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Abstract

Background & Aims: Autophagy maintains cellular homeostasis and plays a critical role in the 

development of non-alcoholic fatty liver and steatohepatitis. The pseudokinase mixed lineage 

kinase domain-like (MLKL) is a key downstream effector of receptor interacting protein kinase 3 

(RIP3) in the necroptotic pathway of programmed cell death. However, recent data reveal that 

MLKL also regulates autophagy. Herein, we tested the hypothesis that MLKL contributes to the 

progression of Western diet-induced liver injury in mice by regulating autophagy.

Methods: Rip3+/+, Rip3−/−, Mlkl+/+ and Mlkl−/− mice were fed a Western diet (FFC diet, high in 

fat, fructose and cholesterol) or chow for 12 weeks. AML12 and primary mouse hepatocytes were 

exposed to palmitic acid (PA).

Results: The FFC diet increased expression, phosphorylation and oligomerization of MLKL in 

the liver. Mlkl, but not Rip3, deficiency protected mice from FFC diet-induced liver injury. The 

FFC diet also induced accumulation of p62 and LC3-II, as well as markers of endoplasmic 

reticulum stress, in Mlkl+/+ but not Mlkl−/− mice. Mlkl deficiency in mice also prevented the 

inhibition of autophagy by a protease inhibitor, leupeptin. Using an mRFP-GFP-LC3 reporter in 

cultured hepatocytes revealed that PA blocked the fusion of autophagosomes with lysosomes. PA 

triggered MLKL expression and translocation, first to autophagosomes and then to the plasma 
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membrane, independently of Rip3. Mlkl, but not Rip3, deficiency prevented inhibition of 

autophagy in PA-treated hepatocytes. Overexpression of Mlkl blocked autophagy independently of 

PA. Additionally, pharmacologic inhibition of autophagy induced MLKL expression and 

translocation to the plasma membrane in hepatocytes.

Conclusions: Taken together, these data indicate that MLKL-dependent, but RIP3-independent, 

signaling contributes to FFC diet-induced liver injury by inhibiting autophagy.

Graphical abstract

Lay summary

Autophagy is a regulated process that maintains cellular homeostasis. Impaired autophagy 

contributes to cell injury and death, thus playing a critical role in the pathogenesis of a number of 

diseases, including non-alcohol-associated fatty liver and steatohepatitis. Herein, we show that 

Mlkl-dependent, but Rip3-independent, signaling contributed to diet-induced liver injury and 

inflammatory responses by inhibiting autophagy. These data identify a novel co-regulatory 

mechanism between necroptotic and autophagic signaling pathways in non-alcoholic fatty liver 

disease.
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Introduction

Regulated cell death is a crucial and active process, serving to maintain tissue homeostasis in 

multicellular organisms. There are 4 major forms of regulated cell death: apoptosis, 

necroptosis, ferroptosis and pyroptosis.1 Each pathway is defined by their specific regulatory 
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mechanisms and molecular components. Death receptor-mediated cell death is particularly 

important in liver disease and is triggered by ligands binding to tumor necrosis factor (TNF) 

family death domain receptors, viral sensors or pattern recognition receptors. Hepatocellular 

fate in response to death receptor activation depends on the cellular environment.2 For 

example, when caspase-8 activity is high, cells will undergo apoptosis. In contrast, if 

caspase-8 is low, necroptosis prevails.3,4

Multiple forms of cell death are associated with non-alcoholic fatty liver and steatohepatitis 

(NAFL/NASH). The contribution of apoptosis has been most well studied in animal models 

of NAFL/NASH. For example, deletion of caspase-8 in hepatocytes reduced methionine- 

and choline-deficient (MCD) diet-induced hepatic injury, inflammatory response and 

oxidative stress.5 However, treatment with VX166, a pan-caspase inhibitor, only partially 

protected against high-fat diet (HFD)-induced liver steatosis and injury,6 suggesting that 

additional programmed cell death pathways, such as necroptosis, are involved in the 

pathogenesis of NAFL/NASH.

More recent work has investigated the role of the necroptotic pathway in murine models of 

NAFL/NASH. Necroptosis classically depends on receptor interacting protein kinase 3 

(RIP3 or RIPK3), which binds to RIP1 through their RHIM (RIP homotypic interaction 

motif) domains to form a protein complex (necrosome). RIP3 then phosphorylates mixed 

lineage kinase domain like pseudokinase (MLKL), leading to its translocation to the plasma 

membrane, where it oligomerizes and forms pores that mediate necroptotic cell death.7,8 

Interestingly, studies utilizing Rip3−/− mice identified differential contributions of RIP3 to 

the progression of liver injury in multiple murine models of liver diseases.9,10 Rip3−/− mice 

were protected from acetaminophen-induced hepatotoxicity,11,12 MCD diet-induced NAFL/

NASH,13 alcohol-induced liver injury,14,15 as well as concanavalin-induced autoimmune 

hepatitis.16 However, work by our lab17 and Gautheron, et al.18 found that Rip3−/− mice 

were not protected from HFD-induced liver injury. Taken together, these data suggest very 

specific roles for RIP3 in mediating liver injury in murine models of NAFL/NASH.

Since the molecular machinery in the necroptotic pathway is complex, with multiple non-

canonical mechanisms identified for RIP3 and MLKL,10,19,20 it is also critical to understand 

the contributions of MLKL to liver injury in murine models of NAFL/NASH. One report 

indicated that Mlkl−/− mice were protected from HFD-induced hepatic insulin resistance21; 

however, the role of MLKL in hepatic inflammation and injury has not been well 

investigated. Therefore, we investigated the role of MLKL in Western diet-induced liver 

injury (FFC diet, high in fat, fructose and cholesterol) in Mlkl−/− mice and their littermate 

controls. FFC diet increased MLKL expression, phosphorylation and oligomerization in the 

liver independently of Rip3. Furthermore, Mlkl, but not Rip3, deficiency protected mice 

from FFC diet-induced liver injury and inflammatory response. These data suggest that 

MLKL contributes to FFC diet-induced liver injury via a Rip3-independent, non-canonical 

mechanism of activation.

Multiple non-classical roles of MLKL have been identified in other model systems, 

including functions in regulation of inflammasomes, exosome formation, and regulation of 

autophagy.20,22–24 Since impaired autophagy was associated with both the initial 
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development and progression of hepatic steatosis in NAFL/NASH,25,26 we further 

investigated the interactions between FFC diet, MLKL and autophagy. FFC diet induced 

accumulation of p62 and microtubule-associated protein 1 light chain 3 II (LC3-II) in WT, 

but not Mlkl−/−, mice. Exposure of cultured hepatocytes to palmitic acid (PA) increased 

MLKL expression and translocation to autophagosomes prior to its transit to the cell surface. 

Further, using an mRFP-GFP-LC3 reporter, we found that PA inhibited autophagic flux in an 

Mlkl-dependent, but Rip3-independent, mechanism. Taken together, these data identify an 

unexpected non-canonical role for MLKL in the pathogenesis of FFC diet-induced liver 

injury through inhibition of autophagy.

Methods and materials

Animals and FFC diet feeding

All procedures using animals were approved by the Cleveland Clinic Institutional Animal 

Care and Use Committee. Mlkl−/− mice were purchased from Taconic Biosciences 

(#TF2780, Germantown, NY). A strain of Rip3−/− mice, in which the neomycin element 

used to generate the original Rip3 knock-out was deleted, was a generous gift from Vishva 

Dixit (Genentech, San Francisco, CA).27 Five to six week-old male Rip3+/+, Rip3−/−, Mlkl
+/+ and Mlkl−/− littermates were allowed free access to standard chow or Western (FFC) diet.
28

Subcellular localization of MLKL in primary and AML12 hepatocytes

Primary hepatocytes, isolated from male/female mice, and AML12 hepatocytes were 

cultured as described in the Supplementary Materials. After 20 h in culture, primary and 

AML12 hepatocytes were exposed to 500 lM PA complexed to BSA or BSA alone for up to 

16 h. Subcellular localization of MLKL was assessed by confocal microscopy using specific 

markers.

Autophagic flux assay in hepatocytes

Autophagic flux was assessed in primary and AML12 hepatocytes using the Premo™ 

Autophagy Tandem Sensor mRFP-GFP-LC3 Kit (P36239, Thermo Fisher), following the 

manufacturer’s instructions. Appearance of LC3-positive autophagosomes and 

autolysosomes was assessed by confocal microscopy. Detailed methods can be found in the 

Supplementary Information.

Biochemical assays, immunohistochemistry and western blot

Detailed methods can be found in the Supplementary Information.

Statistical analysis

Values shown in all figures represent the means ± SEM. Analysis of variance was performed 

using the general linear models procedure (SAS, Carey, IN). Data were log-transformed as 

necessary to obtain a normal distribution. Two group comparisons were made by unpaired t 
test. Follow-up comparisons in 3 groups were made by least square means testing. P <0.05 

were considered significant.
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Results

Mlkl, but not Rip3, deficiency protected mice from FFC diet-induced liver injury, hepatocyte 
apoptosis and inflammatory response

Previous studies reported that Rip3−/− mice were not protected from HFD-induced liver 

injury.29 Here we tested the hypothesis that Mlkl−/− mice would also not be protected from 

FFC diet-induced liver injury. All genotypes gained more body weight on FFC diet 

compared to chow diet and there was no genotype effect on body weight change on either 

chow or FFC diet (Fig. 1A,B and Fig. S1). Unexpectedly, FFC diet feeding for 12 weeks 

increased aminotransferase concentrations in the plasma, as well as concentrations of 

hepatic triglycerides in Rip3+/+ and Mlkl+/+ littermates (WT) and Rip3−/− mice, but not in 

Mlkl−/− mice (Fig. 1A,B). Furthermore, histologic staining showed that liver tissues of WT 

and Rip3−/− mice on FFC diet displayed macro-vesicular and microvesicular steatosis, which 

was ameliorated in Mlkl−/− mice (Fig. 1C,D).

Given the interplay between necroptosis and apoptosis in many diseases,30,31 we 

investigated whether Mlkl deficiency influenced hepatocyte apoptosis. Accumulation of 

M30, a caspase cleavage product of CK18, is a specific marker of hepatocyte apoptosis. FFC 

feeding increased M30 accumulation in Rip3−/− and WT mice; this response was attenuated 

in Mlkl−/− mice (Fig. 1A,B and images shown in Fig. S2A–D). Mlkl−/− mice were also 

protected from additional markers of FFC-induced apoptosis, including the number of 

TUNEL-positive cells and cleavage of caspase-3 when compared to WT mice (Fig. S2E–H).

An increased inflammatory milieu in the liver is a hallmark of NAFL/NASH. FFC feeding to 

WT mice markedly elevated expression of mRNA for Tnf-α, Il-1β, Mcp-1, and F4/80 in the 

liver. Rip3 deficiency did not suppress FFC diet-induced inflammatory responses (Fig. 1E), 

while Mlkl deficiency prevented these strong inflammatory responses (Fig. 1F). 

Inflammatory responses in adipose tissue are also critical for the progression of NAFL/

NASH. The presence of crown structures was apparent in both WT and Rip3−/− mice (Fig. 

S3A). Mlkl−/− mice had fewer crown structures than WT mice (Fig. S3B). Furthermore, 

Rip3 deficiency did not protect from FFC diet-induced expression of mRNA for Tnf-α, 

Mcp-1 and F4/80, while Mlkl deficiency prevented increased expression of mRNA for Tnf-
α and F4/80 in response to FFC diet (Fig. S3C,D).

Taken together, these data indicate that Mlkl, but not Rip3, is an important contributor to 

FFC diet-induced liver injury, hepatocyte apoptosis and inflammatory response. Therefore, 

the contribution of MLKL-mediated signaling to FFC diet-induced liver injury is 

independent of Rip3.

MLKL expression, phosphorylation and oligomerization in livers of FFC diet-fed mice

If MLKL contributes to FFC diet-induced liver injury, we would expect FFC diet to induce 

MLKL expression in the liver. MLKL mRNA and protein expression was low in chow-fed 

mice, but was increased by FFC diet in WT and Rip3−/− mice (Fig. 2A–D). RIP3 protein 

expression was also low in chow-fed mice and was induced by FFC in WT, but not Mlkl−/−, 

mice (Fig. 2D). Liver lysates from Mlkl−/− and Rip3−/− mice were included as negative 
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controls for western blots (Fig. 2D). In addition, phospho-MLKL immunoreactivity was 

increased after FFC feeding in WT and Rip3−/− livers (Fig. 2E).

Necroptosis is mediated by the formation of phospho-MLKL into oligomeric, channel-like 

structures, which disrupt the integrity of the plasma membrane.32 To confirm the 

oligomerization of MLKL in response to FFC diet, plasma membrane fractions were isolated 

and proteins resolved on non-reducing PAGE. MLKL oligomers were detected in FFC-fed 

WT, as well as Rip3−/−, mice (Fig. 2F). Interestingly, only a relatively small proportion of 

total MLKL protein was recruited to the plasma membrane, with the majority of MLKL 

remaining in intracellular compartments (Fig. 2G).

PA triggered MLKL translocation to the plasma membrane and caspase-independent cell 
death in hepatocytes

In order to understand the mechanistic contributions of MLKL to FFC diet-induced liver 

injury, we modeled lipotoxicity by exposing cultured hepatocytes to PA.33 MLKL 

expression was low at baseline in both AML12 and primary hepatocytes. However, after 16 

h exposure to PA, MLKL expression was increased and partially localized at the cell surface 

in AML12 (Fig. 3A) and primary hepatocytes from both WT and Rip3−/− (Fig. 3B).

Since cell surface localization of MLKL is associated with caspase-independent/necroptotic 

cell death,34 we next used Sytox green nucleic acid staining to investigate the role of MLKL 

in PA-mediated hepatocyte cytotoxicity. Challenging AML12 cells with PA resulted in 25% 

cytotoxicity over 16 h (Fig. 3C). Pre-treatment with the pan-caspase inhibitor z-VAD 

partially prevented PA-induced cytotoxicity (Fig. 3C), demonstrating that PA-induced 

cytotoxicity in hepatocytes occurred by both caspase-dependent and -independent signaling. 

Importantly, siRNA knock-down of Mlkl protected cells from caspase-independent 

cytotoxicity (Fig. 3D). These data indicate that PA triggers MLKL translocation to the cell 

surface and Mlkl-dependent, caspase-independent cell death.

MLKL translocated to autophagosomes and then to the plasma membrane in response to 
PA

We next sought to better understand the dynamics of MLKL induction and translocation in 

response to PA. Increased expression of MLKL was detected as early as 4 h after PA 

exposure in AML12 cells (Fig. 4A,B); PA-induced expression of MLKL in primary 

hepatocytes was independent of Rip3 (Fig. 4C). In our confocal analysis of MLKL 

expression, we observed that MLKL was transiently localized to intracellular compartments 

at 4 h and 8 h, prior to localization at the cell surface (Fig. 4A).

Using markers for mitochondria, lysosomes, early endosomes, late endosomes, Golgi and 

autophagosomes, we found that MLKL only co-localized with LC3, a marker of 

autophagosomes, in primary hepatocytes treated with PA for 8 h (Fig. 4D,E). BSA-treated 

(vehicle) cells were shown in Fig. S4A. A similar subcellular distribution of MLKL was 

observed in PA-treated AML12 cells (Fig. S4B). After 16 h exposure to PA, MLKL still 

partially localized with LC3 in hepatocytes (Fig. 4E), consistent with the distribution of 

MLKL in mouse livers from FFC-fed mice (Fig. 2F,G). Colocalization of MLKL with LC3 

was independent of Rip3 in primary hepatocytes (Fig. 4E). A similar subcellular distribution 
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of MLKL was observed in PA-treated AML12 cells (Fig. 4F). These observations indicate 

that MLKL translocates to autophagosomes prior to the plasma membrane in response to 

PA.

Mlkl deficiency protected mice from FFC diet-induced accumulation of p62 and LC3-II and 
ER stress

Insufficient autophagic flux is associated with pathogenesis of NAFL/NASH.26 Since a 

recent study reported that, in addition to its canonical role in mediating necroptosis, MLKL 

also functions as an inhibitor of autophagic flux in dermal fibroblasts,23 we hypothesized 

that MLKL contributes to FFC diet-induced liver injury by regulating autophagy prior to 

necroptosis. FFC feeding increased the abundance of p62 and LC3-II in liver lysates from 

WT mice; this accumulation was reduced in Mlkl−/− mice (Fig. 5A,B).

Accumulation of p62 and LC3-II in vivo cannot distinguish between increased or impaired 

autophagic flux.26 However, insufficient autophagic flux promotes endoplasmic reticulum 

(ER) stress in the liver.35 Therefore, we investigated the role of Mlkl in FFC diet-induced 

ER stress as a surrogate indicator of impaired autophagy. FFC diet induced expression of 

Chop, Dr5, sXbp1, Bip and Atf4 mRNA (Fig. 5C), as well as increased phosphorylation of 

eIF2a and expression of CHOP protein in WT mice, but not in Mlkl−/− mice (Fig. 5D,E).

Inhibition of autophagic flux in PA-treated hepatocytes

Making use of cultured AML12 hepatocytes, we investigated the impact of PA on 

autophagy. PA markedly elevated p62 and LC3-II levels within 8 h (Fig. 6A). Bafilomycin 

A1 (Baf A) suppresses lysosomal enzyme activity and blocks the fusion of autophagosomes 

with lysosomes. As expected, Baf A treatment increased p62 and LC3-II; however, Baf A 

did not further increase p62 or LC3-II in PA-treated cells (Fig. 6A). To monitor autophagic 

flux per se, a tandem labeled mRFP-GFP-LC3 reporter was used (Fig. 6B). In AML12 

hepatocytes challenged with chloroquine (CQ), an inhibitor of flux, the number of 

autophagosomes (yellow-fluorescent puncta) increased, while with rapamycin (Rapa), an 

enhancer of flux, autolysosomes (red-fluorescent puncta) were predominant (Fig. 6C,D). 

Treatment of hepatocytes with PA increased yellow-fluorescent puncta and decreased red-

fluorescent puncta after 4 h exposure (Fig. 6C,D). These data indicate that accumulation of 

p62 and LC3-II in PA-challenged hepatocytes is primarily due to impaired autophagic 

degradation, rather than increased autophagosome formation.

Mlkl, but not Rip3, deficiency prevented inhibition of autophagy by PA in hepatocytes

Using the mRFP-GFP-LC3 reporter, we next investigated the impact of MLKL on 

autophagic flux in PA-treated hepatocytes. In primary hepatocytes, Mlkl, but not Rip3, 

deficiency prevented inhibition of autophagic flux (Fig. 6E,F) and accumulation of p62 and 

LC3-II by PA (Fig. 6G).

Inhibition of autophagic flux by PA was also prevented in AML12 cells transfected with 

Mlkl siRNA compared to scrambled siRNA (Fig. 7A,C), while overexpression of Mlkl 
autonomously blocked autophagy in AML12 hepatocytes without PA (Fig. 7B,D). In 

addition, accumulation of LC3-II by PA in AML12 cells was reduced when Mlkl was 
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knocked-down (Fig. 7E). Conversely, expression of LC3-II protein was elevated in AML12 

cells transfected with Mlkl overexpression plasmid compared to empty vector (Fig. 7F). 

These data suggest that PA-impaired autophagy in hepatocytes is driven by Mlkl-dependent 

signaling.

Interrelationship between autophagy and MLKL expression

Accumulating evidence suggests that autophagic and necroptotic pathways can influence 

each other.36,37 Since our in vivo data suggest that MLKL contributes to FFC diet-induced 

liver injury by inhibiting hepatic autophagy (Fig. 5), we investigated whether 

pharmacological regulators of of autophagy would also impact expression of MLKL. In 

AML12 hepatocytes, pharmacologic inhibition of autophagy by CQ induced MLKL 

expression (Fig. 8A) and movement to the cell surface (Fig. 8B), while induction of 

autophagy by rapamycin in hepatocytes had no effect on MLKL expression (Fig. 8A,B). 

Interestingly, the absence of MLKL also prevented accumulation of yellow-fluorescent 

puncta by CQ in primary hepatocytes (Fig. 8C), suggesting that inhibition of autophagic flux 

by CQ is, at least partially, dependent on Mlkl.

Injection of WT mice with leupeptin, a protease inhibitor that reduces autophagic flux, also 

induced MLKL expression in the liver (Fig. 8D). As expected, when WT mice were exposed 

to leupeptin, both p62 and LC3-II accumulated in the liver (Fig. 8E). In contrast, inhibition 

of autophagy by leupeptin was reduced in Mlkl−/− mice (Fig. 8E), similar to the involvement 

of Mlkl in CQ-mediated inhibition of autophagic flux in primary hepatocytes (Fig. 8C). 

Taken together, with impaired autophagic flux when Mlkl was overexpressed (Fig. 7B,D,F), 

these data indicate that increased expression of MLKL is linked with inhibition of autophagy 

and that, conversely, MLKL contributes to inhibition of autophagy in response to 

authophagy inhibitors, including CQ and leupeptin, as well as overexpression plasmid.

Discussion

Necroptosis is a form of programmed cell death; the canonical pathway requires activation 

of MLKL by RIP3.7,8 Here we report that an unexpected function of MLKL contributes to 

the development of liver injury in FFC dietary model of NAFL/NASH. Mlkl-dependent 

injury was independent of Rip3 and associated with an inhibition of autophagy. Utilizing a 

hepatocyte culture model of PA-induced lipotoxicity, we observed that PA induced MLKL 

expression and translocation, first to autophagosomes and then to the cell surface; some 

MLKL remained at the autophagosomes even as MLKL localized at the plasma membrane 

and cells underwent caspase-independent cell death. Lipotoxicity was associated with an 

inhibition of autophagic flux that was dependent on Mlkl, but not Rip3. Importantly, 

pharmacologic inhibition of autophagy also increased MLKL expression and translocation 

to the cell surface, suggesting a critical link between regulation of autophagic flux, 

expression of MLKL and hepatocellular injury.

In canonical RIP3-MLKL signaling, MLKL is phosphorylated by RIP3 and subsequently 

translocates to the plasma membrane where it oligomerizes to trigger necroptosis.38 Here we 

found that the FFC diet induced expression, phosphorylation and oligomerization of MLKL 

in the liver, even in the absence of Rip3, suggesting a non-canonical pathway of activation. 
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MLKL also mediates a number of non-canonical functions that are largely dependent on the 

subcellular localization of MLKL.39 For example, MLKL can associate with mitochondria, 

likely stimulating the generation of mitochondrial reactive oxygen species.39 MLKL, along 

with RIP1 and RIP3, transiently localized to the nucleus in HT29 cells; however, the 

function of MLKL in the nucleus is not known.40 Importantly, MLKL inhibited autophagy 

in several cell models. For example, translocation of MLKL to autolysosomal membranes in 

response to necroptotic stimuli inhibited autophagic flux in mouse dermal fibroblasts and 

HT29 cells23 and MLKL suppressed autophagic flux in endothelial and smooth muscle cells 

in response to challenge with oxidized low density lipo-protein.41 In both primary and 

AML12 hepatocyte cultures, MLKL was predominantly localized to autophagosomes at 8 h, 

while at 16 h after PA challenge, MLKL was also localized to the cell surface. While a 

minor fraction of MLKL was detected in nuclei and peri-nuclear compartments, MLKL did 

not localize to mitochondria or other intracellular membrane compartments in response to 

PA. Taken together, PA-induced colocalization of MLKL with autophagosomes is consistent 

with a role of MLKL in regulating autophagy in response to lipotoxicity.

Importantly, we found that interventions that inhibited autophagy, including FFC diet and 

leupeptin in vivo, as well as PA or CQ in cultured cells, were associated with increased 

expression of MLKL. These data are consistent with the increase in TNF-induced 

necroptosis in L929 cells observed when autophagy was inhibited with 3-methyladenine or 

Beclin 1 siRNA.42 However, very little is known about the regulation of MLKL expression 

either at the transcriptional or post-transcriptional level. Long non-coding RNA (lncRNA)-

FA2H-2 was found to interact with the Mlkl promoter, downregulating its expression in 

endothelial and smooth muscle cells in models of atherosclerosis.41 In contrast, interferon 

(IFN)-γ-dependent signals stimulated transcription of MLKL in a STAT1-dependent manner 

in hepatocytes43 and cancer cells.44 The interplay between autophagy and MLKL activation 

is likely complex and cell and/or stimulus specific. For example, Atg5 or Atg7 deficiency 

has no effect on MLKL activation and necroptotic cell death in mouse dermal fibroblasts 

(21), but Atg5 was key for efficient necrosome activation in TRAIL-treated Tak1-null mouse 

prostate epithelial cells.45

Autophagy is a critical physiological process that serves to remove potentially injurious 

intracellular components and maintain homeostasis. Impaired autophagy contributes to 

various pathophysiological processes including inflammatory responses, ER stress, cell 

injury and death.37,46,47 Dynamic regulation of autophagic flux is associated with the 

evolution of NAFL/NASH, but the impact of autophagic flux in disease progression is not 

well understood.26,48 However, activation of autophagy, by either hepatic overexpression of 

Atg749 or compounds including the mTOR inhibitor rapamycin,50 is considered as a 

potential therapeutic strategy against hepatic injury. Here we reported that FFC diet-induced 

obesity in mice led to accumulation of p62 and LC3-II in an Mlkl-dependent mechanism. 

Using cell culture models of lipotoxicity, we found that PA blocked the fusion of 

autophagosomes with lysosomes in hepatocytes. Inhibition of autophagy in cultured 

hepatocytes in response to PA was dependent on Mlkl. It is also likely that MLKL disrupts 

autophagy outside of the liver. For example, autophagy plays an important role in adipose 

homeostasis.51 Extrahepatic functions of MLKL could contribute to organ-organ interactions 
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important for the progression of NAFL/NASH, such as interactions with adipose tissue and 

the intestine, which require further investigation.

Interestingly, overexpression of Mlkl autonomously blocked autophagy in cultured 

hepatocytes. MLKL was also involved in the regulation of autophagy by pharmacologic 

inhibitors, including leupeptin in vivo and CQ in hepatocytes. These data suggest that 

induction of MLKL by these agents (Fig. 8) leads to the association of MLKL with 

autolysosomes, as observed in dermal fibroblasts23 and/or autophagosome, resulting in a 

vicious circle that exacerbates the inhibition of autophagy. Taken together, these data 

demonstrate for the first time a critical role of MLKL in the regulation of autophagy in 

response to FFC diet, the protease inhibitor leupeptin or hepatocyte lipotoxicity.

Consistent with our observations of a RIP3-independent role of MLKL in FFC diet-induced 

liver injury, accumulating evidence indicates that MLKL can be activated by alternative, 

RIP3-independent pathways. In a mouse model of encephalitis, while Rip3−/− mice were not 

protected from mortality, either Mlkl−/− mice or Mlkl−/−Casp8−/− mice were protected.52 

Models of autoimmune hepatitis provided another example that MLKL triggered IFN-γ-

mediated programmed hepatocellular necrosis even in the absence of Rip3.43 Interestingly, 

one study identified that ubiquitination of MLKL by E3 ligases was associated with MLKL 

activation.19 Given the important role of E3 ligases and ubiquitination in regulation of 

autophagy, it will be interesting to determine if changes in MLKL ubiquitination are 

required for its activation when autophagy is impaired.

In summary, these data indicate that Mlkl-dependent, but Rip3-independent, signaling 

contributes to FFC diet-induced liver injury and inflammatory response, by inhibiting 

autophagy and inducing necroptotic cell death. This study thus identifies a novel co-

regulatory mechanism between necroptotic and autophagic pathways in the development of 

NAFL/NASH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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BafA Bafilomycin A1

CQ chloroquine

ER endoplasmic reticulum

FFC high-fat, high-fructose, high-cholesterol

HFD high-fat diet

IFN interferon

LC3-II microtubule-associated protein 1 light chain 3 II

MCD methionine- and choline-deficient

MLKL mixed lineage kinase domain like pseudokinase

NAFL non-alcoholic fatty liver

NASH non-alcoholic steatohepatitis

PA palmitic acid

PM plasma membrane

qRT-PCR quantitative reverse transcription PCR

Rapa rapamycin

RIP3 receptor interacting protein kinase 3

siRNA small-interfering RNA

TNF tumor necrosis factor
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Highlights

• MLKL-mediated signaling contributes to FFC diet-induced liver injury.

• FFC diet or palmitic acid treatment induces MLKL expression in hepatocytes.

• Palmitic acid drives MLKL translocation to autophagosomes independently of 

Rip3.

• Mlkl, but not Rip3, regulates autophagic flux in a murine model of NAFL/

NASH.

• Pharmacologic inhibition of autophagy induces MLKL expression.

Wu et al. Page 15

J Hepatol. Author manuscript; available in PMC 2021 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Differential role of Rip3 and Mlkl deficiency on FFC diet-induced liver injury, steatosis, 
inflammatory response and hepatocyte apoptosis.
Rip3+/+, Rip3−/−, Mlkl+/+ and Mlkl−/− mice were allowed free access to FFC or chow diet 

for 12 weeks. Body weight, ALT and AST concentration in plasma, hepatic triglyceride 

content in whole liver homogenate and M30 positive cells (total number of cells per 10× 

frame) in formalin-fixed paraffin-embedded sections of liver from (A) Rip3+/+ and Rip3−/− 

and (B) Mlkl+/+ and Mlkl−/− littermates. Images of M30 are shown in Fig. S2. N.D.: M30-

positive cells were not detectable in livers from chow-fed mice. H&E staining of livers from 

(C) Rip3+/+ and Rip3−/− and (D) Mlkl+/+ and Mlkl−/− mice on FFC or chow diet. Images 

were acquired at 10× magnification. Expression of mRNA for pro-inflammatory cytokines, 

chemokine and macrophage markers was detected in livers from (E) Rip3+/+ and Rip3−/− 

and (F) Mlkl+/+ and Mlkl−/− littermates using qRT-PCR and normalized to 18S rRNA. 
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Values represent means ± SEM. Values with different superscripts are significantly different 

from each other, n = 3–6 per group. p <0.05, assessed by ANOVA. ALT, alanine 

aminotransferase; AST, aspartate aminotransferase; FFC, high-fat, high-fructose, high-

cholesterol; qRT-PCR, quantitative reverse transcription PCR.
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Fig. 2. MLKL expression, phosphorylation and oligomerization in livers of FFC diet fed mice.
Expression of Mlkl mRNA in livers from (A) Rip3+/+ and Rip3−/− and (B) Mlkl+/+ and Mlkl
−/− mice was assessed by qRT-PCR and normalized to 18S rRNA. MLKL and RIP3 protein 

in liver lysates from (C) Rip3+/+ and Rip3−/− and (D) Mlkl+/+ and Mlkl−/− mice was assessed 

by western blot and normalized to b-actin. Liver lysates were isolated from Rip3−/− mice on 

chow or FFC diet as a negative control for the RIP3 antibody. (E) Paraffin-embedded livers 

were de-paraffinized followed by phospho-MLKL staining. Images were acquired using a 

10× objective. Representative images are shown (C–E). Values represent means ± SEM. 

Values with different superscripts are significantly different from each other, n = 3–6 per 

group, p <0.05, assessed by ANOVA. (F) Plasma membranes and (G) subcellular fractions 

(cytosol, P10: 10,000 g pellet) were isolated from liver tissues, resolved by non-reducing 

PAGE and probed with antibody to MLKL. A longer exposure of the PM fraction is shown 

in panel G. Images are representative on n = 3 isolations. FFC, high-fat, high-fructose, high-

cholesterol; PM, plasma membrane; qRT-PCR, quantitative reverse transcription PCR.
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Fig. 3. PA-mediated MLKL translocation to the cell surface and caspase-independent cell death.
(A) AML12 and (B) primary hepatocytes isolated from C57BL/6J, Rip3−/−, and Mlkl−/− 

mice were exposed to 500 lM PA for 16 h. Colocalization of MLKL and Alexa Fluor-labeled 

phalloidin, which stains plasma membrane-associated F-actin, was examined by confocal 

microscopy. (C,D) Sytox Green nucleic acid staining was used to determine cell death by 

Incucyte live imaging analysis and quantification. (C) AML12 hepatocytes were pre-treated 

or not with Z-VAD and then challenged with PA or BSA (Vehicle) for 16 h. (D) AML12 

hepatocytes were transfected with scrambled siRNA or siRNA targeted to knock-down Mlkl. 
24 h after transfection, cells were pre-treated with z-VAD and challenged with or without PA 

for 16 h. All images were obtained using a 10× objective. Representative images are shown. 

Values represent means ± SEM. Values with different superscripts are significantly different 

from each other, n = 4, p <0.05, assessed by t test (group = 2) or ANOVA (group ≥3). PA, 

palmitic acid; siRNA, small-interfering RNA.
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Fig. 4. Subcellular localization of MLKL in primary hepatocytes and AML12 hepatocytes in 
response to PA.
(A) AML12 hepatocytes were exposed to PA for different time intervals. Colocalization of 

MLKL and phalloidin was examined by confocal microscopy. Expression of MLKL protein 

in (B) AML12 or (C) primary hepatocytes isolated from C57BL/6J, Rip3−/−, and Mlkl−/− 

mice was assessed by western blot and normalized to HSC70. (D) Primary hepatocytes 

isolated from C57BL/6J mice were treated with PA for 8 h. Subcellular colocalization of 

MLKL with mitochondria, lysosomes, early endosomes, late endosomes and Golgi was 

examined by confocal microscopy. (E) Primary hepatocytes from C57BL/6J, Rip3−/− and 

Mlkl−/− mice and (F) AML12 hepatocytes were treated with PA for 8 h or 16 h. 

Colocalization of MLKL and mature autophagosomes (LC3) was examined by confocal 

microscopy. All images were obtained using a 40× objective (Zoom 4). Representative 

images are shown. Values represent means ± SEM. Values with different superscripts are 

significantly different from each other, n = 3–5, p <0.05, assessed by ANOVA. PA, palmitic 

acid.
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Fig. 5. Mlkl deficiency protected mice from FFC diet- and leupeptin-induced accumulation of 
p62 and LC3II and ER stress.
(A) Autophagy markers including p62 and LC3-II protein in liver lysates were assessed by 

western blot and (B) normalized to HSC70. (C) Expression of mRNA for ER stress markers 

including Chop, Dr5, sXbp1, Bip and Atf4 genes in the liver was assessed by qRT-PCR and 

normalized to 18S rRNA. (D) Phospho-eIF2a and CHOP protein in liver lysates was 

assessed by western blot and (E) normalized to b-actin. Values represent means ± SEM. 

Values with different superscripts are significantly different from each other, n = 3–5, p 
<0.05, assessed by ANOVA. ER, endoplasmic reticulum; FFC, high-fat, high-fructose, high-

cholesterol; qRT-PCR, quantitative reverse transcription PCR.
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Fig. 6. Inhibition of autophagy PA-treated hepatocytes.
(A) AML12 hepatocytes were exposed to PA for 4–8 h in the presence or absence of BafA. 

p62 and LC3-II protein in liver lysates was assessed by western blot and normalized to 

HSC70. (B) Schematic of the different possible outcomes for the mRFP-GFP-LC3 

autophagic flux reporter. (C) Confocal analysis and (D) quantification of AML12 cells 

infected with mRFP-GFP-LC3. Cells were then treated with PA, CQ or Rapa. (E) Primary 

hepatocytes isolated from C57BL/6J, Rip3−/− and Mlkl−/− mice were transduced with 

mRFP-GFP-LC3 and then exposed to PA for 8 h or 16 h. (E) Confocal analysis and (F) 

quantification of LC3 reporter. All images were obtained using a 40× objective (Zoom 4). 

(G) p62 and LC3-II protein in lysates of primary hepatocytes was assessed by western blot 

and normalized to b-actin. Values represent means ± SEM. Values with different superscripts 

are significantly different from each other within the same color bars, n = 3–5, p <0.05, 
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assessed by t test (group = 2) or ANOVA (group≥3). BafA, Bafilomycin A1; CQ, 

chloroquine; PA, palmitic acid; Rapa, rapamycin.
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Fig. 7. Inhibition of autophagic flux by PA in hepatocytes was dependent on MLKL.
AML12 hepatocytes were transduced with mRFP-GFP-LC3 and transfected with scrambled 

siRNA or Mlkl siRNA empty vector or Mlkl overexpression plasmid. LC3 localization was 

visualized by confocal microscopy (A,B) and quantified (C,D). All images were obtained 

using a 40× objective (Zoom 4). (E,F) p62 and LC3-II protein in cell lysates was assessed by 

western blot and normalized to HSC70. Values represent means ± SEM. Values with 

different superscripts are significantly different from each other within the same color bars, n 

= 3, p <0.05, assessed by t test (group = 2) or ANOVA (group ≥3). PA, palmitic acid; 

siRNA, small-interfering RNA.
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Fig. 8. Interrelationship between autophagy and MLKL expression.
(A,B) AML12 hepatocytes were treated with CQ or Rapa for 24 h. (A) Expression of MLKL 

protein in cell lysates was assessed by western blot and normalized to b-actin. (B) 

Colocalization of MLKL and phalloidin in AML12 hepatocytes was examined by confocal 

microscopy. (C) Primary hepatocytes isolated from C57BL/6J and Mlkl−/− mice were 

transduced with mRFP-GFP-LC3 and exposed to CQ. Yellow and red fluorescent puncta 

were visualized by confocal microscopy and quantified. All images were obtained using a 

40× objective (Zoom 4). (D,E) Mlkl−/− mice and their littermates were intraperitoneally 

injected with leupeptin (L) or saline (S) 4 h prior to euthanasia. MLKL protein (D) as well 

as accumulation of p62 and LC3-II (E) in liver lysates was assessed by western blot and 

normalized to b-actin. Representative images are shown. Values represent means ± SEM. 

Values with different superscripts are significantly different from each other, n = 3, p <0.05, 

assessed by t test (group = 2) or ANOVA (group ≥3). CQ, chloroquine; Rapa, rapamycin.
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