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Abstract: Autophagy is a “housekeeping” lysosomal degradation process involved in numerous
physiological and pathological processes in all eukaryotic cells. The dysregulation of hepatic au-
tophagy has been described in several conditions, from obesity to diabetes and cholestatic disease. We
review the role of autophagy, focusing on age-related cholestatic diseases, and discuss its therapeutic
potential and the molecular targets identified to date. The accumulation of toxic BAs is the main
cause of cell damage in cholestasis patients. BAs and their receptor, FXR, have been implicated in the
regulation of hepatic autophagy. The mechanisms by which cholestasis induces liver damage include
mitochondrial dysfunction, oxidative stress and ER stress, which lead to cell death and ultimately to
liver fibrosis as a compensatory mechanism to reduce the damage. The stimulation of autophagy
seems to ameliorate the liver damage. Autophagic activity decreases with age in several species,
whereas its basic extends lifespan in animals, suggesting that it is one of the convergent mechanisms
of several longevity pathways. No strategies aimed at inducing autophagy have yet been tested in
cholestasis patients. However, its stimulation can be viewed as a novel therapeutic strategy that may
reduce ageing-dependent liver deterioration and also mitigate hepatic steatosis.
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1. Introduction

Autophagy is a “housekeeping” lysosomal degradation process involved in numerous
physiological and pathological processes in all eukaryotic cells. Ohsumi’s studies of
Saccharomyces cerevisiae have provided significant advances by allowing the identification
of several genes involved in autophagy in yeast [1,2]. Autophagy contributes to the
maintenance of cellular homeostasis. It can be selective or non-selective, depending
on the targets to which cytoplasmic substrates are delivered [3-5]. Selective autophagy
involves damaged or superfluous organelles, whose degradation process is named after its
target: mitophagy for mitochondria, pexophagy for peroxisomes, xenophagy for microbes,
etc. [6]; lipophagy involves the degradation of lipid droplets [7]. According to recent
findings, autophagy is involved in the remodeling of the endoplasmic reticulum (ER) [8,9],
a dynamic organelle that undergoes alterations in morphology, molecular composition
and functional specification in response to a variety of stimuli. ER remodeling occurs
via ER-phagy of ER fragments, specifically via macroautophagy (macroER-phagy) or
microautophagy (microER-phagy) [8]. Pathological or physiological challenges may induce
ER perturbations that upregulate autophagy to restore homeostasis, a process that has been
defined as recovER-phagy (ER-phagy-mediated recovery from ER stress) [9,10]. SEC62
(translocation protein SEC62)—an ER-resident transmembrane component—is involved in
the import of newly synthesized proteins. SEC62-mediated recovER-phagy is activated
upon the resolution of a transient ER stress [9]. Cytosolic accumulation and aggregation of
misfolded proteins upon defective clearance are involved in conditions such as spongiform
neurodegeneration and severe ataxia. Misfolded proteins in the ER are translocated to the
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cytosol for proteasomal degradation via ER-associated degradation (ERAD) [11]. Proteins
which do not engage ERAD factors are segregated in ER subdomains and delivered to
endolysosomes for ER-to-lysosome-associated degradation (ERLAD) under the control of
ER-phagy receptors [12,13].

Further stimuli that activate autophagy include nutrient starvation, stress, hormonal
stimulation and pharmacological agents [14,15]. The mode of cargo delivery into lyso-
somes distinguishes three types of autophagy: microautophagy, macroautophagy and
chaperone-mediated autophagy (CMA), the latter only found in mammalian cells [16]. In
microautophagy, cytosolic components are directly taken up by lysosomes through invagi-
nation of the lysosomal membrane and then degraded in the lysosomal lumen [17]. Macro-
and microautophagy can both engulf large structures by selective and non-selective mecha-
nisms. In CMA, chaperone-dependent selection of soluble cytosolic proteins involves the
direct shuffling of proteins across the lysosomal membrane [18]. CMA is highly selective,
resulting in the degradation of a population of cytosolic proteins that contain a KFERQ
peptide [19]. Our knowledge of macroautophagy (hereafter autophagy), the most common
and best-studied mechanism, has been advanced by genetic studies of the yeast S. cerevisiae.
More than 30 autophagy-related (ATG) genes and their mammalian counterparts have
been identified, including genes that had not been discovered in the relatively specific
yeast screens.

2. Molecular Aspects of the Autophagy Process

The autophagy pathway consists of autophagosome initiation, membrane elongation,
autophagosome maturation and autophagosome fusion with the lysosome.

Pre-autophagosomal structures, or phagophore assembly sites (PASs), begin to cre-
ate the membrane source, which expands to engulf the intracellular components to be
degraded. Although not all membrane sources have been identified, recent data seem
to indicate that the ER contributes to the formation of structures called omegasomes.
Omegasomes are rich in phosphatidylinositol-3-phosphate (PI3P), a key lipid messenger
for autophagy initiation [20]. Other potential membrane sources are the plasma membrane,
mitochondria and the Golgi complex [21-23]. Phagophore formation requires the activity
of a class III phosphatidylinositol 3-kinase (PI3K) complex [24]. VPS34 is a part of the PI3K
complex, which also involves Beclin-1 (BECN1), ATG14L and VPS15 [24]. The inhibition
of VPS34 activity by 3-methyladenine (3-MA) or wortmannin induces the inhibition of
autophagosome formation. The ULK1 complex is also involved in autophagy initiation;
its phosphorylation of BECN1 is important to activate ATG14-bound VPS34 [25]. The
ULK1 complex includes the focal adhesion kinase family interacting protein of 200 kDa
(FIP200), Unc-51-like autophagy-activating kinase (ULK1), ATG101 and ATG13. ULK1 is a
serine/threonine kinase that phosphorylates the components of the PI3K complex.

The second step, membrane elongation, allows for the capturing of the autophagic
substrates. In both yeast and mammals, it relies on two ubiquitin-like reactions. For the first,
ATG12 is conjugated to ATGS in a reaction that requires ATG7 and ATG10 [26]. ATG7—acting
in a similar manner to an E1 ubiquitin-activating enzyme—activates ATG12 in an ATP-
dependent manner. ATG12 is then transferred to ATG10, an E2-like ubiquitin carrier protein
that potentiates the covalent linkage of ATG12 to ATG5. Conjugated ATG5-ATG12 com-
plexes pair with ATG16L dimers to form a multimeric ATG5-ATG12-ATGI16L, resulting
in an 800 kDa complex that associates with the expanding phagophore [5,27]. The second
ubiquitin-like reaction involves microtubule-associated protein 1 light chain 3 (LC3), which is
encoded by the mammalian homologue of ATGS [27]. LC3 is expressed in most cell types
as a full-length cytosolic protein that, upon autophagy induction, is proteolytically cleaved
by ATG4, a cysteine protease, to generate LC3-I [5]. The carboxyterminal glycine exposed
by ATG4-dependent cleavage is then activated in an ATP-dependent manner by the El-like
ATG?, similarly to the action of ATG7 on ATG12. Activated LC3B-I is then transferred to
ATGS3, a different E2-like carrier protein, before phosphatidylethanolamine (PE) is conjugated
to the carboxyl glycine to generate processed LC3B-II [5,16].
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The closed autophagosome is transported to the endolysosomal system, where its
maturation—through fusion with endocytic vesicles and lysosomes—gives rise to the
autophagolysosome, where the sequestered material is degraded. Microtubules and actin
filaments, the two main components of the cytoskeleton, have both been implicated in
autophagosome trafficking. To avoid non-specific fusion and ensure proper cargo degra-
dation, the process is tightly regulated, although the exact mechanisms involved in the
relevant signaling are not completely understood [28]. Notably, autophagosomes on the
way to fusion with lysosomes can fuse with endosomes to form amphisomes—Figure 1.
A detailed review of the autophagy apparatus has been provided elsewhere [29,30].
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Figure 1. Molecular and signaling pathways that regulate autophagy. Autophagy is a degradation process involving four
key steps: initiation of the membrane from PAS, through the action of ULK1, oppositely regulated by mTOR, AMPK and a
class III PI3K complex; membrane elongation, which allows the capturing of the autophagic substrates and relies on two
ubiquitin-like reactions—autophagosomes can fuse with endosomes to form amphisomes; autophagosome maturation; and
autophagosome fusion with the lysosome to form the autophagolysosome, where the sequestered material is degraded. The
autophagy process may be selective or non-selective depending on its target.

2.1. Autophagy Evaluation in Experimental Settings

Investigating the autophagic process is difficult, due to the lack of absolute criteria
applicable to all biological or experimental contexts. Indeed, owing to its complex and
dynamic nature, some assays are unsuitable, problematic or may not work at all [31].
Transmission electron microscopy (TEM) is the only tool that depicts structures in their
natural environment as well as position, and therefore supports quantitative studies [31].
The disadvantages of TEM studies are related to the specialized expertise required to
handle samples in all stages of specimen preparation, from fixation to sectioning and
staining. Moreover, accurate identification of autophagic structures is essential and re-
quires considerable experience. Such problems can be addressed by using approaches that
allow for the monitoring of autophagy, such as fluorescence microscopy and biochemical
methods. A widely used marker is LC3, the mammalian homologue of yeast Atg8, which
is involved in autophagosome formation. Indirect immunofluorescence or direct fluores-
cence microscopy has been used to monitor autophagy by tagging LC3 with a fluorescent
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protein such as GFP (GFP-LC3). GFP-LC3 is then visualized as a diffuse cytoplasmic
pool or as punctate structures representing autophagosomes [31,32]. GFP-LC3 detection
is also useful for in vivo studies of transgenic organisms to investigate physiological or
pathological conditions. In numerous mouse models developed in the past decade, the
autophagy process can be directly monitored by creating cryosections for fluorescence
microscopy [33]. In autophagosome formation, the ubiquitin-like protein LC3 is conjugated
to PE. The conversion of LC3-I (cytosolic form) to LC3-II (PE-conjugated form) can be
evaluated by immunoblotting or by the LC3 turnover assay, where LC3-II degradation in
the lysosome is estimated by comparing samples exposed and not exposed to lysosomal
inhibitor treatment. Despite its greater molecular weight, LCE-II migrates faster than LC3-I
in SDS-PAGE due to its hydrophobicity. The unconjugated (approximately 16-18 kDa)
and PE-conjugated (approximately 14-16 kDa) forms should be indicated on Western blots
whenever both are detectable [33]. Another marker, sequestosome 1 (SQSTM1)/p62, is an
autophagy receptor that links ubiquitinated proteins to LC3 and accumulates in cells when
autophagy is inhibited. Since SQSTM1 changes can be cell-type- or context-specific, its use
requires the utmost caution. Other proteins that can be used as autophagy markers include
Atg9/ATGY9A, ATG12-ATG5, ATG14 and BECN1/Vsp30/Atg6. A useful and detailed
guide to autophagy, especially for researchers new to the field, has been published by
Klionsky et al. [31]. A comprehensive schematization of autophagy is reported in Table 1.

Table 1. Schematic illustration of autophagy and of the methods that can be used to monitor the
process. See text for explanations of each pathway and a discussion of their functions.

Overview of the Autophagy Process References
Two types of autophagy
Selective [3,5]
Non-selective [5]

Investigation of autophagy

Physical methods
Transmission electron microscopy [31]
Biochemical methods
Fluorescence microscopy [32]
Immunoblotting, SDS-PAGE [31]

2.2. Autophagy in Liver Physiology

Autophagy is an important regulatory mechanism in the liver. In conditions of
food deprivation (starvation), hepatic autophagy activation provides nutrients via the
degradation of intracellular materials [34]. The degradation and recycling of essential
components thus contribute to the energy stores and, at least in the liver, closely depend
on the duration of nutrient deficiency. Hormones (insulin and glucagon) and amino
acids are important stimuli for adapting to starvation [35,36]. In mice, starvation-induced
autophagy is important in the conversion of amino acids into glucose via gluconeogenesis,
done to maintain blood glucose concentrations [37]. However, if a nutrient shortage
persists, glycophagy and lipophagy are also activated, providing glucose and free fatty
acids (FFAs) as preferential cargo [38]. The mammalian target of rapamycin (mTOR) is
the key cellular nutrient sensor that regulates cell growth and metabolism. This protein
kinase is composed of two complexes: mMTORC1, which is involved in nutrient homeostasis,
and mTORC?2 [39,40]. In the presence of nutrients, mMTORC1 directly phosphorylates and
inhibits the autophagy-initiating kinase ULK1. Pacer—a recently discovered regulator
of hepatic autophagy and liver homeostasis, and a key player in connecting metabolic
signals to late steps of autophagy regulation [41]—is directly phosphorylated by mTORC1
in nutrient-rich conditions; its absence impairs autophagosome maturation and lipid
catabolism both in vitro and in vivo. Balanced mTOR activity is critical for physiological
liver function. Notably, hyper- and hypoactivation both result in the development of
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hepatic tumors [42]. In young Atg5 knockout (L-Atg5 KO) mice, mTOR ablation attenuated
hepatomegaly, liver injury and inflammation, but not fibrosis [43]. mTOR inhibitors such
as rapamycin and its derivatives have considerably improved autophagy regulation [44].
They include everolimus (RADO001), deforolimus (AP23573) and temsirolimus (CCI-779),
whereas second-generation mTOR inhibitors include MLN0128 (sapanisertib), CC-233 or
NVP-BEZ235 (dactolisib) and AZD-8055 [45]. CMA is also involved in regulating lipolysis
in the liver through lipid droplet degradation. Perilipins (PLINs) are proteins that coat
lipid droplets; PLIN removal is required for cytosolic lipases and autophagy to gain access
to the lipids in the droplet [38]. Upregulation of the ubiquitous PLIN2 has been reported
to suppress autophagy, whereas its downregulation stimulates triglyceride catabolism
via autophagy [46].

2.3. Autophagy in Liver Disease

Dysregulation of liver autophagy has been described in severe metabolic disorders
such as obesity, hepatic steatosis and diabetes [38]. Yet, it is still unclear whether au-
tophagy favors or prevents the progression of liver injury. Fibrosis is the result of the
wound healing response of the liver to repeated injury. The main causes of liver fibrosis
include chronic viral infection, such as by hepatitis B and C, alcohol abuse (alcoholic
steatohepatitis) and non-alcoholic fatty liver disease (NAFLD) [47-49]. NAFLD and non-
alcoholic steatohepatitis (NASH), a progressive form of NAFLD, can evolve to advanced
liver disease, cirrhosis and hepatocellular carcinoma [49,50]. Liver sinusoidal endothe-
lial cells (LSECs), which line the sinusoidal lumen, play a key role in liver injury due
to their unique position and provide the first line of defense. NASH is associated with
a defect in liver endothelial autophagy due to inhibition of adenosine-monophosphate-
activated protein kinase (AMPK)« activity, the master regulator of autophagy [51]. The
deficiency induces endothelial inflammation, endothelial-to-mesenchymal transition and
endothelial cell death. Moreover, upon exposure to a high-fat diet, LSECs deficient in au-
tophagy rapidly and strongly modulate some genes involved in inflammation [51]. In vivo,
autophagy has been investigated in a transgenic mouse line bearing a deletion of Atg7
expression in endothelial cells (Atg7endo mice). Following mild acute liver injury, LSECs
isolated from such mice displayed worse endothelial dysfunction compared to their control
littermates (Atg7control). LSEC autophagy also regulates the antioxidant response, as
demonstrated by elevated intracellular O~2 production in Atg7endo mice subjected to
mild acute liver injury. Since autophagy exerts a protective role in early liver injury, its
potentiation may prove an attractive approach to prevent disease progression [52]. Sirtuin
3 (Sirt3), a nicotinamide-adenine-dinucleotide-dependent deacetylase mainly expressed in
mitochondria, has recently been reported to play a role in NAFLD. Sirt3 overexpression
prevented diet-mediated hepatic steatosis, attenuated liver damage and protected mito-
chondria against stress through mitophagy activation. Mitophagy is primarily regulated
by Bcl-2/adenovirus E1B 19 kDa protein-interacting protein 3 (Bnip3), whose deletion
has been found to be related to chronic liver damage and metabolic disorders. Sirt3 has
been reported to regulate Bnip3-related mitophagy via the ERK-CREB axis, a pro-survival
signal for several diseases; notably, blockade of the ERK-CREB axis repressed mitophagy
activity and abrogated Sirt3-mediated mitochondrial protection [53]. Apoptosis-signal-
regulating kinase 1 (ASK1) is activated by a number of stressors including reactive oxygen
species (ROS), tumor necrosis factor alpha, ER stress and lipopolysaccharides. These stress
signals phosphorylate ASK1 to induce activation of the c-Jun N-terminal kinase and p38
MAPK signaling cascades. In a recent study [54], ASK1 inhibition in vivo and in vitro
increased hepatic lipid droplet accumulation and/or liver fibrosis, possibly by blocking
autophagy; this finding suggests a protective role for liver-expressed ASK1, since ASK1
knockout (KO) mice develop NASH and fibrosis and show altered autophagy. Accordingly,
cultured HepG2 hepatocytes with ASK1 depletion show increased lipid storage and im-
paired autophagy [54]. Following acute injury, the inflammatory milieu activates resident
macrophages (Kupffer cells) or injured hepatocytes to replace necrotic or apoptotic cells.
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Persistence of hepatic injury and failed liver regeneration induce activation of hepatic
stellate cells (HSCs) through a-SMA and collagen-I expression and deposition of large
amounts of the extracellular matrix [47]. Dimethyl a-ketoglutarate has been demonstrated
to inhibit collagen deposition in a carbon tetrachloride (CCl4)-induced liver fibrosis model
in vivo. LC3B and «-SMA (a marker of HSC activation) signaling were both reduced in
fibrotic livers treated with DMKG, suggesting that DMKG may inhibit HSC activation by
inhibiting autophagy. These effects have been confirmed in vitro using the HSC-T6 cell
line [55]. In the liver, extracellular vesicles (EVs) from injured hepatocytes and LSECs have
been reported to induce HSC activation. The binding of platelet-derived growth factor
(PDGF)—a key molecule in liver fibrosis progression—to PDGF receptor (PDGFR) induces
tyrosine autophosphorylation, which recruits important downstream signaling molecules,
such as Src homology 2 domain protein phosphatase 2 (SHP2). PDGF and SHP2 induce
EV release from HSCs through activation of mTOR signaling, which inhibits autophagy;,
and Rho-associated protein kinase 1 signaling. HSC autophagy has been found to mitigate
liver fibrosis by reducing fibrogenic HSC-derived EV release [56]. Spermidine (SPD), a
naturally occurring polyamine, has been demonstrated to exert beneficial effects against
liver fibrosis and hepatocarcinogenesis through autophagy activation. SPD confers liver
protection through non-canonical induction of NRF2, a transcription factor that activates
cytoprotective and pro-survival pathways in mammalian cells. NRF2 is activated both via
a canonical and a non-canonical mechanism that involves the selective autophagy substrate
SQSTM1/p62. When liver fibrosis was induced with carbon tetrachloride in wild-type,
Nrf2—/—, p62—/— and Nrf2—/ —p62—/— double-KO mice, the protective effect of SPD
was significantly reduced in Nrf2 and p62 single-KO mice and was completely lost in
double-KO mice [57]. Mechanistically, SPD confers liver protection by the microtubule-
associated protein, which positively regulates the autophagy flux [57,58]. Isorhamnetin
(IH) has anti-inflammatory, antioxidant and antitumor activity and seems to exert hepato-
protective effects by inhibiting hepatocyte autophagy and apoptosis. Indeed, IH treatment
inhibited autophagy in two liver fibrosis mouse models in a dose-dependent manner, by
downregulating the TGF-1/Smad3 signaling pathway [59]. Sustained liver inflammation
is characterized by the release of proinflammatory cytokines and chemokines and the
subsequent recruitment of blood monocytes, which infiltrate the liver and perpetuate the
inflammatory response. Recently, a non-canonical form of autophagy, LC3-associated
phagocytosis (LAP), has been seen to exert beneficial antifibrogenic effects. Autophagy and
LAP are distinct both functionally and mechanistically; notably, the latter is independent of
the autophagy-activating kinase ULK1 but requires components such as the P13K complex
and Atg5 and Atg7. LAP, which is enhanced in blood monocytes from the liver of cirrhosis
patients and in animal models, exerts an anti-inflammatory action. Sustaining LAP would
mitigate both systemic and hepatic inflammation and may open therapeutic prospects for
chronic liver disease [60]. Moreover, the antifibrotic effect of mesenchymal stem cell (MSC)-
based therapy has the potential to ameliorate several inflammatory diseases including
liver fibrosis. Investigation of the inflammatory microenvironment, recreated in vivo and
in vitro, has documented upregulation of the autophagy gene BECN1, which counters the
antifibrotic effects of MSCs. Autophagy suppression by BECN1 knockdown promoted the
antifibrotic effect of MSCs in vivo, due to their suppression of CD4+ and CD8+ lymphocyte
infiltration and HSC proliferation [61].

Several findings indicate that liver autophagy is involved in key hepatic functions,
including metabolic signaling and responses to nutrient deprivation, sensed by hormones,
amino acids and other signals, whereas pathways such as glycophagy and lipophagy
are activated through the selective turnover of specific cargos in response to specific
stimuli. Since autophagy deregulation contributes to inflammation and ROS generation,
the potentiation of autophagy may be an attractive approach with which to prevent disease
progression. Conversely, several recent studies have indicated that autophagy may be
implicated in the pathogenesis of liver diseases, such as hepatitis, steatosis, fibrosis and
cirrhosis. A greater understanding of the molecular events and signaling pathways that
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regulate hepatic autophagy can help identify promising targets for the treatment of liver
diseases. A comprehensive review of autophagy in liver physiology has been published by
Qian and co-workers [34].

3. Autophagy in Cholestatic Liver Diseases

Chronic cholestatic liver diseases are a group of heterogeneous conditions that se-
lectively target the bile ducts. Cholangiopathy progression is often accompanied by an
imbalance between cholangiocyte proliferation and death; this leads to the gradual disap-
pearance of bile ducts, which also characterizes conditions such as primary biliary cirrhosis
(PBC), primary sclerosing cholangitis (PSC) as well as drug-induced ductopenia and cystic-
fibrosis-related liver disease [62]. The accumulation of toxic bile acids (BAs) is the main
cause of cell damage in cholestasis patients [63]. The mechanisms by which cholestasis
induces liver damage require further investigation, but they include at least mitochondrial
dysfunction (hence oxidative stress) [64], unbalanced apoptosis and necrosis [65], which
can lead to liver fibrosis [66] and organelle (mainly ER) stress [67]. As noted above, such
cellular damage induces an adaptive response that includes autophagy activation.

There is mounting evidence that autophagy is altered in cholestatic conditions. BAs
cause the build-up of insoluble p62 and ubiquitinated proteins and increase the rate of
apoptosis [68]; such events are accompanied by autophagosome accumulation and sup-
pression of the autophagic flux, as also seen in hepatocytes treated with BAs, which show
BECNT1 inhibition. Moreover, pharmacological or genetic inhibition of autophagy increases
BA-induced cell death in hepatocytes [68]. Notably, animal bile duct ligation (BDL) experi-
ments have documented the accumulation of p62 and ubiquitinated proteins, as seen in
the human liver. Autophagy stimulation seemed to ameliorate the liver damage [69]. In
BDL mice fed cholic acids, a BA that is typically increased in human cholestasis, Mallory
bodies and p62-positive aggregates increased [69]. Autophagy activation by rapamycin-
induced inhibition of mTOR signaling led to the disappearance of these hepatic inclusion
bodies [70]. In PIZZ mice, a model of induced liver injury, the A1AT mutant Z protein
accumulated in the ER and polymerized into a complex quaternary structure, the typi-
cal lesion of the condition [71]. Such polymers have been detected in autophagosomes,
suggesting that autophagy is a possible mechanism for their degradation [72]; indeed,
autophagy induction has proved a useful therapeutic strategy with which to reduce liver
injury in PIZZ mice [73,74]. In general, mice with defective autophagy—such as Atg7 and
Atg5 KO mice and mice treated with autophagy inhibitors—have more severe cholestatic
liver injury [75,76]. Although there are few human studies, due to the technical difficulties
attendant to testing the true autophagic flux, p62-positive hepatocellular inclusion bod-
ies are commonly found in patients with cholestatic liver diseases such as PBC or cystic
fibrosis [77-79]. Impaired autophagy, reflected by increased levels of LC3 and p62, has
also been described in other cholestatic liver diseases including PSC/systemic sclerosis
and genetic cholestasis [80]. Increased LC3 and p62 protein expression and decreased
expression of Rab?7 (involved in vesicular traffic) have been seen in tissue from patients
with hepatolithiasis compared to normal tissue [81].

3.1. Autophagy as a Therapeutic Strategy in Cholestasis Treatment

Despite the evidence for a possible protective role of autophagy stimulation in cholesta-
sis, no strategies aimed at its induction have yet been tested in cholangiopathy patients.
Current therapeutic strategies directed at replenishing the bile ducts of ductopenic patients
are limited to protecting cholangiocytes from death induced by the immunological re-
sponse [82,83]. The first-line treatments to counteract cholangiocyte death are hydrophilic
ursodesoxycholic acid (UDCA) as well as immunosuppressive and anti-inflammatory
agents (Table 2). UDCA is the drug of first choice for cholestasis, particularly for PBC
but less so for PSC [83-85]. Although its actual mechanism of action is not well-known,
it appears to act in multiple ways. First, it can reduce BA pool hydrophobicity, which
is the main cause of the liver damage [86,87], and stimulate bile flow and bicarbonate
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secretion (via anion exchanger 2) by acting at the level of both cholangiocytes and hep-
atocytes [88]. Moreover, UDCA and its taurine-conjugated form (TUDCA) have well-
documented anti-apoptosis [89] and anti-necrosis [90] properties; they also mitigate ER
stress by acting as chemical chaperones [91] and by inhibiting caspase (casp)-12 activation,
thus modulating intracellular Ca®* levels [92]. According to recent studies, the two BAs are
capable of stimulating Cl, secretion through the activation of transmembrane member 16A
(TMEM16A), which regulates the anion efflux in biliary epithelia [93]. UDCA increases the
autophagic flux in human patients, while in vitro studies have lent further support to its
therapeutic potential in cholestasis [80]. UDCA is also believed to rebalance the autophagic
responses in cholestasis patients and to act as an FXR antagonist [94]. Furthermore, in a rat
model of NASH, UDCA exerted favorable effects by reducing apoptosis and stimulating
autophagy through AMPK phosphorylation [95]. These data suggest that its ability to
enhance autophagy could also be harnessed to treat other diseases that would benefit from
autophagy induction.

24-norursodeoxycholic acid (norUDCA) is a side-chain-shortened homologue of
UDCA that has shown high potential in preclinical mouse models of cholestatic and fibrotic
liver disease [96-100]; it has also been documented to exert specific anti-inflammatory;,
antifibrotic and antiproliferative effects superior to those of UDCA in a mouse model of
sclerosing cholangitis (Abcb4 KO mice) [98]. Resistance to N-acyl-amidation with taurine or
glycine enables norUDCA to be reabsorbed by cholangiocytes and secreted again into bile,
which enhances its function [101,102]. These features make it a promising PSC drug [103].
Notably, it is also an autophagy inducer; in the PIZZ mouse model, norUDCA significantly
reduced ATZ globules by inducing autophagy [74,104] while exerting favorable effects
on various parameters such as serum liver enzymes and casp-3 and -12 (markers of ER
stress-induced apoptosis), it reduced compensatory liver proliferation and increased the ex-
pression of various genes involved in autophagy [74]. Similar to UDCA, norUDCA appears
to induce autophagy via AMPK activation through the mTOR/ULK1 pathway [105].

OCA is a second-line treatment strategy for PBC patients who do not respond to
or tolerate UDCA [106]. It is a semi-synthetic FXR agonist that exerts its anti-cholestatic
functions by repressing endogenous BA synthesis and modulating the hepatocellular BA
transporter system [107]. However, OCA has been shown to impair autophagic flux both
in vitro and in vivo [80]. In clinical settings, its anti-cholestatic properties seem to outweigh
the potential negative effects of reduced autophagy [108]. Fibrates are another valuable
option for PBC patients unresponsive to UDCA [106,109]. These ligands for the nuclear
receptor PPAR« strongly induce autophagy, which suggests that part of their beneficial
effect may be attributed to this feature (Table 2).

In summary, the pro-autophagic effect of current cholangiopathy medications may
help reduce the damage induced by cholestatic disease.

Table 2. Summary of current therapeutic options and effects on autophagy of cholestatic disease treatment.

Drug Effects Ref
J BA pool hydrophobicity [86,87]
1 Bile flow and bicarbonate secretion [88]
ubca Rebalances autophagic response [94]
1 Autophagy | Apoptosis [95]
J Apoptosis [89]
J Necrotic properties [90]
UDCA & TUDCA | ER stress 1]
s Casp-12 activation [92]
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Table 2. Cont.

Drug Effects Ref
J Inflammation, fibrosis and proliferation [98]
norUDCA 1 Autophagy via AMPK [104]

J ATZ globules in PIZZ mice

T Ameliorates parameters [74]
J BA synthesis [107]
OCA Impairs autophagic flux [80]
Overcomes adverse effects of reduced autophagy [108]
Fibrates 1 Autophagy [106,109]

3.2. The Emerging Role of Nuclear Receptors in Autophagy and Cholestatic Disease

Recently, BAs and their receptor, farnesoid X receptor (FXR), have been implicated
in the regulation of hepatic autophagy, and therefore in cholestatic diseases. FXR is ac-
tivated by BAs and initiates a transcriptional program that aims to reduce the hepatic
BA load by (i) inhibiting their synthesis (blocking Cyp7al), (ii) limiting basolateral BA
uptake and (iii) inducing BA export transporters at the basolateral membrane [107,110].
BAs have been reported to inhibit autophagy degradation in vitro and may also play a
role in impaired hepatic autophagy in FXR KO mice in vivo; moreover, by reducing Rab7
expression, they induced decreased autophagosomal-lysosomal fusion in primary cul-
tured mouse hepatocytes [111]. These findings suggest a possible link between BAs and
impaired autophagy in BA-induced hepatotoxicity and liver tumorigenesis [111]. In the
ileum, FXR also reduces BA absorption to enterocytes and promotes their export. Intestinal
hormone fibroblast growth factor 19 (FGF19, murine orthologue Fgf15) is released in the
bloodstream upon FXR activation in the intestine and reaches the liver, where it induces
further Cyp7al inhibition [107]. Transcriptional factor EB (TFEB) promotes lysosomal
biogenesis, autophagy and mitochondrial function in response to nutrient deprivation and
lysosomal stress. Recent findings show that cholesterol-induced lysosomal stress feed-
forward activates TFEB via nuclear translocation. In turn, TFEB activation induces CYP7A1
expression to promote bile acid synthesis, which activates cholesterol catabolism and
elimination. In addition, bile acids activate FXR to induce intestinal FGF15/19 expression
to feedback inhibit TFEB by causing TFEB phosphorylation and cytosolic retention [112].
Other receptors that can be activated by BAs are pregnane X receptor (PXR), vitamin D
receptor (VDR) and membrane receptors Takeda G-protein receptor 5 (TGR5) as well as
sphingosine-1-phosphate receptor 2 (51PR2) [113-115]. Interestingly, FXR and the fatty acid
(FA) sensor peroxisome proliferator-activated receptor alpha (PPAR«) have been shown to
exert opposite effects on autophagy [116,117]. FXR and PPARx—activated, respectively by
BAs and FAs—regulate the transcription of a specific array of target genes [118]. The dis-
criminant is the energy state, as FXR is activated in the postprandial stage and suppresses
autophagy in nutrient-rich conditions, whereas PPARx—activated by the FAs released
from peripheral adipose tissue—promotes autophagy in fasting conditions. Recent inves-
tigations into the involvement and role of FXR in autophagy and cholestasis implicate
RUN domain BECN1-interacting and cysteine-rich-containing (Rubicon) protein. Rubicon
inhibits autophagosome-lysosome fusion, thus interrupting autophagic flux [105]. In a
study conducted to identify the cause of impaired fusion in cholestasis patients [80], FXR
ChlIP-seq analysis, performed to screen liver samples from cholestatic and normal subjects,
found strong FXR binding in proximity to the genes involved in macroautophagy in both
sample sets. However, the pathways involved in vesicle transport were specifically upreg-
ulated in the patients’ samples. Among a long list of candidate genes, the authors found a
significant binding peak in the first intron of Rubicon and documented its transcriptional
activity. Rubicon mRNA and protein were significantly overexpressed in the patients’” sam-
ples. The authors also showed that in healthy volunteers, treatment with obeticholic acid
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(OCA) induced Rubicon mRNA and protein expression. Their in vitro experiments yielded
similar results in primary human hepatocytes and HepG2 cells, whereas FXR knockdown
resulted in significantly decreased Rubicon mRNA and protein expression, confirming its
dependence on FXR. Finally, Rubicon silencing abrogated the inhibition of BA-induced
autophagy, confirming that Rubicon is a key mediator of BA inhibition of autophagic
flux [80]. However, FXR plays a much broader role in autophagy, also with the involve-
ment of other mediators. For instance, it physically interacts with the nutrient-sensitive
kinase AMPK, a well-known regulator of autophagy, in the cytoplasm [119,120]. Pharmaco-
logical activation of AMPK phosphorylates FXR, preventing the transcriptional activation
of FXR and all related regulated genes [119]. Another work has highlighted the role of
nerve growth factor (NGF) in regulating FXR and autophagy [81]. FXR downregulation in
the liver of hepatolithiasis patients correlated with hepatic NGF levels. In BDL-induced
cholestasis, NGF administration resulted in the upregulation of mouse hepatic FXR. Similar
results were obtained in cultured primary rat hepatocytes, where a parallel increase in
LC3 levels and the autophagy flux suggested a role for NGF [81]. Preliminary evidence
suggests that cholestasis and BAs are also closely involved in selective autophagy processes
such as lipophagy, mitophagy and pexophagy, and that peroxisomes play a major role in
BA biosynthesis [116,121].

4. Ageing in Cholestatic Diseases

Ageing involves a constant accumulation of DNA damage, telomere shortening and
epigenetic alterations that over time lead to a gradual decline in essential physiological
processes. In the liver, ageing results in changes to its structure and function, including
steatosis, fibrosis and altered regeneration, protein synthesis and autophagy [122-126]. The
lipid metabolism capacity of the liver declines with age, and in mice steatosis is already
observed after 12 months of age [127,128]. These changes not only impair the metabolic
capacity of the liver but are also a major risk factor for the development of several chronic
diseases, from degenerative disorders to cancer [129]. Cholestatic liver disease is strongly
influenced by age. In PBC patients, the risk of UDCA treatment failure, liver transplant
and death decreased significantly with advancing age [130]. In PSC patients, age at
diagnosis increases the risk of developing cholangiocarcinoma (21% for patients older than
60 years) [131]. Elderly liver transplant patients are at greater risk of complications, and
survival rates are lower in those older than 60 years [83,132]. Moreover, the increased
expression of senescent markers and senescence-associated secretory phenotype (SASP)
components described in liver samples from PSC and PBC patients corroborates data
obtained in animal models of cholestatic liver injury, stressing the close correlation between
ageing and cholangiopathy development [124,133].

4.1. Ageing and Autophagy

Ageing impairs autophagy in a wide range of tissues including the liver, brain and
ovary, but the mechanisms that underpin it are still unclear [134-136]. Aged mouse hep-
atocytes exhibit a reduction in the number of autophagic vacuoles and in LC3 protein
expression [137]. Autophagy seems to be involved in various longevity pathways. In-
vestigations into the correlation between autophagy and ageing and how it may affect
lifespan or health span have found that autophagic activity decreases with age in numerous
species [137-140]. The work carried out in Caenorhabditis elegans, and Drosophila has high-
lighted several conserved pathways with a key role in longevity, including insulin/IGF-1
signaling, calorie restriction, mitochondrial respiration and TOR signaling. Notably, au-
tophagy activation has been documented to extend animal lifespan, lending support to
the view that autophagy is one of the convergent mechanisms of several longevity path-
ways [141-145]. Beclin-1 (Bec-1) is required for lifespan extension in nematodes, as it
impairs the insulin signaling pathway [141]. The delayed manifestation of age-related
changes after tissue-specific deletion of critical autophagy genes has been described in
mouse tissues such as the kidneys and heart [146,147]. An increase in lifespan has been
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reported in mice overexpressing Atg5 [148] and as a result of pharmacological and physio-
logical autophagy induction (SPD and caloric restriction) [149-151]. In contrast, autophagy
inhibition is related to premature ageing, as seen in numerous loss-of-function studies of
key factors of the autophagic machinery [144,146]. Loss-of-function mutations in Atgl
(Unc-51), Atg7, Atgl8 and Bec-1 reduced C. elegans lifespan [144], whereas deficient Atgl,
Atg8 and Sestrinl expression reduced Drosophila melanogaster lifespan due to triglyceride
accumulation, mitochondrial dysfunction, muscle degeneration and cardiac malfunction,
which are typically age-related [140,152]. Similarly, the expression of various proteins
required for autophagy induction is reduced in ageing and pathological conditions; for
instance, Atg5, Atg7 and BECN1 are downregulated in the normal human aged brain [136],
Sirtl is downregulated in subjects with insulin resistance and metabolic syndrome [153]
and ULK1, BECN1 and LC3 are downregulated in osteoarthritis patients [154], suggesting
that insufficient autophagy may contribute to the ageing phenotype. Furthermore, in
several species pharmacological inhibition of autophagy prevents the anti-ageing effects of
caloric restriction [155].

In the liver, ageing is also associated with lipid accumulation. This further impairs
autophagic activity, since it appears to prevent autophagosome acidification and to reduce
the expression of proteolytic enzymes, as reported in a mouse model of genetically induced
obesity [156]. The age-related reduction in autophagy efficiency also affects lipophagy,
which plays an important role in lipid metabolism [157,158]. The decline of lipophagy in
the aged or steatotic liver slows down the breakdown of lipids accumulated in the liver
and results in a lower FFA intake for lipid metabolism, compounding the cell function
impairment [38,159]. The concomitant increase in the number of senescent hepatocytes
further weakens cell function by damaging mitochondria, thus leading to lower FA oxi-
dation, reduced ATP synthesis and the production of large amounts of ROS [160]. High
ROS levels contribute to HSC activation and eventually to the development of liver fi-
brosis and structural impairment, besides inducing increased hepatocyte apoptosis and
hepatic inflammation [161-163]. Normal mitochondrial function is crucial for hepatic
metabolism. Ageing also reduces the mitochondrial turnover rate by affecting mitophagy
efficiency [164], resulting in a constant increase in the number of dysfunctional mitochon-
dria and in a gradual rise in ROS production that compounds the steatosis. The role of
autophagy in hepatic fibrosis is more debated. Ageing itself is considered a major risk
factor for fibrosis development [165]. In the past decade, several studies have demon-
strated that autophagy activation may have a pro-fibrotic role by providing the energy
for HSC activation, mainly through lipophagy and mitophagy [166-168]. On the other
hand, autophagy may play a protective role in alcohol-induced hepatic injury by selectively
eliminating dysfunctional mitochondria and lipid droplets [169]. A table summarizing
the main kinds of autophagy alterations is added below (Table 3). Moreover, the use of a
known autophagy inducer such as rapamycin in a rat study improved the panel of hepatic
fibrosis markers [170], possibly through an adverse effect on HSC proliferation.

Table 3. An outline of the main kinds of autophagy alterations involved in the pathogenesis of
cholestatic diseases and in age-related cholestatic diseases.

Relevance of Autophagy Key References
Cholestatic diseases

Macroautophay [68-74,80,81,96,105]
Mitophagy [53,101,121]
Lipophagy [155-159,166-169]
Pexophagy [121]

ERphagy [72]
Age related cholestatic diseases

Macroautophay [122-126,133]

Mitophagy [164,166-169]

Lipophagy [127,128,156-158,166-169]
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4.2. Molecular Mechanisms and Pathways Involved in Autophagy

In normal conditions, hepatic autophagy promotes ATP synthesis by degrading lipid
droplets into FFAs, which are then oxidized in the mitochondria [171,172]; the process also
prevents hepatocyte swelling and hepatotoxicity by removing damaged organelles and
breaking down misfolded proteins into amino acids for new protein synthesis [173-175].
One way in which ageing impairs autophagy is through a reduction in AMPK activation.
This affects autophagosome formation and cellular homeostasis, besides further weakening
mTOR inhibition [176-178]. A recent study [135] has found that in the ovaries of aged
rats the promoter regions of some ATGs, such as LC3 and Atgb, were highly hypermethy-
lated, with a consequent decrease in protein expression. A reduction in Atg5 and LC3B
mRNA expression has also been described in bone-marrow-derived macrophages from
aged mice [179]. These findings suggest that ageing may attenuate autophagy activity by
promoting ATG hypermethylation. Another way in which ageing affects the autophagy
potential is through the accumulation of lipofuscin, an intracellular brown-yellow pigment
composed of oxidated protein and lipid residues, which accumulates in lysosomes during
cell senescence [180-183]. When lysosomes are loaded with lipofuscin, they further draw
lysosomal enzymes from the Golgi apparatus, which are capable of degrading proteins, but
not lipofuscin, thus creating an imbalance in the distribution of lysosomal enzymes; the
resulting protein recycling slows down, leading to a marked reduction in lysosomal degra-
dation, which also impairs mitophagy and increases ROS production [182-186]. According
to a fairly recent study, reducing the interaction between BECN1 and Bcl-2 can efficiently ac-
tivate autophagic flux [187]. The authors generated a mutant mouse (BECN1 F121A /F121A)
where such an interaction was reduced and reported an extended lifespan due to autophagy
activation. The healthspan of the knock-in mice also improved, in a gender-independent
way, in terms of attenuation of age-related changes, especially in the kidney and heart,
and lower spontaneous tumorigenesis. Klotho, a single-pass membrane-bound protein
that can be cleaved and secreted into the circulation, is another protein with anti-ageing
effects [188]. Its expression declines with ageing in mice and humans; its removal in KO
mice led to premature lethality, decreased autophagy and infertility [188-190], whereas its
overexpression or soluble administration extended mouse lifespan, partially ameliorated
the ageing phenotype and promoted autophagic flux [191-193]. Interestingly, the klotho
KO mouse phenotype was rescued by crossing with BECN1 F121A /F121A KI mice, sup-
porting the notion that disruption of BECN1/Bcl-2 binding may play a mechanistic role in
klotho-induced autophagy [187]. Acting on the BECN1/Bcl-2 interaction can therefore be a
useful mechanism to modulate autophagy, prevent premature ageing, improve healthspan
and promote longevity in mammals. Recently, Rubicon—a Bl-interacting protein that plays
a role as a negative regulator of autophagy [194,195]—has been demonstrated to inhibit
autophagosome-lysosome fusion and to reduce endocytic trafficking by binding the PI3K
complex [194]. Increased Rubicon expression associated with impaired autophagy has been
documented in the liver of mice fed a high-fat diet, whereas hepatocyte-specific Rubicon
KO mice showed improvement in hepatic steatosis and autophagy; these data suggest a
potential pathogenic role for Rubicon in NAFLD [196]. Furthermore, increased Rubicon
RNA expression with ageing and its downregulation in several long-life mutants support
the involvement of the protein in the age-dependent impairment of autophagy [195]. In line
with these findings, rub-1 knockdown significantly prolonged the wild-type worm lifespan,
while the benefit was completely abolished when using RNAI for the autophagy regulators
Bec-1/BECN1, unc-51/ULK1 and Atg18/ATG18. Similar results have been reported with
Rubicon systemic KO mice, with activation of basal autophagy due to elevated LC3-1I and
reduced p62 levels as well as a reduction in age-related fibrosis markers [195].

The promotion of autophagy can therefore be considered as a novel therapeutic strategy
capable of reducing age-dependent liver deterioration and mitigate steatosis [157,164,197].
Moreover, the induction of autophagy with rapamycin and carbamazepine or natural sub-
stances such as resveratrol, trehalose and catalpol can considerably improve hepatic steatosis
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markers by removing dysfunctional mitochondria and leading to a reduction in ROS and
FFAs by promoting (3-oxidation.

5. Conclusions

Autophagy is a multistep catabolic process that ensures cell homeostasis under stress-
ful conditions by controlling the energy and nutrient balance. Hepatic autophagy fluctuates
in response to fed and fasting states, regulated by pancreatic hormones such as insulin
and glucagon, as well as gastric hormones such as ghrelin and glucagon-like peptide-1
(GLP-1) [35,198,199]. The synergetic interplays of nervous, endocrine, and paracrine signals
along with circulating nutrient levels orchestrate the complexity of the autophagy in the
liver. Cholestatic liver disease is characterized by a dysregulation of autophagy activity,
and it was seen how it decreases with age in several species. The activity of autophagy
in cholestatic liver disease may, however, depend on the disease stage. In acute cellular
damage, the induction of autophagy seems to be a response to early injury. On the other
hand, in chronic cholestatic states such as cholangiopathies, impaired autophagy may be
the prevailing autophagic feature. The use of autophagy modulators (inductors/inhibitors)
combined with pharmacological agents appears to be a promising strategy to treat a variety
of cholestatic conditions. Interesting molecular targets such as Rubicon, which has recently
been correlated with ageing and which is overexpressed in various aged animal species,
are gradually emerging and await further investigation.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Takeshige, K.; Baba, M.; Tsuboi, S.; Noda, T.; Ohsumi, Y. Autophagy in Yeast Demonstrated with Proteinase-Deficient Mutants
and Conditions for Its Induction. J. Cell Biol. 1992, 119, 301-311. [CrossRef]

2. Tsukada, M.; Ohsumi, Y. Isolation and Characterization of Autophagy-Defective Mutants of Saccharomyces Cerevisiae. FEBS Lett.
1993, 333, 169-174. [CrossRef]

3. Gatica, D.; Lahiri, V,; Klionsky, D.J. Cargo Recognition and Degradation by Selective Autophagy. Nat. Cell Biol. 2018, 20, 233-242.
[CrossRef] [PubMed]

4.  Zaffagnini, G.; Martens, S. Mechanisms of Selective Autophagy. J. Mol. Biol. 2016, 428, 1714-1724. [CrossRef] [PubMed]

5. Glick, D.; Barth, S.; Macleod, K.F. Autophagy: Cellular and Molecular Mechanisms. J. Pathol. 2010, 221, 3-12. [CrossRef]

6. Feng, Y,;He, D.; Yao, Z.; Klionsky, D.J. The Machinery of Macroautophagy. Cell Res. 2014, 24, 24-41. [CrossRef]

7. Kounakis, K.; Chaniotakis, M.; Markaki, M.; Tavernarakis, N. Emerging Roles of Lipophagy in Health and Disease. Front. Cell
Dev. Biol. 2019, 7, 185. [CrossRef]

8. Wilkinson, S. ER-Phagy: Shaping up and Destressing the Endoplasmic Reticulum. FEBS J. 2019, 286, 2645-2663. [CrossRef]

9.  Loi, M,; Fregno, I; Guerra, C.; Molinari, M. Eat It Right: ER-Phagy and RecovER-Phagy. Biochem. Soc. Trans. 2018, 46, 699-706.
[CrossRef]

10. Fregno, I.; Molinari, M. Endoplasmic Reticulum Turnover: ER-Phagy and Other Flavors in Selective and Non-Selective ER
Clearance. F1000Research 2018, 7, 454. [CrossRef]

11.  Fregno, I; Fasana, E.; Solda, T.; Galli, C.; Molinari, M. N-Glycan Processing Selects ERAD-Resistant Misfolded Proteins for
ER-to-Lysosome-Associated Degradation. EMBO J. 2021, 40, e107240. [CrossRef]

12.  Molinari, M. ER-Phagy Responses in Yeast, Plants, and Mammalian Cells and Their Crosstalk with UPR and ERAD. Dev. Cell
2021, 56, 949-966. [CrossRef]

13. Fregno, I.; Molinari, M. Proteasomal and Lysosomal Clearance of Faulty Secretory Proteins: ER-Associated Degradation (ERAD)
and ER-to-Lysosome-Associated Degradation (ERLAD) Pathways. Crit. Rev. Biochem. Mol. Biol. 2019, 54, 153-163. [CrossRef]

14. Kroemer, G.; Marifio, G.; Levine, B. Autophagy and the Integrated Stress Response. Mol. Cell 2010, 40, 280-293. [CrossRef]

15.  Zhan, L.; Li, J.; Wei, B. Autophagy Therapeutics: Preclinical Basis and Initial Clinical Studies. Cancer Chemother. Pharm. 2018, 82,
923-934. [CrossRef]

16. Parzych, K.R,; Klionsky, D.J. An Overview of Autophagy: Morphology, Mechanism, and Regulation. Antioxid. Redox Signal. 2014,
20, 460-473. [CrossRef] [PubMed]

17.  Schuck, S. Microautophagy—Distinct Molecular Mechanisms Handle Cargoes of Many Sizes. . Cell Sci. 2020, 133, jcs246322.

[CrossRef]


http://doi.org/10.1083/jcb.119.2.301
http://doi.org/10.1016/0014-5793(93)80398-E
http://doi.org/10.1038/s41556-018-0037-z
http://www.ncbi.nlm.nih.gov/pubmed/29476151
http://doi.org/10.1016/j.jmb.2016.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26876603
http://doi.org/10.1002/path.2697
http://doi.org/10.1038/cr.2013.168
http://doi.org/10.3389/fcell.2019.00185
http://doi.org/10.1111/febs.14932
http://doi.org/10.1042/BST20170354
http://doi.org/10.12688/f1000research.13968.1
http://doi.org/10.15252/embj.2020107240
http://doi.org/10.1016/j.devcel.2021.03.005
http://doi.org/10.1080/10409238.2019.1610351
http://doi.org/10.1016/j.molcel.2010.09.023
http://doi.org/10.1007/s00280-018-3688-3
http://doi.org/10.1089/ars.2013.5371
http://www.ncbi.nlm.nih.gov/pubmed/23725295
http://doi.org/10.1242/jcs.246322

Cells 2021, 10, 2772 14 of 20

18.
19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.

32.

33.
34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Yang, Q.; Wang, R.; Zhu, L. Chaperone-Mediated Autophagy. Adv. Exp. Med. Biol. 2019, 1206, 435-452. [CrossRef] [PubMed]
Kaushik, S.; Bandyopadhyay, U.; Sridhar, S.; Kiffin, R.; Martinez-Vicente, M.; Kon, M.; Orenstein, S.J.; Wong, E.; Cuervo, A.M.
Chaperone-Mediated Autophagy at a Glance. J. Cell Sci. 2011, 124, 495-499. [CrossRef] [PubMed]

Axe, E.L.; Walker, S.A; Manifava, M.; Chandra, P; Roderick, H.L.; Habermann, A ; Griffiths, G.; Ktistakis, N.T. Autophagosome
Formation from Membrane Compartments Enriched in Phosphatidylinositol 3-Phosphate and Dynamically Connected to the
Endoplasmic Reticulum. J. Cell Biol. 2008, 182, 685-701. [CrossRef]

Ravikumar, B.; Moreau, K.; Rubinsztein, D.C. Plasma Membrane Helps Autophagosomes Grow. Autophagy 2010, 6, 1184-1186.
[CrossRef] [PubMed]

Hailey, D.W.; Rambold, A.S.; Satpute-Krishnan, P.; Mitra, K.; Sougrat, R.; Kim, PK,; Lippincott-Schwartz, J. Mitochondria Supply
Membranes for Autophagosome Biogenesis during Starvation. Cell 2010, 141, 656—667. [CrossRef]

Van der Vaart, A.; Griffith, J.; Reggiori, F. Exit from the Golgi Is Required for the Expansion of the Autophagosomal Phagophore
in Yeast Saccharomyces Cerevisiae. Mol. Biol. Cell 2010, 21, 2270-2284. [CrossRef]

Ohashi, Y.; Tremel, S.; Williams, R.L. VPS34 Complexes from a Structural Perspective. . Lipid Res. 2019, 60, 229-241. [CrossRef]
Russell, R.C.; Tian, Y.; Yuan, H.; Park, H.W.; Chang, Y.-Y.; Kim, J.; Kim, H.; Neufeld, T.P; Dillin, A.; Guan, K.-L. ULK1 Induces
Autophagy by Phosphorylating Beclin-1 and Activating VPS34 Lipid Kinase. Nat. Cell Biol. 2013, 15, 741-750. [CrossRef]
Hanada, T.; Noda, N.N.; Satomi, Y.; Ichimura, Y.; Fujioka, Y.; Takao, T.; Inagaki, F.; Ohsumi, Y. The Atg12-Atg5 Conjugate Has a
Novel E3-like Activity for Protein Lipidation in Autophagy. J. Biol. Chem. 2007, 282, 37298-37302. [CrossRef]

Fujita, N.; Itoh, T.; Omori, H.; Fukuda, M.; Noda, T.; Yoshimori, T. The Atgl6L Complex Specifies the Site of LC3 Lipidation for
Membrane Biogenesis in Autophagy. Mol. Biol. Cell 2008, 19, 2092-2100. [CrossRef]

Sereng, K.; Neufeld, T.P.; Simonsen, A. Membrane Trafficking in Autophagy. Int. Rev. Cell Mol. Biol. 2018, 336, 1-92. [CrossRef]
Ravikumar, B.; Futter, M.; Jahreiss, L.; Korolchuk, V.I; Lichtenberg, M.; Luo, S.; Massey, D.C.O.; Menzies, EM.; Narayanan, U.;
Renna, M.; et al. Mammalian Macroautophagy at a Glance. J. Cell Sci. 2009, 122, 1707-1711. [CrossRef] [PubMed]

Ravikumar, B.; Sarkar, S.; Davies, J.E.; Futter, M.; Garcia-Arencibia, M.; Green-Thompson, Z.W.; Jimenez-Sanchez, M.; Korolchuk,
V.I,; Lichtenberg, M.; Luo, S.; et al. Regulation of Mammalian Autophagy in Physiology and Pathophysiology. Physiol. Rev. 2010,
90, 1383-1435. [CrossRef] [PubMed]

Klionsky, D.J.; Abdel-Aziz, A K.; Abdelfatah, S.; Abdellatif, M.; Abdoli, A.; Abel, S.; Abeliovich, H.; Abildgaard, M.H.; Abudu,
Y.P.,; Acevedo-Arozena, A ; et al. Guidelines for the Use and Interpretation of Assays for Monitoring Autophagy (4th Edition) 1.
Autophagy 2021, 17, 1-382. [CrossRef] [PubMed]

Mizushima, N.; Yoshimori, T.; Levine, B. Methods in Mammalian Autophagy Research. Cell 2010, 140, 313-326. [CrossRef]
[PubMed]

Moulis, M.; Vindis, C. Methods for Measuring Autophagy in Mice. Cells 2017, 6, 14. [CrossRef]

Qian, H.; Chao, X.; Williams, J.; Fulte, S.; Li, T,; Yang, L.; Ding, W.-X. Autophagy in Liver Diseases: A Review. Mol. Asp. Med.
2021, 100973. [CrossRef] [PubMed]

Yin, X.-M.; Ding, W.-X.; Gao, W. Autophagy in the Liver. Hepatology 2008, 47, 1773-1785. [CrossRef]

Ueno, T.; Komatsu, M. Autophagy in the Liver: Functions in Health and Disease. Nat. Rev. Gastroenterol. Hepatol. 2017, 14,
170-184. [CrossRef]

Ezaki, J.; Matsumoto, N.; Takeda-Ezaki, M.; Komatsu, M.; Takahashi, K.; Hiraoka, Y.; Taka, H.; Fujimura, T.; Takehana, K.; Yoshida,
M.; et al. Liver Autophagy Contributes to the Maintenance of Blood Glucose and Amino Acid Levels. Autophagy 2011, 7, 727-736.
[CrossRef]

Madrigal-Matute, J.; Cuervo, A.M. Regulation of Liver Metabolism by Autophagy. Gastroenterology 2016, 150, 328-339. [CrossRef]
Kim, J.; Guan, K.-L. MTOR as a Central Hub of Nutrient Signalling and Cell Growth. Nat. Cell Biol. 2019, 21, 63-71. [CrossRef]
Rabanal-Ruiz, Y.; Korolchuk, V.I. MTORC1 and Nutrient Homeostasis: The Central Role of the Lysosome. Int. ]. Mol. Sci. 2018, 19,
818. [CrossRef]

Cheng, X.; Ma, X.; Zhu, Q.; Song, D.; Ding, X.; Li, L.; Jiang, X.; Wang, X.; Tian, R.; Su, H.; et al. Pacer Is a Mediator of MTORC1
and GSK3-TIP60 Signaling in Regulation of Autophagosome Maturation and Lipid Metabolism. Mol. Cell 2019, 73, 788-802.€7.
[CrossRef] [PubMed]

Yang, H.; Ni, H.-M.; Ding, W.-X. The Double-Edged Sword of MTOR in Autophagy Deficiency Induced-Liver Injury and
Tumorigenesis. Autophagy 2019, 15, 1671-1673. [CrossRef] [PubMed]

Ni, H-M.; Chao, X; Yang, H.; Deng, F.; Wang, S.; Bai, Q.; Qian, H.; Cui, Y.; Cui, W.; Shi, Y.; et al. Dual Roles of Mammalian
Target of Rapamycin in Regulating Liver Injury and Tumorigenesis in Autophagy-Defective Mouse Liver. Hepatology 2019, 70,
2142-2155. [CrossRef] [PubMed]

Kim, Y.C.; Guan, K.-L. MTOR: A Pharmacologic Target for Autophagy Regulation. J. Clin. Investig. 2015, 125, 25-32. [CrossRef]
[PubMed]

Lu, X; Paliogiannis, P.; Calvisi, D.E; Chen, X. Role of the Mammalian Target of Rapamycin Pathway in Liver Cancer: From
Molecular Genetics to Targeted Therapies. Hepatology 2021, 73, 49—61. [CrossRef] [PubMed]

Tsai, T.-H.; Chen, E.; Li, L.; Saha, P; Lee, H.-].; Huang, L.-S.; Shelness, G.S.; Chan, L.; Chang, B.H.-]. The Constitutive Lipid
Droplet Protein PLIN2 Regulates Autophagy in Liver. Autophagy 2017, 13, 1130-1144. [CrossRef] [PubMed]

Bataller, R.; Brenner, D.A. Liver Fibrosis. J. Clin. Investig. 2005, 115, 209-218. [CrossRef] [PubMed]


http://doi.org/10.1007/978-981-15-0602-4_20
http://www.ncbi.nlm.nih.gov/pubmed/31776997
http://doi.org/10.1242/jcs.073874
http://www.ncbi.nlm.nih.gov/pubmed/21282471
http://doi.org/10.1083/jcb.200803137
http://doi.org/10.4161/auto.6.8.13428
http://www.ncbi.nlm.nih.gov/pubmed/20861674
http://doi.org/10.1016/j.cell.2010.04.009
http://doi.org/10.1091/mbc.e09-04-0345
http://doi.org/10.1194/jlr.R089490
http://doi.org/10.1038/ncb2757
http://doi.org/10.1074/jbc.C700195200
http://doi.org/10.1091/mbc.e07-12-1257
http://doi.org/10.1016/bs.ircmb.2017.07.001
http://doi.org/10.1242/jcs.031773
http://www.ncbi.nlm.nih.gov/pubmed/19461070
http://doi.org/10.1152/physrev.00030.2009
http://www.ncbi.nlm.nih.gov/pubmed/20959619
http://doi.org/10.1080/15548627.2020.1797280
http://www.ncbi.nlm.nih.gov/pubmed/33634751
http://doi.org/10.1016/j.cell.2010.01.028
http://www.ncbi.nlm.nih.gov/pubmed/20144757
http://doi.org/10.3390/cells6020014
http://doi.org/10.1016/j.mam.2021.100973
http://www.ncbi.nlm.nih.gov/pubmed/34120768
http://doi.org/10.1002/hep.22146
http://doi.org/10.1038/nrgastro.2016.185
http://doi.org/10.4161/auto.7.7.15371
http://doi.org/10.1053/j.gastro.2015.09.042
http://doi.org/10.1038/s41556-018-0205-1
http://doi.org/10.3390/ijms19030818
http://doi.org/10.1016/j.molcel.2018.12.017
http://www.ncbi.nlm.nih.gov/pubmed/30704899
http://doi.org/10.1080/15548627.2019.1634445
http://www.ncbi.nlm.nih.gov/pubmed/31216956
http://doi.org/10.1002/hep.30770
http://www.ncbi.nlm.nih.gov/pubmed/31095752
http://doi.org/10.1172/JCI73939
http://www.ncbi.nlm.nih.gov/pubmed/25654547
http://doi.org/10.1002/hep.31310
http://www.ncbi.nlm.nih.gov/pubmed/32394479
http://doi.org/10.1080/15548627.2017.1319544
http://www.ncbi.nlm.nih.gov/pubmed/28548876
http://doi.org/10.1172/JCI24282
http://www.ncbi.nlm.nih.gov/pubmed/15690074

Cells 2021, 10, 2772 15 of 20

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Roehlen, N.; Crouchet, E.; Baumert, T.F. Liver Fibrosis: Mechanistic Concepts and Therapeutic Perspectives. Cells 2020, 9, 875.
[CrossRef]

Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global Burden of NAFLD and
NASH: Trends, Predictions, Risk Factors and Prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef]

Sumida, Y.; Yoneda, M. Current and Future Pharmacological Therapies for NAFLD/NASH. |. Gastroenterol. 2018, 53, 362-376.
[CrossRef]

Hammoutene, A.; Biquard, L.; Lasselin, J.; Kheloufi, M.; Tanguy, M.; Vion, A.-C.; Mérian, J.; Colnot, N.; Loyer, X.; Tedgui, A.;
et al. A Defect in Endothelial Autophagy Occurs in Patients with Non-Alcoholic Steatohepatitis and Promotes Inflammation and
Fibrosis. J. Hepatol. 2020, 72, 528-538. [CrossRef] [PubMed]

Ruart, M.; Chavarria, L.; Camprecios, G.; Suarez-Herrera, N.; Montironi, C.; Guixé-Muntet, S.; Bosch, J.; Friedman, S.L.; Garcia-
Pagan, ].C.; Hernandez-Gea, V. Impaired Endothelial Autophagy Promotes Liver Fibrosis by Aggravating the Oxidative Stress
Response during Acute Liver Injury. J. Hepatol. 2019, 70, 458-469. [CrossRef] [PubMed]

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, 229-243. [CrossRef] [PubMed]
Challa, T.D.; Wueest, S.; Lucchini, EC.; Dedual, M.; Modica, S.; Borsigova, M.; Wolfrum, C.; Blither, M.; Konrad, D. Liver ASK1
Protects from Non-Alcoholic Fatty Liver Disease and Fibrosis. EMBO Mol. Med. 2019, 11, e10124. [CrossRef]

Zhao, J.; Peng, L.; Cui, R.; Guo, X; Yan, M. Dimethyl «-Ketoglutarate Reduces CCl4-Induced Liver Fibrosis through Inhibition of
Autophagy in Hepatic Stellate Cells. Biochem. Biophys. Res. Commun. 2016, 481, 90-96. [CrossRef]

Gao, J.; Wei, B.; de Assuncao, TM.; Liu, Z.; Hu, X.; Ibrahim, S.; Cooper, S.A.; Cao, S.; Shah, V.H.; Kostallari, E. Hepatic Stellate Cell
Autophagy Inhibits Extracellular Vesicle Release to Attenuate Liver Fibrosis. |. Hepatol. 2020, 73, 1144-1154. [CrossRef]

Liu, P; de la Vega, M.R.; Dodson, M.; Yue, F; Shi, B.; Fang, D.; Chapman, E.; Liu, L.; Zhang, D.D. Spermidine Confers Liver
Protection by Enhancing NRF2 Signaling Through a MAP1S-Mediated Noncanonical Mechanism. Hepatology 2019, 70, 372-388.
[CrossRef]

Yue, F; Li, W,; Zou, J; Jiang, X.; Xu, G.; Huang, H.; Liu, L. Spermidine Prolongs Lifespan and Prevents Liver Fibrosis and
Hepatocellular Carcinoma by Activating MAP1S-Mediated Autophagy. Cancer Res. 2017, 77, 2938-2951. [CrossRef]

Liu, N.; Feng, J.; Lu, X,; Yao, Z; Liu, Q.; Lv, Y,; Han, Y.; Deng, J.; Zhou, Y. Isorhamnetin Inhibits Liver Fibrosis by Reducing
Autophagy and Inhibiting Extracellular Matrix Formation via the TGF-B1/Smad3 and TGF-B1/P38 MAPK Pathways. Mediat.
Inflamm. 2019, 2019, 6175091. [CrossRef]

Wan, J.; Weiss, E.; Ben Mkaddem, S.; Mabire, M.; Choinier, P.-M.; Picq, O.; Thibault-Sogorb, T.; Hegde, P,; Pishvaie, D.; Bens, M.;
et al. LC3-Associated Phagocytosis Protects against Inflammation and Liver Fibrosis via Immunoreceptor Inhibitory Signaling.
Sci. Transl. Med. 2020, 12, eaaw8523. [CrossRef]

Wang, H.Y,; Li, C.; Liu, WH.; Deng, EM.; Ma, Y.; Guo, L.N.; Kong, D.H.; Hu, K.A; Liu, Q.; Wu, J.; et al. Autophagy Inhibition via
Becnl Downregulation Improves the Mesenchymal Stem Cells Antifibrotic Potential in Experimental Liver Fibrosis. . Cell Physiol.
2020, 235, 2722-2737. [CrossRef]

Strazzabosco, M. Transport Systems in Cholangiocytes: Their Role in Bile Formation and Cholestasis. Yale J. Biol. Med. 1997, 70,
427-434.

Pastore, N.; Vainshtein, A.; Herz, N.J.; Huynh, T.; Brunetti, L.; Klisch, T.J.; Mutarelli, M.; Annunziata, P.; Kinouchi, K.; Brunetti-
Pierri, N.; et al. Nutrient-Sensitive Transcription Factors TFEB and TFE3 Couple Autophagy and Metabolism to the Peripheral
Clock. EMBO J. 2019, 38, €101347. [CrossRef]

Arduini, A,; Serviddio, G.; Tormos, A.M.; Monsalve, M.; Sastre, J. Mitochondrial Dysfunction in Cholestatic Liver Diseases. Front.
Biosci. (Elite Ed.) 2012, 4, 2233-2252. [CrossRef] [PubMed]

Woolbright, B.L.; Jaeschke, H. Measuring Apoptosis and Necrosis in Cholestatic Liver Injury. Methods Mol. Biol. 2019, 1981,
133-147. [CrossRef] [PubMed]

Pinzani, M.; Luong, T.V. Pathogenesis of Biliary Fibrosis. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1279-1283. [CrossRef]
[PubMed]

Malhi, H.; Kaufman, R.J. Endoplasmic Reticulum Stress in Liver Disease. ]. Hepatol. 2011, 54, 795-809. [CrossRef] [PubMed]
Kim, S.; Han, S.Y.; Yu, K.S,; Han, D.; Ahn, H.-J.; Jo, J.-E.; Kim, J.-H.; Shin, J.; Park, H.-W. Impaired Autophagy Promotes Bile
Acid-Induced Hepatic Injury and Accumulation of Ubiquitinated Proteins. Biochem. Biophys. Res. Commun. 2018, 495, 1541-1547.
[CrossRef] [PubMed]

Fickert, P.; Trauner, M.; Fuchsbichler, A.; Stumptner, C.; Zatloukal, K.; Denk, H. Bile Acid-Induced Mallory Body Formation in
Drug-Primed Mouse Liver. Am. J. Pathol. 2002, 161, 2019-2026. [CrossRef]

Harada, M.; Hanada, S.; Toivola, D.M.; Ghori, N.; Omary, M.B. Autophagy Activation by Rapamycin Eliminates Mouse
Mallory-Denk Bodies and Blocks Their Proteasome Inhibitor-Mediated Formation. Hepatology 2008, 47, 2026-2035. [CrossRef]
Carlson, J.A.; Rogers, B.B.; Sifers, R.N.; Finegold, M.].; Clift, S.M.; DeMayo, F].; Bullock, D.W.; Woo, S.L. Accumulation of PiZ
Alpha 1-Antitrypsin Causes Liver Damage in Transgenic Mice. J. Clin. Investig. 1989, 83, 1183-1190. [CrossRef]

Teckman, ].H.; Perlmutter, D.H. Retention of Mutant Alpha(1)-Antitrypsin Z in Endoplasmic Reticulum Is Associated with an
Autophagic Response. Am. |. Physiol. Gastrointest. Liver Physiol. 2000, 279, G821-G974. [CrossRef]

Greene, C.M.; Marciniak, S.J.; Teckman, J.; Ferrarotti, I.; Brantly, M.L.; Lomas, D.A.; Stoller, ].K.; McElvaney, N.G. Al-Antitrypsin
Deficiency. Nat. Rev. Dis. Primers 2016, 2, 16051. [CrossRef]


http://doi.org/10.3390/cells9040875
http://doi.org/10.1038/nrgastro.2017.109
http://doi.org/10.1007/s00535-017-1415-1
http://doi.org/10.1016/j.jhep.2019.10.028
http://www.ncbi.nlm.nih.gov/pubmed/31726115
http://doi.org/10.1016/j.jhep.2018.10.015
http://www.ncbi.nlm.nih.gov/pubmed/30367898
http://doi.org/10.1016/j.redox.2018.07.011
http://www.ncbi.nlm.nih.gov/pubmed/30056271
http://doi.org/10.15252/emmm.201810124
http://doi.org/10.1016/j.bbrc.2016.11.010
http://doi.org/10.1016/j.jhep.2020.04.044
http://doi.org/10.1002/hep.30616
http://doi.org/10.1158/0008-5472.CAN-16-3462
http://doi.org/10.1155/2019/6175091
http://doi.org/10.1126/scitranslmed.aaw8523
http://doi.org/10.1002/jcp.29176
http://doi.org/10.15252/embj.2018101347
http://doi.org/10.2741/e539
http://www.ncbi.nlm.nih.gov/pubmed/22202034
http://doi.org/10.1007/978-1-4939-9420-5_9
http://www.ncbi.nlm.nih.gov/pubmed/31016652
http://doi.org/10.1016/j.bbadis.2017.07.026
http://www.ncbi.nlm.nih.gov/pubmed/28754450
http://doi.org/10.1016/j.jhep.2010.11.005
http://www.ncbi.nlm.nih.gov/pubmed/21145844
http://doi.org/10.1016/j.bbrc.2017.11.202
http://www.ncbi.nlm.nih.gov/pubmed/29198703
http://doi.org/10.1016/S0002-9440(10)64480-X
http://doi.org/10.1002/hep.22294
http://doi.org/10.1172/JCI113999
http://doi.org/10.1152/ajpgi.2000.279.5.G961
http://doi.org/10.1038/nrdp.2016.51

Cells 2021, 10, 2772 16 of 20

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Tang, Y.; Fickert, P.; Trauner, M.; Marcus, N.; Blomenkamp, K.; Teckman, J. Autophagy Induced by Exogenous Bile Acids Is
Therapeutic in a Model of «-1-AT Deficiency Liver Disease. Am. J. Physiol. Gastrointest. Liver Physiol. 2016, 311, G156-G165.
[CrossRef] [PubMed]

Khambu, B.; Li, T.; Yan, S.; Yu, C.; Chen, X.; Goheen, M.; Li, Y,; Lin, J.; Cummings, O.W.; Lee, Y.A; et al. Hepatic Autophagy
Deficiency Compromises Farnesoid X Receptor Functionality and Causes Cholestatic Injury. Hepatology 2019, 69, 2182-2213.
[CrossRef] [PubMed]

Gao, L,; Lv, G.; Guo, X,; Jing, Y,; Han, Z.; Zhang, S.; Sun, K,; Li, R;; Yang, Y.; Wei, L. Activation of Autophagy Protects against
Cholestasis-Induced Hepatic Injury. Cell Biosci. 2014, 4, 47. [CrossRef] [PubMed]

Strnad, P.; Zatloukal, K.; Stumptner, C.; Kulaksiz, H.; Denk, H. Mallory-Denk-Bodies: Lessons from Keratin-Containing Hepatic
Inclusion Bodies. Biochim. Biophys. Acta 2008, 1782, 764-774. [CrossRef]

Fickert, P; Trauner, M.; Fuchsbichler, A.; Stumptner, C.; Zatloukal, K.; Denk, H. Mallory Body Formation in Primary Biliary
Cirrhosis Is Associated with Increased Amounts and Abnormal Phosphorylation and Ubiquitination of Cytokeratins. J. Hepatol.
2003, 38, 387-394. [CrossRef]

Luciani, A.; Villella, V.R.; Esposito, S.; Brunetti-Pierri, N.; Medina, D.; Settembre, C.; Gavina, M.; Pulze, L.; Giardino, I.;
Pettoello-Mantovani, M.; et al. Defective CFTR Induces Aggresome Formation and Lung Inflammation in Cystic Fibrosis through
ROS-Mediated Autophagy Inhibition. Nat. Cell Biol. 2010, 12, 863—-875. [CrossRef]

Panzitt, K.; Jungwirth, E.; Krones, E.; Lee, ] M.; Pollheimer, M.; Thallinger, G.G.; Kolb-Lenz, D.; Xiao, R.; Thorell, A.; Trauner, M.;
et al. FXR-Dependent Rubicon Induction Impairs Autophagy in Models of Human Cholestasis. J. Hepatol. 2020, 72, 1122-1131.
[CrossRef]

Tsai, M.-S.; Lee, H.-M.; Huang, S.-C.; Sun, C.-K,; Chiu, T.-C.; Chen, P-H,; Lin, Y.-C.; Hung, T.-M.; Lee, P.-H.; Kao, Y.-H. Nerve
Growth Factor Induced Farnesoid X Receptor Upregulation Modulates Autophagy Flux and Protects Hepatocytes in Cholestatic
Livers. Arch. Biochem. Biophys. 2020, 682, 108281. [CrossRef] [PubMed]

Salas-Silva, S.; Simoni-Nieves, A.; Lopez-Ramirez, ].; Bucio, L.; Gémez-Quiroz, L.E.; Gutiérrez-Ruiz, M.C.; Roma, M.G. Cholan-
giocyte Death in Ductopenic Cholestatic Cholangiopathies: Mechanistic Basis and Emerging Therapeutic Strategies. Life Sci. 2019,
218, 324-339. [CrossRef] [PubMed]

Pinto, C.; Ninfole, E.; Benedetti, A.; Maroni, L.; Marzioni, M. Aging-Related Molecular Pathways in Chronic Cholestatic
Conditions. Front. Med. 2019, 6, 332. [CrossRef] [PubMed]

Lindor, K.D.; Gershwin, M.E.; Poupon, R.; Kaplan, M.; Bergasa, N.V.; Heathcote, E.]. American Association for Study of Liver
Diseases Primary Biliary Cirrhosis. Hepatology 2009, 50, 291-308. [CrossRef] [PubMed]

Roma, M.G.; Toledo, F.D.; Boaglio, A.C.; Basiglio, C.L.; Crocenzi, F.A.; Sanchez Pozzi, E.]. Ursodeoxycholic Acid in Cholestasis:
Linking Action Mechanisms to Therapeutic Applications. Clin. Sci. 2011, 121, 523-544. [CrossRef] [PubMed]

Dilger, K.; Hohenester, S.; Winkler-Budenhofer, U.; Bastiaansen, B.A.J.; Schaap, F.G.; Rust, C.; Beuers, U. Effect of Ursodeoxycholic
Acid on Bile Acid Profiles and Intestinal Detoxification Machinery in Primary Biliary Cirrhosis and Health. J. Hepatol. 2012, 57,
133-140. [CrossRef]

Wagner, M.; Trauner, M. Recent Advances in Understanding and Managing Cholestasis. F1000Research 2016, 5. [CrossRef]
Banales, ].M.; Huebert, R.C.; Karlsen, T.; Strazzabosco, M.; LaRusso, N.F.; Gores, G.J. Cholangiocyte Pathobiology. Nat. Rev.
Gastroenterol. Hepatol. 2019, 16, 269-281. [CrossRef]

Amaral, ].D.; Viana, R].S.; Ramalho, R M.; Steer, C.J.; Rodrigues, C.M.P. Bile Acids: Regulation of Apoptosis by Ursodeoxycholic
Acid. J. Lipid Res. 2009, 50, 1721-1734. [CrossRef]

Basiglio, C.L.; Mottino, A.D.; Roma, M.G. Tauroursodeoxycholate Counteracts Hepatocellular Lysis Induced by Tensioactive Bile
Salts by Preventing Plasma Membrane-Micelle Transition. Chem. Biol. Interact. 2010, 188, 386-392. [CrossRef]

Ozcan, U,; Yilmaz, E.; Ozcan, L.; Furuhashi, M.; Vaillancourt, E.; Smith, R.O.; Gorgiin, C.Z.; Hotamisligil, G.S. Chemical
Chaperones Reduce ER Stress and Restore Glucose Homeostasis in a Mouse Model of Type 2 Diabetes. Science 2006, 313,
1137-1140. [CrossRef] [PubMed]

Xie, Q.; Khaoustov, V.I; Chung, C.C.; Sohn, J.; Krishnan, B.; Lewis, D.E.; Yoffe, B. Effect of Tauroursodeoxycholic Acid on
Endoplasmic Reticulum Stress-Induced Caspase-12 Activation. Hepatology 2002, 36, 592-601. [CrossRef] [PubMed]

Li, Q.; Dutta, A.; Kresge, C.; Bugde, A.; Feranchak, A.P. Bile Acids Stimulate Cholangiocyte Fluid Secretion by Activation of
Transmembrane Member 16A Cl- Channels. Hepatology 2018, 68, 187-199. [CrossRef]

Mueller, M.; Thorell, A.; Claudel, T.; Jha, P.; Koefeler, H.; Lackner, C.; Hoesel, B.; Fauler, G.; Stojakovic, T.; Einarsson, C.; et al.
Ursodeoxycholic Acid Exerts Farnesoid X Receptor-Antagonistic Effects on Bile Acid and Lipid Metabolism in Morbid Obesity.
J. Hepatol. 2015, 62, 1398-1404. [CrossRef] [PubMed]

Wu, P; Zhao, J.; Guo, Y.; Yu, Y.; Wu, X,; Xiao, H. Ursodeoxycholic Acid Alleviates Nonalcoholic Fatty Liver Disease by Inhibiting
Apoptosis and Improving Autophagy via Activating AMPK. Biochem. Biophys. Res. Commun. 2020, 529, 834-838. [CrossRef]
Fickert, P; Fuchsbichler, A.; Wagner, M.; Zollner, G.; Kaser, A.; Tilg, H.; Krause, R.; Lammert, F; Langner, C.; Zatloukal, K,; et al.
Regurgitation of Bile Acids from Leaky Bile Ducts Causes Sclerosing Cholangitis in Mdr2 (Abcb4) Knockout Mice. Gastroenterology
2004, 127, 261-274. [CrossRef] [PubMed]

Fickert, P.; Wagner, M.; Marschall, H.-U.; Fuchsbichler, A.; Zollner, G.; Tsybrovskyy, O.; Zatloukal, K.; Liu, J.; Waalkes, M.P.; Cover,
C.; et al. 24-NorUrsodeoxycholic Acid Is Superior to Ursodeoxycholic Acid in the Treatment of Sclerosing Cholangitis in Mdr2
(Abcb4) Knockout Mice. Gastroenterology 2006, 130, 465-481. [CrossRef]


http://doi.org/10.1152/ajpgi.00143.2015
http://www.ncbi.nlm.nih.gov/pubmed/27102560
http://doi.org/10.1002/hep.30407
http://www.ncbi.nlm.nih.gov/pubmed/30520052
http://doi.org/10.1186/2045-3701-4-47
http://www.ncbi.nlm.nih.gov/pubmed/25922659
http://doi.org/10.1016/j.bbadis.2008.08.008
http://doi.org/10.1016/S0168-8278(02)00439-7
http://doi.org/10.1038/ncb2090
http://doi.org/10.1016/j.jhep.2020.01.014
http://doi.org/10.1016/j.abb.2020.108281
http://www.ncbi.nlm.nih.gov/pubmed/32001246
http://doi.org/10.1016/j.lfs.2018.12.044
http://www.ncbi.nlm.nih.gov/pubmed/30610870
http://doi.org/10.3389/fmed.2019.00332
http://www.ncbi.nlm.nih.gov/pubmed/32039217
http://doi.org/10.1002/hep.22906
http://www.ncbi.nlm.nih.gov/pubmed/19554543
http://doi.org/10.1042/CS20110184
http://www.ncbi.nlm.nih.gov/pubmed/21854363
http://doi.org/10.1016/j.jhep.2012.02.014
http://doi.org/10.12688/f1000research.8012.1
http://doi.org/10.1038/s41575-019-0125-y
http://doi.org/10.1194/jlr.R900011-JLR200
http://doi.org/10.1016/j.cbi.2010.08.004
http://doi.org/10.1126/science.1128294
http://www.ncbi.nlm.nih.gov/pubmed/16931765
http://doi.org/10.1053/jhep.2002.35441
http://www.ncbi.nlm.nih.gov/pubmed/12198651
http://doi.org/10.1002/hep.29804
http://doi.org/10.1016/j.jhep.2014.12.034
http://www.ncbi.nlm.nih.gov/pubmed/25617503
http://doi.org/10.1016/j.bbrc.2020.05.128
http://doi.org/10.1053/j.gastro.2004.04.009
http://www.ncbi.nlm.nih.gov/pubmed/15236191
http://doi.org/10.1053/j.gastro.2005.10.018

Cells 2021, 10, 2772 17 of 20

98.

99.

100.

101.

102.

103.

104.

105.
106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.
124.

Halilbasic, E.; Fiorotto, R.; Fickert, P.; Marschall, H.-U.; Moustafa, T.; Spirli, C.; Fuchsbichler, A.; Gumhold, J.; Silbert, D.; Zatloukal,
K.; et al. Side Chain Structure Determines Unique Physiologic and Therapeutic Properties of Norursodeoxycholic Acid in
Mdr2-/- Mice. Hepatology 2009, 49, 1972-1981. [CrossRef]

Moustafa, T.; Fickert, P.; Magnes, C.; Guelly, C.; Thueringer, A.; Frank, S.; Kratky, D.; Sattler, W.; Reicher, H.; Sinner, E; et al.
Alterations in Lipid Metabolism Mediate Inflammation, Fibrosis, and Proliferation in a Mouse Model of Chronic Cholestatic
Liver Injury. Gastroenterology 2012, 142, 140-151.e12. [CrossRef]

Sombetzki, M.; Fuchs, C.D.; Fickert, P; Osterreicher, C.H.; Mueller, M.; Claudel, T.; Loebermann, M.; Engelmann, R.; Langner,
C.; Sahin, E.; et al. 24-nor-Ursodeoxycholic Acid Ameliorates Inflammatory Response and Liver Fibrosis in a Murine Model of
Hepatic Schistosomiasis. J. Hepatol. 2015, 62, 871-878. [CrossRef]

Hofmann, A.F; Zakko, S.E; Lira, M.; Clerici, C.; Hagey, L.R.; Lambert, K.K.; Steinbach, J.H.; Schteingart, C.D.; Olinga, P.;
Groothuis, G.M.M. Novel Biotransformation and Physiological Properties of Norursodeoxycholic Acid in Humans. Hepatology
2005, 42, 1391-1398. [CrossRef]

Hofmann, A F. Bile Acids: Trying to Understand Their Chemistry and Biology with the Hope of Helping Patients. Hepatology
2009, 49, 1403-1418. [CrossRef]

Fickert, P.; Hirschfield, G.M.; Denk, G.; Marschall, H.-U.; Altorjay, I.; Farkkild, M.; Schramm, C.; Spengler, U.; Chapman, R.;
Bergquist, A.; et al. NorUrsodeoxycholic Acid Improves Cholestasis in Primary Sclerosing Cholangitis. J. Hepatol. 2017, 67,
549-558. [CrossRef]

Tang, Y.; Blomenkamp, K.S.; Fickert, P; Trauner, M.; Teckman, J.H. NorUDCA Promotes Degradation of Al-Antitrypsin Mutant Z
Protein by Inducing Autophagy through AMPK/ULK1 Pathway. PLoS ONE 2018, 13, e0200897. [CrossRef] [PubMed]

Liang, C. Negative Regulation of Autophagy. Cell Death Differ. 2010, 17, 1807-1815. [CrossRef]

Wagner, M; Fickert, P. Drug Therapies for Chronic Cholestatic Liver Diseases. Annu. Rev. Pharmacol. Toxicol. 2020, 60, 503-527.
[CrossRef] [PubMed]

Wagner, M.; Zollner, G.; Trauner, M. Nuclear Receptors in Liver Disease. Hepatology 2011, 53, 1023-1034. [CrossRef] [PubMed]
Nevens, E; Andreone, P; Mazzella, G.; Strasser, S.I.; Bowlus, C.; Invernizzi, P,; Drenth, ] PH.; Pockros, PJ.; Regula, J.; Beuers, U; et al.
A Placebo-Controlled Trial of Obeticholic Acid in Primary Biliary Cholangitis. N. Engl. ]. Med. 2016, 375, 631-643. [CrossRef]
Corpechot, C.; Chazouilleres, O.; Rousseau, A.; Le Gruyer, A.; Habersetzer, F.; Mathurin, P.; Goria, O.; Potier, P.; Minello, A.;
Silvain, C.; et al. A Placebo-Controlled Trial of Bezafibrate in Primary Biliary Cholangitis. N. Engl. ]. Med. 2018, 378, 2171-2181.
[CrossRef]

Massafra, V.; van Mil, S.W.C. Farnesoid X Receptor: A “Homeostat” for Hepatic Nutrient Metabolism. Biochim. Biophys. Acta Mol.
Basis Dis. 2018, 1864, 45-59. [CrossRef]

Manley, S.; Ni, H.-M.; Kong, B.; Apte, U.; Guo, G.; Ding, W.-X. Suppression of Autophagic Flux by Bile Acids in Hepatocytes.
Toxicol. Sci. Off. ]. Soc. Toxicol. 2014, 137, 478-490. [CrossRef] [PubMed]

Wang, Y.; Gunewardena, S.; Li, E; Matye, D.J.; Chen, C.; Chao, X,; Jung, T.; Zhang, Y.; Czerwinski, M.; Ni, H-M.; et al.
An FGF15/19-TFEB Regulatory Loop Controls Hepatic Cholesterol and Bile Acid Homeostasis. Nat. Commun. 2020, 11, 3612.
[CrossRef]

Deutschmann, K.; Reich, M.; Klindt, C.; Droge, C.; Spomer, L.; Haussinger, D.; Keitel, V. Bile Acid Receptors in the Biliary Tree:
TGRS5 in Physiology and Disease. Biochim. Biophys. Acta Mol. Basis Dis. 2018, 1864, 1319-1325. [CrossRef]

Chiang, J.Y.L.; Ferrell, ]. M. Bile Acids as Metabolic Regulators and Nutrient Sensors. Annu. Rev. Nutr. 2019, 39, 175-200.
[CrossRef]

Perino, A.; Demagny, H.; Velazquez-Villegas, L.; Schoonjans, K. Molecular Physiology of Bile Acid Signaling in Health, Disease,
and Aging. Physiol. Rev. 2021, 101, 683-731. [CrossRef]

Lee, ].M.; Wagner, M.; Xiao, R.; Kim, K.H.; Feng, D.; Lazar, M.A.; Moore, D.D. Nutrient-Sensing Nuclear Receptors Coordinate
Autophagy. Nature 2014, 516, 112-115. [CrossRef]

Seok, S.; Fu, T.; Choi, S.-E; Li, Y.; Zhu, R.; Kumar, S.; Sun, X.; Yoon, G.; Kang, Y.; Zhong, W.; et al. Transcriptional Regulation of
Autophagy by an FXR-CREB Axis. Nature 2014, 516, 108-111. [CrossRef]

Chawla, A.; Repa, ] J.; Evans, RM.; Mangelsdorf, D.J. Nuclear Receptors and Lipid Physiology: Opening the X-Files. Science 2001,
294, 1866-1870. [CrossRef]

Lien, E; Berthier, A.; Bouchaert, E.; Gheeraert, C.; Alexandre, J.; Porez, G.; Prawitt, J.; Dehondt, H.; Ploton, M.; Colin, S.; et al.
Metformin Interferes with Bile Acid Homeostasis through AMPK-FXR Crosstalk. J. Clin. Investig. 2014, 124, 1037-1051. [CrossRef]
Noh, K.; Kim, YM.; Kim, YYW.; Kim, S.G. Farnesoid X Receptor Activation by Chenodeoxycholic Acid Induces Detoxifying
Enzymes through AMP-Activated Protein Kinase and Extracellular Signal-Regulated Kinase 1/2-Mediated Phosphorylation of
CCAAT /Enhancer Binding Protein 3. Drug Metab. Dispos. 2011, 39, 1451-1459. [CrossRef]

Ferdinandusse, S.; Houten, S.M. Peroxisomes and Bile Acid Biosynthesis. Biochim. Biophys. Acta 2006, 1763, 1427-1440. [CrossRef]
Sheedfar, F.; Di Biase, S.; Koonen, D.; Vinciguerra, M. Liver Diseases and Aging: Friends or Foes? Aging Cell 2013, 12, 950-954.
[CrossRef] [PubMed]

Pibiri, M. Liver Regeneration in Aged Mice: New Insights. Aging 2018, 10, 1801-1824. [CrossRef] [PubMed]

Pinto, C.; Ninfole, E.; Gaggiano, L.; Benedetti, A.; Marzioni, M.; Maroni, L. Aging and the Biological Response to Liver Injury.
Semin. Liver Dis. 2020, 40, 225-232. [CrossRef]


http://doi.org/10.1002/hep.22891
http://doi.org/10.1053/j.gastro.2011.09.051
http://doi.org/10.1016/j.jhep.2014.11.020
http://doi.org/10.1002/hep.20943
http://doi.org/10.1002/hep.22789
http://doi.org/10.1016/j.jhep.2017.05.009
http://doi.org/10.1371/journal.pone.0200897
http://www.ncbi.nlm.nih.gov/pubmed/30067827
http://doi.org/10.1038/cdd.2010.115
http://doi.org/10.1146/annurev-pharmtox-010818-021059
http://www.ncbi.nlm.nih.gov/pubmed/31506007
http://doi.org/10.1002/hep.24148
http://www.ncbi.nlm.nih.gov/pubmed/21319202
http://doi.org/10.1056/NEJMoa1509840
http://doi.org/10.1056/NEJMoa1714519
http://doi.org/10.1016/j.bbadis.2017.10.003
http://doi.org/10.1093/toxsci/kft246
http://www.ncbi.nlm.nih.gov/pubmed/24189133
http://doi.org/10.1038/s41467-020-17363-6
http://doi.org/10.1016/j.bbadis.2017.08.021
http://doi.org/10.1146/annurev-nutr-082018-124344
http://doi.org/10.1152/physrev.00049.2019
http://doi.org/10.1038/nature13961
http://doi.org/10.1038/nature13949
http://doi.org/10.1126/science.294.5548.1866
http://doi.org/10.1172/JCI68815
http://doi.org/10.1124/dmd.111.038414
http://doi.org/10.1016/j.bbamcr.2006.09.001
http://doi.org/10.1111/acel.12128
http://www.ncbi.nlm.nih.gov/pubmed/23815295
http://doi.org/10.18632/aging.101524
http://www.ncbi.nlm.nih.gov/pubmed/30157472
http://doi.org/10.1055/s-0039-3402033

Cells 2021, 10, 2772 18 of 20

125.

126.
127.

128.

129.
130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Hunt, N.J.; Kang, SW.S.; Lockwood, G.P.,; Le Couteur, D.G.; Cogger, V.C. Hallmarks of Aging in the Liver. Comput. Struct.
Biotechnol. ]. 2019, 17, 1151-1161. [CrossRef]

Kim, L.H.; Kisseleva, T.; Brenner, D.A. Aging and Liver Disease. Curr. Opin. Gastroenterol. 2015, 31, 184-191. [CrossRef] [PubMed]
Luo, D.; Li, J.; Chen, K;; Yin, Y.; Fang, Z.; Pang, H.; Rong, X.; Guo, J. Study on Metabolic Trajectory of Liver Aging and the Effect
of Fufang Zhenzhu Tiaozhi on Aging Mice. Front. Pharmacol. 2019, 10, 926. [CrossRef]

Nguyen, P; Valanejad, L.; Cast, A.; Wright, M.; Garcia, ].M.; El-Serag, H.B.; Karns, R.; Timchenko, N.A. Elimination of Age-
Associated Hepatic Steatosis and Correction of Aging Phenotype by Inhibition of Cdk4-C/EBP«x-P300 Axis. Cell Rep. 2018, 24,
1597-1609. [CrossRef]

Niccoli, T.; Partridge, L. Ageing as a Risk Factor for Disease. Curr. Biol. 2012, 22, R741-R752. [CrossRef]

Cheung, A.C.; Lammers, W.J.; Murillo Perez, C.F.; van Buuren, H.R.; Gulamhusein, A.; Trivedi, PJ.; Lazaridis, K.N.; Ponsioen,
C.Y,; Floreani, A.; Hirschfield, G.M.; et al. Effects of Age and Sex of Response to Ursodeoxycholic Acid and Transplant-Free
Survival in Patients With Primary Biliary Cholangitis. Clin. Gastroenterol. Hepatol. 2019, 17, 2076-2084.e2. [CrossRef]
Weismiiller, T.].; Trivedi, P.J.; Bergquist, A.; Imam, M.; Lenzen, H.; Ponsioen, C.Y.; Holm, K.; Gotthardt, D.; Farkkila, M.A.;
Marschall, H.-U.; et al. Patient Age, Sex, and Inflammatory Bowel Disease Phenotype Associate with Course of Primary Sclerosing
Cholangitis. Gastroenterology 2017, 152, 1975-1984.e8. [CrossRef] [PubMed]

Randall, H.B.; Cao, S.; deVera, M.E. Transplantation in Elderly Patients. Arch. Surg. 2003, 138, 1089-1092. [CrossRef] [PubMed]
Tabibian, ].H.; O'Hara, S.P,; Splinter, P.L.; Trussoni, C.E.; LaRusso, N.F. Cholangiocyte Senescence by Way of N-Ras Activation Is a
Characteristic of Primary Sclerosing Cholangitis. Hepatology 2014, 59, 2263-2275. [CrossRef] [PubMed]

Liu, A.; Guo, E; Yang, J.; Yang, Y; Liu, S.; Jiang, X.; Hu, Q.; Dirsch, O.; Dahmen, U.; Zhang, C.; et al. Young Plasma Reverses
Age-Dependent Alterations in Hepatic Function through the Restoration of Autophagy. Aging Cell 2018, 17. [CrossRef]

Li, Q.; Cai, M.; Wang, J.; Gao, Q.; Guo, X,; Jia, X.; Xu, S.; Zhu, H. Decreased Ovarian Function and Autophagy Gene Methylation
in Aging Rats. . Ovarian. Res. 2020, 13, 12. [CrossRef]

Lipinski, M.M.; Zheng, B.; Lu, T; Yan, Z.; Py, B.F,; Ng, A.; Xavier, R].; Li, C.; Yankner, B.A.; Scherzer, C.R.; et al. Genome-Wide
Analysis Reveals Mechanisms Modulating Autophagy in Normal Brain Aging and in Alzheimer’s Disease. Proc. Natl. Acad. Sci.
USA 2010, 107, 14164-14169. [CrossRef]

Uddin, M.N.; Nishio, N.; Ito, S.; Suzuki, H.; Isobe, K. Autophagic Activity in Thymus and Liver during Aging. Age 2012, 34,
75-85. [CrossRef]

Chang, J.T.; Kumsta, C.; Hellman, A.B.; Adams, L.M.; Hansen, M. Spatiotemporal Regulation of Autophagy during Caenorhabditis
Elegans Aging. Elife 2017, 6, €18459. [CrossRef]

Donati, A.; Cavallini, G.; Paradiso, C.; Vittorini, S.; Pollera, M.; Gori, Z.; Bergamini, E. Age-Related Changes in the Autophagic
Proteolysis of Rat Isolated Liver Cells: Effects of Antiaging Dietary Restrictions. J. Gerontol. A Biol. Sci. Med. Sci. 2001, 56,
B375-B383. [CrossRef]

Simonsen, A.; Cumming, R.C.; Brech, A.; Isakson, P.; Schubert, D.R.; Finley, K.D. Promoting Basal Levels of Autophagy in the
Nervous System Enhances Longevity and Oxidant Resistance in Adult Drosophila. Autophagy 2008, 4, 176-184. [CrossRef]
Meléndez, A.; Talléczy, Z.; Seaman, M.; Eskelinen, E.-L.; Hall, D.H.; Levine, B. Autophagy Genes Are Essential for Dauer
Development and Life-Span Extension in C. elegans. Science 2003, 301, 1387-1391. [CrossRef] [PubMed]

Lapierre, L.R.; Gelino, S.; Meléndez, A.; Hansen, M. Autophagy and Lipid Metabolism Coordinately Modulate Life Span in
Germline-Less C. Elegans. Curr. Biol. 2011, 21, 1507-1514. [CrossRef]

Hansen, M.; Chandra, A.; Mitic, L.L.; Onken, B.; Driscoll, M.; Kenyon, C. A Role for Autophagy in the Extension of Lifespan by
Dietary Restriction in C. Elegans. PLoS Genet. 2008, 4, e24. [CrossRef] [PubMed]

Téth, M.L.; Sigmond, T.; Borsos, E.; Barna, J.; Erdélyi, P.; Takdcs-Vellai, K.; Orosz, L.; Kovacs, A.L.; Csikos, G.; Sass, M.; et al.
Longevity Pathways Converge on Autophagy Genes to Regulate Life Span in Caenorhabditis Elegans. Autophagy 2008, 4, 330-338.
[CrossRef]

Jia, K; Levine, B. Autophagy Is Required for Dietary Restriction-Mediated Life Span Extension in C. Elegans. Autophagy 2007, 3,
597-599. [CrossRef]

Yamamoto, T.; Takabatake, Y.; Kimura, T.; Takahashi, A.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.-Y.; Matsui, I.; Kitamura,
H.; et al. Time-Dependent Dysregulation of Autophagy: Implications in Aging and Mitochondrial Homeostasis in the Kidney
Proximal Tubule. Autophagy 2016, 12, 801-813. [CrossRef]

Eisenberg, T.; Abdellatif, M.; Schroeder, S.; Primessnig, U.; Stekovic, S.; Pend], T.; Harger, A.; Schipke, J.; Zimmermann, A.;
Schmidt, A ; et al. Cardioprotection and Lifespan Extension by the Natural Polyamine Spermidine. Nat. Med. 2016, 22, 1428-1438.
[CrossRef]

Pyo, J.-O.; Yoo, S.-M.; Ahn, H.-H.; Nah, J.; Hong, S.-H.; Kam, T.-L; Jung, S.; Jung, Y.-K. Overexpression of Atg5 in Mice Activates
Autophagy and Extends Lifespan. Nat. Commun. 2013, 4, 2300. [CrossRef]

Eisenberg, T.; Knauer, H.; Schauer, A.; Biittner, S.; Ruckenstuhl, C.; Carmona-Gutierrez, D.; Ring, J.; Schroeder, S.; Magnes, C.;
Antonacci, L.; et al. Induction of Autophagy by Spermidine Promotes Longevity. Nat. Cell. Biol. 2009, 11, 1305-1314. [CrossRef]
Mercken, EM.; Hu, ].; Krzysik-Walker, S.; Wei, M.; Li, Y.; McBurney, M.W.; de Cabo, R.; Longo, V.D. SIRT1 but Not Its Increased
Expression Is Essential for Lifespan Extension in Caloric-Restricted Mice. Aging Cell 2014, 13, 193-196. [CrossRef] [PubMed]
Madeo, F; Zimmermann, A.; Maiuri, M.C.; Kroemer, G. Essential Role for Autophagy in Life Span Extension. J. Clin. Investig.
2015, 125, 85-93. [CrossRef]


http://doi.org/10.1016/j.csbj.2019.07.021
http://doi.org/10.1097/MOG.0000000000000176
http://www.ncbi.nlm.nih.gov/pubmed/25850346
http://doi.org/10.3389/fphar.2019.00926
http://doi.org/10.1016/j.celrep.2018.07.014
http://doi.org/10.1016/j.cub.2012.07.024
http://doi.org/10.1016/j.cgh.2018.12.028
http://doi.org/10.1053/j.gastro.2017.02.038
http://www.ncbi.nlm.nih.gov/pubmed/28274849
http://doi.org/10.1001/archsurg.138.10.1089
http://www.ncbi.nlm.nih.gov/pubmed/14557125
http://doi.org/10.1002/hep.26993
http://www.ncbi.nlm.nih.gov/pubmed/24390753
http://doi.org/10.1111/acel.12708
http://doi.org/10.1186/s13048-020-0615-0
http://doi.org/10.1073/pnas.1009485107
http://doi.org/10.1007/s11357-011-9221-9
http://doi.org/10.7554/eLife.18459
http://doi.org/10.1093/gerona/56.9.B375
http://doi.org/10.4161/auto.5269
http://doi.org/10.1126/science.1087782
http://www.ncbi.nlm.nih.gov/pubmed/12958363
http://doi.org/10.1016/j.cub.2011.07.042
http://doi.org/10.1371/journal.pgen.0040024
http://www.ncbi.nlm.nih.gov/pubmed/18282106
http://doi.org/10.4161/auto.5618
http://doi.org/10.4161/auto.4989
http://doi.org/10.1080/15548627.2016.1159376
http://doi.org/10.1038/nm.4222
http://doi.org/10.1038/ncomms3300
http://doi.org/10.1038/ncb1975
http://doi.org/10.1111/acel.12151
http://www.ncbi.nlm.nih.gov/pubmed/23941528
http://doi.org/10.1172/JCI73946

Cells 2021, 10, 2772 19 of 20

152.

153.

154.

155.

156.

157.

158.

159.
160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.
179.

180.

Lee, ].H.; Budanov, A.V,; Park, E.J.; Birse, R.; Kim, T.E.; Perkins, G.A.; Ocorr, K.; Ellisman, M.H.; Bodmer, R.; Bier, E.; et al. Sestrin
as a Feedback Inhibitor of TOR That Prevents Age-Related Pathologies. Science 2010, 327, 1223-1228. [CrossRef] [PubMed]

De Kreutzenberg, S.V.; Ceolotto, G.; Papparella, I.; Bortoluzzi, A.; Semplicini, A.; Dalla Man, C.; Cobelli, C.; Fadini, G.P.; Avogaro,
A. Downregulation of the Longevity-Associated Protein Sirtuin 1 in Insulin Resistance and Metabolic Syndrome: Potential
Biochemical Mechanisms. Diabetes 2010, 59, 1006—-1015. [CrossRef]

Caramés, B.; Taniguchi, N.; Otsuki, S.; Blanco, FJ.; Lotz, M. Autophagy Is a Protective Mechanism in Normal Cartilage, and Its
Aging-Related Loss Is Linked with Cell Death and Osteoarthritis. Arthritis Rheum. 2010, 62, 791-801. [CrossRef] [PubMed]
Rubinsztein, D.C.; Marifio, G.; Kroemer, G. Autophagy and Aging. Cell 2011, 146, 682-695. [CrossRef] [PubMed]

Inami, Y.; Yamashina, S.; Izumi, K.; Ueno, T.; Tanida, I.; Ikejima, K.; Watanabe, S. Hepatic Steatosis Inhibits Autophagic Proteolysis
via Impairment of Autophagosomal Acidification and Cathepsin Expression. Biochem. Biophys. Res. Commun. 2011, 412, 618-625.
[CrossRef] [PubMed]

Singh, R.; Kaushik, S.; Wang, Y.; Xiang, Y.; Novak, I.; Komatsu, M.; Tanaka, K.; Cuervo, A.M.; Czaja, M.]. Autophagy Regulates
Lipid Metabolism. Nature 2009, 458, 1131-1135. [CrossRef] [PubMed]

Wang, J.; Han, S.-L.; Lu, D.-L.; Li, L.-Y,; Limbu, S.M; Li, D.-L.; Zhang, M.-L.; Du, Z.-Y. Inhibited Lipophagy Suppresses Lipid
Metabolism in Zebrafish Liver Cells. Front. Physiol. 2019, 10, 1077. [CrossRef] [PubMed]

Nassir, F; Ibdah, J.A. Role of Mitochondria in Nonalcoholic Fatty Liver Disease. Int. . Mol. Sci. 2014, 15, 8713-8742. [CrossRef]
Ogrodnik, M.; Miwa, S.; Tchkonia, T.; Tiniakos, D.; Wilson, C.L.; Lahat, A.; Day, C.P; Burt, A.; Palmer, A.; Anstee, Q.M.; et al.
Cellular Senescence Drives Age-Dependent Hepatic Steatosis. Nat. Commun. 2017, 8, 15691. [CrossRef]

Cao, L,; Quan, X.-B.; Zeng, W.-J.; Yang, X.-O.; Wang, M.-]. Mechanism of Hepatocyte Apoptosis. . Cell Death 2016, 9, 19-29.
[CrossRef] [PubMed]

Koek, G.H.; Liedorp, P.R.; Bast, A. The Role of Oxidative Stress in Non-Alcoholic Steatohepatitis. Clin. Chim. Acta 2011, 412,
1297-1305. [CrossRef] [PubMed]

Chen, Z.; Tian, R.; She, Z.; Cali, J.; Li, H. Role of Oxidative Stress in the Pathogenesis of Nonalcoholic Fatty Liver Disease. Free
Radic. Biol. Med. 2020, 152, 116-141. [CrossRef] [PubMed]

Sun, N.; Yun, J.; Liu, J.; Malide, D.; Liu, C.; Rovira, L.I.; Holmstrom, K.M.; Fergusson, M.M.; Yoo, Y.H.; Combs, C.A; et al.
Measuring In Vivo Mitophagy. Mol. Cell 2015, 60, 685-696. [CrossRef] [PubMed]

Stahl, E.C.; Haschak, M.].; Popovic, B.; Brown, B.N. Macrophages in the Aging Liver and Age-Related Liver Disease. Front.
Immunol. 2018, 9, 2795. [CrossRef] [PubMed]

Thoen, L.ER.; Guimaraes, E.L.M.; Doll¢, L.; Mannaerts, I.; Najimi, M.; Sokal, E.; van Grunsven, L.A. A Role for Autophagy during
Hepatic Stellate Cell Activation. J. Hepatol. 2011, 55, 1353-1360. [CrossRef]

Testerink, N.; Ajat, M.; Houweling, M.; Brouwers, J.E; Pully, V.V,; van Manen, H.-J.; Otto, C.; Helms, ].B.; Vaandrager, A.B.
Replacement of Retinyl Esters by Polyunsaturated Triacylglycerol Species in Lipid Droplets of Hepatic Stellate Cells during
Activation. PLoS ONE 2012, 7, €34945. [CrossRef]

Song, Y.; Zhao, Y.; Wang, F,; Tao, L.; Xiao, ].; Yang, C. Autophagy in Hepatic Fibrosis. BioMed Res. Int. 2014, 2014, 436242.
[CrossRef]

Ding, W.-X.; Manley, S.; Ni, H.-M. The Emerging Role of Autophagy in Alcoholic Liver Disease. Exp. Biol. Med. 2011, 236, 546-556.
[CrossRef]

Zhu, J.; Wu, J.; Frizell, E.; Liu, S.L.; Bashey, R.; Rubin, R.; Norton, P.; Zern, M.A. Rapamycin Inhibits Hepatic Stellate Cell
Proliferation in Vitro and Limits Fibrogenesis in an in Vivo Model of Liver Fibrosis. Gastroenterology 1999, 117, 1198-1204.
[CrossRef]

Martinez-Lopez, N.; Singh, R. Autophagy and Lipid Droplets in the Liver. Annu. Rev. Nutr. 2015, 35, 215-237. [CrossRef]
Czaja, M.J; Ding, W.-X.; Donohue, T.M.; Friedman, S.L.; Kim, ].-S.; Komatsu, M.; Lemasters, J.J.; Lemoine, A ; Lin, ].D.; Ou, J.].;
et al. Functions of Autophagy in Normal and Diseased Liver. Autophagy 2013, 9, 1131-1158. [CrossRef]

Schneider, J.L.; Cuervo, A.M. Liver Autophagy: Much More than Just Taking out the Trash. Nat. Rev. Gastroenterol. Hepatol. 2014,
11, 187-200. [CrossRef]

Komatsu, M.; Waguri, S.; Ueno, T.; Iwata, J.; Murata, S.; Tanida, I.; Ezaki, J.; Mizushima, N.; Ohsumi, Y.; Uchiyama, Y; et al.
Impairment of Starvation-Induced and Constitutive Autophagy in Atg7-Deficient Mice. ]. Cell Biol. 2005, 169, 425-434. [CrossRef]
[PubMed]

Singh, R.; Cuervo, A.M. Autophagy in the Cellular Energetic Balance. Cell Metab. 2011, 13, 495-504. [CrossRef] [PubMed]
Salminen, A.; Kaarniranta, K. AMP-Activated Protein Kinase (AMPK) Controls the Aging Process via an Integrated Signaling
Network. Ageing Res. Rev. 2012, 11, 230-241. [CrossRef] [PubMed]

Salminen, A.; Kaarniranta, K.; Kauppinen, A. Age-Related Changes in AMPK Activation: Role for AMPK Phosphatases and
Inhibitory Phosphorylation by Upstream Signaling Pathways. Ageing Res. Rev. 2016, 28, 15-26. [CrossRef]

Blagosklonny, M.V. TOR-Driven Aging: Speeding Car without Brakes. Cell Cycle 2009, 8, 4055-4059. [CrossRef]

Khalil, H.; Tazi, M.; Caution, K.; Ahmed, A.; Kanneganti, A.; Assani, K.; Kopp, B.; Marsh, C.; Dakhlallah, D.; Amer, A.O. Aging Is
Associated with Hypermethylation of Autophagy Genes in Macrophages. Epigenetics 2016, 11, 381-388. [CrossRef]

Double, K.L.; Dedov, V.N.; Fedorow, H.; Kettle, E.; Halliday, G.M.; Garner, B.; Brunk, U.T. The Comparative Biology of
Neuromelanin and Lipofuscin in the Human Brain. Cell Mol. Life Sci. 2008, 65, 1669-1682. [CrossRef] [PubMed]


http://doi.org/10.1126/science.1182228
http://www.ncbi.nlm.nih.gov/pubmed/20203043
http://doi.org/10.2337/db09-1187
http://doi.org/10.1002/art.27305
http://www.ncbi.nlm.nih.gov/pubmed/20187128
http://doi.org/10.1016/j.cell.2011.07.030
http://www.ncbi.nlm.nih.gov/pubmed/21884931
http://doi.org/10.1016/j.bbrc.2011.08.012
http://www.ncbi.nlm.nih.gov/pubmed/21856284
http://doi.org/10.1038/nature07976
http://www.ncbi.nlm.nih.gov/pubmed/19339967
http://doi.org/10.3389/fphys.2019.01077
http://www.ncbi.nlm.nih.gov/pubmed/31496957
http://doi.org/10.3390/ijms15058713
http://doi.org/10.1038/ncomms15691
http://doi.org/10.4137/JCD.S39824
http://www.ncbi.nlm.nih.gov/pubmed/28058033
http://doi.org/10.1016/j.cca.2011.04.013
http://www.ncbi.nlm.nih.gov/pubmed/21514287
http://doi.org/10.1016/j.freeradbiomed.2020.02.025
http://www.ncbi.nlm.nih.gov/pubmed/32156524
http://doi.org/10.1016/j.molcel.2015.10.009
http://www.ncbi.nlm.nih.gov/pubmed/26549682
http://doi.org/10.3389/fimmu.2018.02795
http://www.ncbi.nlm.nih.gov/pubmed/30555477
http://doi.org/10.1016/j.jhep.2011.07.010
http://doi.org/10.1371/journal.pone.0034945
http://doi.org/10.1155/2014/436242
http://doi.org/10.1258/ebm.2011.010360
http://doi.org/10.1016/S0016-5085(99)70406-3
http://doi.org/10.1146/annurev-nutr-071813-105336
http://doi.org/10.4161/auto.25063
http://doi.org/10.1038/nrgastro.2013.211
http://doi.org/10.1083/jcb.200412022
http://www.ncbi.nlm.nih.gov/pubmed/15866887
http://doi.org/10.1016/j.cmet.2011.04.004
http://www.ncbi.nlm.nih.gov/pubmed/21531332
http://doi.org/10.1016/j.arr.2011.12.005
http://www.ncbi.nlm.nih.gov/pubmed/22186033
http://doi.org/10.1016/j.arr.2016.04.003
http://doi.org/10.4161/cc.8.24.10310
http://doi.org/10.1080/15592294.2016.1144007
http://doi.org/10.1007/s00018-008-7581-9
http://www.ncbi.nlm.nih.gov/pubmed/18278576

Cells 2021, 10, 2772 20 of 20

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Xu, F; Hua, C,; Tautenhahn, H.-M.; Dirsch, O.; Dahmen, U. The Role of Autophagy for the Regeneration of the Aging Liver. Int. ].
Mol. Sci. 2020, 21, 3606. [CrossRef]

Terman, A.; Brunk, U.T. Autophagy in Cardiac Myocyte Homeostasis, Aging, and Pathology. Cardiovasc. Res. 2005, 68, 355-365.
[CrossRef]

Brunk, U.T.; Terman, A. The Mitochondrial-Lysosomal Axis Theory of Aging: Accumulation of Damaged Mitochondria as a
Result of Imperfect Autophagocytosis. Eur. J. Biochem. 2002, 269, 1982-2002. [CrossRef]

Cuervo, A.M.; Bergamini, E.; Brunk, U.T.; Droge, W.; Ffrench, M.; Terman, A. Autophagy and Aging: The Importance of
Maintaining “Clean” Cells. Autophagy 2005, 1, 131-140. [CrossRef] [PubMed]

Moreno-Garcia, A.; Kun, A.; Calero, O.; Medina, M.; Calero, M. An Overview of the Role of Lipofuscin in Age-Related
Neurodegeneration. Front. Neurosci. 2018, 12, 464. [CrossRef] [PubMed]

Yuan, Y.; Chen, Y.; Peng, T,; Li, L.; Zhu, W,; Liu, F; Liu, S.; An, X,; Luo, R.; Cheng, |.; et al. Mitochondrial ROS-Induced Lysosomal
Dysfunction Impairs Autophagic Flux and Contributes to M1 Macrophage Polarization in a Diabetic Condition. Clin. Sci. 2019,
133, 1759-1777. [CrossRef] [PubMed]

Fernandez, A.F.; Sebti, S.; Wei, Y.; Zou, Z.; Shi, M.; McMillan, K.L.; He, C.; Ting, T.; Liu, Y.; Chiang, W.-C.; et al. Disruption of the
Beclin 1-BCL2 Autophagy Regulatory Complex Promotes Longevity in Mice. Nature 2018, 558, 136-140. [CrossRef] [PubMed]
Kuro-o, M. Klotho and Aging. Biochim. Biophys. Acta 2009, 1790, 1049-1058. [CrossRef] [PubMed]

Kuro-o, M.; Matsumura, Y.; Aizawa, H.; Kawaguchi, H.; Suga, T.; Utsugi, T.; Ohyama, Y.; Kurabayashi, M.; Kaname, T.; Kume,
E.; et al. Mutation of the Mouse Klotho Gene Leads to a Syndrome Resembling Ageing. Nature 1997, 390, 45-51. [CrossRef]
[PubMed]

Tsujikawa, H.; Kurotaki, Y.; Fujimori, T.; Fukuda, K.; Nabeshima, Y.-I. Klotho, a Gene Related to a Syndrome Resembling
Human Premature Aging, Functions in a Negative Regulatory Circuit of Vitamin D Endocrine System. Mol. Endocrinol. 2003, 17,
2393-2403. [CrossRef] [PubMed]

Kurosu, H.; Yamamoto, M.; Clark, J.D.; Pastor, ].V.; Nandi, A.; Gurnani, P.; McGuinness, O.P.; Chikuda, H.; Yamaguchi, M.;
Kawaguchi, H.; et al. Suppression of Aging in Mice by the Hormone Klotho. Science 2005, 309, 1829-1833. [CrossRef]

Chen, T.-H.; Kuro-o, M.; Chen, C.-H.; Sue, Y.-M.; Chen, Y.-C.; Wu, H.-H.; Cheng, C.-Y. The Secreted Klotho Protein Restores
Phosphate Retention and Suppresses Accelerated Aging in Klotho Mutant Mice. Eur. J. Pharmacol. 2013, 698, 67-73. [CrossRef]
Shi, M.; Flores, B.; Gillings, N.; Bian, A.; Cho, H.].; Yan, S,; Liu, Y.; Levine, B.; Moe, O.W.; Hu, M.C. AKlotho Mitigates Progression
of AKI to CKD through Activation of Autophagy. J. Am. Soc. Nephrol. 2016, 27, 2331-2345. [CrossRef] [PubMed]

Matsunaga, K.; Saitoh, T.; Tabata, K.; Omori, H.; Satoh, T.; Kurotori, N.; Maejima, I.; Shirahama-Noda, K.; Ichimura, T.; Isobe, T.; et al.
Two Beclin 1-Binding Proteins, Atg14L and Rubicon, Reciprocally Regulate Autophagy at Different Stages. Nat. Cell Biol. 2009, 11,
385-396. [CrossRef] [PubMed]

Nakamura, S.; Oba, M.; Suzuki, M.; Takahashi, A.; Yamamuro, T.; Fujiwara, M.; Ikenaka, K.; Minami, S.; Tabata, N.; Yamamoto,
K.; et al. Suppression of Autophagic Activity by Rubicon Is a Signature of Aging. Nat. Commun. 2019, 10, 847. [CrossRef]
Tanaka, S.; Hikita, H.; Tatsumi, T.; Sakamori, R.; Nozaki, Y.; Sakane, S.; Shiode, Y.; Nakabori, T.; Saito, Y.; Hiramatsu, N.; et al.
Rubicon Inhibits Autophagy and Accelerates Hepatocyte Apoptosis and Lipid Accumulation in Nonalcoholic Fatty Liver Disease
in Mice. Hepatology 2016, 64, 1994-2014. [CrossRef]

Singh, R. Autophagy and Regulation of Lipid Metabolism. Results Probl. Cell Differ. 2010, 52, 35-46. [CrossRef]

Zhang, Y.; Fang, F.; Goldstein, J.L.; Brown, M.S.; Zhao, T.-]. Reduced Autophagy in Livers of Fasted, Fat-Depleted, Ghrelin-
Deficient Mice: Reversal by Growth Hormone. Proc. Natl. Acad. Sci. USA 2015, 112, 1226-1231. [CrossRef]

He, Q.; Sha, S.; Sun, L.; Zhang, J.; Dong, M. GLP-1 Analogue Improves Hepatic Lipid Accumulation by Inducing Autophagy via
AMPK/MTOR Pathway. Biochem. Biophys. Res. Commun. 2016, 476, 182-203. [CrossRef]


http://doi.org/10.3390/ijms21103606
http://doi.org/10.1016/j.cardiores.2005.08.014
http://doi.org/10.1046/j.1432-1033.2002.02869.x
http://doi.org/10.4161/auto.1.3.2017
http://www.ncbi.nlm.nih.gov/pubmed/16874025
http://doi.org/10.3389/fnins.2018.00464
http://www.ncbi.nlm.nih.gov/pubmed/30026686
http://doi.org/10.1042/CS20190672
http://www.ncbi.nlm.nih.gov/pubmed/31383716
http://doi.org/10.1038/s41586-018-0162-7
http://www.ncbi.nlm.nih.gov/pubmed/29849149
http://doi.org/10.1016/j.bbagen.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19230844
http://doi.org/10.1038/36285
http://www.ncbi.nlm.nih.gov/pubmed/9363890
http://doi.org/10.1210/me.2003-0048
http://www.ncbi.nlm.nih.gov/pubmed/14528024
http://doi.org/10.1126/science.1112766
http://doi.org/10.1016/j.ejphar.2012.09.032
http://doi.org/10.1681/ASN.2015060613
http://www.ncbi.nlm.nih.gov/pubmed/26701976
http://doi.org/10.1038/ncb1846
http://www.ncbi.nlm.nih.gov/pubmed/19270696
http://doi.org/10.1038/s41467-019-08729-6
http://doi.org/10.1002/hep.28820
http://doi.org/10.1007/978-3-642-14426-4_4
http://doi.org/10.1073/pnas.1423643112
http://doi.org/10.1016/j.bbrc.2016.05.086

	Introduction 
	Molecular Aspects of the Autophagy Process 
	Autophagy Evaluation in Experimental Settings 
	Autophagy in Liver Physiology 
	Autophagy in Liver Disease 

	Autophagy in Cholestatic Liver Diseases 
	Autophagy as a Therapeutic Strategy in Cholestasis Treatment 
	The Emerging Role of Nuclear Receptors in Autophagy and Cholestatic Disease 

	Ageing in Cholestatic Diseases 
	Ageing and Autophagy 
	Molecular Mechanisms and Pathways Involved in Autophagy 

	Conclusions 
	References

