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� Lipophagy, mitophagy, reticulophagy
and pexophagy are involved in the
pathogenesis of NAFLD.

� Selective autophagic flux is impaired
in NAFLD.

� Impaired autophagic-lysosomal
fusion, perturbed lysosomal function,
suppressed lysosomal biogenesis
contribute to the impeded autophagic
flux.

� Promoting selective autophagy and
restoring autophagic flux are
promising treatment strategies for
NAFLD.

� Numerous medications and natural
products promote selective
autophagy to ameliorate NAFLD.
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Background: Nonalcoholic fatty liver disease (NAFLD) has become the most common chronic liver disease
worldwide, whereas there is no approved drug therapy due to its complexity. Studies are emerging to dis-
cuss the role of selective autophagy in the pathogenesis of NAFLD, because the specificity among the fea-
tures of selective autophagy makes it a crucial process in mitigating hepatocyte damage caused by
aberrant accumulation of dysfunctional organelles, for which no other pathway can compensate.
Aim of review: This review aims to summarize the types, functions, and dynamics of selective autophagy
that are of particular importance in the initiation and progression of NAFLD. And on this basis, the review
outlines the therapeutic strategies against NAFLD, in particular the medications and potential natural
products that can modulate selective autophagy in the pathogenesis of this disease.
Key scientific concepts of review: The critical roles of lipophagy and mitophagy in the pathogenesis of
NAFLD are well established, while reticulophagy and pexophagy are still being identified in this disease
due to the insufficient understanding of their molecular details. As gradual blockage of autophagic flux
reveals the complexity of NAFLD, studies unraveling the underlying mechanisms have made it possible
to successfully treat NAFLD with multiple pharmacological compounds that target associated pathways.
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Overall, it is convinced that the continued research into selective autophagy occurring in NAFLD will fur-
ther enhance the understanding of the pathogenesis and uncover novel therapeutic targets.
� 2023 Production and hosting by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is defined as the pres-
ence of triglycerides�5 % in the hepatic tissue (i.e. steatosis), in the
absence of excessive alcohol consumption and other competing
liver disorders such as chronic viral hepatitis or administration of
steatogenic medications [1]. The disease spectrum includes nonal-
coholic simple fatty liver (NAFL), nonalcoholic steatohepatitis
(NASH), cirrhosis, and hepatocellular carcinoma (HCC). In less than
40 years, NAFLD has become the most common chronic liver dis-
ease worldwide [2], affecting approximately 25 % of adults [3].
The global prevalence of NAFLD is now estimated to be 32.4 %,
and is still increasing [4].

The mechanisms that contribute to the onset of NAFLD are com-
plicated, and the two-hit hypothesis was originally proposed [5].
This theory proposes that sedentary behavior, high-fat diets
(HFD), and obesity lead to lipid accumulation and insulin resis-
tance, which is the first hit. The second hit refers to the generation
of a large amount of reactive oxygen species (ROS) caused by
excessive lipid accumulation, which leads to a series of changes
such as oxidative stress and aggregation of inflammatory factors,
allowing the disease progress to NASH, even cirrhosis and HCC.
In recent years, researchers made intensive studies on NAFLD,
and brought up a more convincing theory of ‘‘multiple hit” [6]. This
theory proposes that the pathogenesis of NAFLD involves multiple
parallel events, including gut microbiota imbalance, insulin resis-
tance, mitochondrial dysfunction, endoplasmic reticulum (ER)
stress, inflammatory cytokines aggregation, as well as genetic/
epigenetic risk factors, among others. They have synergistic and
superimposed effects, leading to hepatocyte injury and promoting
the initiation and progression of NAFLD. In this process, the defec-
tive organelles, including lipid droplets, mitochondria, ER, peroxi-
somes, accumulate in the cell, and degradation systems such as
autophagy are clearly needed to dispose of these detrimental cellu-
lar components. Nowadays, a growing number of studies have rec-
ognized that autophagic disturbance is closely related to the
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development of NAFLD, and targeting autophagy represents a
promising strategy for the prevention and treatment of NAFLD [7].

Autophagy, derived from the Greek word for ‘‘self-eating”,
refers to the catabolic process by which cells process their con-
stituents [8]. Currently, three main types of autophagy have been
identified: macroautophagy, microautophagy, and chaperone-
mediated autophagy. In macroautophagy, hereinafter referred to
as autophagy, cytoplasmic ‘‘cargo” is sequestered by a double-
membrane structure, also known as phagophore, which extends
to form a completed autophagosome. Subsequently, the
autophagosome fuses with the lysosomes, where the cargo is
degraded by acid hydrolases and lipases [9–11]. Based on the cargo
specificity, autophagy can be divided into non-selective autophagy
and selective autophagy. The latter is a well-orchestrated process
consisting of tagging, identification, engulfment and degradation
of specific substrates, particularly dysfunctional or superfluous
organelles [12,13]. The specificity among the features of selective
autophagy makes it a crucial process in mitigating hepatocyte
damage caused by aberrant accumulation of dysfunctional orga-
nelles in the pathogenesis of NAFLD, with no other system replac-
ing it. It has been shown that the selective autophagy involved in
NAFLD includes lipophagy, mitophagy, reticulophagy and pex-
ophagy (Fig. 1). This review will focus on the types, functions
and dynamics of selective autophagy that are of particular impor-
tance in the initiation and progression of NAFLD, as well as the
potential drugs targeting different types of selective autophagy.

Types of selective autophagy occurring in NAFLD

Lipophagy

To reduce their cell toxicity, free fatty acids (FFAs) can be ester-
ified into neutral lipids, such as triglycerides (TG) and cholesterol
(CHO), in the ER. When neutral lipids accumulate in excess
between the ER membranes, they are stored in the form of lipid
droplets (LDs). Excessive intake of FFAs results in adverse accumu-

http://creativecommons.org/licenses/by-nc-nd/4.0/


Fig. 1. The process of selective autophagy in NAFLD. Excess or damaged lipid droplets, mitochondria, endoplasmic reticulum, and peroxisomes are recognized by selective
autophagy receptors, which bind to phagophores with the LC3/GABARAP family proteins. The phagophores extend and seal to form autophagosomes which subsequently fuse
with the lysosomes for degradation.
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lation of LDs and lipotoxicity in hepatocytes, which is a prerequi-
site for the occurrence of NAFLD [14,15]. Therefore, timely clear-
ance of LDs is crucial for maintaining liver function. Previously,
lipolysis, which is a biochemical pathway that relies on the direct
activation of LD-associated lipases, were widely considered to be
the main metabolic pathway of LDs [16]. Lipophagy has recently
been described as an alternative mechanism to mobilize of LDs
in the liver. Similar to the previously described macroautophagy
process, in lipophagy, the autophagosomes containing LC3 may
directly target selective receptors on the periphery of LDs to
envelop them; thereafter, the LD-carrying autophagosomes fuse
with lysosomes to catabolize the LDs in the presence of lysosomal
acid lipases [17,18]. Previous pre-clinical studies have suggested
that lipophagy is impaired in the livers of mice fed with HFD for
four months [17], which may be associated with the high levels
of methionine and S-adenosylmethionine in the circulation [19].
It has also been found that disease progression in NAFLD patients
correlate with lipophagy dysfunction [20]. However, a recent study
has established that oleic acid treatment activates lipophagy in pri-
mary hepatocytes. Activation of lipophagy is also observed in the
livers of mice fed with HFD for one month [21]. Regarding the con-
troversy, an intriguing possibility is that the state of lipophagy var-
ies depending on the stage of NAFLD.
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Theoretically, lipolysis reduces the aberrant accumulation of
LDs to alleviate NAFLD. However, in practice, activation of lipolysis
exacerbates the disease because of the toxicity of the liberated
fatty acids [22,23]. In contrast, there is clear evidence that lipo-
phagy activation can resist lipid-driven hepatotoxicity in NAFLD
[24,25]. Studies using synthetic adaptor proteins to induce selec-
tive lipophagy have shown that lipophagy lowers the intracellular
fatty acid content through lysosomal exocytosis rather than catab-
olizing the lipids in hepatocytes [26]. However, we currently have
very limited insight into the molecular details of how lipophagy is
initiated and carried out, especially how the specificity is achieved.
Therefore, identification of the selective receptors involved in the
occurrence of lipophagy would be of great significance for the
treatment of NAFLD.

In the absence of selective autophagy receptors for lipophagy,
several studies have demonstrated that p62, which is a well-
established ubiquitin-binding autophagy receptor, interacts with
some LD-localized proteins and acts as a lipophagy receptor
[27,28]. For example, perilipin 2 (PLIN2), which is a predominate
LD surface protein, was found to co-immunoprecipitate with p62
in a skeletal muscle cell line [29]; however, PLIN2 deficiency
enhanced autophagy in the liver and alleviated fatty liver disease
[30], suggesting the complexity of the lipophagy machinery



Fig. 2. Proposed models of key molecular events mediating lipophagy and mitophagy in NAFLD. (A) Lipophagy: mTORC1 phosphorylates PLIN3 to promote autophagosome
formation. p62, ORP8 and spartin act as lipophagy receptor to directly interact with LC3/GABARAPs thus delivering LDs to lysosomes. AUP1 recruits and binds to ubiquitin
conjugating enzyme E2 G2 (UBE2G2) to promote ubiquitination, which may be involved in liphophagy. (B) Mitophagy: When membrane potential (DW) decreased in
response to mitochondrial damage, PINK1 accumulates at outer mitochondrial membrane (OMM), where it mediates ubiquitin phosphorylation and the recruitment and
activation of E3 ubiquitin ligase Parkin, thus leading to increased conjugation of ubiquitin chains on the OMM. Then adaptor proteins such as p62, NDP52, OPTEN and NBR1
bind to the polyubiquitin chains and thus serve as bridges between the dysfunctional mitochondria and the nascent phagophore (a). Selective receptors such as BNIP3,
FUNDC1 and NIX directly link the mitochondria to autophagic machinery by binding to LC3 (b).
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in vivo. Similarly, perilipin 1 (PLIN1), which is another LD surface
protein of the same family as PLIN2, has been demonstrated to
be ubiquitinated and recognized by p62 in 293T cells [31]. Other
ubiquitin-related proteins, such as ancient ubiquitous protein 1
(AUP1), which is widely expressed on the surface of LDs, recruit
the ubiquitin conjugating enzyme E2 G2 (UBE2G2/UBC7) to the
LDs and may participate in lipophagy [32]. Obviously, the limited
understanding of how LDs are exclusively tagged and linked to
the autophagic machinery makes the mechanism of lipophagy in
NAFLD elusive. Recently, Garcia-Macia et al. attempted to address
this issue and identified perilipin 3 (PLIN3) as a docking protein
that induces lipophagy upon hepatic overload of oleic acid [21].
In addition, one study explicitly proposed that a lipid transfer pro-
tein ORP8, which is located on LDs, is a lipophagy receptor that
interacts with LC3/GABARAP proteins through LC3 interaction
regions (LIRs) for engulfment of LDs by autophagosomes [33]. In
addition, Chung et al. have identified spartin, which is encoded
by SPART, as a receptor that is localized to LDs and recruits autop-
hagic vacuoles that carry LC3 through LIRs in ubiquitin-binding
regions, thereby delivering LDs to lysosomes [34] (Fig. 2A). The
physiological role of these selective receptor candidates, which
are closely related with lipophagy, warrants further investigation
and validation in the context of NAFLD.

Mitophagy

The liver is the main site for the oxidative decomposition of
fatty acids. In hepatocytes, fatty acids are degraded through mito-
chondrial b-oxidation to provide energy for cells [35]. After being
transported into the cytoplasm, FFAs are activated to form acyl-
coenzyme A and enter into the mitochondria through carnitine
palmitoyltransferase-1 to be gradually decomposed by b-
oxidation. The acetoacetyl CoA produced in this process is thor-
oughly oxidized through the tricarboxylic acid cycle, and NAD+

and FAD are used as hydrogen acceptors to generate NADH and
FADH2. The electrons transported by NADH and FADH2 flow
through the electron transport chain (ETC), which then creates an
electrochemical gradient on the inner mitochondrial membrane
(IMM) and ultimately synthesizes adenosine triphosphate (ATP)
[36]. In general, 0.2 % to 2 % of the electrons are not correctly trans-
ferred in the ETC but spill off the chain and interact with oxygen to
form ROS [37,38]. Under normal physiological conditions, the ROS
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generated along with ETC are cleared by enzymatic and nonenzy-
matic antioxidants to keep them at low levels and steady-state
without causing cytotoxicity [39]. In NAFLD, mitochondrial fatty
acid b-oxidation is enhanced adaptively in response to lipid accu-
mulation secondary to the excessive FFAs flow into the liver. The
consequent accumulation of massive electrons overwhelms the
ETC and exacerbates ROS production, which finally leads to ETC
dysfunction [40,41]. The impaired ETC function associated with
increased b-oxidation rate leads to incomplete decomposition of
fatty acids and accumulation of toxic lipid intermediates, which,
together with excess ROS induce lipid peroxidation in the mito-
chondrial membrane, ultimately leading to mitochondrial damage.
Impaired mitochondria augment ROS production and create a
vicious cycle that contributes to hepatocyte cell death and inflam-
mation, which in turn drives the development of NAFLD [42,43].

Damaged and dysfunctional mitochondria can be selectively
eliminated by mitophagy, which is a specific type of autophagy
that transports the targeted mitochondria to lysosomes for degra-
dation, thereby preventing excessive ROS production and main-
taining mitochondrial homeostasis [44]. Among the integrative
pathways that mediate mitophagy, the most prominent molecular
process is ubiquitin-dependent and is mediated by the phos-
phatase and tensin homolog (PTEN)-induced kinase (PINK1) and
the E3 ubiquitin ligase Parkin [45]. Under normal physiological
conditions, PINK1 is transported to the IMM, where it is cleaved
by presenilin-associated rhomboid-like (PARL) protease and then
released into the cytoplasm to be degraded by the ubiquitin–pro-
teasome system [46]. When mitochondria are depolarized after
being damaged, PINK1 cannot enter the IMM and steadily accumu-
lates at the outer mitochondrial membrane (OMM), where it pro-
motes the recruitment of Parkin to ubiquitinate several OMM
proteins [47]. Adaptor proteins, such as p62, NDP52, OPTEN, and
NBR1 bind to polyubiquitin chains and serve as bridges between
dysfunctional mitochondria and nascent phagophores [48–50].
Alternatively, a ubiquitin-independent mode that involves selec-
tive receptors, such as BNIP3, NIX, and FUNDC1, can directly link
mitochondria to the autophagic machinery by binding to LC3
[51–53](Fig. 2B).

Activation of mitophagy is supposed to be an adaptive response
to lipid overload. Zhang et al. have observed that mitophagy is
stimulated in the early stage of NAFLD in mice, as well as in hepa-
tocytes after palmitic acid treatment. However, mitophagy is
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impaired at late stage both in vitro and in vivo [54]. In contrast,
Undamatla et al. have demonstrated that mitophagy gradually
decreases as the disease progresses in another study. Reduced
mitophagy is observed as early as one week after HFD feeding in
mice liver [55]. These investigations have unveiled the complexity
of NAFLD, in which the dynamics of mitophagy has been inconclu-
sive. It should be noted that mitophagy is suppressed in patients
with fatty liver disease [56], suggesting a failure of the adaptive
response to lipid stress. A diet-induced murine model of NAFLD
provided additional evidence for the compromised mitophagy as
Parkin is significantly downregulated in the fatty liver [57]. Fur-
thermore, Zhou et al. have demonstrated that a novel autophagy
suppressor Mst1 contributes to the inhibition of Parkin through
the AMPK pathway and that genetic ablation of Mst1 upregulates
Parkin and restores mitophagy. Recently, Jin et al. described an
alternative mechanism through which Parkin-dependent mito-
phagy is inhibited in NASH, which is an advanced form of NAFLD
[58]. Disease progression induces degradation of the hepatocyte
cytosolic protein Myc-interacting zinc-finger protein 1 (Miz1)
and allows the release of PRDX6, which enables it to interact with
Parkin, thereby inhibiting mitophagy. Similar to Parkin, BNIP3 is
downregulated in palmitic acid-treated primary hepatocytes, pro-
viding another possible explanation for the blockage of mitophagy
in NAFLD [59]. Further investigation has shown that the decrease
of BNIP3 is attributed to the inhibition of Sirt 3 and the subsequent
inactivation of the ERK-CREB signaling pathway. With the under-
standing that morphology dictates mitochondrial response to envi-
ronmental stress and interaction with other organelles, a newly
proposed Parkin-independent form of mitophagy, which is medi-
ated by the p62-Keap1-Rbx1 pathway, is abrogated because of
megamitochondria formation in fatty livers [60]. Intriguingly,
Opa1 deficiency enables the mitochondria to switch from an
immoderate fusion to a stationary equilibrium state, thereby mito-
phagy defects and liver damage are rescued. Predictably, restora-
tion of mitophagy is a promising strategy to treat NAFLD.
However, many additional issues remain to be addressed in under-
standing how mitophagy is suppressed and how it can be revived.
For example, unveiling the key molecules that manipulate the inte-
grated signaling pathway network involved in mitophagy inhibi-
tion may allow pharmacological compounds to restore this
selective autophagy.
Fig. 3. Proposed models of key molecular events mediating reticulophagy and pexophagy
autophagy receptors including FAM134B, CCPG1, SEC62, RTN3L, TEX264 and ATL3 bind
motifs (GIMs) to initiate reticulophagy. FAM134B, CCPG1 and SEC62 locate at the roug
smooth endoplasmic reticulum. (B) Pexophagy: PEX2 promotes the ubiquitination of P
autophagosomes.
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Reticulophagy

Reticulophagy, which is also termed as ER-phagy, is a selective
form of autophagy through which damaged and excess subdo-
mains are cleared to maintain homeostasis in the ER [61]. Similar
to other selective autophagy, reticulophagy requires unique recep-
tors to specifically recognize ER cargos. To date, six mammalian
ER-resident proteins have been identified as selective reticu-
lophagy receptors, namely FAM134B [62], SEC62 [63], RTN3L
[64], CCPG1 [65], ATL3 [66], and TEX264 [67]. They all contain an
LIR that directly interacts with LC3 and GABARAP. This interaction
enables ER fragments to be engulfed by LC3-carrying autophago-
somes, which then fuse with lysosomes for degradation (Fig. 3A).
Lipotoxicity in NAFLD causes ER stress in hepatocytes [68]. Exces-
sive and prolonged ER stress leads to the accumulation of mis-
folded proteins and overexpansion of ER membranes.
Theoretically, in order to relieve ER stress, reticulophagy should
be induced to eliminate damaged ER fragments and protein aggre-
gates. A previous study has demonstrated the presence of reticu-
lophagy in an in vitro model of NAFLD. Reticulophagy was found
to be activated when HepG2 cells were treated with 400 lM of
oleic acid for 8 h. This self-protective process may prevent apopto-
sis by activating the PI3K/AKT pathway, increasing BCL2 expres-
sion, and reducing lipotoxicity [69]. These findings suggest that
reticulophagy plays a protective role in the early stage of NAFLD.
Recently, we found that TEX264-mediated ER-phagy is activated
to resolve ER stress in acetaminophen-induced liver injury [70].
However, the reticulophagy receptors involved in the pathogenesis
of NAFLD and the underlying mechanisms for their regulation have
not been reported. The use of phenobarbital in treating NAFLD pro-
vides some valuable clues [71]. This hepatic metabolic enzyme
inducer was found to inhibit the formation of preneoplastic lesions
in HFD-fed rats and correlate with increased expressions of the
selective autophagy receptor p62 and the reticulophagy receptor
FAM134B. Although the existing evidence implied that FAM134B-
mediated reticulophagy is protective and a potential target for
NAFLD treatment, loperamide-induced reticulophagy had been
reported to be associated with autophagic cell death in glioblas-
toma cells. Additional studies are clearly needed to determine
the explicit and specific role and the mechanism of reticulophagy
in NAFLD.
in NAFLD. (A) Reticulophagy: In response to endoplasmic reticulum stress, selective
to LC3/GABARAPs via their LC3-interacting regions (LIRs) or GABARAP-interacting
h endoplasmic reticulum, while RTN3L, TEX264 and ATL3 are all anchored to the
EX5. NBR1 or p62 subsequently binds to the ubiquitinated PEX5 and recruits the
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Pexophagy

Peroxisomes are extremely dynamic organelles that play a vital
role in a variety of cellular catabolic and anabolic pathways,
including b-oxidation of ultra-long chain fatty acids, synthesis of
bile acid and ether phospholipid, and purine catabolic metabolism
[72]. In addition, peroxisomes are also crucial for regulating cellu-
lar redox regulation because they can rapidly generate and elimi-
nate ROS. Therefore, the biogenesis and degradation of
peroxisomes must be finely tuned to prevent the dysregulation
of lipid metabolism and oxidative stress. The primary degradation
pathway of mammalian peroxisomes is pexophagy, through which
peroxisomes are selectively enveloped and transported to
lysosomes for digestion [73,74]. Specifically, PEX2, located in the
peroxisomal membrane, promotes the ubiquitination of PEX5
[75]. NBR1 subsequently binds to the ubiquitinated PEX5 and
recruits the autophagosomes. Although NBR1 acts as the dominant
selective receptor in pexophagy [76], p62 may interact with NBR1
to facilitate the binding with the PEX5 and the recruitment of
autophagy initiation machinery. In response to ROS, the kinase
ataxia telangiectasia mutated (ATM) is triggered to phosphorylate
PEX5, thus promoting its monoubiquitylation [77] (Fig. 3B).

At present, pexophagy is reported to be involved in the pathol-
ogy of various diseases, including peroxisomal biogenesis disorders
(PBDs) [78], neurodegenerative diseases [79], and aging [80]. Since
peroxisomes are particularly abundant in the liver, and given the
importance of peroxisomes in lipid metabolism, it would be of
great interest to explore whether pexophagy plays a role in liver
diseases. In the context of hypoxia-induced hepatic steatosis, Wal-
ter et al. observed the depletion of docosahexaenoic (DHA, C22:6n3)
and arachidonic acid (AA, C20:4n6), which has also been reported in
patients with NAFLD, and noted that the changes in lipid composi-
tion was partially due to the pexophagy induced by HIF-2a signal-
ing [81]. Additionally, pexophagy is also induced in response to
malnutrition, leading to the loss of peroxisomes and ultimately
lipid accumulation in the liver [82]. Fenofibrate, one of the perox-
isomal proliferator-actived receptor (PPAR) agonists, may inhibit
pexophagy apart from promoting peroxisome biogenesis, thus alle-
viating malnutrition-induced liver steatosis. These preliminary dis-
cussions of how pexophagy is involved in hepatic steatosis raise
the possibility that pexophagy might participate in the pathogene-
sis of NAFLD. Apparently more specific research is needed to clarify
the role of pexophagy in NAFLD focusing on whether peroxisome-
generated ROS or related lipid metabolism are involved.
Changes of the autophagic degradation pathway in NAFLD

Although specific organelles, such as the aforementioned LDs,
mitochondria, ER, and peroxisomes, are selectively recognized
and sequestered in autophagosomes, these are all delivered to
lysosomes for degradation. Therefore, the late stage of autophagy,
which is mediated by lysosomes, is particularly important for the
overall autophagic flux. Initially, most studies monitored autopha-
gic flux in vitro because of the limitations of detection methods.
Tan et al. proposed that palmitic acid treatment significantly
enhanced autophagic flux in MEFs and HepG2 cells, as evidenced
by increased LC3-II levels and accumulation of GFP-LC3 puncta
[83]. However, when primary hepatocytes were treated with
palmitic acid for 24 h, the number of nonacidic autophagosomes
significantly increased, but virtually no autolysosomes were pro-
duced; this indicated that the autophagic flux was reduced because
of the blockage of lysosomal degradation [84]. Intriguingly, palmi-
tic acid was shown to exert a time-dependent effect on autophagy
in HepG2 cells by monitoring the changes in autophagic flux at dif-
ferent time points [85]. In Huh7 cells, González-Rodríguez et al.
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observed that after 800 lM palmitic acid treatment, p62 decreased
at 8 h but increased at 24 h, which might be due to the blockage of
lysosomal degradation [86]. Similar results on the dynamics of p62
were achieved in HL-7702 and HepG2 cells after treatment with
400 lM palmitic acid [87]. On the contrary, another study has
shown that oleic acid but not palmitic acid, induced autophagy
in vitro [88]. These confusing and controversial conclusions may
be attributed to several factors, including the cell lines used, the
type and concentration of fatty acids, and the time point selected
in the studies. Overall, palmitic acid most likely induces autophagy
in the early stage but impedes lysosomal degradation with long-
term exposure. Furthermore, Liu et al. have established that in
L02 cells, rapamycin as an autophagy activator alleviates palmitic
acid-induced steatosis by promoting autophagy, whereas chloro-
quine as an autophagy inhibitor aggravates steatosis by interfering
with lysosomal functions [89]. Based on the in vitro findings, in vivo
studies are recommended to not solely focus on a particular stage
of autophagy but to pay more attention to changes in autophagic
flux during the development of NAFLD. A study using two murine
models of NAFLD simultaneously found that after being fed an HFD
or methionine-choline-deficient diet, there is a significant eleva-
tion in LC3-II protein levels, accompanied by p62 protein level
decrease in the early stage and increase in the late stage [84]. Alto-
gether, these results suggest that autophagic flux is initially acti-
vated to resist steatosis and prevent lipotoxicity, but is
progressively blocked because of insufficient lysosomal degrada-
tion secondary to sustained metabolic stress. This means that
NAFLD at the early onset can be treated by activating autophagy,
and restoring the autophagic flux could be more effective in atten-
uating or preventing the progression of NAFLD at more severe
stages.
Causes of impaired autophagic flux in NAFLD

The aforementioned findings raise a question on autophagic
flux: what cause the obstruction of lysosomal degradation in
NAFLD? Several possible explanations have been proposed based
on relevant evidence.
Impairment of autophagic-lysosomal fusion

Lipotoxic stress has long been recognized to alter the lipid com-
position and affect the rigidity and fluidity of membranes, thereby
perturbing the biological function of membranous organelles.
Compared with animals on a normal diet, those who fed an HFD
were found to have reduced autophagosome-lysosome fusion by
up to 70 % [90]. To determine the autophagosome-lysosome fusion
dysfunction in NAFLD, in vitro experiments were performed using
palmitic acid in HepG2 cells [91]. Using anti-LC3-II and anti-
LAMP1 antibodies for visualization, there was practically no inter-
action between autophagosomes and lysosomes, respectively, in
the cells. In addition, measurement of autophagic flux using
mCherry-GFP-LC3 indicated that few autolysosomes were formed
after palmitic acid treatment. These mutually corroborating
in vitro and in vivo findings are sufficient to demonstrate that lipo-
toxicity suppresses autophagic flux, at least partially by blocking
the fusion of autophagosomes and lysosomes. Several studies have
attempted to unveil the molecular mechanisms underlying the
compromise of this fusion process. Rubicon, which is a protein
localized at the lysosomes, has been shown to be involved in the
inhibition of autophagosome-lysosome fusion in NAFLD [92].
Miyagawa et al. described that another possible mechanism of
fusion impairment in hepatocytes is disruption of ER homeostasis
by lipid overload, resulting in ER stress, which is associated with
the blockage of autophagy at the late stage [93].
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Perturbation of normal lysosomal function

The structural integrity and physiological function of the lyso-
some are are fundamental to the degradation process of autop-
hagy. However, many studies have reported that lipotoxicity in
NAFLD causes lysosomal dysfunction, including disturbed lysoso-
mal acidification [94], lysosomal membrane permeabilization
(LMP) [95], and decreased lysosome hydrolase activity [96,97].
Additional studies have clarified the underlying mechanisms.

Lysosomes contain a variety of hydrolytic enzymes, such as pro-
teases, glycosidases, and lipases, which mediate catabolic function.
To ensure the activity of these enzymes, which are crucial for lyso-
somal function and autophagic flux, lysosomes must maintain an
acidic environment with pH of 4.5–5.0 [98]. Lysosomal acidifica-
tion is primarily established by vacuolar H+-ATPase (V-ATPase),
which is an ATP-driven proton pump. In a murine model of steato-
hepatitis (i.e., obese KKAy mice), hepatic steatosis-induced down-
regulation of lysosomal proton pump V-ATPase was
demonstrated to be likely responsible for defective autophagic
acidification [99]. Furthermore, the decrease of V-ATPase may be
attributed to the suppression of retinoic acid-related orphan recep-
tor a, which is one of its transcriptional regulators and was also
found to be dramatically downregulated in HFD-fed mice and
patients with hepatitis [100]. Wang et al. have provided an addi-
tional explanation that ER stress-induced asparagine synthetase
inhibits lysosomal acidification [101].

LMP is a process in which cathepsin and hydrolase leak from the
lysosomesecondary tomembranedisruption, resulting in lysosomal
dysfunction and affecting autophagic flux. Exposure to long-chain
FFAs triggers LMP in mouse and human hepatocytes, leading to
the release of the lysosomal cysteine protease cathepsin B, which
is an apoptosis-specific mediator, into the cytoplasm and inducing
cell damage. In addition, mitochondrial dysfunction and ROS pro-
duction are downstream of LAM that is induced by saturated long-
chain FFAs [102], which in turn may impair autophagy. It should
be noted that lysosomes andmitochondria interact with each other,
and this relationship between them is not unidirectional. Bax has
been identified as a crucial mechanistic mediator of LMP in hepato-
cytes.We and other researchers have observed that genetic or phar-
macological blockade of Bax in liver cells inhibited FFAs-induced
LMP and reduced subsequent apoptosis [103,104]. In addition, acid
sphingomyelinase, which is required for TNF-induced apoptosis,
has been reported to promote HFD-induced LMP, and contribute to
hepatic steatosis and lipotoxicity [105].

Approximately 60 enzymes are enclosed in lysosomes, of which
cathepsins represent the predominant hydrolases for autophagic
degradation. In the liver of mice and patients with NAFLD, there is
growing evidence that the expression or activity of lysosomal hydro-
lases such as cathepsin B, cathepsin D, cathepsin L, and lysosomal
acid lipase are suppressed [94,97,106]. Given their primary role in
breaking down cellular components derived from autophagosomes,
insufficient lysosomal hydrolases will inevitably dampen lysosome-
mediated autophagic proteolysis process. However, only few inves-
tigations have described the precise molecular mechanisms under-
lying the suppression of these lysosomal hydrolases.

Suppression of lysosomal biogenesis

During nutritional starvation, transcription factor EB (TFEB) is
transported to the nucleus and binds to the gene promoter regions
that contain coordinated lysosome expression and regulation ele-
ments, thereby rapidly inducing the expression of genes involved
in lysosomal biogenesis and autophagy [107,108]. Likewise, the
predominant regulator of lysosomal biogenesis in liver diseases is
TFEB, which is unfortunately suppressed in alcohol-induced liver
injury and NAFLD [109,110], suggesting that the lysosomal biogen-
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esis may be impaired. The reduction of Lamp1-positive and GFP-
LC3 puncta in alcohol-exposed hepatocytes provides additional
direct evidence for a deficiency in lysosomal biogenesis. However,
thus far, no direct evidence has demonstrated that lysosome num-
bers decrease in response to overnutrition, although TFEB activa-
tion through its agonists is protective against diet-induced
steatosis in mice [111]. In fact, TFEB transcriptionally activates
genes that regulate mitochondrial function and peroxisome bio-
genesis; therefore, a definitive conclusion that lysosomal biogene-
sis is impaired in NAFLD cannot be drawn on the basis of reduced
TFEB nuclear translocation alone. Overall, defective lysosomal bio-
genesis may be responsible for the blocked autophagic flux, and
more specific manipulations of lysosomal biogenesis are required
to establish a causal relationship.
Therapeutic strategies against NAFLD based on selective
autophagy

As we have discussed in this review, selective autophagy is the
predominant route by which aberrant organelles are cleared, and
thus cells are able to limit intracellular damage and maintain
homeostasis in response to lipid overload. However, in the patho-
genesis of NAFLD, the late steps in the autophagic flux are dis-
rupted by lipids due to its detrimental effect on autophagosomes
and lysosomes. Therefore, there are thus far two primary strategies
for NAFLD treatment based on selective autophagy machinery:
promoting the early molecule events in selective autophagy, and
restoring the autophagic flux by targeting the late phase.

With the aforementioned concepts in mind, we summarize the
therapeutic approaches to stimulate selective autophagy for
NAFLD (Table 1). Physical exercise and diet intervention are in
the frontline for NAFLD patient management. The high effective-
ness of these lifestyle interventions may be partially attributed to
their ability to promote lipophagy [112,113]. Exercise not only
facilitates lipophagy via activation of AMPK, but also activates
PINK1/Parkin-mediated mitophagy to eliminate the accumulated
nonfunctional mitochondria [114]. Besides, various medications
or natural products can also serve the same purpose. Quercetin, a
naturally occurring flavonoid, ameliorates HFD-induced NAFLD
by promoting lipophagy via the IRE1a/XBP1s pathway and
activating frataxin-mediated PINK1/Parkin-dependent mitophagy
[115, 116]. Fenofibrate [117], ajugol [118], phillygenin [119], nobi-
letin [120], formononetin [121], and metformin [122] (Table 1)
have all been reported to alleviate liver steatosis by promoting
TFEB-mediated autophagy-lysosomal pathway and lipophagy,
and may become potential candidates for the prevention and treat-
ment of NAFLD. Liu et al. have established that honokiol, a lignan
from the plants of Magnolia genus, alleviates lipotoxicity in vitro
and in vivo via activating SIRT3-AMPK-lipophagy axis [123]. Like
fenofibrate, stevioside and sulfated glucuronomannan hexasaccha-
ride G6S1 promote lipophagy via PPARa pathway to limit liver
steatosis. In addition to lipophagy, many compounds such as
liraglutide [124], cyanidin-3-O-glucoside [125], etc. (Table 1) have
been demonstrated to stimulate mitophagy and have shown pro-
mise in treating NAFLD.

The biggest issue for selective autophagy in NAFLD is the
inability of lysosomes to appropriately degrade damaged or
excess organelles. Herein, we outline currently available inter-
ventions targeting lysosomes for the treatment of NAFLD. First,
rescuing the disrupted autophagosome-lysosome fusion. Cal-
cium channel blockers such as verapamil, which is commonly
used in clinical practice to treat diseases of the heart and vascu-
lar system, have been found to be benificial in obesity-related
metabolic diseases [91]. Interestingly, pharmacological inhibi-
tion of calcium channels using the FDA-approved drug vera-



Table 1
Therapeutic means of activating selective autophagy in NAFLD.

Treatment Model Dose Type of selective autophagy Related mechanism

Exercise 45 % HFD for SD rats [112] 60 min/day Lipophagy AMPK/ULK1
45 % HFD for mice [113]
60 % HFD for mice [142] Moderate treadmill running
71 % HFD for SD rats [114] 60 min/day Mitophagy PINK1/ Parkin

Quercetin 30 % HFD for SD rats
1 mM FFA for HepG2 [115]

100 mg/kg
100 lM

Lipophagy IRE1a/XBP1s

750 lM FFA for AML12 [143] 10 lM AMPK
MCD diet for mice
600 lM OA for HepG2 [144]

20, 80 mg/kg
100 lM

Mitophagy AMPK/PINK1/Parkin

60 % HFD for mice
2 mM FFAs for HepG2 [116]

100 mg/kg
100 lM

Mitophagy Frataxin/PINK1/Parkin

Fenofibrate 60 % HFD for mice
0.5 mM OA for HepG2 cells [117]

100 mg/kg
100 lM

Lipophagy PPARa/TFEB

Ajugol 60 % HFD for C57BL/6 mice [118] 50 mg/kg Lipophagy TFEB
Phillygenin HFD for mice

0.4 mM PA for AML12 or hepatocytes [119]
12.5, 25, 50 mg/kg
10, 20 lM

Lipophagy TFEB

Nobiletin HFD fed ApoE-/- mice [120] 50, 100, 200 mg/kg Lipophagy TFEB
Formononetin 60 % HFD for mice

1 mM FFAs for HepG2 or hepatocytes [121]
100 mg/kg/day for mice
20 lM for cells

Lipophagy TFEB

Metformin 60 % HFD or MCD diet for mice
200 lM OA for AML12 or hepatocytes [122]

200 mg/kg for mice
2 mM for cells

Lipophagy TTP/Rheb/TFEB

Zinc Yellow catfish [145] 8.83, 19.20, and 146.65 mg/kg Lipophagy Zn2+/MTF-1/PPARa and
Ca2+/CaMKKb/AMPK

Honokiol Choline-deficient HFD for mice
750 lM FFAs for AML12 cells [123]

2.5, 10 mg/kg for mice
2.5, 5, 10 lM for cells

Lipophagy SIRT3-AMPK

Stevioside db/db mice
1 mM FFAs for HepG2 cells [146]

40 mg/kg for mice
0–100 lM for cells

Lipophagy PPARa

G6S1 100 lM OA for AML12 cells [147] 100, 400 lg/mL for cells Lipophagy PPARa
Liraglutide 0.4 mM PA for HepG2 cells [124] 50, 100, 200, and 500 nM Mitophagy PINK1/Parkin

60 % HFD for mice [148] 150 mg/kg for mice
Cyanidin-3-O-glucoside 60 % HFD for mice

400 lM PA for AML12 and HepG2 cells [125]
2 g/kg for mice
100 lM for cells

Mitophagy PINK1/Parkin

Melatonin 60 % HFD for mice
75 lM PA for primary hepatocytes [149]

20 mg/kg for mice
100 lM for cells

Mitophagy Bnip3

58.4 % HFD for mice [150] 10 mg/kg for mice
Hydroxytyrosol 16 % HFD for spotted seabass juveniles

0.5 mM FFAs for zebrafish liver cell line [151]
200 mg/kg in diet for fish
50 lM for cells

Mitophagy AMPK/PINK1

Akebia saponin D 200 lM OA for BRL cells [152] 100 lM Mitophagy Bnip3
Corilagin 60 % HFD for mice

200 lM FFAs for AML12 cells [153]
20 mg/kg for mice
10, 20 lM for cells

Mitophagy Parkin

Nicotinamide adenine 60 % HFD or MCD diet for mice [154] 400 mg/kg Mitophagy SIRT2/Fndc5
Pyrvinium pamoate HFD for SD rats [155] 60 lg/kg Mitophagy PINK1/ Parkin
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pamil restores membrane fusion between the autophagosome
and lysosome not only in HepG2 cells but also in mouse livers,
thereby reducing the accumulation of protein inclusions and
lipid droplets, and improving the pathologies associated with
fatty liver, such as inflammation and insulin resistance [126].
In addition, several plant-derived compounds have been shown
to ameliorate NAFLD by reversing the dysfunction of
autophagosome-lysosome fusion. Akebia Saponin D, a typical
bioactive triterpenoid saponin isolated from the rhizome of Dip-
sacus asper Wall, has been found to increase autophagosome-
lysosome fusion in mice fed HFD, thereby reducing hepatic
steatosis [127]. Besides, psoralen, a natural flavonoid derived
from Cullen corylifolium (L.) Medik (syn. Psoralea corylifolia
L), has been shown to improve insulin resistance and restore
lipid metabolism homeostasis in the context of NAFLD, and that
is achieved by promoting autophagic initiation and
autophagosome-lysosome fusion [128]. Formononetin and aju-
gol have also been reported to promote the fusion of autophago-
some and lysosome, restore lipophagy and reduce lipid
accumulation [118,121]. Second, restoring lysosomal functions.
Several natural products, such as polydatin [129], baicalein
[130], epigallocatechin-3-gallate [131], malvidin-3-O-glucoside
[132], peonidin-3-O-glucoside [133], and resveratrol [134] have
been reported to serve this goal, thereby rescuing impaired
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autophagic flux and reducing lipid accumulation in NAFLD. Par-
ticularly inspiring is that Zeng et al. synthesized a novel
biodegradable nanoparticle that targets lysosomes, where the
nanoparticles are activated and enhance the function of lyso-
somes. By re-acidifying lysosomes, the acid-activated nanoparti-
cles restore autophagy and metabolic dysfunction in NAFLD
[135]. Intriguingly, promoting lysosomal proteolysis and acidifi-
cation has also been demonstrated to be one of the mechanisms
by which physical exercise mitigates hepatic steatosis, which is
associated with down-regulation of fatty acid-binding protein 1
(FABP1) signaling pathway [136]. Finally, promoting lysosomal
biogenesis. Numerous natural products, such as nuciferine
[137], procyanidin B2 [138], and catalpol [139] have been
demonstrated to promote nuclear translocation of TFEB, a pri-
mary regulator of lysosomal biogenesis, thus alleviating NAFLD.
This process provides a sufficient amount of nascent lysosomes
to avoid exhausting degradative organelle by lipotoxicity-
induced excess autophagosomes. However, the protective effect
of TFEB in NAFLD may be not only attributed to lysosomal bio-
genesis, as peroxisome proliferator-activated receptor c coacti-
vator 1a (PGC1a) can be transcriptionally activated by TFEB,
leading to upregulation of lipid degradation, fatty acid oxidation,
and downregulation of lipid biosynthesis [140]. In addition,
TFEB upregulates the expression of FGF21 by binding to the
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CLEAR motif within its gene promoter, through which TFEB
exerts protection effect against NAFLD [141].

Concluding remarks

In summary, selective autophagy is an essential pathway for the
elimination of specific damaged organelles that emerge during the
progression of NAFLD and the deregulation of this process is
involved in the pathogenesis of this disease. Therefore, strategies
that target selective autophagy have shown great potential in
treating NAFLD. Although the therapeutic efficacy of most inter-
ventions is unquestionable, more selective activators that target
different types of autophagy are likely to provide greater benefits
to patients with NAFLD. Because autophagy has varied and some-
times opposing effects on various cell types, selectivity to particu-
lar liver cells should also be considered. On the other hand, because
of the complexity of the pathogenesis of NAFLD, drug combinations
that include initiating autophagy and restoring the blocked
degradative process may be an efficient approach to treat NAFLD.

Funding

This work was supported by the National Natural Science Foun-
dation of China (82204739) and the CAMS Innovation Fund for
Medical Sciences (CIFMS, 2021-I2M-1-048).

Compliance with ethics requirement

None declared.

CRediT Author contribution statement

Suwei Jin: Conceptualization, Visualization, Writing-original
draft. Yujia Li: Writing-review & editing. Tianji Xia: Validation.
Yongguang Liu: Validation, Visualization. Shanshan Zhang: Visu-
alization. Hongbo Hu: Writing-review & editing. Qi Chang: Fund-
ing acquisition, Writing-review & editing. Mingzhu Yan: Funding
acquisition, Conceptualization, Writing-original draft, Writing-
review & editing; Visualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.

References

[1] Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The
diagnosis and management of nonalcoholic fatty liver disease: practice
guidance from the American Association for the Study of Liver Diseases.
Hepatology 2018;67(1):328–57. doi: https://doi.org/10.1002/hep.29367.

[2] Younossi Z, Anstee QM, Marietti M, Hardy T, Henry L, Eslam M, et al. Global
burden of NAFLD and NASH: trends, predictions, risk factors and prevention.
Nat Rev Gastroenterol Hepatol 2018;15(1):11–20. doi: https://doi.org/
10.1038/nrgastro.2017.109.

[3] Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology 2016;64(1):73–84. doi:
https://doi.org/10.1002/hep.28431.

[4] Riazi K, Azhari H, Charette JH, Underwood FE, King JA, Afshar EE, et al. The
prevalence and incidence of NAFLD worldwide: a systematic review and
meta-analysis. Lancet Gastroenterol Hepatol 2022;7(9):851–61. doi: https://
doi.org/10.1016/s2468-1253(22)00165-0.

[5] Dowman JK, Tomlinson JW, Newsome PN. Pathogenesis of non-alcoholic fatty
liver disease. QJM 2010;103(2):71–83. doi: https://doi.org/10.1093/qjmed/
hcp158.
325
[6] Buzzetti E, Pinzani M, Tsochatzis EA. The multiple-hit pathogenesis of non-
alcoholic fatty liver disease (NAFLD). Metabolism 2016;65(8):1038–48. doi:
https://doi.org/10.1016/j.metabol.2015.12.012.

[7] Filali-Mouncef Y, Hunter C, Roccio F, Zagkou S, Dupont N, Primard C, et al. The
ménage à trois of autophagy, lipid droplets and liver disease. Autophagy
2022;18(1):50–72. doi: https://doi.org/10.1080/15548627.2021.1895658.

[8] Boya P, Reggiori F, Codogno P. Emerging regulation and functions of
autophagy. Nat Cell Biol 2013;15(7):713–20. doi: https://doi.org/10.1038/
ncb2788.

[9] Kim KH, Lee MS. Autophagy–a key player in cellular and body metabolism.
Nat Rev Endocrinol 2014;10(6):322–37. doi: https://doi.org/10.1038/
nrendo.2014.35.

[10] Klionsky DJ, Codogno P, Cuervo AM, Deretic V, Elazar Z, Fueyo-Margareto J,
et al. A comprehensive glossary of autophagy-related molecules and
processes. Autophagy 2010;6(4):438–48. doi: https://doi.org/10.4161/
auto.6.4.12244.

[11] L. Galluzzi, E.H. Baehrecke, A. Ballabio, P. Boya, J.M. Bravo-San Pedro, F.
Cecconi, et al., Molecular definitions of autophagy and related processes,
Embo j. 36(13) (2017) 1811-1836. 10.15252/embj.201796697.

[12] Anding AL, Baehrecke EH. Cleaning house: selective autophagy of organelles.
Dev Cell 2017;41(1):10–22. doi: https://doi.org/10.1016/j.
devcel.2017.02.016.

[13] Vargas JNS, Hamasaki M, Kawabata T, Youle RJ, Yoshimori T. The mechanisms
and roles of selective autophagy in mammals. Nat Rev Mol Cell Biol 2023;24
(3):167–85. doi: https://doi.org/10.1038/s41580-022-00542-2.

[14] Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ. Mechanisms of
NAFLD development and therapeutic strategies. Nat Med 2018;24(7):908–22.
doi: https://doi.org/10.1038/s41591-018-0104-9.

[15] Pafili K, Roden M. Nonalcoholic fatty liver disease (NAFLD) from pathogenesis
to treatment concepts in humans. Mol Metab 2021;50:. doi: https://doi.org/
10.1016/j.molmet.2020.101122101122.

[16] Ding L, Sun W, Balaz M, He A, Klug M, Wieland S, et al. Peroxisomal b-
oxidation acts as a sensor for intracellular fatty acids and regulates lipolysis.
Nat Metab 2021;3(12):1648–61. doi: https://doi.org/10.1038/s42255-021-
00489-2.

[17] Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, et al. Autophagy
regulates lipid metabolism. Nature 2009;458(7242):1131–5. doi: https://doi.
org/10.1038/nature07976.

[18] Zhang S, Peng X, Yang S, Li X, Huang M, Wei S, et al. The regulation, function,
and role of lipophagy, a form of selective autophagy, in metabolic disorders.
Cell Death Dis 2022;13(2):132. doi: https://doi.org/10.1038/s41419-022-
04593-3.

[19] Zubiete-Franco I, García-Rodríguez JL, Martínez-Uña M, Martínez-Lopez N,
Woodhoo A, Juan VG, et al. Methionine and S-adenosylmethionine levels are
critical regulators of PP2A activity modulating lipophagy during steatosis. J
Hepatol 2016;64(2):409–18. doi: https://doi.org/10.1016/j.jhep.2015.08.037.

[20] Carotti S, Aquilano K, Zalfa F, Ruggiero S, Valentini F, Zingariello M, et al.
Lipophagy impairment is associated with disease progression in NAFLD. Front
Physiol 2020;11:850. doi: https://doi.org/10.3389/fphys.2020.00850.

[21] Garcia-Macia M, Santos-Ledo A, Leslie J, Paish HL, Collins AL, Scott RS, et al. A
mammalian target of rapamycin-perilipin 3 (mTORC1-Plin3) pathway is
essential to activate lipophagy and protects against hepatosteatosis.
Hepatology 2021;74(6):3441–59. doi: https://doi.org/10.1002/hep.32048.

[22] Wang C, Zhao Y, Gao X, Li L, Yuan Y, Liu F, et al. Perilipin 5 improves hepatic
lipotoxicity by inhibiting lipolysis. Hepatology 2015;61(3):870–82. doi:
https://doi.org/10.1002/hep.27409.

[23] Trevino MB, Mazur-Hart D, Machida Y, King T, Nadler J, Galkina EV, et al. Liver
perilipin 5 expression worsens hepatosteatosis but not insulin resistance in
high fat-fed mice. Mol Endocrinol 2015;29(10):1414–25. doi: https://doi.org/
10.1210/me.2015-1069.

[24] Sinha RA, Farah BL, Singh BK, Siddique MM, Li Y, Wu Y, et al. Caffeine
stimulates hepatic lipid metabolism by the autophagy-lysosomal pathway in
mice. Hepatology 2014;59(4):1366–80. doi: https://doi.org/10.1002/
hep.26667.

[25] Han YH, He XM, Jin MH, Sun HN, Kwon T. Lipophagy: A potential therapeutic
target for nonalcoholic and alcoholic fatty liver disease. Biochem Biophys Res
Commun 2023;672:36–44. doi: https://doi.org/10.1016/j.bbrc.2023.06.030.

[26] Minami Y, Hoshino A, Higuchi Y, Hamaguchi M, Kaneko Y, Kirita Y, et al. Liver
lipophagy ameliorates nonalcoholic steatohepatitis through extracellular
lipid secretion. Nat Commun 2023;14(1):4084. doi: https://doi.org/10.1038/
s41467-023-39404-6.

[27] Jung EJ, Sung KW, Bae TH, Kim HY, Choi HR, Kim SH, et al. The N-degron
pathway mediates lipophagy: The chemical modulation of lipophagy in
obesity and NAFLD. Metabolism 2023;146:. doi: https://doi.org/10.1016/j.
metabol.2023.155644155644.

[28] Shroff A, Nazarko TY. SQSTM1, lipid droplets and current state of their
lipophagy affairs. Autophagy 2023;19(2):720–3. doi: https://doi.org/10.1080/
15548627.2022.2094606.

[29] Lam T, Harmancey R, Vasquez H, Gilbert B, Patel N, Hariharan V, et al.
Reversal of intramyocellular lipid accumulation by lipophagy and a p62-
mediated pathway. Cell Death Discov 2016;2:16061. doi: https://doi.org/
10.1038/cddiscovery.2016.61.

https://doi.org/10.1002/hep.29367
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1038/nrgastro.2017.109
https://doi.org/10.1002/hep.28431
https://doi.org/10.1016/s2468-1253(22)00165-0
https://doi.org/10.1016/s2468-1253(22)00165-0
https://doi.org/10.1093/qjmed/hcp158
https://doi.org/10.1093/qjmed/hcp158
https://doi.org/10.1016/j.metabol.2015.12.012
https://doi.org/10.1080/15548627.2021.1895658
https://doi.org/10.1038/ncb2788
https://doi.org/10.1038/ncb2788
https://doi.org/10.1038/nrendo.2014.35
https://doi.org/10.1038/nrendo.2014.35
https://doi.org/10.4161/auto.6.4.12244
https://doi.org/10.4161/auto.6.4.12244
https://doi.org/10.1016/j.devcel.2017.02.016
https://doi.org/10.1016/j.devcel.2017.02.016
https://doi.org/10.1038/s41580-022-00542-2
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1016/j.molmet.2020.101122
https://doi.org/10.1016/j.molmet.2020.101122
https://doi.org/10.1038/s42255-021-00489-2
https://doi.org/10.1038/s42255-021-00489-2
https://doi.org/10.1038/nature07976
https://doi.org/10.1038/nature07976
https://doi.org/10.1038/s41419-022-04593-3
https://doi.org/10.1038/s41419-022-04593-3
https://doi.org/10.1016/j.jhep.2015.08.037
https://doi.org/10.3389/fphys.2020.00850
https://doi.org/10.1002/hep.32048
https://doi.org/10.1002/hep.27409
https://doi.org/10.1210/me.2015-1069
https://doi.org/10.1210/me.2015-1069
https://doi.org/10.1002/hep.26667
https://doi.org/10.1002/hep.26667
https://doi.org/10.1016/j.bbrc.2023.06.030
https://doi.org/10.1038/s41467-023-39404-6
https://doi.org/10.1038/s41467-023-39404-6
https://doi.org/10.1016/j.metabol.2023.155644
https://doi.org/10.1016/j.metabol.2023.155644
https://doi.org/10.1080/15548627.2022.2094606
https://doi.org/10.1080/15548627.2022.2094606
https://doi.org/10.1038/cddiscovery.2016.61
https://doi.org/10.1038/cddiscovery.2016.61


S. Jin, Y. Li, T. Xia et al. Journal of Advanced Research 67 (2025) 317–329
[30] Tsai TH, Chen E, Li L, Saha P, Lee HJ, Huang LS, et al. The constitutive lipid
droplet protein PLIN2 regulates autophagy in liver. Autophagy 2017;13
(7):1130–44. doi: https://doi.org/10.1080/15548627.2017.1319544.

[31] Ju L, Han J, Zhang X, Deng Y, Yan H, Wang C, et al. Obesity-associated
inflammation triggers an autophagy-lysosomal response in adipocytes and
causes degradation of perilipin 1. Cell Death Dis 2019;10(2):121. doi: https://
doi.org/10.1038/s41419-019-1393-8.

[32] Spandl J, Lohmann D, Kuerschner L, Moessinger C, Thiele C. Ancient
ubiquitous protein 1 (AUP1) localizes to lipid droplets and binds the E2
ubiquitin conjugase G2 (Ube2g2) via its G2 binding region. J Biol Chem
2011;286(7):5599–606. doi: https://doi.org/10.1074/jbc.M110.190785.

[33] Pu M, Zheng W, Zhang H, Wan W, Peng C, Chen X, et al. ORP8 acts as a
lipophagy receptor to mediate lipid droplet turnover. Protein Cell 2022. doi:
https://doi.org/10.1093/procel/pwac063.

[34] Chung J, Park J, Lai ZW, Lambert TJ, Richards RC, Zhang J, et al. The Troyer
syndrome protein spartin mediates selective autophagy of lipid droplets. Nat
Cell Biol 2023;25(8):1101–10.

[35] Adeva-Andany MM, Carneiro-Freire N, Seco-Filgueira M, Fernández-
Fernández C, Mouriño-Bayolo D. Mitochondrial b-oxidation of saturated
fatty acids in humans. Mitochondrion 2019;46:73–90. doi: https://doi.org/
10.1016/j.mito.2018.02.009.

[36] Houten SM, Violante S, Ventura FV, Wanders RJ. The biochemistry and
physiology of mitochondrial fatty acid b-oxidation and its genetic disorders.
Annu Rev Physiol 2016;78:23–44. doi: https://doi.org/10.1146/annurev-
physiol-021115-105045.

[37] Turrens JF. Mitochondrial formation of reactive oxygen species. J Physiol
2003;552(Pt 2):335–44. doi: https://doi.org/10.1113/jphysiol.2003.049478.

[38] Cadenas E, Davies KJ. Mitochondrial free radical generation, oxidative stress,
and aging. Free Radic Biol Med 2000;29(3–4):222–30. doi: https://doi.org/
10.1016/s0891-5849(00)00317-8.

[39] Zorov DB, Juhaszova M, Sollott SJ. Mitochondrial reactive oxygen species
(ROS) and ROS-induced ROS release. Physiol Rev 2014;94(3):909–50. doi:
https://doi.org/10.1152/physrev.00026.2013.

[40] Chen Z, Tian R, She Z, Cai J, Li H. Role of oxidative stress in the pathogenesis of
nonalcoholic fatty liver disease. Free Radic Biol Med 2020;152:116–41. doi:
https://doi.org/10.1016/j.freeradbiomed.2020.02.025.

[41] Mansouri A, Gattolliat CH, Asselah T. Mitochondrial dysfunction and signaling
in chronic liver diseases. Gastroenterology 2018;155(3):629–47. doi: https://
doi.org/10.1053/j.gastro.2018.06.083.

[42] Koliaki C, Szendroedi J, Kaul K, Jelenik T, Nowotny P, Jankowiak F, et al.
Adaptation of hepatic mitochondrial function in humans with non-alcoholic
fatty liver is lost in steatohepatitis. Cell Metab 2015;21(5):739–46. doi:
https://doi.org/10.1016/j.cmet.2015.04.004.

[43] Nassir F, Ibdah JA. Role of mitochondria in nonalcoholic fatty liver disease. Int
J Mol Sci 2014;15(5):8713–42. doi: https://doi.org/10.3390/ijms15058713.

[44] K. Palikaras, E. Lionaki, N. Tavernarakis, Coordination of mitophagy and
mitochondrial biogenesis during ageing in C. elegans, Nature. 521(7553)
(2015) 525-528. 10.1038/nature14300.

[45] Nguyen TN, Padman BS, Lazarou M. Deciphering the molecular signals of
PINK1/parkin mitophagy. Trends Cell Biol 2016;26(10):733–44. doi: https://
doi.org/10.1016/j.tcb.2016.05.008.

[46] Jin SM, Lazarou M, Wang C, Kane LA, Narendra DP, Youle RJ. Mitochondrial
membrane potential regulates PINK1 import and proteolytic destabilization
by PARL. J Cell Biol 2010;191(5):933–42. doi: https://doi.org/10.1083/
jcb.201008084.

[47] Narendra DP, Jin SM, Tanaka A, Suen DF, Gautier CA, Shen J, et al. PINK1 is
selectively stabilized on impaired mitochondria to activate Parkin. PLoS Biol
2010;8(1):e1000298.

[48] Lazarou M, Sliter DA, Kane LA, Sarraf SA, Wang C, Burman JL, et al. The
ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy.
Nature 2015;524(7565):309–14. doi: https://doi.org/10.1038/nature14893.

[49] Heo JM, Ordureau A, Paulo JA, Rinehart J, Harper JW. The PINK1-PARKIN
mitochondrial ubiquitylation pathway drives a program of OPTN/NDP52
recruitment and TBK1 activation to promote mitophagy. Mol Cell 2015;60
(1):7–20. doi: https://doi.org/10.1016/j.molcel.2015.08.016.

[50] Shi J, Fung G, Deng H, Zhang J, Fiesel FC, Springer W, et al. NBR1 is dispensable
for PARK2-mediated mitophagy regardless of the presence or absence of
SQSTM1. Cell Death Dis 2015;6(10):e1943.

[51] R.A. Hanna, M.N. Quinsay, A.M. Orogo, K. Giang, S. Rikka, B. Gustafsson Å,
Microtubule-associated protein 1 light chain 3 (LC3) interacts with Bnip3
protein to selectively remove endoplasmic reticulum and mitochondria via
autophagy, J Biol Chem. 287(23) (2012) 19094-104. 10.1074/jbc.
M111.322933.

[52] Novak I, Kirkin V, McEwan DG, Zhang J, Wild P, Rozenknop A, et al. Nix is a
selective autophagy receptor for mitochondrial clearance. EMBO Rep 2010;11
(1):45–51. doi: https://doi.org/10.1038/embor.2009.256.

[53] Liu L, Feng D, Chen G, Chen M, Zheng Q, Song P, et al. Mitochondrial outer-
membrane protein FUNDC1 mediates hypoxia-induced mitophagy in
mammalian cells. Nat Cell Biol 2012;14(2):177–85. doi: https://doi.org/
10.1038/ncb2422.

[54] Zhang NP, Liu XJ, Xie L, Shen XZ, Wu J. Impaired mitophagy triggers NLRP3
inflammasome activation during the progression from nonalcoholic fatty
liver to nonalcoholic steatohepatitis. Lab Invest 2019;99(6):749–63. doi:
https://doi.org/10.1038/s41374-018-0177-6.
326
[55] Undamatla R, Fagunloye OG, Chen J, Edmunds LR, Murali A, Mills A, et al.
Reduced mitophagy is an early feature of NAFLD and liver-specific PARKIN
knockout hastens the onset of steatosis, inflammation and fibrosis. Sci Rep
2023;13(1). doi: https://doi.org/10.1038/s41598-023-34710-x.

[56] Moore MP, Cunningham RP, Meers GM, Johnson SA, Wheeler AA, Ganga RR,
et al. Compromised hepatic mitochondrial fatty acid oxidation and reduced
markers of mitochondrial turnover in human NAFLD. Hepatology 2022;76
(5):1452–65. doi: https://doi.org/10.1002/hep.32324.

[57] Zhou T, Chang L, Luo Y, Zhou Y, Zhang J. Mst1 inhibition attenuates non-
alcoholic fatty liver disease via reversing Parkin-related mitophagy. Redox
Biol 2019;21:. doi: https://doi.org/10.1016/j.redox.2019.101120101120.

[58] Jin K, Shi Y, Zhang H, Zhangyuan G, Wang F, Li S, et al. A TNFa/Miz1-positive
feedback loop inhibits mitophagy in hepatocytes and propagates non-
alcoholic steatohepatitis. J Hepatol 2023;79(2):403–16. doi: https://doi.org/
10.1016/j.jhep.2023.03.039.

[59] Li R, Xin T, Li D, Wang C, Zhu H, Zhou H. Therapeutic effect of Sirtuin 3 on
ameliorating nonalcoholic fatty liver disease: The role of the ERK-CREB
pathway and Bnip3-mediated mitophagy. Redox Biol 2018;18:229–43. doi:
https://doi.org/10.1016/j.redox.2018.07.011.

[60] Yamada T, Murata D, Adachi Y, Itoh K, Kameoka S, Igarashi A, et al.
Mitochondrial stasis reveals p62-mediated ubiquitination in parkin-
independent mitophagy and mitigates nonalcoholic fatty liver disease. Cell
Metab 2018;28(4):588–604.e5. doi: https://doi.org/10.1016/j.
cmet.2018.06.014.

[61] Gubas A, Dikic I. ER remodeling via ER-phagy. Mol Cell 2022;82(8):1492–500.
doi: https://doi.org/10.1016/j.molcel.2022.02.018.

[62] Mochida K, Oikawa Y, Kimura Y, Kirisako H, Hirano H, Ohsumi Y, et al.
Receptor-mediated selective autophagy degrades the endoplasmic reticulum
and the nucleus. Nature 2015;522(7556):359–62. doi: https://doi.org/
10.1038/nature14506.

[63] Fumagalli F, Noack J, Bergmann TJ, Cebollero E, Pisoni GB, Fasana E, et al.
Translocon component Sec62 acts in endoplasmic reticulum turnover during
stress recovery. Nat Cell Biol 2016;18(11):1173–84. doi: https://doi.org/
10.1038/ncb3423.

[64] Grumati P, Morozzi G, Hölper S, Mari M, Harwardt MI, Yan R, et al. Full length
RTN3 regulates turnover of tubular endoplasmic reticulum via selective
autophagy. Elife 2017;6. doi: https://doi.org/10.7554/eLife.25555.

[65] Smith MD, Harley ME, Kemp AJ, Wills J, Lee M, Arends M, et al. CCPG1 Is a
non-canonical autophagy cargo receptor essential for ER-phagy and
pancreatic ER proteostasis. Dev Cell 2018;44(2):217–232.e11. doi: https://
doi.org/10.1016/j.devcel.2017.11.024.

[66] Chen Q, Xiao Y, Chai P, Zheng P, Teng J, Chen J. ATL3 Is a tubular ER-phagy
receptor for GABARAP-mediated selective autophagy. Curr Biol 2019;29
(5):846–855.e6. doi: https://doi.org/10.1016/j.cub.2019.01.041.

[67] An H, Ordureau A, Paulo JA, Shoemaker CJ, Denic V, Harper JW. TEX264 Is an
endoplasmic reticulum-resident ATG8-interacting protein critical for ER
remodeling during nutrient stress. Mol Cell 2019;74(5):891–908.e10. doi:
https://doi.org/10.1016/j.molcel.2019.03.034.

[68] Lebeaupin C, Vallée D, Hazari Y, Hetz C, Chevet E, Bailly-Maitre B.
Endoplasmic reticulum stress signalling and the pathogenesis of non-
alcoholic fatty liver disease. J Hepatol 2018;69(4):927–47. doi: https://doi.
org/10.1016/j.jhep.2018.06.008.

[69] Pang L, Liu K, Liu D, Lv F, Zang Y, Xie F, et al. Differential effects of
reticulophagy and mitophagy on nonalcoholic fatty liver disease. Cell Death
Dis 2018;9(2). doi: https://doi.org/10.1038/s41419-017-0136-y.

[70] Yan M, Wang Z, Xia T, Jin S, Liu Y, Hu H, et al. Enhancement of TEX264-
mediated ER-phagy contributes to the therapeutic effect of glycycoumarin
against APA hepatotoxicity in mice. Biomedicines 2021;9(8). doi: https://doi.
org/10.3390/biomedicines9080939.

[71] Uomoto S, Takesue K, Shimizu S, Maeda N, Oshima K, Hara E, et al.
Phenobarbital, a hepatic metabolic enzyme inducer, inhibits preneoplastic
hepatic lesions with expression of selective autophagy receptor p62 and ER-
phagy receptor FAM134B in high-fat diet-fed rats through the inhibition of ER
stress. Food Chem Toxicol 2023;173:. doi: https://doi.org/10.1016/j.
fct.2023.113607113607.

[72] Smith JJ, Aitchison JD. Peroxisomes take shape. Nat Rev Mol Cell Biol 2013;14
(12):803–17. doi: https://doi.org/10.1038/nrm3700.

[73] Iwata J, Ezaki J, Komatsu M, Yokota S, Ueno T, Tanida I, et al. Excess
peroxisomes are degraded by autophagic machinery in mammals. J Biol Chem
2006;281(7):4035–41. doi: https://doi.org/10.1074/jbc.M512283200.

[74] Dunn Jr WA, Cregg JM, Kiel JA, van der Klei IJ, Oku M, Sakai Y, et al.
Pexophagy: the selective autophagy of peroxisomes. Autophagy 2005;1
(2):75–83. doi: https://doi.org/10.4161/auto.1.2.1737.

[75] Sargent G, van Zutphen T, Shatseva T, Zhang L, Di Giovanni V, Bandsma R,
et al. PEX2 is the E3 ubiquitin ligase required for pexophagy during
starvation. J Cell Biol 2016;214(6):677–90. doi: https://doi.org/10.1083/
jcb.201511034.

[76] Deosaran E, Larsen KB, Hua R, Sargent G, Wang Y, Kim S, et al. NBR1 acts as an
autophagy receptor for peroxisomes. J Cell Sci 2013;126(Pt 4):939–52. doi:
https://doi.org/10.1242/jcs.114819.

[77] Zhang J, Tripathi DN, Jing J, Alexander A, Kim J, Powell RT, et al. ATM functions
at the peroxisome to induce pexophagy in response to ROS. Nat Cell Biol
2015;17(10):1259–69. doi: https://doi.org/10.1038/ncb3230.

https://doi.org/10.1080/15548627.2017.1319544
https://doi.org/10.1038/s41419-019-1393-8
https://doi.org/10.1038/s41419-019-1393-8
https://doi.org/10.1074/jbc.M110.190785
https://doi.org/10.1093/procel/pwac063
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0170
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0170
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0170
https://doi.org/10.1016/j.mito.2018.02.009
https://doi.org/10.1016/j.mito.2018.02.009
https://doi.org/10.1146/annurev-physiol-021115-105045
https://doi.org/10.1146/annurev-physiol-021115-105045
https://doi.org/10.1113/jphysiol.2003.049478
https://doi.org/10.1016/s0891-5849(00)00317-8
https://doi.org/10.1016/s0891-5849(00)00317-8
https://doi.org/10.1152/physrev.00026.2013
https://doi.org/10.1016/j.freeradbiomed.2020.02.025
https://doi.org/10.1053/j.gastro.2018.06.083
https://doi.org/10.1053/j.gastro.2018.06.083
https://doi.org/10.1016/j.cmet.2015.04.004
https://doi.org/10.3390/ijms15058713
https://doi.org/10.1016/j.tcb.2016.05.008
https://doi.org/10.1016/j.tcb.2016.05.008
https://doi.org/10.1083/jcb.201008084
https://doi.org/10.1083/jcb.201008084
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0235
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0235
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0235
https://doi.org/10.1038/nature14893
https://doi.org/10.1016/j.molcel.2015.08.016
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0250
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0250
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0250
https://doi.org/10.1038/embor.2009.256
https://doi.org/10.1038/ncb2422
https://doi.org/10.1038/ncb2422
https://doi.org/10.1038/s41374-018-0177-6
https://doi.org/10.1038/s41598-023-34710-x
https://doi.org/10.1002/hep.32324
https://doi.org/10.1016/j.redox.2019.101120
https://doi.org/10.1016/j.jhep.2023.03.039
https://doi.org/10.1016/j.jhep.2023.03.039
https://doi.org/10.1016/j.redox.2018.07.011
https://doi.org/10.1016/j.cmet.2018.06.014
https://doi.org/10.1016/j.cmet.2018.06.014
https://doi.org/10.1016/j.molcel.2022.02.018
https://doi.org/10.1038/nature14506
https://doi.org/10.1038/nature14506
https://doi.org/10.1038/ncb3423
https://doi.org/10.1038/ncb3423
https://doi.org/10.7554/eLife.25555
https://doi.org/10.1016/j.devcel.2017.11.024
https://doi.org/10.1016/j.devcel.2017.11.024
https://doi.org/10.1016/j.cub.2019.01.041
https://doi.org/10.1016/j.molcel.2019.03.034
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1038/s41419-017-0136-y
https://doi.org/10.3390/biomedicines9080939
https://doi.org/10.3390/biomedicines9080939
https://doi.org/10.1016/j.fct.2023.113607
https://doi.org/10.1016/j.fct.2023.113607
https://doi.org/10.1038/nrm3700
https://doi.org/10.1074/jbc.M512283200
https://doi.org/10.4161/auto.1.2.1737
https://doi.org/10.1083/jcb.201511034
https://doi.org/10.1083/jcb.201511034
https://doi.org/10.1242/jcs.114819
https://doi.org/10.1038/ncb3230


S. Jin, Y. Li, T. Xia et al. Journal of Advanced Research 67 (2025) 317–329
[78] Nazarko TY. Pexophagy is responsible for 65% of cases of peroxisome
biogenesis disorders. Autophagy 2017;13(5):991–4. doi: https://doi.org/
10.1080/15548627.2017.1291480.

[79] Jo DS, Park SJ, Kim AK, Park NY, Kim JB, Bae JE, et al. Loss of HSPA9 induces
peroxisomal degradation by increasing pexophagy. Autophagy 2020;16
(11):1989–2003. doi: https://doi.org/10.1080/15548627.2020.1712812.

[80] D.A. Dolese, M.P. Junot, B. Ghosh, T.J. Butsch, A.E. Johnson, K.A. Bohnert,
Degradative tubular lysosomes link pexophagy to starvation and early aging
in C. elegans, Autophagy. 18(7) (2022) 1522-1533. 10.1080/
15548627.2021.1990647.

[81] Walter KM, Schönenberger MJ, Trötzmüller M, Horn M, Elsässer HP, Moser
AB, et al. Hif-2a promotes degradation of mammalian peroxisomes by
selective autophagy. Cell Metab 2014;20(5):882–97. doi: https://doi.org/
10.1016/j.cmet.2014.09.017.

[82] van Zutphen T, Ciapaite J, Bloks VW, Ackereley C, Gerding A, Jurdzinski A,
et al. Malnutrition-associated liver steatosis and ATP depletion is caused by
peroxisomal and mitochondrial dysfunction. J Hepatol 2016;65(6):1198–208.
doi: https://doi.org/10.1016/j.jhep.2016.05.046.

[83] Tan SH, Shui G, Zhou J, Li JJ, Bay BH, Wenk MR, et al. Induction of autophagy
by palmitic acid via protein kinase C-mediated signaling pathway
independent of mTOR (mammalian target of rapamycin). J Biol Chem
2012;287(18):14364–76. doi: https://doi.org/10.1074/jbc.M111.294157.

[84] Ding H, Ge G, Tseng Y, Ma Y, Zhang J, Liu J. Hepatic autophagy fluctuates
during the development of non-alcoholic fatty liver disease. Ann Hepatol
2020;19(5):516–22. doi: https://doi.org/10.1016/j.aohep.2020.06.001.

[85] S.L. Xin, X.L. Pan, X.Y. Xu, Y.Y. Yu, USP10 Alleviates palmitic acid-induced
steatosis through autophagy in HepG2 Cells, J Clin Transl Hepatol. 11(1)
(2023) 45-57. 10.14218/jcth.2022.00060.

[86] González-Rodríguez A, Mayoral R, Agra N, Valdecantos MP, Pardo V,
Miquilena-Colina ME, et al. Impaired autophagic flux is associated with
increased endoplasmic reticulum stress during the development of NAFLD.
Cell Death Dis 2014;5(4):e1179.

[87] Cheng C, Deng X, Xu K. Increased expression of sterol regulatory element
binding protein-2 alleviates autophagic dysfunction in NAFLD. Int J Mol Med
2018;41(4):1877–86. doi: https://doi.org/10.3892/ijmm.2018.3389.

[88] Mei S, Ni HM, Manley S, Bockus A, Kassel KM, Luyendyk JP, et al. Differential
roles of unsaturated and saturated fatty acids on autophagy and apoptosis in
hepatocytes. J Pharmacol Exp Ther 2011;339(2):487–98. doi: https://doi.org/
10.1124/jpet.111.184341.

[89] Liu C, Liu L, Zhu H-D, Sheng J-Q, Wu X-L, He X-X, et al. Celecoxib alleviates
nonalcoholic fatty liver disease by restoring autophagic flux. Sci Rep 2018;8
(1):4108. doi: https://doi.org/10.1038/s41598-018-22339-0.

[90] Koga H, Kaushik S, Cuervo AM. Altered lipid content inhibits autophagic
vesicular fusion. Faseb j 2010;24(8):3052–65. doi: https://doi.org/10.1096/
fj.09-144519.

[91] Park HW, Park H, Semple IA, Jang I, Ro SH, Kim M, et al. Pharmacological
correction of obesity-induced autophagy arrest using calcium channel
blockers. Nat Commun 2014;5:4834. doi: https://doi.org/10.1038/
ncomms5834.

[92] Tanaka S, Hikita H, Tatsumi T, Sakamori R, Nozaki Y, Sakane S, et al. Rubicon
inhibits autophagy and accelerates hepatocyte apoptosis and lipid
accumulation in nonalcoholic fatty liver disease in mice. Hepatology
2016;64(6):1994–2014. doi: https://doi.org/10.1002/hep.28820.

[93] Miyagawa K, Oe S, Honma Y, Izumi H, Baba R, Harada M. Lipid-induced
endoplasmic reticulum stress impairs selective autophagy at the step of
autophagosome-lysosome fusion in hepatocytes. Am J Pathol 2016;186
(7):1861–73. doi: https://doi.org/10.1016/j.ajpath.2016.03.003.

[94] Inami Y, Yamashina S, Izumi K, Ueno T, Tanida I, Ikejima K, et al. Hepatic
steatosis inhibits autophagic proteolysis via impairment of autophagosomal
acidification and cathepsin expression. Biochem Biophys Res Commun
2011;412(4):618–25. doi: https://doi.org/10.1016/j.bbrc.2011.08.012.

[95] Feldstein AE, Werneburg NW, Canbay A, Guicciardi ME, Bronk SF, Rydzewski
R, et al. Free fatty acids promote hepatic lipotoxicity by stimulating TNF-
alpha expression via a lysosomal pathway. Hepatology 2004;40(1):185–94.
doi: https://doi.org/10.1002/hep.20283.

[96] Geng Y, Faber KN, de Meijer VE, Blokzijl H, Moshage H. How does hepatic lipid
accumulation lead to lipotoxicity in non-alcoholic fatty liver disease? Hepatol
Int 2021;15(1):21–35. doi: https://doi.org/10.1007/s12072-020-10121-2.

[97] Fukuo Y, Yamashina S, Sonoue H, Arakawa A, Nakadera E, Aoyama T, et al.
Abnormality of autophagic function and cathepsin expression in the liver
from patients with non-alcoholic fatty liver disease. Hepatol Res 2014;44
(9):1026–36. doi: https://doi.org/10.1111/hepr.12282.

[98] Hu M, Chen J, Liu S, Xu H. The acid gate in the lysosome. Autophagy 2023;19
(4):1368–70. doi: https://doi.org/10.1080/15548627.2022.2125629.

[99] Nakadera E, Yamashina S, Izumi K, Inami Y, Sato T, Fukushima H, et al.
Inhibition of mTOR improves the impairment of acidification in autophagic
vesicles caused by hepatic steatosis. Biochem Biophys Res Commun 2016;469
(4):1104–10. doi: https://doi.org/10.1016/j.bbrc.2015.12.010.

[100] Kim HJ, Han YH, Kim JY, Lee MO. RORa enhances lysosomal acidification and
autophagic flux in the hepatocytes. Hepatol Commun 2021;5(12):2121–38.
doi: https://doi.org/10.1002/hep4.1785.
327
[101] Wang X, Zhang X, Chu ESH, Chen X, Kang W, Wu F, et al. Defective lysosomal
clearance of autophagosomes and its clinical implications in nonalcoholic
steatohepatitis. Faseb j 2018;32(1):37–51.

[102] Li Z, Berk M, McIntyre TM, Gores GJ, Feldstein AE. The lysosomal-
mitochondrial axis in free fatty acid-induced hepatic lipotoxicity.
Hepatology 2008;47(5):1495–503. doi: https://doi.org/10.1002/hep.22183.

[103] Feldstein AE, Werneburg NW, Li Z, Bronk SF, Gores GJ. Bax inhibition protects
against free fatty acid-induced lysosomal permeabilization. Am J Physiol
Gastrointest Liver Physiol 2006;290(6):G1339–46. doi: https://doi.org/
10.1152/ajpgi.00509.2005.

[104] Zhang E, Lu X, Yin S, Yan M, Lu S, Fan L, et al. The functional role of Bax/Bak in
palmitate-induced lipoapoptosis. Food Chem Toxicol 2019;123:268–74.

[105] Fucho R, Martínez L, Baulies A, Torres S, Tarrats N, Fernandez A, et al. ASMase
regulates autophagy and lysosomal membrane permeabilization and its
inhibition prevents early stage non-alcoholic steatohepatitis. J Hepatol
2014;61(5):1126–34. doi: https://doi.org/10.1016/j.jhep.2014.06.009.

[106] Bashir A, Duseja A, Verma A, De A, Tiwari P. Lysosomal acid lipase activity in
non-alcoholic fatty liver disease as a novel diagnostic and therapeutic target:
a systematic literature review of current evidence and future directions. J Clin
Exp Hepatol 2022;12(6):1535–46. doi: https://doi.org/10.1016/j.
jceh.2022.04.011.

[107] Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, Erdin S, et al.
TFEB links autophagy to lysosomal biogenesis. Science 2011;332
(6036):1429–33. doi: https://doi.org/10.1126/science.1204592.

[108] Settembre C, De Cegli R, Mansueto G, Saha PK, Vetrini F, Visvikis O, et al. TFEB
controls cellular lipid metabolism through a starvation-induced
autoregulatory loop. Nat Cell Biol 2013;15(6):647–58. doi: https://doi.org/
10.1038/ncb2718.

[109] Chao X, Wang S, Zhao K, Li Y, Williams JA, Li T, et al. Impaired TFEB-mediated
lysosome biogenesis and autophagy promote chronic ethanol-induced liver
injury and steatosis in mice. Gastroenterology 2018;155(3):865–879.e12.
doi: https://doi.org/10.1053/j.gastro.2018.05.027.

[110] Zhang H, Yan S, Khambu B, Ma F, Li Y, Chen X, et al. Dynamic MTORC1-TFEB
feedback signaling regulates hepatic autophagy, steatosis and liver injury in
long-term nutrient oversupply. Autophagy 2018;14(10):1779–95. doi:
https://doi.org/10.1080/15548627.2018.1490850.

[111] Wang C, Niederstrasser H, Douglas PM, Lin R, Jaramillo J, Li Y, et al. Small-
molecule TFEB pathway agonists that ameliorate metabolic syndrome in
mice and extend C. elegans lifespan. Nat Commun 2017;8(1):2270. doi:
https://doi.org/10.1038/s41467-017-02332-3.

[112] Gao Y, Zhang W, Zeng LQ, Bai H, Li J, Zhou J, et al. Exercise and dietary
intervention ameliorate high-fat diet-induced NAFLD and liver aging by
inducing lipophagy. Redox Biol 2020;36:. doi: https://doi.org/10.1016/j.
redox.2020.101635101635.

[113] Li H, Dun Y, Zhang W, You B, Liu Y, Fu S, et al. Exercise improves lipid droplet
metabolism disorder through activation of AMPK-mediated lipophagy in
NAFLD. Life Sci 2021;273:. doi: https://doi.org/10.1016/j.
lfs.2021.119314119314.

[114] Gonçalves IO, Passos E, Diogo CV, Rocha-Rodrigues S, Santos-Alves E, Oliveira
PJ, et al. Exercise mitigates mitochondrial permeability transition pore and
quality control mechanisms alterations in nonalcoholic steatohepatitis. Appl
Physiol Nutr Metab 2016;41(3):298–306. doi: https://doi.org/10.1139/apnm-
2015-0470.

[115] Zhu X, Xiong T, Liu P, Guo X, Xiao L, Zhou F, et al. Quercetin ameliorates HFD-
induced NAFLD by promoting hepatic VLDL assembly and lipophagy via the
IRE1a/XBP1s pathway. Food Chem Toxicol 2018;114:52–60.

[116] Liu P, Lin H, Xu Y, Zhou F, Wang J, Liu J, et al. Frataxin-mediated PINK1-
parkin-dependent mitophagy in hepatic steatosis: the protective effects of
quercetin. Mol Nutr Food Res 2018;62(16):e1800164.

[117] Yoo J, Jeong IK, Ahn KJ, Chung HY, Hwang YC. Fenofibrate, a PPARa agonist,
reduces hepatic fat accumulation through the upregulation of TFEB-mediated
lipophagy. Metabolism 2021;120:. doi: https://doi.org/10.1016/j.
metabol.2021.154798154798.

[118] Zhang H, Lu J, Liu H, Guan L, Xu S, Wang Z, et al. Ajugol enhances TFEB-
mediated lysosome biogenesis and lipophagy to alleviate non-alcoholic fatty
liver disease. Pharmacol Res 2021;174:. doi: https://doi.org/10.1016/j.
phrs.2021.105964105964.

[119] Zhou W, Yan X, Zhai Y, Liu H, Guan L, Qiao Y, et al. Phillygenin ameliorates
nonalcoholic fatty liver disease via TFEB-mediated lysosome biogenesis and
lipophagy. Phytomedicine 2022;103:. doi: https://doi.org/10.1016/
j.phymed.2022.154235154235.

[120] Yang X, Deng Y, Tu Y, Feng D, Liao W. Nobiletin mitigates NAFLD via
lipophagy and inflammation. Food Funct 2022;13(19):10186–99. doi:
https://doi.org/10.1039/d2fo01682f.

[121] Wang Y, Zhao H, Li X, Wang Q, Yan M, Zhang H, et al. Formononetin alleviates
hepatic steatosis by facilitating TFEB-mediated lysosome biogenesis and
lipophagy. J Nutr Biochem 2019;73:. doi: https://doi.org/10.1016/j.
jnutbio.2019.07.005108214.

[122] Park J, Rah SY, An HS, Lee JY, Roh GS, Ryter SW, et al. Metformin-induced TTP
mediates communication between Kupffer cells and hepatocytes to alleviate
hepatic steatosis by regulating lipophagy and necroptosis. Metabolism
2023;141:. doi: https://doi.org/10.1016/j.metabol.2023.155516155516.

https://doi.org/10.1080/15548627.2017.1291480
https://doi.org/10.1080/15548627.2017.1291480
https://doi.org/10.1080/15548627.2020.1712812
https://doi.org/10.1016/j.cmet.2014.09.017
https://doi.org/10.1016/j.cmet.2014.09.017
https://doi.org/10.1016/j.jhep.2016.05.046
https://doi.org/10.1074/jbc.M111.294157
https://doi.org/10.1016/j.aohep.2020.06.001
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0430
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0430
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0430
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0430
https://doi.org/10.3892/ijmm.2018.3389
https://doi.org/10.1124/jpet.111.184341
https://doi.org/10.1124/jpet.111.184341
https://doi.org/10.1038/s41598-018-22339-0
https://doi.org/10.1096/fj.09-144519
https://doi.org/10.1096/fj.09-144519
https://doi.org/10.1038/ncomms5834
https://doi.org/10.1038/ncomms5834
https://doi.org/10.1002/hep.28820
https://doi.org/10.1016/j.ajpath.2016.03.003
https://doi.org/10.1016/j.bbrc.2011.08.012
https://doi.org/10.1002/hep.20283
https://doi.org/10.1007/s12072-020-10121-2
https://doi.org/10.1111/hepr.12282
https://doi.org/10.1080/15548627.2022.2125629
https://doi.org/10.1016/j.bbrc.2015.12.010
https://doi.org/10.1002/hep4.1785
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0505
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0505
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0505
https://doi.org/10.1002/hep.22183
https://doi.org/10.1152/ajpgi.00509.2005
https://doi.org/10.1152/ajpgi.00509.2005
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0520
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0520
https://doi.org/10.1016/j.jhep.2014.06.009
https://doi.org/10.1016/j.jceh.2022.04.011
https://doi.org/10.1016/j.jceh.2022.04.011
https://doi.org/10.1126/science.1204592
https://doi.org/10.1038/ncb2718
https://doi.org/10.1038/ncb2718
https://doi.org/10.1053/j.gastro.2018.05.027
https://doi.org/10.1080/15548627.2018.1490850
https://doi.org/10.1038/s41467-017-02332-3
https://doi.org/10.1016/j.redox.2020.101635
https://doi.org/10.1016/j.redox.2020.101635
https://doi.org/10.1016/j.lfs.2021.119314
https://doi.org/10.1016/j.lfs.2021.119314
https://doi.org/10.1139/apnm-2015-0470
https://doi.org/10.1139/apnm-2015-0470
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0575
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0575
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0575
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0580
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0580
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0580
https://doi.org/10.1016/j.metabol.2021.154798
https://doi.org/10.1016/j.metabol.2021.154798
https://doi.org/10.1016/j.phrs.2021.105964
https://doi.org/10.1016/j.phrs.2021.105964
https://doi.org/10.1016/j.phymed.2022.154235
https://doi.org/10.1016/j.phymed.2022.154235
https://doi.org/10.1039/d2fo01682f
https://doi.org/10.1016/j.jnutbio.2019.07.005
https://doi.org/10.1016/j.jnutbio.2019.07.005
https://doi.org/10.1016/j.metabol.2023.155516


S. Jin, Y. Li, T. Xia et al. Journal of Advanced Research 67 (2025) 317–329
[123] Liu J, Zhang T, Zhu J, Ruan S, Li R, Guo B, et al. Honokiol attenuates lipotoxicity
in hepatocytes via activating SIRT3-AMPK mediated lipophagy. Chin Med
2021;16(1):115. doi: https://doi.org/10.1186/s13020-021-00528-w.

[124] Yu X, Hao M, Liu Y, Ma X, Lin W, Xu Q, et al. Liraglutide ameliorates non-
alcoholic steatohepatitis by inhibiting NLRP3 inflammasome and pyroptosis
activation via mitophagy. Eur J Pharmacol 2019;864:. doi: https://doi.org/
10.1016/j.ejphar.2019.172715172715.

[125] Li X, Shi Z, Zhu Y, Shen T, Wang H, Shui G, et al. Cyanidin-3-O-glucoside
improves non-alcoholic fatty liver disease by promoting PINK1-mediated
mitophagy in mice. Br J Pharmacol 2020;177(15):3591–607. doi: https://doi.
org/10.1111/bph.15083.

[126] Park HW, Lee JH. Calcium channel blockers as potential therapeutics for
obesity-associated autophagy defects and fatty liver pathologies. Autophagy
2014;10(12):2385–6. doi: https://doi.org/10.4161/15548627.2014.984268.

[127] Gong LL, Li GR, Zhang W, Liu H, Lv YL, Han FF, et al. Akebia saponin D
decreases hepatic steatosis through autophagy modulation. J Pharmacol Exp
Ther 2016;359(3):392–400. doi: https://doi.org/10.1124/jpet.116.236562.

[128] Wang Y, Wang Y, Li F, Zou J, Li X, Xu M, et al. Psoralen suppresses lipid
deposition by alleviating insulin resistance and promoting autophagy in
oleate-induced L02 Cells. Cells 2022;11(7). doi: https://doi.org/
10.3390/cells11071067.

[129] Chen X, Chan H, Zhang L, Liu X, Ho IHT, Zhang X, et al. The phytochemical
polydatin ameliorates non-alcoholic steatohepatitis by restoring lysosomal
function and autophagic flux. J Cell Mol Med 2019;23(6):4290–300. doi:
https://doi.org/10.1111/jcmm.14320.

[130] Zhu X, Yao P, Liu J, Guo X, Jiang C, Tang Y. Baicalein attenuates impairment of
hepatic lysosomal acidification induced by high fat diet via maintaining V-
ATPase assembly. Food Chem Toxicol 2020;136:. doi: https://doi.org/
10.1016/j.fct.2019.110990110990.

[131] Zhou J, Farah BL, Sinha RA, Wu Y, Singh BK, Bay BH, et al. Epigallocatechin-3-
gallate (EGCG), a green tea polyphenol, stimulates hepatic autophagy and
lipid clearance. PLoS One 2014;9(1):e87161.

[132] Xu Y, Ke H, Li Y, Xie L, Su H, Xie J, et al. Malvidin-3-O-glucoside from
blueberry ameliorates nonalcoholic fatty liver disease by regulating
transcription factor eb-mediated lysosomal function and activating the
Nrf2/ARE signaling pathway. J Agric Food Chem 2021;69(16):4663–73. doi:
https://doi.org/10.1021/acs.jafc.0c06695.

[133] Hao R, Shan S, Yang D, Zhang H, Sun Y, Li Z. Peonidin-3-O-glucoside from
purple corncob ameliorates nonalcoholic fatty liver disease by regulating
mitochondrial and lysosome functions to reduce oxidative stress and
inflammation. Nutrients 2023;15(2). doi: https://doi.org/10.3390/
nu15020372.

[134] Shao R, Shi J, Du K, Wang N, Cai W, Liu S, et al. Resveratrol promotes
lysosomal function via ER calcium-dependent TFEB activation to ameliorate
lipid accumulation. Biochem J 2021;478(5):1159–73. doi: https://doi.org/
10.1042/bcj20200676.

[135] Zeng J, Acin-Perez R, Assali EA, Martin A, Brownstein AJ, Petcherski A, et al.
Restoration of lysosomal acidification rescues autophagy and metabolic
dysfunction in non-alcoholic fatty liver disease. Nat Commun 2023;14
(1):2573. doi: https://doi.org/10.1038/s41467-023-38165-6.

[136] Pi H, Liu M, Xi Y, Chen M, Tian L, Xie J, et al. Long-term exercise prevents
hepatic steatosis: a novel role of FABP1 in regulation of autophagy-lysosomal
machinery. Faseb j 2019;33(11):11870–83. doi: https://doi.org/10.1096/
fj.201900812R.

[137] Du X, Di Malta C, Fang Z, Shen T, Niu X, Chen M, et al. Nuciferine protects
against high-fat diet-induced hepatic steatosis and insulin resistance via
activating TFEB-mediated autophagy-lysosomal pathway. Acta Pharm Sin B
2022;12(6):2869–86. doi: https://doi.org/10.1016/j.apsb.2021.12.012.

[138] Su H, Li Y, Hu D, Xie L, Ke H, Zheng X, et al. Procyanidin B2 ameliorates free
fatty acids-induced hepatic steatosis through regulating TFEB-mediated
lysosomal pathway and redox state. Free Radic Biol Med 2018;126:269–86.

[139] Ren H, Wang D, Zhang L, Kang X, Li Y, Zhou X, et al. Catalpol induces
autophagy and attenuates liver steatosis in ob/ob and high-fat diet-induced
obese mice. Aging (Albany NY) 2019;11(21):9461–77. doi: https://doi.org/
10.18632/aging.102396.

[140] Yu S, Wang Z, Ding L, Yang L. The regulation of TFEB in lipid homeostasis of
non-alcoholic fatty liver disease: Molecular mechanism and promising
therapeutic targets. Life Sci 2020;246:. doi: https://doi.org/10.1016/j.
lfs.2020.117418117418.

[141] Gong Q, Zhang X, Sun Y, Shen J, Li X, Xue C, et al. Transcription factor EB
inhibits non-alcoholic fatty liver disease through fibroblast growth factor 21.
J Mol Med (Berl) 2022;100(11):1587–97. doi: https://doi.org/10.1007/
s00109-022-02256-6.

[142] Yang Y, Li X, Liu Z, Ruan X, Wang H, Zhang Q, et al. Moderate treadmill
exercise alleviates NAFLD by regulating the biogenesis and autophagy of lipid
droplet. Nutrients 2022;14(22). doi: https://doi.org/10.3390/nu14224910.

[143] Fukaya M, Sato Y, Kondo S, Adachi SI, Yoshizawa F, Sato Y. Quercetin
enhances fatty acid b-oxidation by inducing lipophagy in AML12
hepatocytes. Heliyon 2021;7(6):e07324.
328
[144] Cao P, Wang Y, Zhang C, Sullivan MA, Chen W, Jing X, et al. Quercetin
ameliorates nonalcoholic fatty liver disease (NAFLD) via the promotion of
AMPK-mediated hepatic mitophagy. J Nutr Biochem 2023;120:. doi: https://
doi.org/10.1016/j.jnutbio.2023.109414109414.

[145] C.C. Wei, Z. Luo, C. Hogstrand, Y.H. Xu, L.X. Wu, G.H. Chen, et al., Zinc reduces
hepatic lipid deposition and activates lipophagy via Zn(2+)/MTF-1/PPARa
and Ca(2+)/CaMKKb/AMPK pathways, Faseb J. (2018) fj201800463. 10.1096/
fj.201800463.

[146] Park M, Sharma A, Baek H, Han JY, Yu J, Lee HJ. Stevia and stevioside attenuate
liver steatosis through PPARa-mediated lipophagy in db/db mice
hepatocytes. Antioxidants (Basel) 2022;11(12). doi: https://doi.org/10.3390/
antiox11122496.

[147] Cai M, Chen Y, Wang Y, Fang Q, He X, WuW, et al. Sulfated glucuronomannan
hexasaccharide G6S1 enhanced lipolysis and lipophagy via PPARa pathway.
Int J Biochem Cell Biol 2021;139:. doi: https://doi.org/10.1016/j.
biocel.2021.106067106067.

[148] TongW, Ju L, Qiu M, Xie Q, Chen Y, ShenW, et al. Liraglutide ameliorates non-
alcoholic fatty liver disease by enhancing mitochondrial architecture and
promoting autophagy through the SIRT1/SIRT3-FOXO3a pathway. Hepatol
Res 2016;46(9):933–43. doi: https://doi.org/10.1111/hepr.12634.

[149] Zhou H, Du W, Li Y, Shi C, Hu N, Ma S, et al. Effects of melatonin on fatty liver
disease: The role of NR4A1/DNA-PKcs/p53 pathway, mitochondrial fission,
and mitophagy. J Pineal Res 2018;64(1). doi: https://doi.org/10.1111/
jpi.12450.

[150] Stacchiotti A, Grossi I, García-Gómez R, Patel GA, Salvi A, Lavazza A, et al.
Melatonin effects on non-alcoholic fatty liver disease are related to
MicroRNA-34a-5p/Sirt1 axis and autophagy. Cells 2019;8(9). doi: https://
doi.org/10.3390/cells8091053.

[151] Dong Y, Yu M, Wu Y, Xia T, Wang L, Song K, et al. Hydroxytyrosol promotes
the mitochondrial function through activating mitophagy. Antioxidants
(Basel) 2022;11(5). doi: https://doi.org/10.3390/antiox11050893.

[152] Gong LL, Yang S, Zhang W, Han FF, Lv YL, Wan ZR, et al. Akebia saponin D
alleviates hepatic steatosis through BNip3 induced mitophagy. J Pharmacol
Sci 2018;136(4):189–95. doi: https://doi.org/10.1016/j.jphs.2017.11.007.

[153] Zhang R, Chu K, Zhao N, Wu J, Ma L, Zhu C, et al. Corilagin alleviates
nonalcoholic fatty liver disease in high-fat diet-induced C57BL/6 mice by
ameliorating oxidative stress and restoring autophagic flux. Front Pharmacol
2019;10:1693. doi: https://doi.org/10.3389/fphar.2019.01693.

[154] Li DJ, Sun SJ, Fu JT, Ouyang SX, Zhao QJ, Su L, et al. NAD(+)-boosting therapy
alleviates nonalcoholic fatty liver disease via stimulating a novel exerkine
Fndc5/irisin. Theranostics 2021;11(9):4381–402. doi: https://doi.org/
10.7150/thno.53652.

[155] El-Derany MO, El-Demerdash E. Pyrvinium pamoate attenuates non-alcoholic
steatohepatitis: Insight on hedgehog/Gli and Wnt/b-catenin signaling
crosstalk. Biochem Pharmacol 2020;177:. doi: https://doi.org/10.1016/j.
bcp.2020.113942113942.

Suwei Jin obtained her Bachelor’s Degree in 2020 from
GuangDong University of Chinese Medicine. Currently,
she is pursuing her Ph.D. at the Institute of Medicinal
Plant Development, Chinese Academy of Medical Sci-
ences and Peking Union Medical College, focusing on
the pathogenesis of nonalcoholic fatty liver disease and
the development of novel therapeutic drugs for this
disease.
YujiaLi received her Master’s degree in 2015 from China
Agricultural University. Currently, she is studying for
her Ph.D. at Heidelberg University. Her major research
interests are the Extracellular Matrix (ECM) 1 in liver
homeostasis, regeneration and chronic liver disease.

https://doi.org/10.1186/s13020-021-00528-w
https://doi.org/10.1016/j.ejphar.2019.172715
https://doi.org/10.1016/j.ejphar.2019.172715
https://doi.org/10.1111/bph.15083
https://doi.org/10.1111/bph.15083
https://doi.org/10.4161/15548627.2014.984268
https://doi.org/10.1124/jpet.116.236562
https://doi.org/10.3390/cells11071067
https://doi.org/10.3390/cells11071067
https://doi.org/10.1111/jcmm.14320
https://doi.org/10.1016/j.fct.2019.110990
https://doi.org/10.1016/j.fct.2019.110990
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0655
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0655
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0655
https://doi.org/10.1021/acs.jafc.0c06695
https://doi.org/10.3390/nu15020372
https://doi.org/10.3390/nu15020372
https://doi.org/10.1042/bcj20200676
https://doi.org/10.1042/bcj20200676
https://doi.org/10.1038/s41467-023-38165-6
https://doi.org/10.1096/fj.201900812R
https://doi.org/10.1096/fj.201900812R
https://doi.org/10.1016/j.apsb.2021.12.012
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0690
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0690
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0690
https://doi.org/10.18632/aging.102396
https://doi.org/10.18632/aging.102396
https://doi.org/10.1016/j.lfs.2020.117418
https://doi.org/10.1016/j.lfs.2020.117418
https://doi.org/10.1007/s00109-022-02256-6
https://doi.org/10.1007/s00109-022-02256-6
https://doi.org/10.3390/nu14224910
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0715
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0715
http://refhub.elsevier.com/S2090-1232(24)00041-9/h0715
https://doi.org/10.1016/j.jnutbio.2023.109414
https://doi.org/10.1016/j.jnutbio.2023.109414
https://doi.org/10.3390/antiox11122496
https://doi.org/10.3390/antiox11122496
https://doi.org/10.1016/j.biocel.2021.106067
https://doi.org/10.1016/j.biocel.2021.106067
https://doi.org/10.1111/hepr.12634
https://doi.org/10.1111/jpi.12450
https://doi.org/10.1111/jpi.12450
https://doi.org/10.3390/cells8091053
https://doi.org/10.3390/cells8091053
https://doi.org/10.3390/antiox11050893
https://doi.org/10.1016/j.jphs.2017.11.007
https://doi.org/10.3389/fphar.2019.01693
https://doi.org/10.7150/thno.53652
https://doi.org/10.7150/thno.53652
https://doi.org/10.1016/j.bcp.2020.113942
https://doi.org/10.1016/j.bcp.2020.113942


S. Jin, Y. Li, T. Xia et al. Journal of Advanced Research 67 (2025) 317–329
TianjiXia obtained her Bachelor’s degree in 2019 from
Beijing University of Chinese Medicine, and she is cur-
rently pursuing her Ph.D. at the Institute of Medicinal
Plant Development, Chinese Academy of Medical Sci-
ences and Peking Union Medical College. Her research
primarily focuses on establishing animal models for
human diseases.
YongguangLiu received his Bachelor’s Degree in 2020
from Yantai University. Currently, he is studying for his
Master’s degree at the Institute of Medicinal Plant
Development, Chinese Academy of Medical Sciences
and Peking Union Medical College. His research area is
pharmacokinetics.
ShanshanZhang has received her Master’s degree in
2022 from Institute of Materia Medica, Chinese Acad-
emy of Medical Sciences and Peking Union Medical
College. She is studying for her Ph.D. degree at the
Institute of Medicinal Plant Development, Chinese
Academy of Medical Sciences and Peking Union Medical
College. Currently, she is working at National University
of Singapore as a visiting student. Her main research
interest is the mechanism of drugs against acute lung
injury, pulmonary fibrosis and asthma, especially the
effects of drugs on alveolar macrophages and infiltrating
neutrophils.
329
Dr.HongboHu is a full Professor of China Agricultural
University. He has received his PhD degree from China
Agricultural University and completed postdoctoral
training at The University of Tennessee, The Hormel
Institute, University of Minnesota. Before Joining the
China Agricultural University, Dr. Hu served as Assistant
Professor at the University of Minnesota. Professor Hu’s
group mainly focus on the development of novel ther-
apeutic or preventive agents from medicinal plants and
understanding cellular mechanisms by which the
bioactive compounds exert the biological functions. To
date, Dr. Hu has published more than 60 peer-reviewed

papers, including Autophagy, Redox Biology, Pharmacological research.
Dr. Qi Chang is a full Professor of Institute of Medicinal
Plant Development, Chinese Academy of Medical Sci-
ences and Peking Union Medical College. She received
Ph.D. degree from School of Pharmacy, The Chinese
University of Hong Kong in 2002 and then accepted
postdoctoral training from 2002 to 2004. Her major
research interests include drug-drug interaction, aging-
related diseases. Dr. Chang has published over 110 peer-
reviewed articles and has received two New Drug Cer-
tificates from the Chinese State Food and Drug Admin-
istration (SFDA).
Dr.MingzhuYan is an Associate Professor of the Insti-
tute of Medicinal Plant Development, Chinese Academy
of Medical Sciences and Peking Union Medical College.
Dr. Yan received Ph.D. degree from China Agricultural
University in 2019. Her major research interests include
hepatotoxicity, drug-induced liver injury, molecular
pathogenesis of non-alcoholic fatty liver disease and
associated drug discovery. To date, Dr. Yan has pub-
lished more than 30 peer-reviewed papers, including
Redox Biology, British Journal of Pharmacology, Phar-
macological Research.


	Mechanisms and therapeutic implications of selective autophagy in nonalcoholic fatty liver disease
	Introduction
	Types of selective autophagy occurring in NAFLD
	Lipophagy
	Mitophagy
	Reticulophagy
	Pexophagy

	Changes of the autophagic degradation pathway in NAFLD
	Causes of impaired autophagic flux in NAFLD
	Impairment of autophagic-lysosomal fusion
	Perturbation of normal lysosomal function
	Suppression of lysosomal biogenesis

	Therapeutic strategies against NAFLD based on selective autophagy
	Concluding remarks
	Funding
	Compliance with ethics requirement
	CRediT Author contribution statement
	Declaration of competing interest
	References


