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Role of the mTOR-autophagy-ER stress pathway in high
fructose-induced metabolic-associated fatty liver disease

Ya-lin Wang', Xiu Zhou™?, Dong-li Li' and Ji-ming Ye'-?

Metabolic-associated fatty liver disease (MAFLD) is the most common metabolic disease with a global prevalence of 25%. While
MAFLD is serious and incurable at the later stage, it can be controlled or reversed at the early stage of hepatosteatosis originating
from unhealthy diets. Recent laboratory evidence implicates a critical role of the mammalian target of rapamycin (mTOR)-
autophagy signaling pathway in the pathogenesis of MAFLD induced by a high-fructose diet mimicking the overconsumption of
sugar in humans. This review discusses the possible molecular mechanisms of mTOR-autophagy-endoplasmic reticulum (ER) stress
in MAFLD. Based on careful analysis of recent studies, we suggest possible new therapeutic concepts or targets that can be

explored for the discovery of new anti-MAFLD drugs.
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INTRODUCTION

Metabolic-associated fatty liver disease (MAFLD) is a new
nomenclature recently endorsed by the international consensus
panel to replace the previously well-known term nonalcoholic
fatty liver disease (NAFLD) [1]. This updated definition encapsu-
lates the central role of metabolic syndrome (MetS) as its main
pathogenesis rather than alcohol consumption, as previously
recognized [1]. While the subclassification of this broad range of
liver metabolic disorders remains to be defined by the interna-
tional consensus panel [1, 2], this review will consider literature
reports on the pathogenesis and progression of NAFLD under the
new nomenclature MAFLD.

MAFLD is a pathological manifestation of MetS in the liver [1-4].
MetS is a set of metabolic disorders involving multiple organs and
is characterized as central obesity, hypertension, hyperglycemia,
and dyslipidemia [5-7]. MAFLD is expected to increase in parallel
with the increase in MetS (particularly central obesity and
hypertriglyceridemia). Currently, the global prevalence of MAFLD
is ~25% [2, 3], which is similar to that of MetS, with 20%-25% in
adults worldwide. The population with MAFLD is estimated to
increase to 590 million by 2035, including 300 million in China
alone [3, 8].

The earliest stage of MAFLD is an excess accumulation of lipids
in the liver (simple fatty liver or hepatosteatosis), which by itself is
asymptomatic [5, 6]. However, hepatosteatosis predisposes the
liver to other etiologies, which can exacerbate liver inflammation,
injury and even fibrosis, called nonalcoholic steatohepatitis
(NASH). NASH is a critical turning point in the progression of
MAFLD from a relatively benign and reversible stage toward liver
damage and even cirrhosis and hepatocellular carcinoma [2, 4, 9].
MAFLD has imposed a very large healthcare and economic burden
worldwide. Since fully established NASH (particularly with fibrosis)
is difficult to treat [2, 9, 10], early intervention to control or reduce

lipid accumulation in the liver is critical for the management of
MAFLD [11, 12].

It is now well recognized that MAFLD is heterogeneous,
involving multiple etiologies and mechanisms in different
populations or ethnicities [1-4]. It has been shown from a recent
review [13] and experimental studies [14] that MAFLD is closely
associated with the overconsumption of fructose. For example, the
prevalence of MAFLD (18.0% in 1988-1991 to 31.0% in
2011-2012) as well as that of obesity (from 22.5% to 34.6%)
continuously increased along with the excessive consumption of
added sugars in the same period (average 200 kCal/day vs 325
kCal/day) [13]. This review will focus on one major type of dietary
factor, sugar (namely, sucrose or fructose), either in the diet or
drink, which is believed to be an important risk factor for the
pathogenesis of MAFLD in the early stage in the general
population [3, 7, 13, 14].

Recent laboratory studies have shown that changes in
mammalian target of rapamycin (mTOR)-autophagy-endoplasmic
reticulum (ER) stress are causally related to the pathological
process of MAFLD [12, 15-17]. However, the role of mTOR-
autophagy-ER stress in liver metabolic diseases has not been fully
explored. In this review, we will evaluate how the mTOR-
autophagy-ER stress pathway mediates the pathogenesis of
dietary fructose-induced MALFD and reveal possible new ther-
apeutic concepts or targets that can be explored for the discovery
of new anti-MAFLD drugs.

MTOR SIGNALING PATHWAY

mTOR is an important eukaryotic signal with multiple functions,
including the regulation of protein synthesis, apoptosis, and
autophagy [18, 19]. mTOR is a very sensitive sensor for cell energy
and nutrition metabolism and plays an important role in the
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regulation of liver cell metabolism. It has been shown that mTOR
hyperactivity is closely associated with fatty acid synthesis, hepatic
insulin resistance, and type 2 diabetes [18, 20, 21]. Consistent with
this, mTOR inhibition (such as with rapamycin and its analogs) has
been found to alleviate MAFLD in animal studies [16, 17]. mTOR
consists of two different signaling complexes, mTOR complex 1
(MTORC1) and mTOR complex 2 (mTORC2), which bind with
multiple companion proteins. mTORC1 activity is inhibited by
adenosine 5-monophosphate (AMP)-activated protein kinase
(AMPK) and its inhibitors (such as rapamycin) but activated by
increased nutrient consumption (amino acids and fructose) or
insulin [12, 18, 19].

mTORC1 mainly affects protein synthesis and cell proliferation
by regulating the phosphorylation of ribosomal protein S6 kinase
1 (S6K1) and eukaryotic translation initiation factor 4E (elF4E)-
binding protein 1 (4EBP1) [18, 19, 22]. Activation of mTORC1 can
promote de novo lipogenesis by stimulating sterol-regulatory
element binding protein (SREBP), a master transcription factor
regulating the expression of multiple lipogenic enzymes, including
acetyl-CoA carboxylase, fatty acid synthase (FAS), stearoyl-CoA
desaturase 1, and glycerol-3-phosphate acyltransferase [18, 21].
Interestingly, our recent study on liver ex vivo clearly demon-
strated that mTORC1 can be activated by fructose independent of
other known stimuli [12], providing direct evidence to indicate a
role of mTORC1 in fructose-induced lipid metabolism in the liver
(as illustrated in Fig. 1). Apart from promoting hepatic lipogenesis,
mTORC1 plays an important role in regulating the activity of
autophagy, which can also influence lipogenesis via the ER stress
pathway and lipid droplet hydrolysis (as reviewed below).

ROLE OF AUTOPHAGY BY MTOR IN REGULATING LIPID
METABOLISM AND ER STRESS

Autophagy is a hydrolysis process that decomposes and clears
intracellular metabolites and molecular debris [23, 24], and can
degrade intracellular lipid droplets (lipophagy). Lysosomes are
responsible for the catabolism of impaired cytoplasmic proteins
and organelles [25-27]. In the process of autophagy,
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Fig. 1 Upstream regulation of mTORC1 activity and resultant
downstream changes in autophagy and lipid synthesis. As a
nutrient sensor in cells, mTORC1 activity is inhibited by AMPK but
activated by increased nutrients (amino acids and fructose) or
insulin stimulation. Once activated, mTORC1 mediates lipid synth-
esis via SREBP1 and inhibits autophagy. Created based on references
[12, 18, 21, 23]. IRS1 insulin receptor substrate 1, ATP adenosine
triphosphate, TFEB transcription factor EB, ULK1 unc-51 like
autophagy activating kinase 1, PPRAy peroxisome proliferator-
activated receptor y.
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Fig. 2 Regulation of autophagy on ER stress and lipid metabo-
lism. Autophagy and ER stress can interact with each other. The
suppressed autophagy can lead to increased ER stress to stimulate
lipogenesis and reduce lipid hydrolysis by suppressing lipophagy.
Created based on references [12, 23, 30]. LC3 light chain 3.

autophagosomes with double membranes wrap and isolate
intracellular components and then fuse with lysosomes to form
autophagosomes [23, 25]. Autophagosomes degrade their con-
tents to regenerate nutrients.

The activation of mTOR is an important mechanism for
inhibiting autophagy (Fig. 2). mTORC1 can phosphorylate Unc-
51-like autophagy activating kinase 1 (ULK1) and autophagy-
related protein 13 to inhibit autophagy [28]. Recent studies,
including studies from our laboratory, showed that during high-
fructose feeding, mTOR was activated to inhibit hepatic autop-
hagy, thereby activating ER stress and promoting fatty acid
synthesis [12, 27, 29], leading to fatty liver [30, 31]. Enhanced
autophagy can alleviate liver metabolic diseases through the
following mechanisms: phagocytosis of liposomes, clearance of
damaged cell fragments, and elimination of ER stress, thereby
inhibiting lipid toxicity caused by fatty acid synthesis [32, 33].

Studies have found that inhibited autophagy can also activate a
series of downstream FASs of SREBP through ER stress inositol-
requiring enzyme 1 (IRE1)/X-Box binding protein 1 (XBP1) signal
transduction to increase the synthesis of fatty acids, leading to
increased triglyceride content in liver cells [34, 35]. At the same
time, it can activate the c-Jun N-terminal kinase (JNK)/IkB kinase
(IKK) inflammatory pathway [36]. In contrast, autophagy inducers
can effectively reverse the liver ER stress induced by high-fructose
feeding [12]. Hepatic autophagy can also induce fibrosis [37].
Studies in rat models have shown that inducing the expression of
heat shock protein 72 (HSP72) can protect cells from
lipopolysaccharide-induced peritonitis injury by increasing autop-
hagy, further confirming the regulatory effect of HSP72 on
autophagy activity [38]. It is worth pointing out that the
phosphorylation-mediated activation of mTOR is an important
mechanism that inhibits autophagy and contributes to the
pathogenesis of MAFLD [34].

ROLE OF ER STRESS IN LIPID SYNTHESIS, INFLAMMATION,
AND APOPTOSIS

The ER is the main organelle for protein synthesis and lipid
synthesis in cells. ER stress is usually caused by the accumulation
of unfolded or misfolded proteins within the ER, and it triggers an
unfolded protein response (UPR), which consists of three major
downstream signaling pathways [39-41]: (1) the IRE1/
XBP1 signaling pathway, (2) the protein kinase R (PKR)-like
endoplasmic reticulum kinase (PERK)/eukaryotic initiation factor
2a (elF2a) signaling pathway and (3) the activating transcription
factor 6 signaling pathway. Activation of the IRE1/XBP1 and PERK/
elF2a signal transduction pathways promotes fatty acid synthesis,
inflammatory cytokine production, and apoptosis [36, 42, 43].
Activation of the PERK/elF2 signaling pathway promotes the
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Fig. 3 Role of ER stress in MAFLD. ER stress can induce
hepatosteatosis and promote the progression hepatosteatosis to
NASH by IRET and PERK downstream signaling pathways. Created
based on references [12, 33, 43, 44]. TRAF2 TNF receptor-associated
factor 2, NF-kB nuclear factor kB, TNFoa tumor necrosis factor o, IL-1
interleukin-14, IL-1 interleukin-1, ATF4 activating transcription
factor 4.

expression of the proapoptotic protein C/EBP homologous protein
(CHOP) and damages cells. Inhibition of PERK/elF2 can reduce
CHOP expression and liver damage [44].

As illustrated in Fig. 3, prolonged ER stress has been
suggested not only to promote hepatosteatosis but also to
promote the progression of hepatosteatosis to NASH by IRE1
and PERK downstream signaling pathways. ER stress can
activate SREBP1c to upregulate lipogenic genes [36, 45]. It has
been shown that reduced elF2a phosphorylation or ATF4
mutation also reduces hepatosteatosis induced by a high-fat
diet [31, 35]. These studies suggest that ER stress may induce
hepatosteatosis. Saturated fatty acids can induce ER stress and
apoptosis in hepatocytes, and activation of the PERK arm in the
UPR pathway can also activate IKK and induce inflammation
[35]. In addition, the activation of IRE1 in the UPR pathway may
lead to hepatic insulin resistance to accelerate the development
of MAFLD [46]. This may be due to phosphorylation of IKK and
JNK by activated IRE1, which then impairs insulin signal
transduction by interrupting phosphorylation of the serine
residue of insulin receptor substrate (IRS) [40]. In summary,
these studies suggest that ER stress may play an important role
in the development of MAFLD.

ROLE OF MTOR-AUTOPHAGY-ER STRESS IN THE
PATHOGENESIS OF MAFLD

In recent years, with continuous in-depth research on liver
metabolic diseases, the mechanism of the occurrence and
development of MAFLD has been gradually clarified. MAFLD
may be caused by autophagy/mTOR, ER stress, insulin resistance,
inflammation, and mitochondrial dysfunction (as illustrated in
Fig. 4). Recent studies have shown that the activation of ER stress
and dysfunction of mTOR-autophagy can induce lipid metabolism,
inflammation, and fibrosis [24, 27, 41, 47].

A large number of studies have shown that autophagy can be
activated as a protective mechanism under ER stress, and the
decrease in autophagy activity is related to ER stress [12, 16]. First,
the inhibition of autophagy can be mediated by the activation of
mTOR, which is independent of insulin and amino acids [10].
Second, high fructose-induced autophagy inhibition may be one
of the causes of ER stress and may lead to changes in the JNK/IKK
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Fig. 4 Mechanism of high fructose (HFru)-induced MetS and
MAFLD via the mTOR-autophagy-ER stress pathway. This pro-
posed mechanism is supported by the sequential changes of the
events and interrogated with mTOR-dependent and independent
inhibitors and rescue of suppressed autophagy. Based on references
[12, 29, 31, 48]. IR Insulin resistance.
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and insulin signaling pathways [12, 16]. These changes may occur
in the absence of lipid accumulation or during the upregulation of
lipid production [12, 48]. Finally, regardless of mTOR activity,
restoring autophagy through pharmacological agents can
improve ER stress and correct related events [49, 50].

TARGETING MTOR-AUTOPHAGY-ER STRESS WITH NEW ANTI-
MAFLD DRUGS

Currently, multiple targets have been discovered for the devel-
opment of anti-MAFLD drugs, including peroxisome proliferator-
activated receptor, farnesoid X receptor, C—-C chemokine receptor
type 2/C-C chemokine receptor type 5, fibroblast growth factor
19, and thyroid hormone receptor 3 [35, 48], which mainly aim to
target a single protein, and drugs for the treatment of NASH. The
difficulty is that the development of MAFLD involves several
factors, and it is difficult to block them individually to achieve the
desired effect, that is, the alleviation of lipid accumulation, liver
inflammation, liver injury, and liver fibrosis. Experimental studies
have shown that inhibition of mTOR or activation of autophagy
can help eliminate the related mechanisms of MAFLD [12, 48].
During the pathogenesis of NASH, mTOR is activated, and
autophagy is inhibited [12, 16, 51].

As summarized in Table 1, a number of drugs with anti-MALFD
properties have been shown to act on the mTOR-autophagy-ER
stress pathway at different sites in various animal models. In the
MAFLD model of high-fructose diet-fed mice, rapamycin improves
hepatosteatosis by selectively inhibiting mTOR, blocking the
activation of p70 S6 kinase, and activating ER stress [12].
Simultaneously, rapamycin also showed a tendency to prevent
the development of hepatosteatosis in a fructose-fed zebrafish
model [16, 51]. In a high-fat diet-fed mouse model, caffeine
reduced liver lipid accumulation and improved liver steatosis
induced by high fat by inducing autophagy and downregulating
mTOR and lipid uptake in lysosomes [52]. Additionally, caffeine
enhances autophagy activity, reduces fatty acid intake and lipid
synthesis, improves stress and reduces the inflammatory response
to liver injury in rats treated with carbon tetrachloride [53].
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Table 1. Anti-MAFLD drugs with effects on the mTOR-autophagy-ER stress pathway.

Drugs Effects on mTOR- Animal models Effects on MAFLD References
autophagy-ER stress
Rapamycin Inhibit mTOR HFru fed mice Reduce inflammation and improve insulin signaling [12]
Enhance autophagy Fructose fed Zebrafish transduction [16]
Inhibit ER stress Reduce hepatosteatosis
Caffeine Inhibit mTOR High-fat (HF) fed mice Ameliorate HF-induced hepatosteatosis [52]
Enhance autophagy [53]
Metformin  Enhance autophagy HF fed mice Reduce hepatic insulin resistance [54]
Inhibit mTOR HFru fed mice Ameliorate HF-induced hepatosteatosis [60]
Inhibit ER stress Reduce inflammation and fibrosis
Ezetimibe  Inhibit ER stress High-fat cholesterol (HFC) fed Ameliorate HFC-induced hepatosteatosis [56]
Simvastatin zebrafish
Matrine Down-regulate mTOR HFru fed mice Abolish HFru-induced hepatosteatosis (reduce TG content) [12]
Inhibit ER stress Methionine and choline MCD-induced hepatic injury (reduced plasma ALT and AST [29]
Up-regulate HSP72 deficiency (MCD) fed mice levels) [55]
Suppress MCD-induced hepatic inflammation (reduced TNFa,
CD68, MCP-1, and NLRP3 levels) and fibrosis (reduced collagen
1, TGFpB, Smad3, and Sirius red staining)
Resveratrol Enhance autophagy Egg yolk powder fed zebrafish Relieve destroyed hepatic structure (fatty infiltration, [12]
Inhibit ER stress HFru fed mice hepatocyte ballooning, and irregular arrangement and rupture [46]

of hepatocyte) in overfed zebrafish
Reduce inflammation and improve insulin signaling
transduction

NLR family pyrin domain containing 3, TGF transforming growth factor-.

TG triglyceride, ALT alanine aminotransferase, AST aspartate aminotransferase, CD68 cluster of differentiation 68, MCP-1 monocyte chemotactic protein-1, NLRP3

Metformin activates AMPK to inhibit mTOR, improve liver steatosis
induced by high fat, and reduce inflammation and fibrosis [54].
Metformin reduces hepatic insulin resistance in high fructose-fed
mice and can reduce hepatic gluconeogenesis and glucose
production in a mouse MAFLD model [29, 55]. Matrine [29],
ezetimib and simvastatin [56] can inhibit ER stress and reduce lipid
accumulation in the liver. Studies on high fructose-fed mice have
shown that the mechanism of resveratrol is relatively complex; it
can inhibit IL-6 and reduce lipid accumulation [46, 57].

Recent studies from our laboratory suggest that matrine (a
hepatoprotective drug identified from the traditional Chinese
medicine Kushen) can inhibit SREBP by inhibiting IRE1/XBP1 signal
transduction in ER stress to reduce lipid accumulation, inflamma-
tion, and fibrosis in the liver [29, 48, 55]. Oral matrine could
effectively inhibit the expression of mTOR in the liver as well as
restore HSP72 content and its transcription factor heat shock
factor 1 [47, 48, 58], which has been shown to eliminate ER stress,
promote autophagy clearance [38], and alleviate inflammation
[59] and apoptosis. Interestingly, matrine does not seem to act on
any other reported targets for the treatment of MAFLD. These
findings further suggest that mTOR-autophagy-ER stress can be
targeted for the discovery of new anti-MAFLD drugs.

CONCLUSION

Based on a literature analysis of the pathological effects of mTOR,
autophagy, and ER stress on lipid metabolism, inflammatory
factors, and cell apoptosis, this review reveals the possible
important role of mTOR-autophagy-ER stress in the pathogenesis
of MAFLD driven by overconsumption of dietary fructose. Studies
have shown that mTOR activation can inhibit autophagy and then
activate ER stress. ER stress, on the one hand, can promote the
synthesis of fatty acids to aggravate lipid accumulation in the liver;
on the other hand, it can increase the expression of inflammatory
factors to promote the development of NASH in the long term
[31]. This mechanism is particularly obvious in MAFLD caused by
high fructose and has been validated by experimental treatment
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[12]. However, the subtypes of MAFLD have yet to be defined in
line with their heterogeneous etiologies [1, 2, 36, 40]. The role of
the proposed mTOR-autophagy-ER stress mechanism in MAFLD
caused by other etiologies needs further elucidation. It is expected
that the study of mTOR-autophagy-ER stress as a guide pathway
will provide new insights into the pathological mechanism of fatty
liver disease and provide new possibilities for revealing new drug
targets for MAFLD driven by overconsumption of dietary fructose
(or sugar).
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