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Autophagy in the liver
Patrice Codogno1,*, Alfred J. Meijer2
1

2

A

INSERM U845, Necker Medical School, University Paris-Descartes, 75015 Paris, France;
Department of Medical Biochemistry, Academic Medical Center, University of Amsterdam, Amsterdam, The Netherlands
*E-mail address: patrice.codogno@inserm.fr (P. Codogno)

Macroautophagy

Chaperone(s)

Glucose

KFERQ

Amino acids

KF

CMA substrate

ER

Q

KFERQ

Insulin
AMPK

Lysosomes

mTORC1

Atg12-Atg5
LC3-PE

ULK1
complex

LC3-PE
LC3-

Bec
Beclin
eclin
lin 1/Vps34
1/V
1/
Vps34
complex I
P
PI3

E

3-P

P

PI3

I3P

LC

P

Beclin 1/Vps34
complex II

PI3P

P

PI3

P

PI3

Omegasome

E

3-P

P

Phagophore
formation

LC

PI3

Autophagosome

Autolysosome
ysosome
ysosome
e

ER-based structure

B

Glucagon

Insulin Amino acids

C

Glucose

Alcoholic liver
disease

Autophagy and selective autophagy

Lipophagy
ȕ-oxidation
Glucose

Autophagy inhibition

Cell death
Protein aggregate
accumulation
Steatosis

Mitophagy
Aggrephagy

Fatty acids
Amino acids

Fatty liver
disease
NASH

SQSTM1 accumulation
Ɣ NFțB ͘
Ɣ NFR2 ͘

Lipophagy

VLDL
Proteins

Stellate cells
Fatty acids

Antioxidant
proteins
Detoxification
enzymes

Adenoma
HCC

ȕ-oxidation

Myofibroblasts

D

Liver
fibrosis

Viral-induced autophagosome formation

HBV (HB4)

HCV (non-structural proteins,
viral proteins)
Autolysosome

͘ Vps34
activity

͘ Vps34 activity
͘ UPR

Key facts
Autophagy is required to maintain liver
homeostasis
• through elimination of aggregate-prone
proteins and damaged mitochondria
• by counteracting hepatocyte swelling
Genetic models have shown that inhibition
of autophagy genes favors the development
of liver tumors

Auto
Autophagosome
HBV and HCV
block lysosomal proteolysis

Liver macroautophagy declines in obese
mice
Acute alcohol consumption induces hepatic
autophagy. By contrast, chronic alcohol
consumption suppresses hepatic autophagy

Viral
replication

Both hepatitis B and C viruses subvert
autophagy for their own benefit
Keywords: Autophagy; Metabolism; Liver disease.
Received 15 January 2013; received in revised form 18 February 2013; accepted 19 February 2013
Open access under CC BY-NC-ND license.

Journal of Hepatology 2013 vol. 59 | 389–391

Hepatology Snapshot
Background
The term “autophagy” covers three processes responsible for the lysosomal degradation of cell components: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) of proteins
containing a KFERQ motif [1]. Macroautophagy and microautophagy
can be non-selective processes, but in many cases they can also be
highly selective for organelles, lipid droplets, aggregate-prone proteins,
or microorganisms invading the cytoplasm. The paradigm for selective
macroautophagy is the recognition of the cargo by autophagy receptors
that connect the cargo to the autophagy machinery. For example, the
autophagy receptor SQSTM1/p62 recognizes ubiquitinated, tagged protein aggregates via its ubiquitin-associated domain, and recognizes the
autophagy protein microtubule-associated protein 1 light chain 3, LC3,
via its LC3-interacting region (LIR) motif [2].
Microautophagy is the direct engulfment of cytoplasmic material by the
lysosomal membrane, whereas macroautophagy starts with the formation of a double-membrane surrounded vacuole, known as the autophagosome, which ultimately fuses with the lysosomal compartment where
the sequestered material is degraded. The autophagosome originates
from a membrane known as the phagophore, the nucleation and elongation of which depend on the autophagy-related (ATG) genes, which
were originally discovered in the yeast Saccharomyces cerevisiae and
are well conserved in mammals [2]. The UNC-51-like kinase 1 ULK1
(ATG1) complex initiates phagophore formation in an endoplasmic reticulum (ER)-based structure known as the omegasome. The activity of
this complex is controlled by the mammalian target of rapamycin complex 1 (mTORC1), which integrates signals from amino acids, glucose,
and insulin (growth factors) [3]. Dissociation of mTORC1 from the ULK1
complex under starvation conditions initiates autophagosome formation. The ULK1 complex acts in a coordinated manner with Beclin 1
(ATG6):Vps34 (class III phosphatidylinositol 3-kinase) complex I. The
production of PtdIns3P by vacuolar protein sorting 34 (Vps34) is an important trigger for the elongation and closure of the autophagosome by
two ubiquitin-like conjugation systems, ATG5-ATG12 and LC3 (ATG8)PE (phosphatidylethanolamine).
Autophagy in liver physiology and metabolism
The basal rate of macroautophagy (hereafter referred to as ‘autophagy’)
is required to maintain liver homeostasis through the elimination of aggregate-prone proteins and damaged mitochondria and by counteracting hepatocyte swelling [4]. Blockade of basal autophagy interferes with
the cell quality control and leads to hepatomegaly, which is followed by
inflammation, hepatitis, and tumorigenesis. Suppression of autophagy
results in the accumulation of SQSTM1, which acts as a signaling hub
to activate the NF-kB signaling pathway, the transcription of genes encoding for antioxidant proteins, and detoxification enzymes via the activation of the Nrf2 transcription factor [4]. The importance of the quality
control of autophagy is illustrated in the classic form of α1-antitrypsin
deficiency, where the mutant protein accumulates in the ER and forms
intrahepatic inclusions. By stimulating autophagy, carbamazepine reduces the severity of α1-antitrypsin deficiency in a mouse model [5].
CMA also contributes to the elimination of damaged proteins and to the
maintenance of liver function [6].
During periods of fasting, autophagy contributes to gluconeogenesis,
ß-oxidation of fatty acids and to ketone body formation. Amino acids
used for gluconeogenesis are produced by proteolysis through bulk
autophagy [3], whereas fatty acids are mainly produced by selective
autophagy of triglycerides stored in lipid droplets (lipophagy) [7]. Autophagy probably also controls the level of very-low-density lipoprotein
(VLDL) particles through lipophagy, which releases fatty acids and degrades apolipoprotein B. Liver autophagy plays a key role in restoring
plasma glucose concentrations in neonates during fasting [8]. Liver autophagy is also hormonally controlled: insulin inhibits while glucagon
stimulates the process [3]. The mTORC1 complex, together with Rag
and Rheb GTPases, plays a major role in autophagy control by integrating nutritional signals. Amino acids and glucose repress autophagy
via the Rag-dependent activation of mTORC1. In addition, the absence

of glucose activates the AMP-activated protein kinase, which simultaneously inhibits mTORC1 and activates the ULK1 complex. Moreover,
AMPK stimulates autophagy by phosphorylating Beclin 1 in the Beclin
1:Vps34 complex I [9]. Insulin and growth factors activate mTORC1 in a
Rheb-dependent manner. Insulin also inhibits autophagy in an mTORindependent manner, through, for example, transcriptional downregulation of several ATG genes. In the liver of a starved animal, autophagy
declines after 24–48 h, and CMA is stimulated. The decline in the production of amino acids by bulk autophagy is associated with the decrease in gluconeogenesis at this stage [3] and ketone bodies may take
part in the activation mechanism of CMA [10].
Autophagy in liver pathology
Autophagy and metabolic disease
Liver autophagy declines in obese mice. Hyperinsulinemia, hyperactivation of mTOR and downregulation of ATG5, ATG7, and Beclin 1 may
all contribute to downregulation of autophagy [3,4]. Hepatic triglyceride
and cholesterol contents are increased in hepatic Atg7-deficient mice,
confirming that autophagy plays a key role in regulating hepatic lipid
storage [7]. ER stress plays a crucial role in the link between obesity,
liver steatosis, insulin-resistance, and type 2 diabetes. Forced expression of ATG7 in the liver of obese mice reduces ER stress, and improves
glucose tolerance and insulin sensitivity. Stimulating autophagy may
prevent the progression of steatosis in non-alcoholic steatohepatitis
(NASH). However, the role of autophagy in obesity and insulin resistance is complex, because induction of the mitokine Fgf21 induces resistance to diet-induced obesity and improves insulin resistance in mice
with hepatic autophagy deficiency [11]. Lipophagy is probably involved
in the reduction of lipid droplets observed during the activation of stellate cells during the onset of liver fibrosis [12].
Acute alcohol consumption, via the production of reactive oxygen
species, induces hepatic autophagy, presumably as an initial attempt
to combat the toxic effect of alcohol by the selective removal of lipid
droplets and damaged mitochondria [13]. By contrast, chronic alcohol consumption suppresses hepatic autophagy. This is probably the
consequence of reduced AMPK activity and of the inhibition by ethanol of vesicular transport required for autophagosome formation [14].
Alcohol-induced blockade of autophagy favors the accumulation of
aggregate-prone proteins, hyperactivation of Nrf2 (via the accumulation
of SQSTM1/p62) and accumulation of damaged mitochondria, leading
to cell death.
Autophagy and infectious diseases
Both hepatitis B and C viruses subvert autophagy for their own benefit [14]. The viral protein HBx stimulates autophagosome formation by
increasing the activity of the Beclin 1:Vps34 complex, without increasing lysosomal protein degradation. Autophagy proteins and autophagy
membranes are required for HBV viral replication and morphogenesis.
An accumulation of autophagosomes is also observed in HCV-infected
cells. The autophagy machinery promotes the initial steps in HCV replication.
Autophagy and hepatocellular carcinoma (HCC)
Genetic models have shown that inhibition of autophagy genes favors
the development of liver tumors [4]. Not only do mice heterozygous for
Beclin 1 show a high frequency of spontaneous HCC, they also display accelerated development of HBV-induced, small-cell dysplasia [14].
Accordingly, the expression of Beclin 1 is lower in HCC cells than in
adjacent non-tumor cells. Inhibition of autophagy leads to the accumulation of SQTSM1/p62, which in turn leads to persistent activation of the
NF-kB pathway and Nrf2. SQSTM1/p62 knockout markedly suppresses
liver adenoma growth in mice specifically lacking Atg7 in the liver [4].
The activation of Nrf2 redirects glucose and glutamine into anabolic
pathways such as the pentose phosphate pathway and purine nucleotide synthesis, which support tumor cell proliferation [15].

Fig. Autophagy in the liver. (A) The autophagic pathway. (B) Autophagy in liver metabolism. (C) Autophagy and liver disease. (D) Autophagy in liver viral infections. CMA, chaperone-mediated
autophagy; LAH, lysosomal acid hydrolases; HBV, hepatitis B virus; HCV, hepatitis C virus; UPR, unfolded protein response; HCC, hepatocellular carcinoma.

390

Journal of Hepatology 2013 vol. 59 | 389–391

Elsevier B.V. Open access under CC BY-NC-ND license.
Conflict of interest
The authors declared that they do not have anything to disclose regarding funding or conflict of interest with respect to this manuscript.
References
[1] Mizushima N, Levine B, Cuervo AM, Klionsky DJ. Autophagy fights disease
through cellular self-digestion. Nature 2008;451:1069–1075.
[2] Mizushima N, Komatsu M. Autophagy: renovation of cells and tissues. Cell
2011;147:728–741.
[3] Meijer AJ, Codogno P. Autophagy: regulation and role in disease. Crit Rev Clin
Lab Sci 2009;46:210–240.
[4] Komatsu M. Liver autophagy: physiology and pathology. J Biochem 2012;152:5–15.
[5] Hidvegi T, Ewing M, Hale P, Dippold C, Beckett C, Kemp C, et al. An autophagyenhancing drug promotes degradation of mutant alpha1-antitrypsin Z and reduces
hepatic fibrosis. Science 2010;329:229–232.
[6] Zhang C, Cuervo AM. Restoration of chaperone-mediated autophagy in aging liver
improves cellular maintenance and hepatic function. Nat Med 2008;14:959–965.
[7] Czaja MJ. Functions of autophagy in hepatic and pancreatic physiology and disease. Gastroenterology 2011;140:1895–1908.

[8] Efeyan A, Zoncu R, Chang S, Gumper I, Snitkin H, Wolfson RL, et al. Regulation of
mTORC1 by the Rag GTPases is necessary for neonatal autophagy and survival.
Nature 2013; 493; 679–683.
[9] Kim J, Kim YC, Fang C, Russell RC, Kim JH, Fan W, et al. Differential Regulation
of Distinct Vps34 Complexes by AMPK in Nutrient Stress and Autophagy. Cell
2013;152:290–303.
[10] Finn PF, Dice JF. Ketone bodies stimulate chaperone-mediated autophagy. J Biol
Chem 2005;280:25864–25870.
[11] Kim KH, Jeong YT, Oh H, Kim SH, Cho JM, Kim YN, et al. Autophagy deficiency
leads to protection from obesity and insulin resistance by inducing Fgf21 as a
mitokine. Nat Med 2013; 19, 83–92.
[12] Hernandez-Gea V, Ghiassi-Nejad Z, Rozenfeld R, Gordon R, Fiel MI, Yue Z, et al.
Autophagy releases lipid that promotes fibrogenesis by activated hepatic stellate
cells in mice and in human tissues. Gastroenterology 2012;142:938–946.
[13] Ding WX, Li M, Chen X, Ni HM, Lin CW, Gao W, et al. Autophagy reduces
acute ethanol-induced hepatotoxicity and steatosis in mice. Gastroenterology
2010;139:1740–1752.
[14] Rautou PE, Mansouri A, Lebrec D, Durand F, Valla D, Moreau R. Autophagy in
liver diseases. J Hepatol 2010;53:1123–1134.
[15] Mitsuishi Y, Taguchi K, Kawatani Y, Shibata T, Nukiwa T, Aburatani H, et al. Nrf2
redirects glucose and glutamine into anabolic pathways in metabolic reprogramming. Cancer Cell 2012;22:66–79.

Journal of Hepatology 2013 vol. 59 | 389–391

391

