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Abstract
Non-alcoholic fatty liver disease (NAFLD) 
will become a dominant cause of hepatocel-
lular carcinoma (HCC) in the coming decade. 
Whereas the exact molecular mechanisms 
underlying the progression from simple ste-
atosis, through steatohepatitis, to HCC 
remains largely unclear, emerging evidence 
has supported a central role of defective 
autophagy in the pathogenesis of NAFLD and 
its complications. Autophagy not only regu-
lates lipid metabolism and insulin resistance, 
but also protects hepatocytes from injury and 
cell death. Nevertheless, in inflammation and 
tumorigenesis, the role of autophagy is more 
paradoxical. In NAFLD, defective hepatic 
autophagy occurs at multiple levels through 
numerous mechanisms and is causally linked 
to NAFLD-related HCC.  In this chapter, we 

summarize the regulation and function of 
autophagy in NAFLD and highlight recent 
identification of potential pharmacological 
agents for restoring autophagic flux in 
NAFLD.
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10.1  Epidemiology and General 
Mechanism of NAFLD 
and NAFLD-Related HCC

10.1.1  Epidemiology of NAFLD 
and NAFLD-Related HCC

The community prevalence of non-alcoholic fatty 
liver disease (NAFLD) has increased from less 
than 10% in the 1980s to current rates of 15–30% 
or higher. NAFLD affects 15–40% of the general 
population in Asia [1]. The pathological spec-
trum of NAFLD comprises hepatic steatosis 
alone, hepatic steatosis with lobular inflamma-
tion, and non-alcoholic steatohepatitis (NASH). 
More than 30% of people with NAFLD may have 
NASH, which may progress to cirrhosis (in 
10–29% of NASH patients) and ultimately hepa-
tocellular carcinoma (HCC) (in 4–27% of NASH- 
induced cirrhosis patients) [1]. NAFLD is 
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strongly associated with metabolic syndrome 
(i.e. obesity, diabetes, insulin resistance and dys-
lipidemia). The relative risk for HCC in obese 
men with body mass index (BMI) >35 was 4.52 
compared to those with BMI between 18.5 and 
24.9. Type II diabetes is also found to double the 
risk of HCC. With the increasing prevalence of 
obesity in children and adolescents, it is expected 
that NASH will become a dominant cause of 
HCC in the future with increasing number of 
patients presenting at an earlier age [1].

10.1.2  Molecular Basis of NASH 
and NAFLD-Related HCC

The current paradigm of NASH pathogenesis is 
that “toxic lipid species”, including free fatty 
acids or free cholesterol, trigger cell death and 
inflammatory response. Such changes are accom-
panied by metabolic alterations, such as insulin 
resistance, and overproduction of free radicals 
from the mitochondria, causing lipid peroxida-
tion, cytokine production, and necrosis [1, 2]. 
Some advances have also been made in under-
standing the molecular characteristics of 
NAFLD-related HCC. Hyperinsulinemia associ-
ated with type II diabetes could activate IRS-1 
and the downstream mitogen-activated protein 
kinases (MAPK) and phosphoinositide-3-kinase 
(PI3K)/Akt pathways to promote cell prolifera-
tion and survival. Pro-inflammatory cytokines, 
such as interleukin (IL)-6 and tumor necrosis fac-
tor (TNF) α, could also mediate activation of 
oncogenic transcription factors, including activa-
tor protein-1 (AP-1), nuclear factor-κB (NF-κB) 
and signal transducer and activator of transcrip-
tion 3 (STAT3). Imbalance of adipokine signal-
ing (i.e. hypoadiponectinemia and 
hyperlectinemia) associated with increased adi-
posity is also linked to malignant phenotypes, 
such as unchecked cell cycle progression, eva-
sion of apoptosis, and enhanced invasiveness and 
metastasis [1, 2]. However, little is known about 
how the effect of aberrant fatty accumulation in 
the liver is directly converted to oncogenic sig-
nals. As a consequence, there is minimal inter-
vention in the clinic to prevent HCC development 

in NASH patients at risk of such progression. 
Thus, there is a compelling need to elucidate the 
molecular mechanisms of NAFLD-related HCC 
and to identify potential therapeutic targets to 
control this disorder.

10.2  Mechanism and Functions 
of Autophagy

10.2.1  Cellular Mechanism 
of Autophagy

Macroautophagy (hereafter referred to as autoph-
agy) is a major process in which the cell digests 
its own contents. This self-cannibalistic pathway 
is instigated by the sequestration of cytosolic car-
gos, such as proteins and damaged organelles, by 
the phagophore followed by the formation of 
double-membrane structures known as autopha-
gosomes. In the late phase, autophagosomes 
merge with lysosomes to produce autolysosomes. 
The sequestered materials are then degraded by 
acidic hydrolases to release free amino acids [3]. 
In this way, autophagy serves as an important 
pathway for energy production in time of starva-
tion. Autophagy has been shown to have cross-
talk with diverse signaling pathways and possess 
the ability to regulate other cellular and tissue 
processes, such as cell proliferation, apoptosis, 
differentiation, and inflammation. In this regard, 
altered autophagosomal-lysosomal pathway has 
been connected to many pathological conditions, 
including such as cancer, infection, autoimmu-
nity, inflammatory diseases, neurodegeneration 
and aging [4].

10.2.2  Molecular Checkpoints 
of Autophagy

Although autophagy could be regulated at multi-
ple levels, its execution converges on multiple 
mediators collectively known as “autophagy- 
related proteins”, which are involved in the 
abovementioned multi-step machinery [5]. The 
initiation of autophagosome formation is regu-
lated by the nutrient-sensing mammalian target 
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of rapamycin (mTOR) through the unc-51-like 
kinase 1/2 (ULK1/2)-mAtg13-focal adhesion 
kinase family interacting protein of 200  kDa 
(FIP200) complex. Under growth-permissive 
conditions, mTOR binds and represses the 
ULK1/2-mAtg13-FIP200 complex and thereby 
inhibiting FIP200 phosphorylation and recruit-
ment of Atg proteins. However, under growth 
factor- or nutrient-deprived conditions, mTOR 
dissociates from the ULK1/2-mAtg13-FIP200 
complex to unmask the kinase activities of 
ULK1/2, resulting in assembly of Atg proteins at 
the autophagosome formation site [6]. Beclin 1, 
the mammalian orthologue of the yeast Apg6/
Vps30, could mediate multiple vesicle- trafficking 
pathways and plays a central role in autophagy. 
Beclin1 is a Bcl-2-interacting protein which 
exists in complexes of at least three different con-
figurations: Beclin 1-hVps34-p150-Atg14, 
Beclin 1-hVps34-p150-UVRAG-Bif1 and Beclin 
1-hVps34-p150-Rubicon-UVRAG [7]. The for-
mer functions at the early stage of autophago-
some formation whereas the latter two complexes 
facilitate autophagosomal membrane curvature 
and the maturation phase, respectively [7]. LC3, 
an autophagosomal ortholog of yeast Atg8, is 
another major regulator of autophagy, in which 
conversion of a cytosolic truncated form of LC3 
(LC3-I) to its lipidated, autophagosomal 
membrane- associated form (LC3-II) is required 
for autophagosome formation [8].

10.3  Roles of Autophagy 
in NAFLD-Associated 
Biological Processes

10.3.1  Lipid Metabolism

Autophagosomal sequestration of triglycerides 
and cholesterol derived from lipid droplets in 
liver has been described and termed lipophagy. In 
autolysosomes, triglycerides are broken down by 
acidic hydrolases to produce free fatty acid, 
which are utilized for mitochondrial β-oxidation. 
In this capacity, lipophagy functions to regulate 
intracellular lipid stores and energy homeostasis. 
Accordingly, blockade of autophagy by pharma-

cological inhibitor or silencing expression 
autophagy related genes caused the retention of 
triglycerides and lipid droplets [9], reduced free 
fatty acid oxidation, and lowered the secretion of 
very-low-density lipoprotein (VLDL) from hepa-
tocytes. Induction of hepatic autophagy through 
liver specific overexpression of Atg7 thus has 
been shown to alleviate the metabolic stress and 
mitigate hepatic steatosis in ob/ob mice [10]. 
Two pro-autophagic transcription factors FOXO1 
and transcription factor EB (TFEB) also alleviate 
steatosis [11, 12]. Short-term treatment with 
pharmacological activators of autophagy, namely 
carbamazepine and rapamycin could reduce liver 
steatosis and triglyceride levels in the liver and 
blood [13]. These findings support a lipolytic role 
of autophagy in the liver.

10.3.2  Insulin Resistance

Defective autophagy has been linked to the devel-
opment of insulin resistance. FOXO1-mediated 
suppression of autophagy conferred insulin resis-
tance in genetically obese mice or mice fed with 
high-fat diet. Deficient hepatic autophagy of 
obese mice also promoted ER stress to induce 
insulin resistance [10, 12]. Concordantly, restora-
tion of autophagy by hepatocyte-specific overex-
pression of Atg7  in obese mice normalized the 
insulin sensitivity and improved glucose toler-
ance [10].

10.3.3  Hepatocellular Injury

Recurrent hepatocellular injury and necroin-
flammation could lead to progression of simple 
steatosis to NASH, cirrhosis or even 
HCC.  Autophagy functions to clear damaged 
organelles and, in this capacity, protects against 
cell death by removing abnormal mitochondria, 
which produce oxidative stress or trigger apop-
tosis through the intrinsic pathway [14–16]. 
Consistently, silencing Atg5 could blunt the 
cytoprotective function of autophagy and 
thereby enhancing hepatocyte death induced by 
menadione, which causes oxidative stress and 
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 mitochondrial cytochrome release [14]. 
Autophagy has also been shown to protect 
hepatocytes from extrinsic pathway of apopto-
sis, including death triggered by necrosis fac-
tor-related apoptosis- inducing ligand (TRAIL) 
[17]. Activating autophagy could also attenuate 
cell death in hepatocytes loaded with palmitic 
acid [18].

10.3.4  Inflammation

Autophagy could be a potent suppressor of 
inflammation. Findings from genetic and func-
tional studies have pinpointed defective autoph-
agy as a contributing factor to several autoimmune 
disorders, particularly in Crohn’s disease of 
which inflammation plays a key role in its patho-
genesis [19]. Mechanistically, autophagy clears 
damaged mitochondria that release reactive oxy-
gen species and mitochondrial DNA, thereby 
suppressing the activation of inflammasomes and 
Toll-like receptor 9 [20, 21]. Autophagy is also 
required for the degradation of p62/SQSTM1, an 
activator of NF-κB that promotes the transcrip-
tion of pro-inflammatory cytokines [22, 23]. 
Through these mechanisms, autophagy dampens 
the transcription and/or maturation of pro- 
inflammatory cytokines to suppress inflamma-
tion [24, 25].

However, it is noteworthy that autophagy 
could in some biological contexts paradoxically 
promote inflammation. For instance, autophagy 
mediates the production of pro-inflammatory 
cytokines induced by avian influenza H5N1 
pseudotyped particle via NF-κB and p38 
mitogen- activated protein kinase (MAPK) sig-
naling pathways [26]. Autophagy also enhances 
lipopolysaccharides-induced lung inflamma-
tion and neutrophil recruitment [27]. Enforced 
expression of hepatitis B virus X (HBx) pro-
tein, an oncogenic and pro-inflammatory pro-
tein, also induces autophagy in normal 
hepatocytes, in which knockdown of ATG5 and 
ATG7 mitigated HBx-induced activation of 
NF-κB and production of pro-inflammatory 
cytokines IL-6, IL-8, and CXCL2  in cultured 
hepatocytes [28].

10.4  Autophagic Impairment 
in NAFLD

Emerging data suggests that obesity and long- 
term high-fat diet feeding might impair the 
autophagosomal-lysosomal system at multiple 
levels (Fig. 10.1), namely blockade of autopha-
gosome formation, inhibition of autophagosome- 
lysosome fusion and mitigation of lysosome 
function [29].

10.4.1  Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) provides the 
oxidizing environment for synthesis, folding and 
posttranslational modification of cellular proteins 
and is the primary storage organelle for intracel-
lular Ca2+. Disruption of ER homeostasis could 
have severe cellular consequences. When the ER 
stress occurs as a result of accumulation of mis-
folded proteins, cells activate a protective called 
unfolded protein response (UPR), which is con-
sisted three major molecular circuitries  – [1] 
IRE-1 (inositol requiring enzyme 1)-mediated 
alternative splicing of XBP1 (X-box binding pro-
tein 1); [2] nuclear translocation and activation of 
ATF6 (activating transcription factor 6); activa-
tion of PERK (PKR-like ER kinase)-eIF2α 
(eukaryotic initiation factor 2 α)-ATF4 cascade. 
Activation of these pathways presumably helps 
to reduce the protein load and increase the fold-
ing capacity of the ER [30]. González-Rodríguez 
et al. recently demonstrated that the autophagic 
flux is impaired in cell-line and animal models of 
NAFLD as well as in clinical specimens of 
NAFLD patients. Interestingly, abrogation of 
endoplasmic reticulum (ER) could alleviate such 
impairment. In particular, knockdown of C/EBP 
homologous protein (CHOP), a pro-apoptotic 
mediator induced by both ATF4 and ATF6 upon 
ER stress, has been shown to partially alleviate 
autophagic impairment and hepatocyte apoptosis 
[18]. A subsequent mechanistic study by Wang 
and colleagues demonstrated that ER stress- 
induced asparagine synthetase overexpression 
contribute to increased generation of asparagine 
and thereby inhibiting lysosome acidification. 
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The induction of asparagine synthetase was 
mediated through the PERK (PKR-like ER 
kinase)-eIF2α-ATF4 cascade. Interestingly, both 
steatotic- and asparagine-treated hepatocytes 
showed reduced lysosomal acidity as evidenced 
by impaired cathepsin D cleavage and reduced 
number of acidic vesicular organelles. Such defi-
cits were attributed to the retention of lysosomal 
Ca2+, of which positive charge presumably pre-
vents the transport of protons into lysosomes. 
Accordingly, knockdown of asparagine synthe-
tase in steatotic hepatocytes restored autophagic 
flux [31]. These results also reverberated previ-
ous findings that cathepsin B, D, and L expres-
sion was significantly decreased in the liver from 
NAFLD patients [32].

10.4.2  Adipokines and Cytokines

Patients with NASH have been shown to exhibit 
dysregulated cytokine profiles in liver tissues, 
plasma and peripheral blood monocyte [33]. 
Reduced levels of adiponectin, an adipose- 
derived adipokine, are associated with obesity 
and NASH.  Interestingly, adiponectin knockout 
attenuated high fat diet-induced autophagic 
defects, such as accumulation of p62/SQSTM1, 
and liver injury without reversing liver weights 
and hepatic steatosis, suggesting that reduced 
levels of adiponectin play an auto-protective role 
possibly through normalizing autophagy [34]. 
C-X-C motif chemokine 10 (CXCL10) is a cru-
cial pro-inflammatory factor in chronic hepatitis. 

Fig. 10.1 Multi-level inhibition of autophagosome-lysosome system by steatosis in non-alcoholic fatty liver diseases
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In animal models of NASH, ablation of CXCL10 
by neutralizing monoclonal antibody or gene 
knockout has been to protect against hepatocyte 
injury and steatohepatitis development. These 
protective effects were accompanied by rectifica-
tion of autophagic flux impairment. Bafilomycin 
A1, an inhibitor of lysosomal vacuolar type H+-
ATPase and autolysosome formation, abolished 
the rectifying effect of CXCL10 ablation in cul-
tured hepatocytes, indicating CXCL10 impaired 
late-stage autophagy in NAFLD [35].

10.4.3  Overactivation of mTOR 
Signaling

In both genetic and dietary models of obesity, a 
severe inhibition of autophagosome formation 
has been demonstrated. The mTOR signaling, 
which is a major suppressor of autophagosome 
formation, and FOXO1 downstream of AKT has 
been shown to be overactivated in steatotic liver, 
presumably owing to increased amino acid con-
centration and hyperinsulinemia [12, 36, 37]. 
High-fat diet rich in saturated fatty acids has been 
shown to elevate the expression and activity of 
Sirtuin 3 (Sirt3), which renders hepatocytes sus-
ceptible to palmitate-induced cell death. 
Mechanistically, Sirt3 upregulation results in 
manganese superoxide dismutase deacetylation 
and activation, which depleted intracellular 
superoxide contents, leading to AMP-activated 
protein kinase (AMPK) inhibition and mTOR 
complex 1 activation and thereby suppressing 
autophagy [38].

10.4.4  Altered Membrane Lipid 
Content

Koga and colleagues established an in  vitro 
fusion assay using different lysosomal/autopha-
gic compartments isolated from mouse liver. 
They found that altered membrane lipid compo-
sition induced by 25  mM methyl-beta- 
cyclodextrin in vitro or feeding animals with 
high-fat diet in vivo could reduce autophago-
some-lysosome fusion up to 70% [39].

10.4.5  Foxo3a Downregulation

Autophagic impairment might occur in mesen-
chymal cells of steatotic livers. Palmitate and 
lipopolysaccharides have been shown to syner-
gistically reduce Foxo3a expression in Kupffer 
cells, in which downregulation of Foxo3a 
increased blockage of autophagy flux. The pro-
tective effect of Foxo3a was found to be medi-
ated through its transcriptional target Bim, 
whose overexpression also restored autophagy 
influx [40].

10.5  The Role of Autophagy 
in Tumorigenesis

10.5.1  Paradoxical Role 
of Autophagy in HCC

Autophagy plays a paradoxical role in hepatocar-
cinogenesis. Immunohistochemical staining has 
shown that the expression of Beclin-1, a key pro- 
autophagic protein, was significantly lower in 
HCC tissues than adjacent tissues and such 
downregulation was associated with more aggres-
sive clinicopathological phenotypes and poorer 
overall survival [41]. Numerous tumor suppres-
sors (e.g. XPD, Klotho, Tak1, PTPRO) have also 
been demonstrated to activate autophagy in HCC 
cells [42–45].

The tumor-suppressive function of autophagy 
was proposed to be mediated through degrada-
tion of oncogenic autophagic substrates (e.g. 
p62/STSTM1, microRNA-224) and maintenance 
of healthy mitochondria to reduce oxidative 
stress and DNA damage [46–48]. In this connec-
tion, gene targeting of p62/SQSTM1, a protein 
preferentially degraded through the autophagy 
pathway, has been shown to markedly abrogate 
the anchorage-independent growth of HCC cells, 
whereas overexpression of p62/SQSTM1 had 
opposite effects [48]. To this end, p62/SQSTM1 
was reported to take part in the feedforward loop 
for inducing and sustaining NF-κB activity upon 
constitutive KRAS activation to promote the 
development of pancreatic ductal adenocarci-
noma [22]. Moreover, knockdown of  p62/
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SQSTM1 inhibits cell migration and invasion in 
glioblastoma stem cells [49]. Autophagy medi-
ates the degradation of the oncogenic 
microRNA-224, whose accumulation promotes 
HCC cell migration and tumor formation through 
silencing its target gene Smad4 [47]. Autophagy 
has also reported to mediate the growth-arresting 
and cytotoxic effects of interferon-γ in HCC 
cells [50].

Since autophagy is a major catabolic process, 
autophagy could paradoxically function as a pro- 
survival mechanism to generate nutrients, espe-
cially in time of nutrient deprivation and cellular 
stress. In this connection, autophagy has been 
shown to protects cancer cells from the accumu-
lation of damaged organelles or protein aggre-
gates, programmed cell death resulting from 
detachment from surrounding extracellular 
matrix (i.e. anoikis), and the toxicity of cancer 
therapies [3]. In HCC, autophagy inhibition by 
pharmacological inhibitors or siRNAs has been 
shown to sensitize cancer cells to the multikinase 
inhibitor linifanib [51]. MicroRNA-375-mediated 
inhibition of autophagy also impaired viability of 
HCC cells in response to hypoxia in vitro and in 
vivo [52]. Moreover, autophagy could suppress 
the expression of major tumor suppressors to pro-
mote the development of HCC [46].

It is generally believed that an optimal level of 
autophagy is key to tumor suppression in normal 
condition whereas this pathway could be sub-
verted by cancer cells for tumor promotion in the 
later stages of hepatocarcinogenesis [3].

10.5.2  Crosstalk with Cancer-Related 
Signaling

Autophagy could be induced by Ras-Raf-MEK- 
ERK, IKK-nuclear factor (NF)-κB, transform-
ing growth factor-β, platelet-derived growth 
factor, p16/p27/retinoblastoma protein (pRB), 
p53- DRAM, Ca2+-CaMMKβ, reactive oxygen 
species (ROS)-ATM-AMPK signaling as well 
as endoplasmic reticulum stress mediators (e.g. 
PERK- eIF2α, GRP78/BiP, IRE1-JNK, HDAC6). 
In contrast, Autophagy is known to be nega-

tively regulated by PI3K-Akt-mTOR signaling, 
anti- apoptotic members of Bcl-2 family, cyto-
plasmic p53, FLIP, BRCA1, Jumpy, Naf-1 and 
rubicon [3].

10.5.3  Emerging Evidence 
of Involvement of Autophagy 
in NAFLD-Related HCC

To date, only sporadic studies have directly 
examined the role of autophagy in NAFLD- 
related HCC with animal models. Inokuchi- 
Shimizu and colleagues reported that 
hepatocyte-specific deletion of the MAP kinase 
kinase kinase TGF β-activated kinase 1 (TAK1), 
a positive regulator of AMPK, increased mTOR 
activity and suppressed autophagy, accompanied 
by severe hepatosteatosis [44]. The expression of 
peroxisome proliferator-activated receptor α 
(PPARα) target genes and β-oxidation, which 
regulate hepatic lipid degradation, were also 
repressed. Interestingly, mice with hepatocyte- 
specific knockout of Tak1 developed spontane-
ous liver cancer, which expressed high levels of 
p62/SQSTM1. Inhibition of mTOR activity by 
rapamycin restored autophagy and prevented 
HCC development, indicating that induction of 
autophagy by Tak1 might inhibit fatty liver- 
associated HCC growth [44].

The tumor-suppressive function of autophagy 
could also be exemplified by another study 
reporting that genetic ablation of protein tyrosine 
phosphatase receptor type O (PTPRO), a known 
tumor suppressor, produced severe autophagy 
deficiency, liver injury, insulin resistance, hepat-
osteatosis and liver tumor formation upon feed-
ing with high-fat diet after diethylnitrosamine 
(DEN) injection as compared with wild-type lit-
termates [43]. Immunohistochemical staining 
demonstrated that hepatic PTPRO was reduced 
while p62/SQSTM1 was increased in NAFLD as 
compared with normal liver. These findings sug-
gest that low expression of PTPRO in hepato-
cytes may contribute to the inhibition of 
autophagy and progression to NASH and 
NAFLD-related HCC [43].
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10.6  Pharmacological Modulation 
of Autophagy for Treating 
NAFLD or Preventing 
NAFLD-Related HCC

Lysosome-dependent degradation of lipid 
through the autophagic pathway is growingly 
recognized as a crucial mechanism for lipid uti-
lization whereas dysfunctional autophagy may 
contribute to NASH and NAFLD-related HCC 
development. Investigative efforts have thus 
been put forth to identify pharmacological 
agents that may restore autophagic functions in 
NAFLD and thus help to prevent NAFLD-
related HCC.

10.6.1  Polyunsaturated Fatty Acids

Polyunsaturated fatty acids are fatty acids 
(PUFAs) that contain more than one double bond 
in their backbone. Shen and colleagues demon-
strated that dietary PUFAs could increase LC3-II 
levels and attenuate IL-1β secretion and caspase-
 1 cleavage in response to lipopolysaccharides in 
cultured hepatocytes or liver tissues. Autophagy- 
dependent suppression of nucleotide-binding 
oligomerization domain leucine-rich repeat- 
containing receptor protein (NLRP3) inflamma-
some activation was proposed to mediate the 
beneficial effect of PUFAs [53].

10.6.2  4-Phenyl Butyric Acid

The chemical chaperone 4-phenyl butyric acid 
(4-PBA) has been shown to exhibit promising 
therapeutic effects in a variety of disease models, 
including metabolic syndrome, inflammatory 
diseases and cancer. Nissar and colleagues 
reported that 4-PBA could rectify the accumula-
tion of p62/SQSTM1 and reduce lipid accumula-
tion and apoptosis caused by palmitate in Huh7 
hepatoma cells. Atg7 knockdown or pharmaco-
logical inhibition of autophagy with 
3- methyladenine and chloroquine attenuated the 
lipid lowering effect of 4-PBA.  These findings 
suggest that 4-PBA could reduce hepatocellular 

lipid accumulation and lipotoxicity through 
induction of autophagy [54].

10.6.3  Peretinoin

Peretinoin is an orally available, acyclic retinoid 
with potential antineoplastic and chemopreven-
tive activities, presumably through activation of 
nuclear retinoic acid receptors (RAR). In two 
NASH-HCC mouse models, peretinoin has been 
shown to significantly improve liver histology 
and reduce the incidence of liver tumors. 
Peretinoin increased co-localized expression of 
LC3B-II and LAMP2, and increased autophago-
some formation and autophagy flux in the liver 
through activating the promoter of Atg16L1, 
whose expression was reduced in the liver of 
patients with NASH.  Atg16L1 overexpression 
was found to inhibit palmitate-induced NF-kB 
activation and IL-6-induced STAT3 activation by 
inducing the de-phosphorylation of Gp130, a 
receptor subunit of IL-6 family cytokines [55]. 
These findings suggest that peretinoin can pre-
vent the development of NASH-HCC through 
activating autophagy by increasing Atg16L1 
expression.

10.6.4  Carbon Monoxide

Carbon monoxide (CO), a reaction product of 
heme oxygenase activity, has been shown to pro-
tect against hepatic steatosis in mice. Subsequent 
mechanistic investigation demonstrated that car-
bon monoxide activated the PERK-eIF2α-ATF4 
pathway to induce sestrin-2, which contributed to 
autophagy induction through activation of AMPK 
and inhibition of mTOR complex 1 [56].

10.6.5  Ginsenoside Rb2

Panax ginseng, a traditional Chinese medicine, 
has been widely used to treat a variety of meta-
bolic diseases including hyperglycemia, hyper-
lipidemia, and hepatosteatosis. However, the 
active ingredient and molecular mechanisms 
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underlying such effects remain largely unknown. 
Huang and colleagues found that ginsenoside 
Rb2, a major ginsenoside in Panax ginseng, can 
restore autophagy and prevent hepatic lipid accu-
mulation in vivo and in vitro via induction of 
Sirt1 and activation of AMPK [57].

10.6.6  Thyroid Hormones

Iodothyronines are potential pharmacological 
compounds to treat NAFLD.  Two iodothyro-
nines, T2 and T3, both have shown efficacy in 
reducing the severity of NAFLD in cultured 
hepatocytes and animal models of NAFLD. Using 
a targeted metabolomics approach, Iannucci and 
colleagues found that both T2 and T3 could 
strongly induce hepatic autophagy and decrease 
hepatic fat content. However, only T2 was able to 
rescue the impairment in AKT and MAPK/ERK 
pathways caused by short-term high-fat diet [58], 
indicating their differential effects.

10.6.7  Nicotinamide

Nicotinamide, the amide form of nicotinic acid 
(vitamin B3), could upregulate Sirt1 via the cAMP/
PKA/CREB pathway to induce autophagy hepato-
cytes and thereby attenuating palmitate- induced 
ER stress and cytotoxicity [59]. These findings 
suggest that nicotinamide supplementation may 
represent a therapeutic choice for NAFLD.

10.6.8  Pectic Bee Pollen 
Polysaccharide

Bee pollen has been used as a nutraceutical 
against diabetes and obesity. Using high glucose 
and fatty acid-treated hepatocytes and high fat 
diet-fed mice, Li and colleagues found that pectic 
bee pollen polysaccharide from Rosa rugosa 
could alleviates hepatic steatosis and insulin 
resistance by promoting autophagy via an 
AMPK/mTOR-mediated signaling pathway [60], 
suggesting that this natural compound could be a 
novel therapeutic agent used for NAFLD.

10.6.9  Caffeine

Caffeine, a psychoactive component in coffee, 
tea and cola, is the world’s most widely con-
sumed drug. Through genetic, pharmacological, 
and metabolomic approaches, Sinha and col-
leagues demonstrated that caffeine could reduce 
intrahepatic lipid content and stimulate 
β-oxidation in hepatocytes via concomitantly 
increasing autophagy and lipid uptake in lyso-
somes. This beneficial effect was probably medi-
ated through inhibition of mTOR signaling and 
paralleled with alterations in hepatic amino acids 
and sphingolipid levels [61].

10.6.10  Epigallocatechin Gallate

Epigallocatechin gallate (EGCG) is a major poly-
phenol in green tea with anti-inflammatory, anti- 
cancer, and anti-steatotic properties. EGCG has 
been shown to reduce hepatosteatosis and con-
comitantly increase autophagy in mice fed with 
high-fat diet. In this connection, EGCG increased 
phosphorylation of AMPK, whose knockdown 
abrogated autophagy induced by EGCG [62]. 
These findings suggest that AMPK-dependent 
induction of hepatic autophagy by EGCG might 
contribute to its beneficial effects in 
hepatosteatosis.

10.7  Concluding Remarks 
and Future Perspectives

NASH has become a dominant cause of HCC 
and its incidence is on the rise. Autophagy, a 
self- cannibalistic process, is a major pathway for 
lipid catabolism. Optimal and timely activation 
of autophagy also protects hepatocytes from 
injury and cell death as well as suppresses 
inflammation. In NAFLD, lipid accumulation, 
hyper- insulinemia, ER stress and deregulated 
cytokine expression have been shown to contrib-
ute to hepatic autophagy deficiency. 
Unfortunately, autophagic impairment further 
promotes these metabolic and molecular abnor-
malities, thereby creating a detrimental vicious 
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circle. Defective autophagy is causally linked to 
NAFLD-related HCC, probably through accu-
mulation of p62/SQSTM1, which induces and 
sustains the oncogenic NF-κB activity, and reten-
tion of damaged mitochondria, which produce 
reactive oxidative species to damage 
DNA. Nevertheless, it is noteworthy that autoph-
agy could be subverted by HCC cells for oppos-
ing tumor suppression or as a pro-survival 
mechanism in response to therapies in the later 
stages of cancer development.

Pertinent to clinical practice, several pharma-
cological agents have been identified for their 
capacity to restore autophagic flux in 
NAFLD. These agents might also be promising 
prophylactics for preventing NALFD-related 
HCC if hepatocarcinogenesis has not yet been 
initiated. Nevertheless, the clinical utilization of 
these agents still awaits further validation in 
large-cohort human studies. Aside from therapy, 
recent discovery of circulating p62/SQSTM1 as 
serological marker [31] may open up a novel 
avenue for the use of autophagic markers for 
NAFLD diagnosis.
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