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Abstract

BACKGROUND AND AIMS: The proinflammatory cytokine IL-1β has been implicated in the 

pathophysiology of nonalcoholic and alcoholic steatohepatitis. How IL-1β promotes liver injury in 

these diseases is unclear, as no IL-1β receptor-linked death pathway has been identified. 

Autophagy functions in hepatocyte resistance to injury and death, and findings of decreased 

hepatic autophagy in many liver diseases suggest a role for impaired autophagy in disease 

pathogenesis. Recent findings that autophagy blocks mouse liver injury from lipopolysaccharide 

led to an examination of autophagy’s function in hepatotoxicity from proinflammatory cytokines.

APPROACH AND RESULTS: AML12 cells with decreased autophagy from a lentiviral 

autophagy-related 5 (Atg5) knockdown were resistant to toxicity from TNF, but sensitized to death 

from IL-1β, which was markedly amplified by TNF co-treatment. IL-1β/TNF death was necrosis 

by trypan blue and propidium iodide positivity, absence of mitochondrial death pathway and 

caspase activation, and failure of a caspase inhibitor or necrostatin-1s to prevent death. IL-1β/TNF 

depleted autophagy-deficient cells of ATP, and ATP depletion and cell death were prevented by 
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supplementation with the energy substrate pyruvate or oleate. Pharmacological inhibitors and 

genetic knockdown studies demonstrated that IL-1β/TNF-induced necrosis resulted from 

lysosomal permeabilization and release of cathepsins B and L in autophagy-deficient cells. Mice 

with a tamoxifen-inducible, hepatocyte-specific Atg5 knockout were similarly sensitized to 

cathepsin-dependent hepatocellular injury and death from IL-1β/TNF in combination, but neither 

IL-1β nor TNF alone. Knockout mice had increased hepatic inflammation, and IL-1β/TNF-treated, 

autophagy-deficient AML12 cells secreted exosomes with proinflammatory damage–associated 

molecular patterns.

CONCLUSIONS: The findings delineate mechanisms by which decreased hepatocyte autophagy 

promotes IL-1β/TNF-induced necrosis from impaired energy homeostasis and lysosomal 

permeabilization and inflammation through the secretion of exosomal damage–associated 

molecular patterns.

Liver injury triggers the death of hepatocytes, which leads to the development of liver 

failure, hepatic fibrosis, and hepatocellular carcinoma. Hepatocyte death occurs by necrosis, 

apoptosis, necroptosis or pyroptosis, but in many liver diseases—including nonalcoholic and 

alcoholic steatohepatitis—multiple forms of death coexist.(1) The mechanisms underlying 

hepatocyte injury and death remain unclear, and there are currently no established therapies 

that target these pathways. A better understanding of the regulatory pathways of hepatocyte 

death has the potential to lead to new treatments for liver disease.

Integral to hepatocyte death in most liver diseases is an overactive inflammatory response.(2) 

Self-limited inflammation after liver injury mediates tissue repair, but excessive 

inflammation promotes further hepatocyte injury and death. An innate immune response is 

triggered by pattern recognition receptor stimulation from gut-derived pathogen-associated 

molecular patterns, such as lipopolysaccharide (LPS),(3) which promote liver injury.(4) LPS-

activated hepatic macrophages release proinflammatory cytokines, prominent among which 

are TNF and IL-1β. Cytokine production is further amplified by the release from injured 

hepatocytes of damage-associated molecular patterns (DAMPs).(5) TNF can induce 

hepatocellular apoptosis through a well-defined TNF receptor 1 (TNFR1) death pathway.(6) 

Recently IL-1β cytotoxicity has also been implicated in liver injury in steatohepatitis.(7–10) 

The IL-1 receptor (IL-1R) is not linked to a death signaling pathway, however, making it 

unclear how IL-1β promotes steatohepatitis. Delineating the mechanisms of IL-1β’s toxic 

and inflammatory effects is essential to understanding not only the molecular basis of 

hepatic injury, but also the mechanisms of many other human diseases that have been linked 

to this cytokine.(11)

Macroautophagy (hereafter referred to as autophagy) performs multiple functions with the 

potential of regulating hepatocyte death.(12,13) We and others have demonstrated that factors 

that sensitize the liver to injury, including toxins, steatosis and aging, decrease hepatocyte 

and macrophage autophagy.(14–18) Decreased autophagy may therefore have an important 

role in liver injury, but the mechanisms by which impaired autophagy promotes liver disease 

remain unclear.(12) Studies have demonstrated that hepatocyte autophagy mediates resistance 

to toxin-induced injury from alcohol, galactosamine (GalN), and acetaminophen.(14,19,20) 

Decreased hepatocyte autophagy amplifies GalN/LPS-induced apoptosis through the 
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mechanism of increased caspase-8 cleavage, demonstrating that autophagy regulates TNF-

mediated apoptosis.(14) Subsequent studies have shown that autophagy is hepatoprotective 

against LPS in the absence of hepatotoxin co-treatment,(21) suggesting that autophagy 

protects hepatocytes from cytokine-induced injury by other mechanisms.

The present study examined the effect of decreased autophagy on hepatocyte death from 

TNF and IL-1β. Decreased autophagy sensitized AML12 hepatocytes to TNF-dependent 

IL-1β toxicity. Death occurred through cathepsin-dependent necrosis triggered by impaired 

energy homeostasis. Mice with decreased hepatocyte autophagy were similarly sensitized to 

IL-1β/TNF-induced liver injury and inflammation. Decreased autophagy led to AML12 cell 

proinflammatory exosomal DAMP secretion in response to IL-1β/TNF, indicating that 

autophagy regulates hepatocyte inflammation. These findings identify a critical role for 

autophagy in blocking IL-1β-induced hepatocyte death and inflammation, as well as a 

mechanism of synergistic IL-1β/TNF hepatotoxicity.

Materials and Methods

AML12 CELL CULTURE

The nontransformed mouse cell line AML12 (American Type Culture Collection, Manassas, 

VA)(22) was cultured in Dulbecco’s modified Eagle’s medium/F12 medium with glutamine 

and Hepes (Corning, Corning, NY) supplemented with 10% fetal bovine serum, 1% 

penicillin/streptomycin (Gemini Bio Products, West Sacramento, CA), 1% insulin-

transferrin-selenium (Thermo Fisher Scientific, Waltham, MA), and 1 μM dexamethasone 

(MilliporeSigma, St. Louis, MO) in a 5% CO2, 37°C incubator. Cells were treated with 

mouse-recombinant IL-1β (5 ng/mL) and/or TNF (10 ng/mL) (R&D Systems, Minneapolis, 

MN). Some cells were pretreated for 1 hour with 10 μM QVD-Oph, 50 μM necrostatin-1s 

(Abcam, Cambridge, MA), 10 mM pyruvate, or 250 μM oleate conjugated to bovine serum 

albumin (MilliporeSigma), as previously described.(15) To induce apoptosis, cells were 

pretreated with 0.25 ug/mL actinomycin D (MilliporeSigma) 1 hour before 10 ng/mL of 

TNF. To determine autophagic flux, cells were treated with 20 mM ammonium chloride/100 

μM leupeptin or 0.2 μM bafilomycin (MilliporeSigma). Cathepsins were inhibited by 1-hour 

pretreatment with 10 μM CA-074Me ([L-3-trans-(propylcarbamoyl)oxirane-2-carbonyl]-L-

isoleucyl-L-proline methyl ester), Cathepsin Inhibitor I (Z-Phe-Gly-NHO-Bz), Cathepsin L 

Inhibitor I (Z-Phe-Phe-CH2F), Cathepsin L Inhibitor III (Z-Phe-Tyr(t-Bu)-

diazomethylketone), or Cathepsin L Inhibitor IV (1-Naphthalenesulfonyl-Ile-Trp-CHO) 

(MilliporeSigma).

LENTIVIRAL SMALL HAIRPIN RNA CONSTRUCTION AND INFECTION

To generate cells with decreased autophagy, a short hairpin RNA (shRNA) for the autophagy 

gene autophagy-related 5 (Atg5) 5′-GATCCCCGTCAG 

GTGATCAACGAAATTTCAAGAGAATTTC GTTGATCACCTGACTTTTTC-3′ was 

cloned into the BglII-XhoI sites of pSUPER (Oligoengine, Seattle, WA). After SmaI-XhoI 

digestion, the H1 promoter-shRNA cassette was subcloned into the EcoRV-XhoI sites of the 

vector pCCL.sin.PPT.hPGK.GFPWpre.(23) Lentiviral stocks were prepared by calcium 

phosphate transfection of the vector and the packaging vectors pMDLg/pRRE, pRSV-Rev, 
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and pMD2.VSVG into HEK-293T cells. Stably infected, polyclonal knockdown AML12 

cells (siAtg5 cells) and control cells with empty vector (Vec cells) were generated.

siAtg5 cells with a cathepsin B (Ctsb) knockdown were generated with the shRNA 5′-

CCGGCGAACC TGCATTCACACCAATCTCGAGATTGGTGT 

GAATGCAGGTTCGTTTTTGA-3′. Similarly, a cathepsin L (Ctsl) knockdown was 

generated with the shRNA 5′-CCGGGCTTTCCAGTACAT TAAGGAACTCGAGTTCC 

TTAATGTACTGG AAAGCTTTTTG-3′. Polyclonal, doubly infected lines were selected in 

10 μg/mL and maintained in 3 μg/mL of puromycin (MilliporeSigma). Control doubly 

infected siAtg5 cells were created by a second infection with the empty vector lentivirus 

(siAtg5-Vec cells).

ANIMALS

Mice were maintained under 12-hour light/dark cycles with automatic water feeding and 

unlimited access to food (PicoLab Rodent Diet 20 #5053; LabDiet, St. Louis, MO). Mice 

were housed in static cages with 1/4-inch corncob bedding and cotton nestlets. Results in 

10–14-week old male and female mice were equivalent and combined for all experiments. 

Hepatocyte-specific autophagy knockout mice were generated by crossing Atg5F/F(24) and 

ERt-albumin-Cre mice with a tamoxifen-inducible, albumin promoter–driven Cre 
recombinase(25) to generate Atg5Δhep mice. Cre expression was induced by a single 

subcutaneous injection of 3 mg of tamoxifen (MilliporeSigma) 4 days before the study. 

Tamoxifen-injected littermate Atg5F/F mice lacking the Cre transgene served as controls. 

Mice were injected intravenously with 0.25 μg of TNF and/or 2.5 μg of IL-1β (PeproTech, 

Rocky Hill, NJ). To inhibit cathepsin activity, mice were injected intraperitoneally with 

Cathepsin L Inhibitor IV (20 μg/gm dissolved in DMSO) intraperitoneally at 12 hours and 1 

hour before IL-1β/TNF administration. C57BL/6J male mice (Jackson Laboratory, Bar 

Harbor, ME) were injected with GalN/LPS as described previously.(14) Animal studies were 

approved by the Animal Care and Use Committee of the Emory University School of 

Medicine and followed the National Institutes of Health guidelines for animal care.

STATISTICAL ANALYSIS

Numerical results are reported as means ± SEM from three or more independent 

experiments. Statistical significance between control and treated groups was determined by 

one-way analysis of variance. Statistical significance was defined as P < 0.05.

ADDITIONAL METHODS

Additional detailed methods can be found in the Supporting Information.

Results

DECREASED AUTOPHAGY SENSITIZES AML12 CELLS TO DEATH FROM IL-1β/TNF

In light of findings that decreased hepatocyte autophagy sensitizes to LPS-induced liver 

injury,(21) toxicity of the LPS-inducible cytokines TNF and IL-1β was examined in cultured 

hepatocytes. Stably infected, polyclonal lines of the nontransformed murine hepatocyte cell 

line AML12 were established with a lentivirus containing empty vector as a control (Vec 
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cells) or a shRNA knockdown of the autophagy gene Atg5 (siAtg5 cells). ATG5 but not 

ATG7 protein content is decreased in siAtg5 cells (Fig. 1A). Consistent with decreased 

autophagy, siAtg5 cells have increased microtubule-associated protein 1 light chain 3 (LC3)-

I and decreased LC3-II protein levels, and reduced autophagic flux as indicated by the 

failure of lysosomal inhibition with ammonium chloride/leupeptin to increase LC3-II levels 

(Fig. 1A).

By trypan blue staining at 24 hours, untreated Vec and siAtg5 cells had a very low level of 

cell death that was slightly higher in siAtg5 cells (Fig. 1B,C). Neither cell type underwent 

cell death from TNF alone (Fig. 1B,C). Vec cells were resistant to death from IL-1β alone 

and had a small increase in death from IL-1β/TNF combined (Fig. 1B,C). In contrast, siAtg5 

cells underwent a modest but significant increase in death from IL-1β alone, which was 

markedly amplified by TNF co-treatment (Fig. 1B,C). Propidium iodide staining confirmed 

that mild cell death from IL-1β alone and high levels of cell death from IL-1β/TNF occurred 

exclusively in siAtg5 cells with decreased autophagy (Fig. 1D,E). IL-1β/TNF treatment did 

not increase autophagic flux by LC3 immunoblots of untreated and bafilomycin-treated 

wild-type cells (Fig. 1F), and densitometric determinations of the ratio of LC3-II levels in 

cells treated with bafilomycin to that in untreated cells (Fig. 1G). The lack of a cytokine 

effect on autophagic flux indicates that basal levels of autophagy mediate hepatocyte 

resistance to IL-1β/TNF cytotoxicity.

Increased death in siAtg5 cells was not secondary to differences in receptor levels, as 

IL-1R1 and TNFR1 levels were unaffected by a decrease in autophagy (Fig. 2A). The effects 

of IL-1β or TNF alone were equivalent for cytokine concentrations of 5–50 ng/mL. 

IL-1β/TNF death was equivalent over the same IL-1β concentrations, and maximal at 10 

ng/mL of TNF (data not shown). Subsequent experiments were therefore performed with 5 

ng/mL IL-1β and/or 10 ng/mL TNF.

IL-1β/TNF DEATH IS NECROSIS

Cellular trypan blue and propidium iodide positivity reflects primary or secondary necrosis. 

To exclude secondary necrosis from apoptosis, mitochondrial death pathway activation and 

downstream caspase cleavage were examined. In IL-1β/TNF-treated siAtg5 cells, BH3-

interacting domain death agonist (BID) cleavage and mitochondrial cytochrome c release 

into the cytoplasm did not occur as in wild-type cells undergoing apoptosis from 

actinomycin D/TNF (Fig. 2B). Effector caspase 3 and 7 cleavage was absent in IL-1β/TNF-

treated siAtg5 cells but present after actinomycin D/TNF along with decreased procaspase 

levels (Fig. 2B). Total cellular protein levels of the apoptotic factors B cell lymphoma 2–

associated X protein (BAX), B cell lymphoma extra large (BCL-XL), Bcl-2-interacting 

mediator of cell death (BIM), myeloid cell leukemia 1 (MCL1), and tumor protein 53 (p53) 

were unaltered by the knockdown of autophagy or IL-1β/TNF treatment (Supporting Fig. 

S1). IL-1β/TNF death did not occur through the apoptotic mitochondrial death pathway 

characteristic of hepatocyte death from TNF.

To further confirm that IL-1β/TNF death was necrosis, the effects of caspase and necroptosis 

inhibition were examined. Death was not blocked by the caspase inhibitor QVD-OPh, 
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excluding apoptosis or pyroptosis, or the necroptosis inhibitor necrostatin-1s (Fig. 2C). 

IL-1β/TNF death in AML12 cells with defective autophagy is necrosis.

DEATH RESULTS FROM IMPAIRED ENERGY HOMEOSTASIS

Autophagy maintains hepatocyte energy homeostasis, and necrosis often results from ATP 

depletion, suggesting that decreased energy stores might be the mechanism underlying 

siAtg5 cell death from IL-1β/TNF. Compared with Vec cells, untreated siAtg5 cells had a 

modest but significant decrease in ATP that was unaltered by treatment with TNF or IL-1β 
alone (Fig. 2D). IL-1β/TNF in combination induced a significant decrease in ATP in both 

cell types, but levels were 42% less in siAtg5 cells (Fig. 2D), demonstrating that autophagy-

defective hepatocytes undergo energy depletion from IL-1β/TNF in combination.

Autophagy degrades cellular components into energy substrates.(26) To determine whether 

decreased siAtg5 cell ATP was secondary to an inadequate supply of autophagic products or 

defective mitochondrial function, we examined the effects of supplementation with the 

energy substrate pyruvate or oleate. Pyruvate and oleate had no significant effect on ATP 

levels in autophagy-intact Vec cells but prevented the IL-1β/TNF-induced ATP decrease in 

siAtg5 cells (Fig. 2E,F). These data indicate that siAtg5 cells have an intact ATP-generating 

capacity but lack sufficient autophagy-supplied substrates. ATP depletion is the mechanism 

of necrosis, as pyruvate and oleate significantly reduced siAtg5 cell death from IL-1β/TNF 

(Fig. 2G).

IL-1β/TNF-INDUCED NECROSIS IS CATHEPSIN-DEPENDENT

ATP depletion triggers lysosomal permeabilization, causing necrosis from the release of 

hydrolytic enzymes such as cathepsins.(27,28) AML12 cell medium contained equivalent 

CTSB levels, but increased amounts of CTSL from IL-1β/TNF-treated siAtg5 cells (Fig. 

3A). Levels of the secreted protein albumin were equivalent and decreased by IL-1β/TNF 

(Fig. 3A). Increased CTSL activity was detected in the medium (Fig. 3B). Cathepsins 

promoted necrosis, as pharmacological CTSB and CTSL inhibitors blocked siAtg5 cell 

death, although the effect was only significant for CTSL inhibitors (Fig. 3C).

To further establish cathepsin involvement, lentiviral double knockdowns of Atg5 and Ctsb 
(siAtg5-siCtsb cells) or Ctsl (siAtg5-siCtsl cells) were generated along with empty vector–

infected siAtg5 cells (siAtg5-Vec cells). CTSB or CTSL was selectively decreased in the 

respective knockdown cells (Fig. 3D). IL-1β/TNF death was equivalent in siAtg5 and 

siAtg5-Vec cells, but significantly decreased in cells with a CTSB or CTSL knockdown (Fig. 

3E). These findings demonstrate that lysosomal cathepsin release occurs from impaired 

energy homeostasis in IL-1β/TNF-treated siAtg5 cells and triggers necrosis.

HEPATOCYTE-SPECIFIC Atg5 KNOCKOUT MICE UNDERGO IL-1β/TNF LIVER INJURY

To determine the effect of decreased autophagy on cytokine-induced hepatocellular injury in 
vivo, IL-1β/TNF toxicity was examined in tamoxifen-inducible, hepatocyte-specific Atg5 
knockout Atg5Δhep mice. Four days after tamoxifen injection, ATG5 but not ATG7 was 

decreased in Cre+ mouse livers (Fig. 4A). Control and Atg5Δhep mice were resistant to TNF 

injury with only minor increases in serum ALT or TUNEL (terminal deoxynucleotide 
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transferase-mediated deoxyuridine triphosphate nick end-labeling)–positive hepatocytes at 6 

hours after injection (Fig. 4B,F). Mice had normal ALTs after IL-1β administration, and 

knockout mice had a slight increase in TUNEL-positive cells at 6 hours (Fig. 4C,G). 

IL-1β/TNF co-administration led to slight increases in ALT and TUNEL positivity at 6 

hours and 12 hours in control mice (Fig. 4D,E,H). In contrast, Atg5Δhep mice had markedly 

increased serum ALTs and TUNEL positivity from 6 to 24 hours after IL-1β/TNF treatment 

(Fig. 4D,E,H). Areas of hepatic necrosis were detected by histology exclusively in IL-1β/

TNF-treated knockout mice (Fig. 4I).

TUNEL positivity can represent apoptosis or necrosis.(29) Apoptosis was excluded by the 

absence of mitochondrial cytochrome c release and BID and caspase cleavage in IL-1β/

TNF-injured knockout livers in contrast to wild-type mice undergoing GalN/LPS-induced 

apoptosis (Fig. 5A). In addition, total cellular protein levels of the apoptotic factors BAX, 

BCL-XL, BIM, MCL-1, and p53 were unaffected by decreased autophagy or IL-1β/TNF 

(Supporting Fig. S2). Lysosomal permeabilization occurred in IL-1β/TNF-treated knockout 

mouse livers, as cathepsins B and L were detected in the cytosol of these mice in parallel 

with decreased lysosomal levels (Fig. 5B). Lysosomal cathepsin release led to liver injury as 

Cathepsin L Inhibitor IV significantly inhibited the IL-1β/TNF-induced increases in serum 

ALT (Fig. 5C) and numbers of TUNEL-positive cells (Fig. 5D) in knockout mice. Identical 

to AML12 cells, decreased hepatocyte autophagy in vivo led to hepatocyte lysosomal 

permeabilization and cathepsin-dependent necrosis from IL-1β/TNF.

Atg5Δhep MICE HAVE INCREASED INFLAMMATION

Examination of hepatic gene expression revealed that levels of the proinflammatory 

cytokines Il6 and interferon-γ (Ifng) (Fig. 6A,B), and markers cyclooxygenase 2 (Cox2) and 

nitric oxide synthase 2 (Fig. 6C,D), were significantly increased in IL-1β/TNF-treated 

Atg5Δhep mice. In contrast, there were no changes in mRNA levels for macrophage galactose 
N-acetyl-galactosamine specific lectin 2 and resistin like alpha, which are genes expressed in 

anti-inflammatory M2-polarized macrophages (Fig. 6E,F). Greater numbers of inflammatory 

cells were present in IL-1β/TNF-treated Atg5Δhep mice, as mRNA levels (Fig. 6G,H) and 

immunofluorescence staining for the macrophage marker clusters of differentiation 68 

(CD68) (Fig. 7A,B) and neutrophil marker lymphocyte antigen 6 complex, locus G (LY6G) 

(Fig. 7C,D) were increased in these mice. Decreased hepatocyte autophagy magnified the 

hepatic inflammatory response to IL-1β/TNF.

DECREASED AUTOPHAGY PROMOTES PROINFLAMMATORY EXOSOMAL DAMP 
SECRETION

Findings of increased inflammation in Atg5Δhep mice suggested that DAMP release from 

IL-1β/TNF-injured hepatocytes amplified the innate immune response. Autophagy 

sequesters and degrades multivesicular bodies containing proteins that other-wise are 

secreted in exosomes.(30) Extracellular vesicles (EVs) isolated from AML12 cell medium 

consisted largely of exosomes, as indicated by a characteristic mean diameter of 

approximately 65 nm (Fig. 8A). EV diameter and quantity were unchanged by decreased 

autophagy or IL-1β/TNF treatment (Fig. 8A,B). Exosome isolation was further confirmed by 

enrichment of the exosome-specific protein ALIX in the EV isolate (Fig. 8C). EVs from 
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IL-1β/TNF-treated siAtg5 cells contained the DAMPs high-mobility group box 1 (HMGB1) 

and heat shock protein 90 (HSP90), which were absent in EVs from Vec cells (Fig. 8C).

To prove the proinflammatory nature of siAtg5 cell exosomes, wild-type Kupffer cells were 

exposed to AML12 cell–derived EVs for 6 hours. mRNA levels of proinflammatory Kupffer 

cell genes Il1a, Il1b, Il6, Ccl2 (chemokine [C-C motif] ligand 2), and Cox2 were 

significantly increased by EVs from IL-1β/TNF-treated siAtg5 cells as compared with Vec 

cell EVs (Fig. 8D). Decreased autophagy therefore promotes IL-1β/TNF-treated hepatocyte 

secretion of exosomal DAMPs that activate macrophages to cause inflammation.

Discussion

Recent studies have implicated IL-1β in the pathophysiology of nonalcoholic and alcoholic 

steatohepatitis.(7–10) These findings suggest that IL-1β induces hepatocyte injury and death, 

but how IL-1β causes such an effect is unclear as this cytokine lacks a defined receptor-

linked death pathway. The present study delineates a molecular mechanism for IL-1β-

induced liver injury by finding that with decreased autophagy, IL-1β becomes cytotoxic and 

proinflammatory to hepatocytes (summarized in Supporting Fig. S3).

Although IL-1β has been reported to induce death in normal, cultured hepatocytes,(31) other 

investigations have failed to detect IL-1β cytotoxicity.(9,32) Our findings demonstrate a lack 

of significant IL-1β-induced death in normal mice, but sensitization to IL-1β toxicity in the 

presence of TNF and decreased autophagy. Interestingly, previous studies in which IL-1β 
was nontoxic to normal hepatocytes did demonstrate toxicity in steatotic and GalN/LPS-

treated cells,(9,32) two conditions that we have previously demonstrated impaired hepatocyte 

autophagy.(14,15) Decreased autophagy, which is found in many liver diseases including 

nonalcoholic and alcoholic steatohepatitis,(33) may be a mechanism for IL-1β-dependent 

hepatic injury in these diseases. IL-1β/TNF toxicity may also be a mechanism underlying 

our previous findings that hepatocyte-specific autophagy knockout mice undergo increased 

liver injury and mortality from high-dose LPS,(21) and that mice with decreased autophagy 

from aging develop increased steatohepatitis from high-fat diet feeding.(34)

IL-1β hepatotoxicity is due to necrosis rather than apoptosis. Necrosis is dependent on the 

co-presence of TNF, which like IL-1β is itself nontoxic to normal hepatocytes. Death from 

IL-1β/TNF results from compromised energy homeostasis, which only occurs in autophagy-

defective hepatocytes. The required presence of both cytokines is consistent with findings in 

rat and rabbit liver that IL-1β and TNF in combination create a synergistic metabolic 

demand on the liver.(35,36) Hepatocytes are able to meet this metabolic demand when 

autophagy supplies energy substrates. Hepatocytes with impaired autophagy lack these 

substrates, resulting in ATP depletion that triggers lysosomal permeabilization and release of 

necrosis-inducing cathepsins.

Cathepsin-dependent cytotoxicity from TNF has been reported previously due to caspase-

dependent apoptosis.(37) Our findings define a distinct, IL-1β-induced, caspase-independent 

necrotic death pathway. Death was CTSB-dependent and CTSL-dependent, as knockdown 

of either cathepsin effectively blocked death. Differential levels of CTSL, but not CTSB, 
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were detected in the medium of dying cells, possibly explaining the better effectiveness of 

CTSL pharmacological inhibitors despite equal efficacy of a genetic knockdown of either 

form. Consistent with the involvement of both cathepsins was the finding of lysosomal 

release into the cytosol of CTSB and CSTL in the livers of IL-1β/TNF-treated autophagy 

knockout mice.

In addition to sensitizing to IL-1β cytotoxicity, decreased autophagy promoted hepatocyte 

inflammation. Recent studies have emphasized a role for hepatocytes as immune mediators 

in liver disease through the release of cytokines and proinflammatory DAMPs.(38) In IL-1β-

dependent murine alcoholic liver injury, the DAMPs HMGB1 and HSP90 promote 

inflammation and HSP90 is detected in exosomes.(39,40) We describe how decreased 

hepatocyte autophagy is a mechanism that promotes IL-1β-dependent exosomal release of 

the DAMPs HMGB1 and HSP90. These hepatocyte findings, together with the ability of 

macrophage autophagy to down-regulate inflammation,(18,41,42) demonstrate a significant 

role for decreased autophagy in the promotion of liver injury–associated inflammation. 

Based on nonhepatic cell studies, the mechanism of hepatocyte exosome DAMP release is 

likely the shunting of undegraded multivesicular body DAMPs into exosomes for secretion. 

However, no increase in exosome number was detected in cytokine-stimulated, autophagy-

deficient AML12 hepatocytes, as would be expected from this mechanism. Rather, selective 

elimination by autophagy of multivesicular bodies with DAMPs may occur. Additional 

studies will be required to further clarify the mechanism of exosomal DAMP release from 

autophagy-defective hepatocytes.

These findings define a mechanism by which IL-1β toxicity occurs in liver and potentially 

other organs. That decreased autophagy promotes IL-1β-induced hepatic injury, and 

inflammation suggests an additional mechanism by which therapies targeted to increase 

autophagy may be an effective treatment for liver diseases such as steatohepatitis.
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Refer to Web version on PubMed Central for supplementary material.
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CTSB cathepsin B

CTSL cathepsin L

DAMP damage-associated molecular pattern

EV extracellular vesicle

GalN galactosamine

HMGB1 high-mobility group box 1

HSP90 heat shock protein 90

KO knockout

LC3 microtubule-associated protein 1 light chain 3

LPS lipopolysaccharide

LY6G lymphocyte antigen 6 complex, locus G

shRNA small hairpin RNA

TUNEL terminal deoxynucleotide transferase-mediated deoxyuridine 

triphosphate nick end-labeling
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FIG. 1. 
Decreased autophagy sensitizes AML12 cells to death from IL-1β/TNF. (A) Immunoblots of 

total protein from Vec and siAtg5 cells untreated or treated with ammonium chloride/

leupeptin. ATG5 band is the ATG5-ATG12 conjugate. (B) Representative images of trypan 

blue–stained cells at 24 hours (×200). (C) Numbers of trypan blue–positive cells untreated 

(control) or treated with TNF (10 ng/mL) and/or IL-1β (5 ng/mL) for 24 hours (*P < 0.01 

and **P < 0.0001 compared with untreated Vec cells; #P < 0.0001 compared with Vec cells 

with the same treatment; n = 4–7). (D) Representative images of propidium iodide–stained 

cells with the same treatments (×200). (E) Numbers of propidium iodide–positive cells 

untreated or treated with TNF and/or IL-1β for 24 hours (*P < 0.000001 compared with 

untreated Vec cells; #P < 0.000001 compared with Vec cells with the same treatment; n = 8). 

(F) Immunoblots of wild-type AML12 cells untreated or treated with IL-1β/TNF for 6 hours 

or 24 hours with some cells receiving bafilomycin. (G) Ratios of LC3-II with bafilomycin 

treatment to LC3-II without bafilomycin in AML12 cells untreated or treated with 
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IL-1β/TNF for 6 hours or 24 hours obtained from densitometric scanning of immunoblots 

from three independent experiments. Arrows in (A) and (F) indicate molecular weights (in 

kD) and the LC3-I and LC3-II forms. Abbreviations: AC/Leup, ammonium chloride/

leupeptin; Baf, bafilomycin; Con, control; I/T, IL-1β/TNF; No tx, untreated.
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FIG. 2. 
IL-1β/TNF-induced death is necrosis secondary to ATP depletion. (A) Immunoblots of total 

protein from Vec and siAtg5 cells treated with IL-1β/TNF. (B) Immunoblots of 

mitochondrial and cytosolic proteins from Vec, siAtg5, and wild-type AML12 cells 

untreated, or treated with IL-1β/TNF or actinomycin D + TNF. Blots were probed for BID 

and truncated BID, cytochrome c, caspase 3, caspase 7, and cytochrome oxidase, and tubulin 

as mitochondrial and cytosolic protein loading and purity controls, respectively. 

Immunoblots in (A) and (B) are representative of four independent experiments, and protein 

molecular weights (in kD) are indicated by arrows. (C) Numbers of trypan blue–positive 

siAtg5 cells treated with DMSO vehicle alone, or IL-1β/TNF after pretreatment with 

DMSO, QVD-OPh or necrostatin-1s (n = 4). (D) Relative ATP levels in untreated control 

and 24-hour TNF and/or IL-1β treated cells (*P < 0.000002 compared with untreated Vec 

cells; #P < 0.00001 compared with Vec cells with the same treatment; n = 6–8). (E) ATP 

content in cells untreated or treated for 24 hours with IL-1β/TNF alone or with a 1-hour 

pretreatment with pyruvate (*P < 0.0002 compared with siAtg5 cells treated with IL-1β/

TNF; n = 4–8). (F) ATP levels in cells untreated or treated for 24 hours with IL-1β/TNF 

alone or with oleate pretreatment at 24 hours and 1 hour (*P < 0.01 compared with siAtg5 

cells treated with IL-1β/TNF; n = 4–8). (G) Numbers of trypan blue–positive siAtg5 cells 

treated with IL-1β/TNF alone, or with pyruvate or oleate pretreatment at 24 hours and/or 1 

hour (*P < 0.0005 and **P < 0.0000001 compared with IL-1β/TNF; n = 4–8). 

Abbreviations: ActD/TNF, actinomycin D + TNF; Casp 3, caspase 3; Casp 7, caspase 7; Cyt 

c, cytochrome c; Cyt ox, cytochrome oxidase; DMSO, DMSO vehicle alone; I/T/, IL-1β/
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TNF; I/T+O, IL-1β/TNF + oleate; I/T+P, IL-1β/TNF + pyruvate; Nec, necrostatin-1s; QVD, 

QVD-OPh; tBID, truncated BID; WT, wild-type.
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FIG. 3. 
Necrosis is cathepsin-dependent. (A) Immunoblots of protein isolated from the medium of 

cells untreated or 24-hour IL-1β/TNF treated and probed for CTSB, CTSL, and albumin. (B) 

Relative CTSL activity in cells and medium from untreated control and 24-hour IL-1β/TNF-

treated cells (*P < 0.01 compared with untreated Vec cells; **P < 0.000001 compared with 

untreated Vec cell medium; n = 5–6). (C) Numbers of trypan blue–positive siAtg5 cells that 

received no inhibitor or CA-074Me, Cathepsin Inhibitor I, Cathepsin L Inhibitor I, 

Cathepsin L Inhibitor III, or Cathepsin L Inhibitor IV for 1 hour before IL-1β/TNF (*P < 

0.001 compared with no inhibitor; n = 4–6). (D) Immunoblots of total protein from the 

indicated cells. (E) Numbers of trypan blue–positive cells in untreated and IL-1β/TNF-

treated cells at 24 hours (*P < 0.0000001 compared with IL-1β/TNF-treated siAtg5-Vec 

cells; n = 6–12). Molecular weights (in kD) are indicated by arrows on western blots, which 

are representative of three independent experiments. Abbreviations: Ø, no inhibitor; ALB, 

albumin; C1, Cathepsin Inhibitor I; CA, CA-074Me; CL1, Cathepsin L Inhibitor I; CL3, 

Cathepsin L Inhibitor III; CL4, Cathepsin L Inhibitor IV; I/T, IL-1β/TNF-treated; No Tx, 

untreated; Tx, IL-1β/TNF-treated.
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FIG. 4. 
IL-1β/TNF induces liver injury in Atg5Δhep mice. (A) Representative immunoblots from 

three independent experiments of total liver protein from Cre− and Cre+ mice that received 

no treatment or tamoxifen. ATG5 band represents the ATG5-ATG12 conjugate. (B-D) Serum 

ALT levels in control and knockout mice not injected or administered TNF (B), IL-1β (C), 

or IL-1β (D) for the times indicated (*P < 0.01 and **P < 0.0001 compared with untreated 

control mice; #P < 0.01 and ##P < 0.0001 compared with treated control mice; n = 5–20). (E) 

Representative TUNEL images in mice untreated or 12-hour IL-1β/TNF-treated. (F-H) 

Numbers of TUNEL-positive cells per high power field (×200) in the same mice treated with 

TNF (F), IL-1β (G), or IL-1β/TNF (H) (*P < 0.01 and **P < 0.0001 compared with 

untreated control mice; #P < 0.01 and ##P < 0.001 compared with treated control mice; n = 

5–9). (I) Representative hematoxylin and eosin stained images of livers from the same mice 

(×200). Abbreviations: HPF, high power field; KO, knockout; NI, not injected; No Tx, no 

treatment; Tam, tamoxifen.
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FIG. 5. 
Mouse hepatocyte death is cathepsin-dependent necrosis. (A) Immunoblots of hepatic 

mitochondrial and cytosolic protein from control, knockout, or wild-type mice treated with 

IL-1β/TNF or GalN/LPS for 6 hours. Blots were probed for cytochrome c, BID and 

truncated Bid, caspase 3, caspase 7, and cytochrome oxidase and tubulin as loading and 

purity controls. (B) Western blots of cytosolic and lysosomal protein from the same mice 

probed for CTSB, CTSL, and tubulin and lysosomal membrane associated protein 1 as 

loading and purity controls. Images are representative of three independent experiments, and 

molecular weights are indicated by arrows. (C) Serum ALT levels in knockout mice injected 

with DMSO vehicle alone, or DMSO or Cathepsin L Inhibitor IV with IL-1β/TNF (*P < 

0.00003 compared to mice with DMSO + IL-1β/TNF; n = 9–14). (D) Numbers of TUNEL-

positive cells in the livers of the same mice (*P < 0.00006 compared to mice with DMSO + 

IL-1β/TNF; n = 9–11). Abbreviations: Casp 3, caspase 3; Casp 7, caspase 7; CL4, Cathepsin 

L Inhibitor IV; Cyt c, cytochrome c; Cyt ox, cytochrome oxidase; DMSO, DMSO vehicle 

alone; LAMP1, lysosomal membrane associated protein 1; tBID, truncated BID; WT, wild-

type.
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FIG. 6. 
Knockout mice have increased proinflammatory gene expression. (A-H) Relative hepatic 

mRNA levels in control and knockout mice for the genes Il6, Ifng, cyclooxygenase 2, nitric 
oxide synthase 2, macrophage galactose N-acetyl-galactosamine specific lectin 2, resistin 
like alpha, Cd68 and Ly6g (*P < 0.05, **P < 0.01, and ***P < 0.001 compared with control 

mice at the same time; n = 4–7). Abbreviations: Cox2, cyclooxygenase 2; Ifng, interferon-γ; 

Mgl2, macrophage galactose N-acetyl-galactosamine specific lectin 2; Nos2, nitric oxide 
synthase 2; Retnla, resistin like alpha.
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FIG. 7. 
Inflammatory infiltration is increased in knockout mice. (A) Immunofluorescence staining 

of livers from control and knockout mice untreated or 6 hours after IL-1β/TNF (×200). (B) 

Quantification of CD68 fluorescence (*P < 0.01 compared with untreated control; n = 4–10). 

(C) LY6G immunofluorescence in the same livers. (D) LY6G fluorescence quantification 

(*P < 0.01 compared with untreated control; n = 4–10).
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FIG. 8. 
IL-1β/TNF-treated siAtg5 cells release proinflammatory exosomes. Mean size (A) and 

number (B) of EVs isolated from AML12 cell medium (n = 3). (C) Immunoblots of EV and 

cellular protein from Vec (ATG5+) or siAtg5 (ATG5−) cells untreated or IL-1β/TNF-treated 

for 24 hours. Images are representative of the results of three independent experiments, and 

molecular weights are indicated by arrows. (D) Kupffer cell mRNA levels after 6 hours of 

exposure to EVs from control or IL-1β/TNF-treated Vec and siAtg5 cells (*P < 0.01 and **P 
< 0.001 compared with untreated Vec cells; #P < 0.01 and ##P < 0.001 compared with IL-1β/

TNF-treated Vec cells; n = 6–7).
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