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Abstract

Adenosine monophosphate–activated protein kinase (AMPK) activity is stimulated to promote 

metabolic adaptation upon energy stress. However, sustained metabolic stress may cause cell 

death. The mechanisms by which AMPK dictates cell death are not fully understood. We 

report that metabolic stress promoted receptor-interacting protein kinase 1 (RIPK1) activation 

mediated by TRAIL receptors, whereas AMPK inhibited RIPK1 by phosphorylation at Ser415 

to suppress energy stress–induced cell death. Inhibiting pS415-RIPK1 by Ampk deficiency or 

RIPK1 S415A mutation promoted RIPK1 activation. Furthermore, genetic inactivation of RIPK1 

protected against ischemic injury in myeloid Ampkα1-deficient mice. Our studies reveal that 

AMPK phosphorylation of RIPK1 represents a crucial metabolic checkpoint, which dictates cell 

fate response to metabolic stress, and highlight a previously unappreciated role for the AMPK-

RIPK1 axis in integrating metabolism, cell death, and inflammation.

Editor’s summary

A critical phosphorylation event links the metabolic state of a cell with control of cell death 

and inflammation. Adenosine monophosphate–dependent protein kinase (AMPK) is a sensor 

of the nutrient status and energy state of the cell. Zhang et al. found that activated AMPK 

phosphorylates and inhibits receptor-interacting protein kinase 1 (RIPK1) in nutrient-deprived 

cells, thus inhibiting cell death and inflammation (see the Perspective by Hardie). Under more 

prolonged nutrient stress, such inhibition was lost, allowing cell death to ensue. These results 

also confirm RIPK1’s role in cell death caused by ischemia, thus implicating the AMPK-RIPK1 

interaction as a potential therapeutic target. —L. Bryan Ray

Adenosine monophosphate (AMP)–activated protein kinase (AMPK) is an evolutionary 

conserved sensor of cellular nutrient status and regulator of energy homeostasis in 
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eukaryotes (1). In response to increases in intracellular AMP that always accompany 

decreases in adenosine triphosphate (ATP), AMPK is activated and serves as a metabolic 

checkpoint (1–4). However, when extensive metabolic stress overrides AMPK-mediated 

adaptation, it activates cell death (5, 6). The mechanisms by which AMPK modulates cell 

survival under metabolic stress are not fully understood. Receptor-interacting protein kinase 

1 (RIPK1) is a key mediator of cell death and inflammation (7, 8). Activated RIPK1 may 

mediate receptor-interacting protein kinase 3 (RIPK3) and mixed lineage kinase domain-

like (MLKL)–dependent necroptosis or caspase-8–dependent apoptosis upon stimulation 

of tumor necrosis factor receptor 1 (TNFR1) by tumor necrosis factor–α (TNFα) (9–12). 

RIPK1 is also activated downstream of the death receptors of Fas (also called CD95), as 

well as TRAIL receptor 1 (TRAIL-R1, also called DR4) and TRAIL-R2 (also called DR5) 

in addition to TNFR (13–18). Notably, inhibition of RIPK1 activation is highly effective 

in protecting against ischemic damage (19, 20). However, it remains unknown whether and 

how RIPK1 may be activated under ischemic conditions.

Metabolic stress promotes the activation of RIPK1

To this end, we incubated cells with glucose-free medium for various lengths of time. Wild-

type (WT) mouse embryonic fibroblasts (MEFs) died after 48 hours of glucose deprivation, 

whereas most MEFs expressing catalytically inactive RIPK1 (Ripk1D138N/D138N) survived 

(Fig. 1A and fig. S1A). Moreover, glucose deprivation increased phosphorylation of RIPK1 

(S166), a biomarker of RIPK1 activation (21,22), as well as that of RIPK3 (T231/S232) and 

MLKL (S345), hallmarks of necroptosis (11), which were all blocked in Ripk1D138N/D138N 

MEFs (Fig. 1, B and C, and fig. S1, B and C). Glucose deprivation activates RIPK1 

in multiple cell lines, including colon cancer HT-29 cells, more microglia BV2 cells, 

human T lymphoyam Jurkat cells, and human U2OS osteosarcoma cells (fig. S1, D to 

I). Increased insolubility is another hallmark of activated RIPK1, RIPK3, and MLKL (22). 

In glucose-starved MEFs, the amounts of RIPK1, RIPK3, and MLKL were decreased in 

a mild-detergent (NP-40)–soluble fraction but increased in an NP-40–insoluble and 6M 

urea–soluble fraction, which was largely blocked by the Ripk1D138N/D138N mutation (Fig. 

1C and fig. S1, C, F, and G). We also observed interaction of RIPK1 and RIPK3 in MEFs 

after glucose starvation (fig. S1J). Glucose deprivation induced apoptosis, as marked by the 

cleavage of RIPK1 and caspase-3 (CC3) (Fig. 1B and fig. S1K). We exposed cells to various 

concentrations of glucose and found that only severe energy stress induced necroptosis and 

apoptosis (Fig. 1D). Prolonged treatment of cells with the glucose analog 2-deoxyglucose 

(2DG), which blocks cellular glucose utilization by indirectly inhibiting hexokinase, also 

activated RIPK1 to promote necroptosis (fig. S1L).

RIPK1 promotes cell death through its kinase activity, whereas it inhibits cell death 

through its scaffold functions (21, 23–25). Unlike Ripk1D138N/D138N MEFs, which showed 

resistance to glucose deprivation–induced cell death, Ripk1 knockout (KO) MEFs were 

more sensitive to cell death induced by glucose starvation than were WT MEFs (fig. S2A). 

However, in Jurkat cells, RIPK1 deficiency decreased cell death and the activation of RIPK3 

and MLKL induced by glucose starvation (fig. S2, B and C), indicating that the effects of 

RIPK1 deficiency on cell death in response to glucose starvation depend on the cellular 

context. To investigate the role of necroptosis in glucose deprivation–induced cell death, we 

Zhang et al. Page 3

Science. Author manuscript; available in PMC 2023 October 31.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



deprived WT, Ripk3, and Mlkl KO cells of glucose for various lengths of time. Deletion of 

either Ripk3 or Mlkl partially prevented cell death induced by glucose deprivation (fig. S2, 

D to F). Notably, the loss in viability and the degree of RIPK1 activation were comparable 

between WT and Tnfr1/2 double knockout (DKO) cells (fig. S2, G and H), which indicates 

that glucose deprivation–induced activation of RIPK1 and cell death is independent of the 

TNFα signaling pathway.

Next we subjected WT mice, Ripk1D138N/D138N mice, and Tnfr1/2 DKO mice to hepatic 

ischemia, a condition that causes mouse livers to become pale, enlarged, and damaged 

(fig. S3, A and B). Histological analysis showed severe inflammatory infiltration and cell 

death in ischemic WT and Tnfr1/2 DKO mice but not in Ripk1D138N/D138N mice (Fig. 1E). 

We detected activation of RIPK1 as determined by p-RIPK1 (S166) immunostaining and 

cell death as determined by terminal deoxynucleotidyl transferase–mediated deoxyuridine 

triphosphate nick end labeling (TUNEL) assay in the livers of WT and Tnfr1/2 DKO mice 

but not in those of Ripk1D138N/D138N mice (Fig. 1E and fig. S3C). We analyzed the gene 

expression profiles of whole livers by RNA sequencing (RNA-seq). Compared to WT sham 

control mice, WT and Tnfr1/2 DKO mice showed increased expression of genes associated 

with an inflammatory response, including interferon alpha (Ifn-α), transforming growth 

factor beta (TGF-β), C-X-C motif chemokine ligand 10 (Cxcl10), C-X-C motif chemokine 

ligand 2 (Cxcl2), and C-C motif chemokine ligand 2 (Ccl2) (Fig. 1, F and G, and fig. 

S3, D and E); and down-regulation of genes involved in oxidation-reduction processes and 

the transport signaling pathway (fig. S3, F and G). These gene expression abnormalities 

were largely rescued by genetic inhibition of RIPK1 in Ripk1D138N/D138N mice (Fig. 1, 

F and G, and fig. S3, F and G). We confirmed the increased production of Ccl2, Cxcl2, 

interleukin 1 alpha (Il1a), interleukin 1 beta (Il1b), and interleukin 6 (Il6) by enzyme-linked 

immunosorbent assay (ELISA), all of which were reduced in the blood of Ripk1D138N mice 

but not in that of Tnfr1/2 DKO mice (Fig. 1H). Thus, these results indicate that ischemia 

promotes RIPK1-dependent cell death and inflammation in a TNFα-independent manner.

We next explored the possible roles for other death receptors including Fas, DR4, and DR5 

in the regulation of RIPK1 activity upon glucose starvation. Deletion of DR4 or DR5 but 

not FAS reduced RIPK1 activation and cell death (fig. S4, A to F). Glucose deprivation 

activates TRAIL receptors through an activating transcription factor 4 (ATF4) and C/EBP 

homologous protein (CHOP)–dependent mechanism, which promotes cell death in a ligand-

independent manner (26). Consistently, we observed increased up-regulation of TRAIL 

receptors after glucose starvation (fig. S4, D and F). We used the liver ischemia injury 

mouse model to examine the role of Dr5, which is the single TRAIL receptor expressed in 

mice (27). Dr5 deficiency suppressed RIPK1 activation, cell death, and inflammation (fig. 

S4, G and H). Thus, our data demonstrate that TRAIL receptors function as upstream drivers 

for RIPK1 activation and cell death under glucose deprivation conditions.

AMPK phosphorylates RIPK1 in response to metabolic stress

AMPK is a highly conserved sensor of cellular energy status, which is activated under 

conditions of low cellular energy such as glucose deprivation (28). RIPK1 derived from cells 

exposed to glucose deprivation showed a profound RIPK1 mobility shift on standard SDS–
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polyacrylamide gel electrophoresis (SDS-PAGE), which was diminished by the treatment of 

the protein with lambda-phosphatase. Thus, glucose deprivation appears to induce RIPK1 

phosphorylation (Fig. 2, A and B, and fig. S5, A and B). Moreover, this glucose deprivation–

induced RIPK1 mobility shift was not reversed by RIPK1-specific inhibitor necrostatin-1s 

(Nec-1s) (19) (fig. S5, C to E). These data indicate that glucose deprivation–induced RIPK1 

phosphorylation is not entirely dependent on RIPK1 autophosphorylation. In keeping with 

this notion, cells expressing RIPK1 catalytically inactive mutant (K45M) (29) showed a 

strong upshifted band, which was diminished in AMPK DKO cells, indicating that AMPK 

might target RIPK1 for phosphorylation (fig. S5F). We conducted mass spectrometry 

analysis of RIPK1 phosphorylation under glucose starvation conditions and found that 

Ser416 of RIPK1 is likely a specific phosphorylation site in response to glucose deprivation 

(fig. S6, A and B). Further sequence analysis showed that the RIPK1 Ser416 residue 

conforms to the AMPK substrate motif validated in some previously identified AMPK 

substrates (30) (fig. S6C) and represents an evolutionarily conserved residue in human, rat, 

and mouse (fig. S6C).

To examine endogenous RIPK1 phosphorylation, we developed a phosphospecific antibody 

against p-S416 of human RIPK1, which corresponds to p-S415 of mouse RIPK1 (fig. 

S6, D and E). p-S416 of RIPK1 was increased in response to a constitutively active 

AMPKα1 allele (31) (fig. S7A). We observed increased endogenous p-S415 of murine 

RIPK1 or p-S416 of human RIPK1 in WT but not in Ampk DKO MEFs and HT29 

cells, respectively, after glucose starvation (Fig. 2, C and D). We tested whether direct 

pharmacological activation of AMPK was sufficient to induce phosphorylation of RIPK1. 

Phosphorylation of RIPK1 at Ser415 was induced by the treatment with AMP-mimetic 

aminoimidazole carboxamide riboside (AICAR) in an AMPK-dependent manner (Fig. 2E 

and fig. S7B). Similarly, treatment with compound 991, a small molecule that directly binds 

to and activates AMPK (32), was sufficient to induce RIPK1 phosphorylation at Ser415 (Fig. 

2F). Consistently, phosphorylation of RIPK1 was also increased in response to treatment 

with metformin, a widely prescribed drug for type 2 diabetes that is known to activate 

AMPK both in vitro and in vivo (33) (Fig. 2G and fig. S7, C and D).

Liver kinase B1 (LKB1) is the major kinase that activates AMPK under conditions 

of energy stress (34). Treatment with metformin or glucose starvation resulted in the 

phosphorylation of RIPK1 at Ser415, which was abolished in Lkb1 KO MEFs (fig. S7, E 

and F). The phosphorylation of RIPK1S415 in these cells paralleled the phosphorylation of a 

well-established AMPK substrate, acetyl–coenzyme A carboxylase (ACC) (Fig. 2, C to G, 

and fig. S7, C and D) (35). Phosphorylation quickly returned to basal levels when cells were 

re-stimualted with 25 mM glucose after glucose deprivation for 4 hours (Fig. 2H and fig. 

S7G). We therefore tested whether AMPK might directly phosphorylate RIPK1. We detected 

a physical interaction between overexpressed Flag-tagged RIPK1 and hemagglutinin (HA)–

tagged AMPK (fig. S7H). Recombinant AMPK induced phosphorylation of Flag-tagged 

RIPK1 at Ser416 or a myelin basic protein fusion with a RIPK1 fragment (390–436) 

in an in vitro kinase assay (Fig. 2I and fig. S7I). Furthermore, we used 32P-labeled 

ATP in an in vitro kinase assay (36). The inactive Flag-tagged RIPK1 K45M mutant or 

glutathione S-transferase (GST) fusion of RIPK1 fragment (390–436) was phosphorylated 

by AMPK (fig. S7, J and K). The stoichiometry of the phosphorylation of RIPK1 at Ser416 
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by AMPK was estimated to be 0.51 mol phosphate per mol of RIPK1 fragment (390–

436). AMPK-mediated incorporation of 32P into RIPK1 was not observed for the RIPK1 

fragment containing the S416A mutation (fig. S7K), indicating that AMPK predominantly 

phosphorylates RIPK1 at Ser416. Furthermore, we detected RIPK1 p-S415 in mouse tissues 

including lung and brain (fig. S7L). Moreover, in mice subjected to fasting, which causes 

low glucose in vivo (fig. S7M) (37), RIPK1 p-S415 was increased in liver and pancreas, two 

organs that are sensitive to fasting, a condition in which AMPK is activated (Fig. 2J and fig. 

S7N).

Ampk deficiency promotes RIPK1-driven cell death and inflammation

We tested whether phosphorylation of RIPK1 by AMPK represents a survival mechanism 

in response to glucose deprivation. Ampk deficiency sensitized cells to glucose deprivation–

induced cell death (Fig. 3A and fig. S8A). Moreover, genetic deletion of Ampk in MEFs 

promoted activation of RIPK1 (Fig. 3B). Accordingly, glucose deprivation induced greater 

association of RIPK3 with immunoprecipitated RIPK1 in Ampk DKO MEFs than in WT 

MEFs, indicating that Ampk deficiency promotes RIPK1-driven necroptosis (Fig. 3C). 

Similar results were obtained in AMPK DKO HT-29 cells (fig. S8, B to E). Because 

the activation of RIPK1 by glucose deprivation induces both necroptosis and apoptosis, 

and RIPK1-induced apoptosis is caspase-8 dependent (38), we explored the contribution 

of necroptosis and apoptosis to the glucose deprivation-induced cell death in Ampk DKO 

MEFs. Cell death induced by glucose deprivation in Ampk DKO MEFs was reduced by 10 

μM pan-caspase inhibitor quinoline-Val-Asp-difluorophenoxymethylketone (QVD-oph) or 3 

μM RIPK3 inhibitor GSK’872 (fig. S8, F and G).

To determine the role of AMPK in the regulation of RIPK1 activity in vivo, we measured 

RIPK1 activation by p-S166 RIPK1 immunostaining in a diverse set of tissues from 

Ampkα1α2f/f;Ubc-CreERT2 mice that were treated with tamoxifen to induce the deletion 

of both Ampkα1 and Ampkα2. Loss of Ampkα1 and Ampkα2 induced RIPK1 activation 

and increased cell death in multiple tissues, including spleen, kidney, and intestine (Fig. 

3D and fig. S9, A to G). We did not observe increased RIPK1 activity in the livers of 

Ampkα1 and Ampkα2–deficient mice (fig. S9, H and I). Thus, there may be tissue-specific 

activation of RIPK1 in mice lacking Ampkα1 and Ampkα2. Notably, prolonged glucose 

deprivation or AICAR activation of AMPK overcame the adaptive response and triggered 

RIPK1 activation and cell death (Fig. 3E and fig. S10A). We also treated MEFs with 2-DG 

for various lengths of time. Short-term treatment of cells with 2-DG activated AMPK (39) 

and increased phosphorylation of RIPK1 at Ser415 (fig. S10B). However, phosphorylation 

of RIPK1 at Ser415 decreased after prolonged treatment of cells with 2-DG, which caused 

RIPK1 activation, as determined by p-RIPK1 (S166) (fig. S10B). Thus, modified AMPK-

mediated phosphorylation of RIPK1 may contribute to the switch from adaptive homeostasis 

to cellular demise in cells exposed to prolonged metabolic stress.

Consistent with the notion that AMPK-mediated phosphorylation of RIPK1 directly inhibits 

its activity, overexpression of RIPK1 S416A mutant led to higher amounts of p-S166 RIPK1 

(fig. S11A). We reintroduced WT and S415A mutant of RIPK1 into Ripk1 KO MEFs. 

Ripk1 KO MEFs reconstituted with the RIPK1 S415A mutant were more sensitive to cell 
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death induced by glucose deprivation than were the cells reconstituted with WT RIPK1 

(Fig. 3F and fig. S11B). Treatment of cells with either caspase inhibitor QVD-oph or 

RIPK3 inhibitor GSK’872 reduced cell death (fig. S11, C and D). To further investigate 

the physiological importance of AMPK-mediated phosphorylation of RIPK1 in vivo, we 

generated Ripk1S415A/S415A knock-in mice by the CRISPR-Cas9 technology (fig. S11, 

E and F). Ripk1S415A/S415A mutant mice were born in normal Mendelian ratios, and 

their growth appeared normal (fig. S11, G and H). However, the RIPK1 S415A mutation 

increased cell death and inflammation (Fig. 3, G to J, and fig. S11I). These results indicate 

that RIPK1 S415 phosphorylation inhibits RIPK1 activity and blocks cell death in response 

to energy stress.

We also investigated whether AMPK has a role in restraining RIPK1 activity in the context 

of TNFα-induced cell death. Ampk deficiency had no effect on RIPK1 activation and 

inflammation induced by TNFα alone or TNFα-SM-164 (TS) or TNFα-SM-164-zVAD.fmk 

(TSZ) (fig. S12). Moreover, the RIPK1 S415A mutation had no effect on RIPK1 activation, 

cell death, or inflammation induced by TNFα in combination with SM-164 or zVAD.fmk 

(fig. S13). Thus AMPK-mediated RIPK1 phosphorylation appears not to affect TNFα-

induced cell death and inflammation.

Inhibition of RIPK1 protects against liver ischemia-reperfusion injury in 

myeloid Ampk KO mice

AMPK exerts anti-inflammatory effects, especially in macrophages, as metabolic activity 

and inflammatory status are directly linked in these cells (40). We conditionally deleted 

Ampkα1, which is the only catalytic subunit isoform expressed in macrophages (41), in 

myeloid cells using Ampkα1fl/fl mice expressing LysM-Cre and then crossed these mice 

with Ripk1D138N/D138N mice to generate Ampkα1f/f;LysM-Cre;Ripk1D138N/D138N mice. 

Ampkα1 expression was blocked in bone marrow–derived macrophages (BMDMs) isolated 

from Ampkα1fl/fl;LysM-Cre and Ampkα1f/f;LysM-Cre;Ripk1D138N/D138N mice (fig. S14A). 

Ampkα1fl/fl;LysM-Cre mice showed normal liver and body weight, normal amounts of 

serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST), and normal 

liver morphology (fig. S14, B to E). Similar to MEFs, Ampk-deficient BMDMs showed 

increased RIPK1 activation when deprived of glucose (fig. S14, F to H).

Next we subjected these mice to liver ischemia-reperfusion (IR) injury (Fig. 4A). 

Ampkα1fl/fl;LysM-Cre mice showed increased abnormal ALT and AST in serum 

compared with WT mice (Fig. 4B). Moreover, Ampkα1fl/fl;LysM-Cre mice showed 

increased infiltration of inflammatory cells, which was reduced in Ampkα1fl/fl;LysM-
Cre;Ripk1D138N/D138N mice (Fig. 4C and fig. S15, A and B). We also detected increased 

numbers of p-S166 RIPK1+ and TUNEL+ cells as well as increased expression of 

proinflammatory cytokines in the livers of Ampkα1fl/fl;LysM-Cre mice compared with 

those of WT mice (Fig. 4, D to H). We immunostained liver tissues after IR injury with a 

phosphospecific RIPK3 antibody validated in previous studies (42). Although we detected a 

substantial amount of TUNEL+ cells in livers of Ampkα1fl/fl;LysM-Cre mice after hepatic 

IR injury, none of them showed phosphorylation of T231/S232 of RIPK3, indicating the 
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absence of necroptosis in IR-injured livers (fig. S15C). These data indicate that RIPK1-

dependent apoptosis, more so than necroptosis, mediated cell death and inflammation in 

response to ischemic stress (fig. S15).

Next we transplanted bone marrow from mice in which Ampk was deleted in myeloid cells 

with or without Ripk1D138N/D138N into WT, Ripk1D138N/D138N, and Ripk1S415A/S415A mice 

(fig. S16A) (43). Lethally irradiated WT recipient mice reconstituted with Ampkα1f/f;LysM-
Cre bone marrow cells showed increased concentrations of ALT and AST in serum 

compared with WT recipient mice reconstituted with Ampkα1f/f bone marrow cells in 

response to liver IR injury (fig. S16B). Thus, Ampkα1 deficiency in myeloid cells 

appears to promote liver damage after hepatic IR injury in a non–cell-autonomous manner. 

Consistently, Ripk1D138N/D138N recipient mice reconstituted with Ampkα1fl/fl;LysM-Cre 
bone marrow cells showed decreased concentrations of ALT and AST in serum compared 

with WT recipient mice reconstituted with Ampkα1fl/fl;LysM-Cre bone marrow cells (fig. 

S16B). Thus, Ampkα1 deficiency in myeloid cells facilitates RIPK1 activation by IR 

injury, which promotes liver proinflammatory immune activation and contributes to the 

development of hepatocellular damage.

To further link the effects of AMPK on cell death and inflammation to RIPK1 

phosphorylation at Ser415, we crossed the Ampkα1fl/fl;LysM-Cre mice into the 

Ripk1S415A/S415A background. Ampkα1fl/fl;LysM-Cre;Ripk1S415A/S415A mice did not show 

additional increase in IR injury–induced RIPK1 activation, cell death, or inflammation as 

compared with that of Ripk1S415A/S415A mice (fig. S16, C to E). Thus, the effects of AMPK 

on cell death and inflammation appear to be predominantly through AMPK-mediated RIPK1 

Ser415 phosphorylation in the liver IR injury model we used.

Discussion

Our results indicate that phosphorylation-regulated control of RIPK1 activity enables 

cellular metabolic control of cell death and inflammation in response to metabolic 

stress (Fig. 4I). In parallel with other substrates of AMPK, AMPK directly inhibits 

RIPK1 by phosphorylation, which in turn suppresses energy stress–induced cell death and 

inflammation (fig. S16F). We revealed a delicate and temporal cellular response of RIPK1 

to metabolic stress: Cells activate AMPK to suppress RIPK1 activation, allowing survival in 

the short term under energy stress, whereas over the longer term, as AMPK phosphorylation 

of RIPK1 is lost, the inhibition is relieved, promoting a switch to activated RIPK1–mediated 

cell death and inflammation. The work presented here expands our understanding of 

the interplay between metabolism and cell death regulation, which may help inform the 

development of therapeutic drugs aimed at preventing ischemia-induced cell death and tissue 

damage.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Metabolic stress promotes cell death and inflammation in a RIPK1-dependent manner.
(A) WT or Ripk1D138N/D138N MEFs were cultured in glucose-free medium for the 

indicated times (hours), followed by cell viability analyses using propidium iodide 

(PI) uptake assay. Data are mean ± SD of n = 3 biological independent samples. 

Two-way analysis of variance (ANOVA); ***P < 0.001. (B) MEFs were cultured in 

glucose-free medium for the indicated times. The levels of proteins were determined by 

immunoblotting. n = 3 independent biological repeats. (C) WT or Ripk1D138N/D138N MEFs 

were cultured in glucose-free medium for the indicated times. The levels of proteins in 
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mild-detergent (NP-40)–soluble fraction and 6 M urea–soluble fraction were determined 

by immunoblotting. n = 3 independent biological repeats. (D) MEFs were cultured in the 

medium with different glucose concentrations for 36 hours. The levels of proteins were 

determined by immunoblotting. n = 3 independent biological repeats. (E) WT, Tnfr1/2 
DKO, and Rpik1D138N/D138N mice were subjected to a protocol of liver ischemia for 18 

hours. Histological analysis and immunostaining for p-RIPK1(S166) were performed on 

liver sections (n = 4 mice in each group). DAPI (4’,6-diamidino-2-phenylindole) for nuclei. 

Representative images are shown. Quantification of p-RIPK1(S166)–positive cells is shown 

at the bottom. Data are mean ± SEM, one-way ANOVA, post hoc Dunnett’s test; ***P 
< 0.001; n.s., not significant. Scale bars, 100 μm. (F) Heatmap of genes differentially 

expressed in the whole livers derived of WT, Tnfr1/2 DKO, and Rpik1D138N/D138N mice 

subjected to liver ischemia for 18 hours. (G) Gene Ontology analysis of genes that are up-

regulated in the livers of mice subjected to liver ischemia for 18 hours in a RIPK1-dependent 

manner. (H) ELISA analyses of the levels of indicated cytokines and chemokines in serum 

from WT, Tnfr1/2 DKO, and Rpik1D138N/D138N mice subjected to liver ischemia for 18 

hours. Data are presented as mean ± SEM, and each dot represents one mouse. One-way 

ANOVA, post hoc Dunnett’s test; *P < 0.05, ***P < 0.001.
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Fig. 2. AMPK phosphorylates RIPK1 at S416 in response to metabolic stress.
(A) WT or Ripk1D138N/D138N MEFs were cultured in glucose-free medium for 12 hours. 

Cell lysates were then subjected to immunoblotting using anti-RIPK1 antibody. n = 3 

independent biological repeats. (B) U2OS were cultured in glucose-free medium for 4 

hours. Cell lysates were treated with lambda-phosphatase (λPPase), as indicated, for 30 

min and then subjected to immunoblotting using anti-RIPK1 antibody. (C) WT and Ampk 
DKO MEFs were cultured in glucose-free medium for the indicated times. The levels of 

proteins were determined by immunoblotting. n = 3 independent biological repeats. (D) 

WT and AMPK DKO HT-29 cells were cultured in glucose-free medium for 12 hours. 

The levels of proteins were determined by immunoblotting. n = 3 independent biological 
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repeats. (E) WT and Ampk DKO MEFs were treated with 2 mM AICAR in the presence of 

glucose for the indicated times. The levels of proteins were determined by immunoblotting. 

n = 3 independent biological repeats. (F) MEFs were treated with 50 μM 991 in the 

presence of glucose for the indicated times. The levels of proteins were determined by 

immunoblotting. n = 3 independent biological repeats. (G) WT and Ampk DKO MEFs were 

treated with 2 mM metformin in the presence of glucose for various times. The levels of 

proteins were determined by immunoblotting. n = 3 independent biological repeats. (H) 

U2OS were starved of glucose (–Glucose) for 4 hours, and then the culture was switched 

to glucose-containing (25 mM) medium for indicated times (Re-Glucose), and samples 

were harvested. n = 3 independent biological repeats. (I) Flag-RIPK1 purified from human 

embryonic kidney 293T cells expressing Flag-tagged WT or S416A mutant of RIPK1 for 24 

hours was combined with recombinant (Recomb.) active AMPK as indicated in an in vitro 

kinase reaction. The amounts of p-RIPK1 (S416) were determined by immunoblotting. n = 

3 independent biological repeats. (J) Western blot analysis of p-RIPK1 (S415) in livers from 

fed and fasted (16 hours) animals (n = 5). Quantification of p-RIPK1(S415) is shown on 

the right. Data are presented as mean ± SEM, and each dot represents one mouse. Unpaired 

two-tailed t test; ***P < 0.001.
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Fig. 3. AMPK deficiency promotes RIPK1-driven cell death and inflammation in vitro and in 
vivo.
(A) WT or Ampk DKO MEFs were cultured in glucose-free medium for the indicated 

times followed by cell viability analyses using PI uptake assay. Data are mean ± SD 

of n = 3 biologically independent samples. Two-way ANOVA; ***P < 0.001. (B) WT 

or Ampk DKO MEFs were cultured in glucose-free medium for 30 hours. The levels 

of proteins in mild-detergent (NP-40)–soluble fraction and 6 M urea–soluble fraction 

were determined by immunoblotting. n = 3 independent biological repeats. (C) WT or 
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Ampk DKO MEFs were cultured in glucose-free medium for 24 hours. Afterward, cell 

lysates were immunoprecipitated with anti-RIPK1 antibody, and the immunocomplexes 

were analyzed by immunoblotting using anti-RIPK3 antibody. n = 3 independent biological 

repeats. Quantified values for Western blot images are shown on the right. **P < 0.01. (D) 

Ampka1/a2f/f;Ubc-CreER mice were treated with or without tamoxifen (4 mg per day, for 5 

days) to induce Ampk deletion. Spleens were harvested 8 weeks after tamoxifen treatment, 

and then immunostaining for p-RIPK1(S166) was performed on spleen sections (n = 5 mice 

in each group). DAPI for nuclei. Representative images are shown. Data are presented as 

mean ± SEM, and each dot represents one mouse. Unpaired two-tailed t test; **P < 0.01. 

Scale bars, 100 μm. (E) MEFs were cultured in glucose-free medium for the indicated times. 

The levels of proteins were determined by immunoblotting. n = 3 independent biological 

repeats. Quantified values for Western blot images are shown at the bottom. (F) Ripk1−/− 

MEFs reconstituted with WT or S415A mutant of RIPK1 were cultured in glucose-free 

medium for the indicated times followed by cell viability analyses using PI uptake assay. 

Data are mean ± SD of n = 3 biological independent samples. Two-way ANOVA; ***P < 

0.001. The expression of RIPK1 was determined by immunoblotting and is shown at the 

bottom. (G) Ripk1S415A/S415A and control WT littermate mice were subjected to liver IR 

injury. Histological analysis on liver sections was performed (n = 4 mice in each group). 

(H) Ripk1S415A/S415A and control WT littermate mice were subjected to liver IR injury. 

Immunostaining for p-RIPK1(S166) on liver sections was performed (n = 4 mice in each 

group). DAPI for nuclei. Representative images are shown. Microscopic quantification of 

p-RIPK1(S166)–positive cells is shown at the bottom. Data are presented as mean ± SEM, 

and each dot represents one mouse. One-way ANOVA, post hoc Dunnett’s test; ***P < 

0.001. (I) TUNEL assays were performed on liver sections from Ripk1S415A/S415A and 

control WT littermate mice subjected to liver IR injury (n = 4 mice in each group). DAPI 

for nuclei. Representative images are shown. Microscopic quantification of TUNEL-positive 

cells was shown on the right. Data are presented as mean ± SEM, and each dot represents 

one mouse. One-way ANOVA, post hoc Dunnett’s test; ***P < 0.001. (J) ELISA analyses of 

the concentrations of indicated cytokines and chemokines in serum from Ripk1S415A/S415A 

and control WT littermate mice subjected to liver IR injury (n = 4 mice each group). Data 

are presented as mean ± SEM, and each dot represents one mouse. One-way ANOVA, post 

hoc Dunnett’s test; **P < 0.01, ***P < 0.001.
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Fig. 4. Inhibition of RIPK1 activity protects against liver IR injury in myeloid Ampk KO mice.
(A) Schematic of liver IR injury involving 60 min of global ischemia followed by an 18-hour 

reperfusion period. (B) Serum ALT and AST levels were measured from control (n = 9), 

Ampkα1f/f;LysM Cre (n = 9), and Ampkα1f/f;LysMCre;Ripk1D138N/D138N (n = 9) mice 

subjected to liver IR injury. Data are presented as mean ± SEM, and each dot represents 

one mouse. One-way ANOVA, post hoc Dunnett’s test; ***P < 0.001. (C) Histological 

analyses were performed on liver sections of Ampkα1f/f;LysM Cre, Ampkα1f/f;LysM 
Cre;Rpk1D138N/D138N, and control littermate mice subjected to liver IR injury (n = 
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4). Representative images are shown. Scale bars, 100 μm. (D) Immunostaining for p-

RIPK1(S166) was performed on liver sections of Ampkα1f/f;LysM Cre, Ampkα1f/f;LysM 
Cre;Ripk1D138N/D138N, and control littermate mice subjected to liver IR injury (n = 4). 

DAPI for nuclei. Representative images are shown. Scale bars, 100 μm. (E) Quantification 

of p-RIPK1(S166)–positive cells on liver sections from (D). Data are presented as mean 

± SEM, and each dot represents one mouse. One-way ANOVA, post hoc Dunnett’s test; 

***P < 0.001. (F) TUNEL assays were performed on liver sections of Ampkα1f/f;LysM Cre, 
Ampkα1f/f;LysM Cre;Ripk1D138N/D138N, and control littermate mice subjected to liver IR 

injury (n = 4). DAPI for nuclei. Representative images were shown. Scale bars, 100 μm. 

(G) Quantification of TUNEL-positive cells on liver sections from (F). Data are presented 

as mean ± SEM, and each dot represents one mouse. One-way ANOVA, post hoc Dunnett’s 

test; ***P < 0.001. (H) Quantitative reverse transcription polymerase chain reaction analysis 

of the mRNA expression of cytokines and chemokines in livers from control (n = 4), 

Ampkα1f/f;LysM Cre (n = 4), and Ampkα1f/f;LysM Cre;Ripk1D138N/D138N (n = 4) mice 

subjected to liver IR injury. Data are presented as mean ± SEM, and each dot represents 

one mouse. One-way ANOVA, post hoc Dunnett’s test; **P < 0.01, ***P < 0.001. (I) 

A schematic model to illustrate a delicate and temporal cellular response of RIPK1 to 

metabolic stress: Cells activate AMPK to suppress RIPK1 activation, allowing survival 

under energy stress in the short term, whereas over longer time periods, as the AMPK 

phosphorylation of RIPK1 is lost, the inhibition is relieved, promoting a switch to activated 

RIPK1-mediated cell death and inflammation. Moreover, long-term glucose starvation 

causes the ATF4/CHOP-dependent up-regulation and activation of TRAIL receptors DR4 

and DR5, which promotes RIPK1 activation, cell death, and inflammation.
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