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Non-alcoholic fatty liver disease (NAFLD) or metabolic (dysfunction) associated liver
disease (MAFLD), is, with a global prevalence of 25%, the most common liver disorder
worldwide. NAFLD comprises a spectrum of liver disorders ranging from simple steatosis
to steatohepatitis, fibrosis, cirrhosis and eventually end-stage liver disease. The cause of
NAFLD is multifactorial with genetic susceptibility and an unhealthy lifestyle playing a
crucial role in its development. Disrupted hepatic lipid homeostasis resulting in hepatic
triglyceride accumulation is an hallmark of NAFLD. This disruption is commonly described
based on four pathways concerning 1) increased fatty acid influx, 2) increased de novo
lipogenesis, 3) reduced triglyceride secretion, and 4) reduced fatty acid oxidation. More
recently, lipophagy has also emerged as pathway affecting NAFLD development and
progression. Lipophagy is a form of autophagy (i.e. controlled autolysosomal degradation
and recycling of cellular components), that controls the breakdown of lipid droplets in the
liver. Here we address the role of hepatic lipid homeostasis in NAFLD and specifically
review the current literature on lipophagy, describing its underlying mechanism, its role in
pathophysiology and its potential as a therapeutic target.

Keywords: non-alcoholic fatty liver disease, lipophagy, lipid droplet, autophagy, lipid homeostasis
INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) comprises a spectrum of liver diseases that is
characterized by an increased hepatic triglyceride (TG) content (i.e. steatosis) in the absence of
excessive alcohol use. The NAFLD disease spectrum ranges from simple steatosis via non-alcoholic
steatohepatitis (NASH) with or without fibrosis, to advanced irreversible scarring (cirrhosis),
hepatocellular carcinoma and ultimately end stage liver disease (1, 2). Recently, it has been
suggested to change the terminology of NAFLD/NASH to metabolic (dysfunction) associated
n.org February 2021 | Volume 11 | Article 6016271
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liver disease (MAFLD) to more adequately reflect current
knowledge and pathophysiology of the disease (3, 4). For
clarity, we will use the term NAFLD in this review.

Hepatic steatosis is generally benign and is considered the
primary step in the pathogenesis of NAFLD. Progressive stages
of NAFLD, e.g. steatohepatitis and hepatic fibrosis, occur when
excessive lipid accumulation overwhelms the capacity of the liver
to store, secrete and oxidize fatty acids (5). In this lipotoxic
environment, necroinflammation and fibrogenesis can occur.
Various lipid species may drive this lipotoxicity, especially
lysophospholipids and diacylglycerol (6). Therefore, controlling
general hepatic lipid accumulation is essential to prevent or
reverse progression of NAFLD.

Driven by an unhealthy diet and sedentary lifestyle, NAFLD is
considered to be the hepatic manifestation of the metabolic
syndrome (MetS), a condition that is defined by the presence
of a combination of cardiovascular risk factors including
abdominal obesity, insulin resistance, hypertension and
atherogenic dyslipidemia (7–10). Parallel to the rise in obesity,
the prevalence of NAFLD is increasing worldwide and a recent
study suggests that about 25% of the worldwide population has
some stage of NAFLD (11, 12). The proportion of NAFLD
patients that develops steatohepatitis is around 40%,
contributing to liver-specific and overall mortality among
NAFLD patients (12). This renders NAFLD not only as a
clinical, but also an economic burden. NAFLD is estimated to
account for more than 35 billion euro of medical costs annually
in the United Kingdom, France, Germany and Italy combined
and more than 100 billion dollars per year in the United States
(12). While there are great efforts towards development of drugs
to treat NAFLD (13), clinical applicability is still rather limited
and current NAFLD therapy is mainly centered around lifestyle
changes (8, 14).
Frontiers in Endocrinology | www.frontiersin.org 2
Four main pathways relating to hepatic lipid metabolism have
been identified to contribute to hepatic TG accumulation (Figure
1), namely 1) uptake of circulating fatty acids derived from the
diet or adipose tissue; 2) hepatic fatty acid synthesis also known
as de novo lipogenesis (DNL); 3) secretion of TGs in the form of
very low density lipoprotein (VLDL) particles; and 4) fatty acid
oxidation (FAO) (15). Recently, turnover of lipid droplets (LDs)
by lipophagy, a form of autophagy specifically involved in the
degradation of LDs has been identified as a novel pathway that
also contributes to NAFLD.

Several reviews have discussed the role of lipophagy in
NAFLD (16–18). However, these studies did not provide a
complete overview of lipophagy in the context of hepatic lipid
homeostasis and lacked recent insight and assessment of the
potential of lipophagy as a therapeutic target to prevent or treat
NAFLD. The aim of this review is, therefore, to provide an expert
opinion on the role of lipophagy in NAFLD development and
progression as well as its potential in treatment. We searched the
PubMed database for “(NAFLD OR liver) AND (lipophagy OR
autophagy)” and selected studies published in the English
language between 2005 and mid 2020 in peer-reviewed
journals. Here, we will discuss the studies we deemed relevant
and of sufficient quality. To establish the role of lipophagy in
NAFLD in an adequate context, we describe the four established
pathways contributing to hepatic TG accumulation in section
The Four Established Pathways That Result in Excessive Hepatic
TG Accumulation and provide general information on
autophagy and lipophagy in sections Autophagy and
Lipophagy: the Fifth Pathway Involved in NAFLD, respectively.
The last two sections discuss the pre-clinical (section Pre-Clinical
Studies on the Role of Lipophagy in NAFLD) and clinical (section
Clinical Studies) studies that specifically addressed the role of
lipophagy in NAFLD.
FIGURE 1 | Overview of the main pathways contributing to TG accumulation in NAFLD. 1) fatty acid uptake, 2) de novo lipogenesis, 3) TG secretion, and 4) fatty
acid oxidation. ATP, adenosine triphosphate; TG, triglyceride; VLDL, very-low-density lipoprotein.
February 2021 | Volume 11 | Article 601627
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THE FOUR ESTABLISHED PATHWAYS
THAT RESULT IN EXCESSIVE HEPATIC
TRIGLYCERIDE ACCUMULATION

Although a healthy liver normally does not store large amounts of
neutral lipids, it plays a central and crucial role in whole body lipid
homeostasis, as it is the main site for fatty acid synthesis,
metabolism and transport. Disturbances in any one of these
processes can contribute to NAFLD development and progression.

Hepatic Incorporation of FFA Into
Triglyceride: A Link With Adipose Tissue
The adipose tissue (AT) depots are the main sites of TG storage
in the mammalian body. Upon increased energy demand, e.g.
during fasting or exercise, TGs stored in the AT will be liberated
as fatty acids through lipolysis and transported in the circulation
as free fatty acids (FFA) bound to albumin. Dietary lipids are
released by the intestinal tract into the circulation as components
of chylomicrons. Upon TG hydrolysis by lipoprotein lipase
(LPL), fatty acids from the chylomicrons can also be taken up
by the liver. In general, the liver takes up around 25% of all FFAs
that pass it, and this is primarily mediated by the fatty acid
transporter Cluster of differentiation 36 (CD36) (19, 20). Insulin
plays an important role in regulating FFA levels by inhibiting AT
lipolysis. In this way insulin favors fat storage after a meal,
whereas energy is liberated from fat stores during fasting. During
insulin resistance (IR), insulin is no longer able to suppress
lipolysis and this results in a chronically high flux of FFAs to the
liver and this is considered to be one of the main drivers of
NAFLD (21–24). Stable isotope studies have shown that AT-
derived fatty acids are indeed the dominant source of hepatic TG
accumulation in NAFLD (25, 26). In addition, lipodystrophic
disorders in which a patient is incapable of storing fatty acids in
the AT depots are also associated with ectopic lipid
accumulation, i.e. (severely) elevated TG concentrations in the
liver and to a lesser extent in the muscles (27), underlining the
important connection between AT and liver TG accumulation.

Various rodent as well as human studies demonstrated that
inflammation of AT, i.e. accumulation of activated macrophages,
exacerbates or is associated with more severe NAFLD and
steatohepatitis (28–32). The AT derived hormone adiponectin
has been proposed to be the crucial link in this association.
Adiponectin can enhance hepatic fatty acid oxidation (33, 34)
and suppresses hepatic DNL (35). Macrophages in the AT secrete
proinflammatory factors such as tumor necrosis factor-a (TNF-
a) and interleukin-6 (IL-6) that suppress the production of
adiponectin by adipocytes (36, 37). Therefore, lower
adiponectin levels due to increased AT inflammation can
contribute to hepatic TG accumulation, NAFLD development,
and progression.

Increased De Novo Lipogenesis
Aside from TG synthesis from externally derived fatty acids, the
liver also synthesizes fatty acids de novo which are subsequently
esterified into TGs. While DNL is not very abundant in a healthy
Frontiers in Endocrinology | www.frontiersin.org 3
liver, it contributes up to 26% of hepatic TG concentrations in
patients with NAFLD (26). Dietary carbohydrates are the most
important source of TGs derived by DNL and this process is
stimulated by insulin. Under insulin sensitive conditions, insulin
directs carbohydrates to the peripheral tissues (e.g. muscle and
AT) and stimulates storage of hepatic glucose as glycogen as well
as DNL. Under insulin resistant conditions, insulin is not able to
direct carbohydrates away from the liver resulting in increased
hepatic TG storage, glycogenesis and DNL. Altogether, the excess
hepatic carbohydrate concentrations in concert with the elevated
DNL will result in more TGs in the liver. As such, hepatic insulin
resistance contributes to the elevated hepatic TG concentrations,
partly by higher DNL (38).
Disturbances in Hepatic Triglyceride
Secretion
Hepatic TGs can be secreted by the liver as part of VLDL
particles. These lipoprotein particles, which consist of lipidated
Apolipoprotein B (ApoB) carry TGs to peripheral tissues where
they are hydrolyzed by LPL and the released fatty acids provide
fuel for the generation of energy. Although reduced VLDL
secretion can contribute to excessive hepatic TG accumulation,
this occurs only in rare, genetically affected patients. Examples are
hypobetalipoproteinemia caused by mutations in the gene
encoding ApoB and in abetalipoproteinemia due to mutations in
the gene encodingmicrosomal TG transport protein (MTP) that is
responsible for the lipidation of ApoB (39, 40). More commonly,
NAFLD is associated with increased VLDL secretion due to
elevated TG availability for the intrahepatic ApoB lipidation
process (23), resulting in the characteristic mixed hyperlipidemia
in which both VLDL and low-density lipoprotein (LDL) are
increased that is often observed in insulin resistant and diabetic
patients with NAFLD. Indeed, since insulin has been shown to
suppress VLDL secretion (41, 42), insulin resistance coinciding
with NAFLD also enhances VLDL secretion.
Disturbances in Hepatic Fatty Acid
Oxidation
Hepatic fatty acid oxidation (FAO) encompasses fatty acid
breakdown into shorter chains by a series of dehydrogenases in
mitochondria and, for very long chain fatty acids, the peroxisomes
(43). For this, the fatty acids first pass the mitochondrial
membrane by the aid of carnitine palmitoyltransferase-1 (CPT1)
and CPT2, enzymes localized in the outer and inner mitochondrial
membrane, respectively. While CPT1 adds carnitine to the fatty
acyl-CoA molecule to facilitate mitochondrial transport, CPT2
removes carnitine (44). FAO disorders have been shown to result
in steatosis, especially in the fasted state (45). Pharmacological
blockade of CPT1 for example resulted in severe hepatic steatosis
in fasted mice (46), while mice that lack peroxisome proliferator-
activated receptor a (PPARa), a nuclear receptor controlling
expression of almost all FAO genes, also develop hepatic
steatosis along with high plasma FFA concentrations,
hypoglycemia and hypoketonemia when fasted (47, 48). In
February 2021 | Volume 11 | Article 601627
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humans, FAO defects are also associated with hepatic steatosis and
hepatomegaly (49).
AUTOPHAGY

Autophagy is the dedicated process by which cells dispose of and
recycle unwanted, abnormal or malfunctional structures such as
cytosolic organelles and macromolecules. It clears these
structures by directing them to the lysosomes for degradation.
The term autophagy (self-eating) was already coined in the 19th
century to describe survival in periods of starvation (50).
However, it was the Belgian biochemist De Duve who was the
first to use autophagy in its present cellular context (51), i.e. the
dynamic recycling system essential for cellular renovation and
homeostasis (52).

Autophagy can be classified into three subcategories;
macroautophagy, microautophagy, and chaperone-mediated
autophagy (CMA) (53). Macroautophagy is the most active
and common form in mammalian cells and is therefore almost
synonymously used with autophagy. Crucial in autophagy is the
formation of autophagosomes from membranes that isolate cell
structure(s) that need to be degraded. These structures (or cargo)
are recognized by the autophagosome membrane-bound
microtubule-associated protein 1 light chain 3 (LC3-1, the
mammalian homologue of the yeast protein ATG8).
Subsequently, autophagy related cargo adaptors p62, NDP52,
Optineurin, and NBR1 are involved in the adherence of the cargo
to the autophagosome membrane (54). Upon the capture of the
cargo, late endosomes and lysosomes fuse with the
autophagosome to form the autolysosome in order to complete
the degradation process for further metabolism through the ER
(52, 53). In the process of autolysosome formation, members of
the lysosome associated membrane protein (LAMP) family are
crucial, especially LAMP2 (55). The Vacuolar H+-ATPase (V-
ATPase) is a large multi-subunit protein complex that is required
for acidification, an essential step in the autophagic process
because an acidic environment activates enzymes essential to
degrade biological materials (56).

A large number of proteins encoded by autophagy-related
genes (ATGs) play crucial roles in controlling the autophagy
process. For instance, ATG9 is a transmembrane protein that
cycles between the trans-Golgi network and endosomes that
carry membranes required for expansion of the autophagosomal
membrane (57). Among other proteins that play important roles
in the elongation of the autophagosomal membrane are ATG5,
ATG7, ATG10, ATG12 and ATG16L1 (58, 59).

As mentioned, LC3 is crucial in the autophagic process. The
LC3 precursor is cleaved by ATG4 which results in the cytosolic
isoform LC3-I (60). In a reaction that involves ATG7 and ATG3,
LC3-I can be conjugated to phosphatidylethanolamine (PE) to
form LC3-II (61, 62), a protein that targets to the elongated
autophagosome membrane. This association of LC3-II with the
autophagosome makes it an excellent protein marker to
investigate autophagy (63).
Frontiers in Endocrinology | www.frontiersin.org 4
Autophagosome formation is negatively regulated by the
(mammalian) target of rapamycin (mTOR) (64) which activity
is inhibited under starvation conditions (65).
LIPOPHAGY: THE FIFTH PATHWAY
INVOLVED IN NON-ALCOHOLIC FATTY
LIVER DISEASE

A specific form of autophagy is lipophagy which mediates the
liberation of lipids stored in LDs. Lipophagy is a relatively recent
discovery compared to the four pathways described above.
However, disturbances in lipophagy have been linked to
NAFLD and hepatic TG accumulation (66–68) and this
process can therefore be considered the fifth pathway
controlling NAFLD development.
Lipid Droplets
In order to protect against lipotoxicity, several organs including
the liver store neutral lipids such as TGs in specialized single
membrane vacuoles known as LDs (69). LDs are predominantly
generated at the ER and increase in size by lipid transfer from the
ER (70) or by fusion with other LDs (71). LDs consist of a single
phospholipid membrane filled with neutral lipids and harbor a
variety of lipolytic enzymes and other LD regulatory proteins.
Adipose triglyceride lipase (ATGL), hormone sensitive lipase
(HSL), di- and monoglyceride lipase (DGL and MGL,
respectively) facilitate the hydrolysis of TGs into fatty acids (71,
72). Additionally, members of the perilipin family (PLIN1-PLIN5)
are colocalized on the LD-membrane where they serve a
regulatory function for lipolysis. PLIN2 and PLIN5 are highly
expressed in the liver and contribute to the formation and
regulation of lipolytic activity at the LDs membrane (73). The
regulatory role of PLIN2 was demonstrated when Plin2 knockout
mice did not develop hepatic steatosis in response to a high-fat diet
(74). Their regulatory role was associated to an occupational
function on the LDs, reducing the special availability for
lipolytic enzymes (75). Hepatic PLIN5 protein synthesis and
activity were both induced in mice by fasting, and signals via
sirtuin-1 (SIRT1) to promote autophagy and reduce hepatic
inflammatory injury under starvation (76). In addition, PLIN5
was shown to regulated the phosphorolytic state of lipolytic
enzymes (ATGL, HSL, and MGL), and thereby altering their
lipolytic activity (75). These examples of dysfunction of LD-
associated proteins elegantly illustrate the regulatory and
inducible axis between LDs, cytosolic lipolysis, and lipophagy.

Another class of proteins found on the LD membrane are the
members of the cell death-inducing DFFA-like effector (CIDE)
protein family of which CIDEB is constitutively expressed in the
liver where it is thought to control VLDL secretion (77). Livers of
Cideb deficient mice contained less TGs and had smaller LDs
than their wild type littermates when challenged with a high-fat
diet (78).
February 2021 | Volume 11 | Article 601627
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Lipophagy and Liquid Droplet Turnover
LDs and their content are among the structures that are degraded
in the lipophagic process. As such, lipophagy is important to
liberate fatty acids from the TGs stored in the LDs. A recent
study reported that lipophagy-derived fatty acids undergo a cycle
of efflux followed by reuptake before a subsequent
reincorporation into cellular LDs (79). However, if lipophagy is
associated with reduced hepatic lipid content, it is likely that
some of the liberated fatty acids will be directed towards FAO. In
general it is considered that lysosomal acid lipase (LAL)
hydrolyzes the TGs to generate fatty acids (80, 81). The
presence of a second lipolytic enzyme, e.g. ATGL, necessarily
contributes to the degradation of the LD (82, 83).

A Role of Lipophagy in Non-Alcoholic
Fatty Liver Disease?
Several studies have investigated the role of genes/proteins
involved lipophagy and its association with NAFLD
development and progression (summarized in Table 1). In this
section, we provide a general overview of the evidence on the role
of lipophagy in NAFLD and in the following paragraphs we
discuss the pre-clinical and clinical studies, respectively, in
more detail.

Mechanistic studies assessing lipophagy to modulate disease
progression in NAFLD are still limited. Several human
association studies have demonstrated that mutations in
autophagy-related genes increase the risk of NAFLD
Frontiers in Endocrinology | www.frontiersin.org 5
development. A recent study using both pre-clinical models
and patient material demonstrated that advanced stage
NAFLD is associated with greater impairments of hepatic
autophagy (66) and an association was also found between the
autophagy-related GTPase family M (IRGM) gene and increased
susceptibility of NAFLD in obese children (84). In vitro
experiments in HepG2 cells revealed that IRGM knockdown
inhibited the autophagic flux and increased LD content while
overexpression of IRGM decreased LD content, highlighting its
role in lipophagy.

Another example of dysfunctioning lipophagic proteins
leading to NAFLD are assembly factors of the V-ATPase
complex, which is involved in acidification of organelles.
Although mutations in four V-ATPase genes, ATP6AP1,
ATP6AP2, TMEM199, and CCDC115, present with different
clinical characteristics, steatosis—ranging from mild to severe
steatohepatitis including liver failure - is an important hallmark
of this group of inborn errors of metabolism (93–95). A recent
study on VMA21, a gene important to V-ATPase assembly,
showed that mutations leading to V-ATPase dysfunction
presented as an autophagic myopathy (96). Additional in vitro
and in vivo experiments confirmed that these mutations lead to
LD accumulation in autolysosomes and subsequently
steatohepatitis and elevated transaminases.

It has been suggested that in some patients with severe
NAFLD, decreased expression of the enzyme glycine N-
methyltransferase (GNMT) results in an increased serum
TABLE 1 | Lipophagy (associated) genes/proteins that are associated with NAFLD.

Gene/protein Description NAFLD
association1

Type of evidence Ref.

IRGM Autophagy-related member of the interferon-inducible GTPase
family

Positive Human genetic association and in vitro studies (84, 85)

Rubicon Negative regulator of autophagosome-lysosome fusion Positive Human liver biopsies and mouse studies (86)
CD36 Fatty acid transporter Positive Mouse and in vitro studies (87)
FIP200 Subunit of autophagy related complex 1 Positive Mouse study (88)
LC3A/B-II
ATG16L1

Autophagy proteins Positive Human liver biopsies (89)

p62 Autophagy protein Positive Human liver biopsies, mouse and in vitro
studies

(66, 67,
90)

LAMP3 Involved in autolysosome fusion process Positive Human liver biopsies, mouse and in vitro
studies

(91, 92)

ATP6A1
ATP6A2
TMEM199
CCDC115

Factors in the V-ATPase complex Negative Human genetic association, mouse and
Drosophila studies

(93–95)

VMA21 Involved in V-ATPase assembly Negative Human genetic association study (96)
GNMT Catalyzes synthesis of N-methylglycine using SAMe Negative Human (serum protein) association and mouse

studies
(97)

ATG5
ATG7
ATG14

Autophagy proteins Negative Mouse and in vitro studies (98–101)

PLD1 Catalyzes synthesis of phosphatic acid species that play a role in
mTOR signaling

Negative Mouse study (102)

SOD1 Protects against oxidative stress Negative Mouse study (103)
TFEB Regulator of autophagy Negative Human liver biopsies and mouse studies (104–106)
LC3 II/I Autophagy protein Negative Rat and in vitro studies (107, 108)
February 2021 | Volume 11 | Art
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concentration of methionine and its metabolite S-
adenosylmethionine (SAMe), both known inactivators of
autophagy which might lead to impaired lipophagy (97).
Alternatively, elevated levels of Rubicon, a negative regulator of
autophagosome-lysosome fusion, were found in liver samples
taken from patients with NAFLD (86). Taken together, these
results demonstrate the role of autophagic genes and thus
lipophagy in (hereditary predisposition to) NAFLD.
PRE-CLINICAL STUDIES ON THE ROLE
OF LIPOPHAGY IN NON-ALCOHOLIC
FATTY LIVER DISEASE

Several murine models have been used to investigate the mechanistic
role of specific autophagic proteins in NAFLD development. The first
study that described mechanistic involvement of lipophagy in
NAFLD showed that pharmacological inhibition of autophagy with
3-methyladenine or knockdown of either one of the autophagy
genes ATG5 or ATG7 increased hepatic TG concentrations (98).
While Liu et al. (99) already demonstrated that hepatic
autophagy is suppressed in conditions associated with NAFLD,
i.e. insulin resistance and hyperinsulinemia, Yang et al. (100)
addressed the role of liver specific autophagy in obesity, insulin
resistance and NAFLD more comprehensively using several
models. In the latter study, downregulation of hepatic Atg7 was
found in high-fat diet induced obese mice as well as in genetic
models of obesity (ob/ob and db/dbmice). Hyperinsulinemia was
not causal as treatment of ob/ob mice with streptozotocin
reduced insulin concentrations by 5-fold but did not restore
hepatic Atg7 expression. In ob/ob mice, restoration of Atg7
expression improved the metabolic phenotype which could be
completely prevented by blocking the downstream autophagy
mediator Atg5. Knockdown of Atg14 produced similar results on
hepatic TG accumulation in mice (101).

Several genes have been shown to affect both hepatic lipid
content and lipophagy. When mice were fed a high-fat diet they
developed NAFLD with a reduced hepatic lipophagic rate as well
as an elevated hepatic expression of the fatty acid transporter
CD36 (87). This was supported by the observation that knocking
down Cd36 increased lipophagy in vitro and in vivo while
overexpression of CD36 in HepG2 and Huh7 cells reduced
lipophagy. Phospholipase D1 (PLD1) is an enzyme that
hydrolyzes phosphatidylcholine to produce phosphatic acid
species that play a role in mTOR signaling (109). Pld1
knockout mice display an impairment in autophagic flux and
have increased NAFLD development when placed on a high-fat
diet (102). Knockdown of superoxide dismutase (SOD) 1, an
enzyme involved in protection against oxidative stress, in mice
resulted in increased hepatic TG accumulation despite low
visceral adiposity (103). This effect was attributed to reduced
lipophagy because hepatic levels of p62 were increased. While
p62 is essential for autophagy and lipophagy as it connects cargo
with autophagosomes, elevated levels usually represent
accumulation/aggregation due decreased autophagy (110).
Frontiers in Endocrinology | www.frontiersin.org 6
In line with reduced lipophagy in NAFLD, a series of pre-
clinical studies demonstrated that induction of lipophagy can
attenuate NAFLD. Various interventions have been reported to
stimulate autophagy/lipophagy and thereby attenuate or reduce
development of NAFLD in mice (summarized in Table 2). In
high-fat diet-induced NAFLD in mice, 4 week caffeine treatment
not only enhanced the autophagic pathway but also significantly
reduced hepatosteatosis (111). Similar effects have been reported
with several herbal extracts [e.g. resveratrol, dioscin, capsaicin,
(-)-Epigallocatechin-3-gallate] that have been suggested as novel
therapeutic approaches to manage NAFLD (112–114). Also
quercetin, a flavonoid found in various fruits and vegetables,
anthocyanins from sweet cherries, and trehalose, a naturally
occurring disaccharide derived from cocoons, have been
reported to activate hepatic autophagy and reduce hepatic lipid
content (115, 116, 124, 125). In mice, long-term exercise protects
against high-fat diet-induced hepatic lipid accumulation at least
partly by increasing the autophagic flux (117). Fasting,
intermittent fasting, caloric restriction and caloric restriction
mimetic drugs all induce autophagy in various tissues including
the liver and could therefore also be used as a strategy to reduce
hepatic steatosis (118–120).

Direct pharmacological induction of hepatic autophagy using
rapamycin and carbamazepine was shown to be protective in
high-fat diet-induced NAFLD in mice (121). Direct evidence of
the role of autophagy in controlling NAFLD comes from the
studies of Wang et al. (104) who developed three potent agonists
for Transcription Factor EB (TFEB), a master regulator of
lysosomal biogenesis and autophagy. When mice on a high-fat
diet were treated with these agonists, both hepatic steatosis and
features of the MetS decreased. Another compound, referred to
as MSL, that activates TFEB, also lowered hepatic TG
concentrations of ob/ob and diet-induced obese mice (105).
The importance of TFEB was also demonstrated by the
observation that ezetimibe, a Niemann-Pick C1-Like 1
(NPC1L1) inhibitor reducing cholesterol absorption, improved
TABLE 2 | Pharmacological and other interventions that stimulate autophagy/
lipophagy and reduced NAFLD development in mice.

Compound/intervention Ref.

Caffeine (111)
Resveratrol (112)
Dioscin (113)
Capsaicin (112)
(-)-Epigallocatechin-3-gallate (114)
Quercetin (115)
Trehalose (116)
Exercise (117)
Fasting (118)
Intermittent fasting (119)
Caloric restriction (118)
Caloric restriction mimetics (120)
Rapamycin (121)
Carbamazepine (121)
TFEB agonists (104, 105)
Celecoxib (107, 108)
Thyroid hormone (122)
JNK inhibitor (123)
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steatohepatitis in vitro and in vivo via AMPK activation and
TFEB nuclear translocation (106). Celecoxib, a nonsteroidal anti-
inflammatory drug (NSAID), reduced development of diet-
induced hepatic steatosis and inflammation in rodent models,
potentially via restoring autophagic flux through increased LC3
II/I (107, 108). Thyroid hormone, an important regulator of
metabolism, increases hepatic lipid catabolism at least partially
through stimulation of autophagy (122). Reduced thyroid
hormone secretion or sensitivity could therefore also
contribute to NAFLD pathophysiology.

Despite the large number of studies describing a link between
lipophagy and NAFLD, some debate still exists on the exact role
of (members of) the autophagic and lipophagic pathway in
NAFLD (126, 127). One study showed that in high-fat diet fed
rats, treatment with a c-Jun N-terminal kinase (JNK) inhibitor
(SP600125) decreased expression of autophagy-associated genes
and reduced insulin resistance and NAFLD development (123).
Ma et al. (88) argued that not autophagy impairment in the liver
per se induces or attenuates NAFLD development but that it
sensitizes the liver to other damaging triggers. They found that
mice with a liver-specific deficiency of focal adhesion kinase
family kinase-interacting protein 200 kDa (FIP200, also known
as Rb1cc1), a core subunit of the mammalian autophagy related 1
complex, were actually protected from high-fat diet-induced liver
TG accumulation. However, stimulation of liver autophagy by
exposure to lipopolysaccharides, sensitized the FIP200 hepatic
deficient mice to liver injury.
CLINICAL STUDIES

Although the link between NAFLD and lipophagy/autophagy
has been explored extensively in pre-clinical studies, not much
human data are available. Lin et al. (84) genotyped 832 obese
children (aged 6–18 years) of East Asian descent and found that a
variant in the lipophagy associated gene IRGM increased the
chance to develop NAFLD, diagnosed using an ultrasonography
based scoring pattern described by Chan et al. (85), by
approximately 2-fold. When comparing biopsies from NAFL
(n=2), steatohepatitis (n=3) and healthy (n=4) livers, Lee et al.
(89) found that protein levels of LC3A/B-II and ATG16L1 were
increased in NAFLD livers with steatohepatitis while other
autophagic factors such as LC3A/B-I and p62 were not
different. None of the measured autophagy proteins were
different between NAFLD and healthy livers. However, other
studies did find significant differences in other autophagic
proteins in liver biopsies of NAFLD patients, especially
increased p62 levels. Fukuo et al. (90) found accumulation of
p62 in 65% of liver biopsies of 22 NAFLD patients. Fukushima
et al. (67) investigated liver biopsies of 31 NAFLD patients with
NAFLD activity scores (NAS) ranging from 2 to 8 and fibrosis
scores from 0 to 4 and compared these to five healthy control
liver biopsies. Aggregation of p62 was found in about 88% of the
NAFLD biopsies while it was undetectable in healthy controls.
The number of hepatocytes with p62 aggregation correlated
positively with the number of autophagic vesicles and various
Frontiers in Endocrinology | www.frontiersin.org 7
NAFLD severity outcomes (including NAS, fibrosis, and serum
alanine aminotransferase levels). An even more recent study
confirmed this finding by immunohistochemistry staining of
liver biopsies of 59 patients with steatohepatitis, In these biopsies,
there was increased accumulation of p62 clusters and alterations
in autophagy-related gene expression that correlated with NAS
and fibrosis stage (66).

Nuclear expression of the master regulator of autophagy
TFEB was lower in human liver samples with both simple
steatosis (n=11) and steatohepatitis (n=9) compared to healthy
controls (n=12) (106). Combined with the previously described
pre-clinical data (128), TFEB could be a promising therapeutic
target for NAFLD. While not prescribed as a TFEB modulator,
ezetimibe has been studied as a potential treatment for NAFLD.
There are some human studies that show improvements in some
NAFLD (surrogate) outcomes upon ezetimibe treatment (129).
However, more and larger trials are needed to substantiate these
effects. Additionally, whether the potential beneficial effects of
ezetimibe are the result of its effect on lipophagy or (intestinal)
cholesterol absorption also remains elusive.

The LAMP family plays a critical role in the autolysosome
fusion process (55). Recently it was found that LAMP3 protein
expression was higher in the livers of patients with NAFLD (n=4)
compared to healthy controls (n=3) (91). Further in vitro
experiments revealed that LAMP3 overexpression resulted in
higher expression of lipogenic genes. More evidence for a link
between LAMP and NAFLD was demonstrated in livers of 24
NAFLD patients with varying degrees of steatosis (mild,
moderate, severe) where a reduction of LAMP2A expression
and other positive regulators of autophagy such as PLIN5 was
found (92).

Altogether, we conclude that although clinical studies on
lipophagy and NAFLD are limited and observational in nature,
current evidence suggests a similar link as has been reported in
pre-clinical studies. A reduction in various genes and proteins
involved lipophagy correlates with the presence of steatosis and
potentially NAFLD severity.
CONCLUSIONS AND FUTURE
PERSPECTIVES

In this review we have described the four classical pathways that
contribute to hepatic TG accumulation in NAFLD (Figure 1)
and specifically addressed a recently discovered novel pathway
that concerns the lysosomal turnover of LDs, known as
lipophagy (Figure 2). We have summarized data from
numerous in vitro, in vivo and observational human studies
that demonstrate that lipophagy is an important pathway
contributing to disrupted hepatic lipid homeostasis in NAFLD.
Lipophagy is a complex process and impediments at various
stages can contribute to NAFLD development. In turn, NAFLD
itself might lead to impairments in lipophagy, resulting in a
vicious cycle promoting disease progression.

Despite its potential to reduce TG accumulation and
lipotoxicity, relatively little of the enormous drug development
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effort for NAFLD is focused on lipophagy (13). There are two
main explanations for this. Firstly, lipophagy is a recent
discovery and while the number of studies assessing it have
dramatically increased over the last few years, the exact role of
lipophagy in the pathophysiology of NAFLD and as a therapeutic
target are still incompletely understood. While recent insights
from genetic disorders such as IRGM deficiency and the V-
ATPase assembly factor defects show promising results on the
role of lipophagy in (certain) NAFLD patients, human evidence
for the relevance of lipophagy in NAFLD is scarce and
observational. Secondly, specific and targetable regulators and
chaperones need to be identified in order to reduce chances of
undesired autophagic side-effects.

When these caveats are addressed, selective de-repression or
stimulation of lipophagy may turn out to be an effective and
Frontiers in Endocrinology | www.frontiersin.org 8
important treatment option in the growing global epidemic of
NAFLD and its complications.
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