the T-Wave device to induce the fragmentation 
of mobility-separated precursor ions.

Data preprocessing and statistical analysis. All raw data files were converted to 
netCDF format using the DataBridge tool implemented in MassLynx software 
(Waters, version 4.1). Then, the data were subjected to peak-picking, retention time 
alignment and grouping using the XCMS (refs. 67,68) package (version 3.0.2) in an 
R (version 3.4.4) environment. After retention time alignment and filling missing 
peaks, an output data frame was generated including the list of time-aligned 
detected lipid features (m/z and retention time) and the relative signal intensity 
(area of the chromatographic peak) in each sample. Multivariate and univariate 
statistical analyses were performed using MetaboAnalyst69 (version 4.0) and also 
in an R environment. Group differences were calculated using either a two-tailed 
parametric Welch’s t test with a fold-change threshold of 1.5 (average signal 
intensities of treated over average signal intensities of vehicle groups) or one-way 
ANOVA. P values were corrected for multiple hypothesis testing and a FDR of 0.05 
or less was considered significant.

Structural assignment of identified lipids. The structural elucidation and validation 
of significant features were initially obtained by searching monoisotopic masses 
against the available online databases, such as METLIN70, Lipid MAPS71 and 
HMDB72 with a mass tolerance of 5 ppm. Fragment ion information obtained by 
tandem MS (UPLC–HDMSE) was used for the further structural elucidation of 
significantly changed lipid species. HDMSE data were processed using MSE data 
viewer (version 1.3, Waters Corp.).

Statistics and reproducibility. All experiments were independently repeated more 
than two times with similar results. The statistical analyses (unpaired, two-tailed 
t test) shown in bar plots were performed with GraphPad Prism 8 software using 
a two-tailed Student’s t test, unless otherwise mentioned. The data are presented 
as means ± s.d. of three biologically independent experiments or samples. For the 
lipidomics analysis in Extended Data Fig. 4c,d, one-way ANOVA was performed.  
A P value less than 0.05 was considered significant.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.
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Data availability
The mass spectrometry raw data files and metadata have been deposited in the 
EMBL-EBI MetaboLights database with the identifier MTBLS1399. All data 
supporting the findings of this study are available from the corresponding author 
on reasonable request. Source data for Figs. 1–6 and Extended Data Figs. 1–3 and 
5–8 are presented with the paper.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Energy stress inhibits ferroptosis. a, Immunoblot analysis in MEFs treated with 2 μM erastin (16 h), cystine free media (8 h), 
100 nM RSL3 (16 h), or 1 μM of staurosporine (STS, 2 h). b, Cell death measurement in MEFs treated with 2 μM erastin and cell death inhibitors for 16 h. 
Ferr-1: 1 μM ferrostatin-1; DFO: 100 μM deferoxamine; Z-V: 20 μM Z-VAD-FMK; Nec: 2 μM necrostatin-1; NAC: 5 mM N-acetyl cysteine. c, Cell death 
measurement in MEFs cultured in 25 or 0 mM glucose-containing medium with erastin and/or Ferrostatin-1 for the indicated times. d, Immunoblot 
analysis in MEFs treated as in a, or glucose starvation for 48 h. e, Cell death measurement in MEFs cultured in cystine free media with cell death 
inhibitors for 8 h. f, g, Intracellular ATP levels (f) and cell death measurement (g) in MEFs cultured with the indicated concentrations of glucose for 16 h. 
h–k, The measurement of cell death (h, j) and lipid peroxidation (i, k) in Caki-1 or BJ cells. Cells were treated with A769662 (200 μM), AICAR (2 mM), 
2DG (5 mM), 0 mM glucose with simultaneous treatment of 2 μM erastin for 24 h (cell death) and 16 h (Lipid peroxidation). P values correspond to the 
comparison between control and each treatment in red bars. l, Immunoblot showing the levels of AMPK T172 phosphorylation. MEFs cells were treated  
as in h–k and compound C (5 μM) for 16 h. m, Cell death measurement in AMPK WT and DKO MEFs treated with 2 μM erastin and 2 mM of AICAR for 
16 h. n, Cell death measurement in AMPK WT and DKO MEFs treated with erastin at the indicated concentrations for 16 h. P values correspond to the 
comparison between AMPK WT and DKO at indicated erastin concentrations. Data show the mean ± s.d., n = 3 independent experiments. Statistical 
analysis was performed using unpaired, two-tailed t-test. Numerical source data are provided in Source Data Extended Data Fig. 1. Scanned images of 
unprocessed blots are shown in Source Data Extended Data Fig. 1.
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Extended Data Fig. 2 | AMPK inactivation renders cells sensitive to ferroptotic cell death. a, Western blot showing the levels of ACC (S79) and AMPK 
(T172) phosphorylation in ACHN cells treated with erastin for 24 h or cultured in cystine-free media for 36 h with and without compound C (10 μM).  
b, Cell death measurement in AMPK WT and DKO ACHN cell lines treated with 100 nM RSL3 for 16 h. c, d, Cell death measurement in RCC4 cells treated 
with 10 μM of compound C, cell death inhibitors, and 5 μM of erastin for 24 h (c) or in cystine free media for 36 h (d). Ferr-1: 1 μM ferrostatin-1; Z-V: 20 μM 
Z-VAD-FMK; Nec: 2 μM necrostatin-1; NAC: 5 mM N-acetyl cysteine. e, Western blot showing the AMPK expression in RCC4 cell as indicated. f–h, Cell 
death measurement in AMPK WT and DKO RCC4 cell lines treated with 5 μM of erastin for 24 h (f), cultured in cystine free media for 24 h (g), or treated 
with 100 nM of RSL3 for 24 h (h). i–k, Lipid peroxidation measurement in AMPK WT and DKO RCC4 cells treated with 5 μM of erastin for 18 h (i), cultured 
in cystine free media for 18 h (j), or treated with 100 nM of RSL3 for 12 h (k). l, Cell death measurement in indicated RCC4 cells cultured with cystine free 
media for 24 h. Data show the mean ± s.d., n = 3 independent experiments. Statistical analysis was performed using unpaired, two-tailed t-test. Numerical 
source data are provided in Source Data Extended Data Fig. 2. Scanned images of unprocessed blots are shown in Source Data Extended Data Fig. 2.
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Extended Data Fig. 3 | AMPK regulates ferroptosis partly through AMPK-mediated phosphorylation of ACC. a, Immunoblot blot indicating the loss of 
LKB1 in LKB1 KO ACHN cells generated using CRISPR/CAS9 system. b, Cell death in LKB1 WT and KO ACHN cells treated with 2 μM of erastin for 24 h and 
cultured in cystine free media for 24 h. c, Immunoblot blot showing mTOR inhibition in MEFs treated with rapamycin for 8 h. d, Cell death in MEFs treated 
with 2 μM of erastin and rapamycin for 16 h. e, The measurement of L-[14C] Cystine uptake in AMPK WT and DKO ACHN cells. f, g, The measurement 
of L-[14C] Cystine uptake in Caki-1 (f) and BJ (g) cells treated with 2 mM AICAR and 5 mM 2DG for 6 h. h, The histograms and bar graphs showing the 
levels of intracellular labile iron in AMPK WT and DKO ACHN cells. i, Cell death measurement in MEFs treated with different TOFA concentrations 
and 2 μM erastin. P values correspond to the comparison between 0 μM and different conentrations of TOFA under erastin treatment. j, k, Cell death 
measurement in Caki-1 (j) and BJ (k) cells treated with 2 μM erastin and 50 μM TOFA for 24 h. l, m, The intracellular levels of the indicated free fatty acids 
in MEFs treated with vehicle or 25 μM of TOFA for 8 h (l) and treated with vehicle, 2 mM AICAR, or 0 mM glucose for 8 h (m). Data show the mean ± s.d., 
n = 3 independent experiments. Statistical analysis was performed using unpaired, two-tailed t-test. Numerical source data are provided in Source Data 
Extended Data Fig. 3. Scanned images of unprocessed blots are shown in Source Data Extended Data Fig. 3.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Lipidomic analyses upon AMPK activation or inactivation. a, b, Schematic diagram of the experimental design of mass 
spectrometry-based lipidomic analysis associated with AMPK activation. Global lipidomic analysis was performed in MEFs treated with vehicle, 2 μM 
erastin, 200 μM A769662, or 2 μM erastin + 200 μM A769662 for 8 h (a) or in AMPK WT and DKO ACHN cells treated with vehicle or 2 μM erastin  
for 11 h (b). There are three biologically independent samples (Rep. 1–3) in each group (a) and four biologically independent samples (Rep. 1–4) in  
each group (b). Samples ran in duplicates (two technical replicates: A, B) on the UPLC-MS. c, d, Heat map of significantly changed lipid species  
(One-way ANOVA, FDR corrected p-value < 0.05) in MEFs treated with vehicle, 2 μM erastin, 200 μM A769662, or 2 μM erastin + 200 μM A769662 
(c) or in AMPK WT and DKO ACHN cells treated with vehicle or 2 μM erastin (d) combined in both positive and negative ionization modes. Each row 
represents z-score-normalized intensities of the detected lipid species. Each column represents a sample. The relative abundance of each lipid is color-
coded with red indicating high signal intensity and blue indicating low signal intensity. (FA, free fatty acid; Cer, ceramide; PC, phosphatidylcholine;  
LysoPC, lysophosphatidylcholine; PC O, ether-linked PC; PC P, plasmalogen PC; LysoPC O, ether-linked LysoPC; PE, phosphatidylethanolamine;  
LysoPE, lysophosphatidylethanolamine; PE O, ether-linked PE; PE P, plasmalogen PE; LysoPE O, ether-linked LysoPE; LysoPE P, plasmalogen LysoPE  
P; PG, phosphatidylglycerol; LysoPG, lyso phosphatidylglycerol; PI, phosphatidylinositol; LysoPI, lyso phosphatidylinositol; PA, phosphatidic acid;  
PS, phosphatidylserine; TAG, triacylglycerol; CE, cholesteryl ester. Lipids are annotated based on the fatty acyl compositions (for example LysoPC 16:0,  
16 carbons and 0 double bond) or as sum of total number of carbons and double bonds (for example TAG 52:5, total of 52 carbons and 5 double bonds).
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Extended Data Fig. 5 | The levels of fatty acids were altered by AMPK activation or inactivation. a, List of 17 lipid species significantly changed  
(Two-tailed, unpaired Welch’s t-test, Fold change ≥ 1.5 and FDR-corrected p-value < 0.05) in both MEFs (vehicle versus A769662) and ACHN (AMPK 
WT versus DKO) cells. Refer to Extended Data Fig. 4 for detailed sample information. b, c, The relative signal intensities of the indicated free fatty acids 
involved in long chain fatty acid biosynthesis in MEFs (b) or ACHN (c) cells with the indicated treatment and genotypes. Data show the mean ± s.d., n = 6 
(b) or n = 8 (c) independent experiments. Statistical analysis was performed using unpaired, two-tailed t-test. Numerical source data are provided in 
Source Data Extended Data Fig. 5.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | AMPK activation suppresses PUFA biosynthesis. a, b, The relative signal intensities of PE 18:0_20:4 and PE 18:0_22:4 in MEFs 
treated with A769662 (a) or AMPK WT and DKO ACHN cells (b). c, Immunoblot indicating the loss of ACSL4 in AMPK DKO ACHN cells. The experiment 
was repeated twice, independently, with similar results. d, Cell death in AMPK DKO ACHN cells with ACSL4 WT and KO upon treatment of 2 μM erastin.  
e, f, The relative signal intensities of PE 18:0_22:4 (e) and PE 18:0_20:4 (f) in ACHN cells treated with 20 μM dihomo-γ-linolenic acid or arachidonic acid for 
42 h. g, h, Cell viability measurement in ACHN cells incubated with palmitic acid (g) or stearic acid (h) with a series of concentration (0 μM-40 μM) and 
treated with or without ferrostatin-1 (Ferr-1) or erastin as indicated. i, Heat map of significantly changed lipid species (One-way ANOVA, FDR corrected 
p-value < 0.05) in MEFs treated with vehicle, 25 μM TOFA, 2 μM erastin, or 25 μM TOFA + 2 μM erastin combined positive and negative ionization modes. 
There are three biologically independent samples in each group and the samples analyzed in duplicates (technical replicates) on the UPLC-MS. Each 
row represents z-score-normalized relative signal intensities of the identified lipid species. Each column represents a sample. The relative abundance of 
each lipid is color-coded with red indicating high signal intensity and blue indicating low signal intensity. j, The relative signal intensities of the indicated 
fatty acids in MEFs treated with vehicle or 25 μM TOFA. Data show the mean ± s.d., n = 3 (d, g, h), n = 6 (a, e, f, j) or n = 8 (b) independent experiments. 
Statistical analysis was performed using unpaired, two-tailed t-test. Scanned images of unprocessed blots are shown in Source Data Extended Data Fig. 6. 
Numerical source data are provided in Source Data Extended Data Fig. 6.
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Extended Data Fig. 7 | Lipidomics analysis in MEFs treated with A769662 or TOFA. a, b, The relative signal intensities of the same PUFA-containing PEs 
in MEFs treated with 25 μM TOFA (a) or 200 μM A769662 (b). c, d, The relative signal intensities of TAGs with the same number of carbons and double 
bonds in MEFs treated with 25 μM TOFA (c) or 200 μM A769662 (d). Data show the mean ± s.d., n = 6 independent experiments. Statistical analysis was 
performed using unpaired, two-tailed t-test. Numerical source data are provided in Source Data Extended Data Fig. 7.
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Extended Data Fig. 8 | Renal ischemia reperfusion injury in in AMPK α1/α2L/L or AMPKα1/α2L/L, Rosa26-CreERT2 mice. a, Immunoblot showing the 
levels of AMPK α expression in kidneys of three individual AMPK α1/α2L/L or AMPKα1/α2L/L, Rosa26-CreERT2 mice (referred to as AMPK WT and KO mice). 
The experiment was repeated three times, independently, with similar results. b, Representative images of hematoxylin and eosin (H&E) staining of the 
renal cortex in sham-treated and IR-operated AMPK WT or DKO mice. Damaged renal tubules are marked by black dotted lines. Scale bars, 50 μm. The 
experiment was repeated more than ten times, independently, with similar results. c, Representative images of H&E staining and immunohistochemical 
staining of 4-HNE from mouse renal cortex after IR. Damaged renal tubules are marked with black dotted lines and 4-HNE stained tubules are marked with 
red dotted lines. Scale bars, 50 μm. The experiment was repeated more than ten times, independently, with similar results. d, e, Representative images 
showing MDA immunohistochemical staining from mouse renal cortex with the indicated genotypes and treatment conditions (d; dark brown stained 
tubules indicate MDA positive staining, Scale bars, 50 μm). Bar graphs presenting the percentages of MDA positive tubules per visual field (e). Data show 
the mean ± s.d., n = 4 (AICAR) or n = 5 (vehicle) independent experiments. Statistical analysis was performed using unpaired, two-tailed t-test. Scanned 
images of unprocessed blots are shown in Source Data Extended Data Fig. 8. Numerical source data are provided in Source Data Extended Data Fig. 8.
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Extended Data Fig. 9 | A schematic model describing the roles of AMPK-mediated energy stress signaling in regulating ferroptosis. See discussion 
for the detailed description. ACC: acetyl-CoA carboxylase; PUFAs: polyunsaturated fatty acids; AA: arachidonic acid; PUFA-PLs: polyunsaturated fatty 
acid-containing phospholipids; ACSL4: acyl-CoA synthetase long chain family member 4; LPCAT3: lysophosphatidylcholine acyltransferase 3; 15-LOX: 
15-lipoxygenase.
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