
Nutrition 126 (2024) 112517

Contents lists available at ScienceDirect

Nutrition

journal homepage: www.nutr i t ionjrnl .com
Review
Emerging role of natural lipophagy modulators in metabolic
dysfunction�associated steatotic liver disease
Nahla E. El-Ashmawy a,b, Eman G. Khedr a, Ghada M. Al-Ashmawy a,c, Asmaa A. Kamel a,*
a Department of Biochemistry, Faculty of Pharmacy, Tanta University, Tanta, Egypt
b Department of Pharmacology & Biochemistry, Faculty of Pharmacy, The British University in Egypt, El Sherouk, Cairo, Egypt
c Department of Biochemistry, Faculty of Pharmacy, Al Salam University in Egypt, Kafr Az Zayat, Egypt
A R T I C L E I N F O

Article History:
Received 10 April 2024
Received in revised form 2 June 2024
Accepted 8 June 2024
*Corresponding author: Tel.: 0020-106-670-263
E-mail address: asmaa.kamel@pharm.tanta.edu

https://doi.org/10.1016/j.nut.2024.112517
0899-9007/© 2024 Elsevier Inc. All rights are reser

Descargado para Lucia Angulo (lu.mar
2024. Para uso personal exclusivame
A B S T R A C T

Metabolic dysfunction�associated steatotic liver disease (MASLD), previously known as non-alcoholic fatty
liver disease (NAFLD), is a seriously increasing liver disorder affecting nearly 32% of adults globally. Hepatic
triglycerides (TG) accumulation is the hallmark of MASLD, which results from dysregulated lipid and fatty
acid uptake, increased de novo lipogenesis (DNL), and decreased lipid removal. More recently, selective
autophagy of lipid droplets (LDs), termed lipophagy, has emerged to be closely associated with disrupted
hepatic lipid homeostasis. Recent studies have indicated that a series of natural products have shown prom-
ise as an alternative approach in attenuating MASLD via regulating lipophagy in vivo and in vitro. Therefore,
lipophagy could be a new approach for natural products to be used to improve MASLD. This article aims to
provide a comprehensive overview on the interrelationship between dysregulated lipid metabolism, lipoph-
agy, and MASLD pathogenesis. In addition, the role of some natural products as lipophagy modulators and
their impact on MASLD will be discussed.
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Introduction

Metabolic dysfunction-associated steatotic liver disease
(MASLD) is assumed to be the most common form of chronic
hepatic diseases worldwide, affecting nearly 32% of adults with
wide variation among countries and ethnicities [1]. It is character-
ized by an excessive accumulation of triglycerides (TG) in more
than 5% of hepatocytes resulting from causes other than alcohol
consumption, use of steatosis-inducing drugs such as amiodarone,
and other chronic hepatic disorders such as hemochromatosis,
viral hepatitis, autoimmune hepatitis, Wilson’s disease, and so on
[2]. MASLD covers a wide spectrum of hepatic diseases including
simple hepatic steatosis (intrahepatic lipid buildup), steatohepati-
tis (hepatic fat accumulation associated with inflammation), pro-
gression to fibrosis and cirrhosis (irreversible replacement of
normal liver tissue with scarring fibrous tissue), and ultimately
hepatocellular carcinoma [3].

Autophagy (self-eating) is a conservative process responsible
for disposal of and recycling abnormal, damaged, or dysfunctional
cellular organelles and macromolecules [4]. It is therefore vital for
maintaining cellular physiology and homeostasis, and plays an
essential role during growth and development, inflammatory
responses, as well as metabolic and immune processes. The effect
of autophagy has been well known in different organelles since the
early 1960s. However, autophagic degradation of lipid droplets
(LDs) was relatively more recently identified. The term “lipophagy”
originated from a pioneering work by Singh et al., which clearly
proved that autophagy is involved in the degradation of LDs in
hepatocytes [5].

Defective lipophagy in hepatocytes has been linked to the path-
ogenesis of MASLD and lipid dysregulation. It is widely acknowl-
edged that acute increase in lipid availability during the early
stages of MASLD triggers lipophagy activation, which attenuates
hepatic lipid deposition. However, hepatic lipophagy is impaired
upon sustained lipid availability, as occurs with a prolonged high-
fat diet (HFD) [6]. These results suggest that a promising strategy
to support the resolution of fatty liver would be to specifically
stimulate lipophagy. Current research is looking into a number of
therapies that have been demonstrated to increase conventional
autophagy as a means of treating MASLD [7].

Natural products have been utilized as an alternative therapy
for liver diseases and dyslipidemia due to their good efficacy and
low adverse effects [8]. Numerous regulatory mechanisms, such as
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lowering lipogenesis, enhancing b-oxidation, improving insulin
sensitivity, and suppressing inflammatory and cellular stress path-
ways, have been shown to be involved in preventing hepatic stea-
tosis by natural products. According to recent research, certain
natural compounds have demonstrated their benefits in alleviating
MASLD through the activation of lipophagy [2]. This review aims
to provide a comprehensive overview about the interrelationship
between dysregulated lipid metabolism, lipophagy, and MASLD
pathogenesis. In addition, the role of some natural products as lip-
ophagy modulators and their impact on MASLD will be discussed.

Theories of MASLD

The “2-hit hypothesis” was the early theory to characterize the
pathophysiology of MASLD [9]. The first hit is represented by
hepatic lipid buildup in hepatocytes, which is directly linked to
obesity, HFD, sedentary lifestyle, and insulin resistance (IR). This
strike makes the liver more susceptible to other elements that
make up the second hit, such as oxidative stress, inflammatory
cytokines, adipokines, and mitochondrial dysfunction. Conse-
quently, fibrosis and necroinflammation may occur, leading to cir-
rhosis [10]. But it quickly became apparent that this theory is too
simplistic to adequately represent the complexity of the human
MASLD, in which several concurrent factors work synergistically in
genetically predisposed individuals [11]. Thus, the most widely
recognized theory is the “multiple parallel hits theory,” which pos-
tulates a greater degree of metabolic dysfunction due to a combi-
nation of environmental and genetic factors, as well as alterations
in the crosstalk between various organs and tissues, such as the
liver, adipose tissue (AT), pancreas, gut, and other organs [12].
These multiple factors include obesity and AT dysfunction, IR,
mitochondrial dysfunction, endoplasmic reticulum (ER) stress, gut
microbiota, dietary and environmental factors, and genetic deter-
minants [13].

Dysregulated lipid metabolism in MASLD

Lipids in the forms of TG, cholesteryl esters, and retinyl esters
are stored in LDs, which are eukaryotic spherical organelles
encircled by a single layer of phospholipids [10]. The surface of the
LDs is coated with several proteins including the 5 perilipin family
members (PLIN1�PLIN5). These proteins are necessary for LD
packing, interactions with other organelles, droplet size manage-
ment, and accessibility to lipolytic processes. Lipolytic proteins are
also associated with LD surface, including hormone-sensitive lipase
(HSL), adipose triglyceride lipase (ATGL), and monoglyceride
lipase. Other lipases that are also present on the surface of LDs
include the patatin-like phospholipase domain�containing protein
(PNPLA) family, including PNPLA2, which shares significant
sequence identity with ATGL [14]. LDs are generally synthesized at
the ER and they can vary greatly in size, from 1 mm in most cell
types to 100 mm in white adipocytes. In addition to being the pri-
mary storage site of lipids in cells, LDs are crucial to lipid metabo-
lism [8].

The liver controls the production of new fatty acids, their export
and subsequent redistribution to other tissues, and their use as
energy substrates. It is a key player in maintaining lipid homeosta-
sis. The hallmark of MASLD is the intracellular accumulation of LDs
in the cytoplasm of hepatocytes as a result of an imbalance
between lipid input and output [15]. Under normal intracellular
nutrition, fatty acids are typically transformed into TG and stored
in LDs in adipocytes, but when there is a need for energy, the lipids
stored in LDs are hydrolyzed into free fatty acids (FFAs) by the pro-
cess of b-oxidation in mitochondria. When fatty acids are either
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supplied in excess or their disposal is impaired, a large number
of LDs tends to accumulate, not only within the AT, but also in
other tissues, particularly in the liver, which is called ectopic
lipid [16].

The accumulated fatty acids can also act as a substrate for the
synthesis of lipotoxic compounds such as ceramides, diacylglycer-
ols, and lysophosphatidylcholine. These metabolites provoke fibro-
genesis and genomic instability that predispose to cirrhosis and
hepatocellular cancer by inducing hepatocellular stress and dam-
age [17]. There are 5 major lipid metabolic pathways that have
been found to be associated with TG accumulation in hepatocytes:
1) uptake of circulating fatty acids from the diet or AT; 2) hepatic
fatty acid synthesis, also referred to as de novo lipogenesis (DNL);
3) TG secretion in the form of very-low-density lipoprotein (VLDL)
particles; 4) fatty acid oxidation; and 5) turnover of LDs by lipoph-
agy. Normal versus dysregulated lipid metabolism in liver is pre-
sented in Figure 1.

Increased uptake of fatty acids derived from the diet or the AT

After being absorbed from the small intestine, dietary lipids are
condensed into chylomicrons and released into the bloodstream.
Most of the fatty acids produced from the chylomicrons after TG
breakdown by lipoprotein lipase are retained in the AT, while the
liver uptakes the remainder [18]. Normally, circulating insulin pre-
vents lipolysis in the AT after feeding. In contrast, during the fast-
ing state, catecholamine promotes lipolysis where TG stored in the
AT will be liberated as FFAs under the control of ATGL, HSL, and
monoglyceride lipase. The released FFAs are subsequently trans-
ported in the bloodstream bound to albumin before being redis-
tributed to other organs in order to meet energy needs. One of the
primary causes of MASLD is thought to be the continuously high
flux of fatty acids to the liver that results from AT lipolysis, which
is increased with IR [19].

According to estimates, diet accounts for 15% of the liver fatty
acids in patients with MASLD, circulation for 59%, and DNL for 26%.
Fatty acids in the bloodstream are taken up by the liver by both
passive diffusion and active transport with the aid of several pro-
teins, such as fatty acid translocase CD36, fatty acid transport pro-
teins, and fatty acid binding proteins. One important component of
the pathogenesis of MASLD may be the overexpression of any of
these proteins [20]. Lipolysis is not only restricted to the AT, but it
also occurs in hepatocytes. ATGL is abundantly expressed in the
liver and AT, and is involved in the initial stage of lipolysis, which
hydrolyzes TG into diacylglycerols. A mutation in the PNPLA2
gene, a paralog of ATGL, may increase the risk of developing
hepatic steatosis. The isoleucine to methionine substitution at
amino acid position 148 causes PNPLA2 to sequester abhydrolase
domain containing 5, the common cofactor of ATGL and PNPLA2,
more strongly resulting in decreased hepatic lipolysis and buildup
of LDs in the liver [17].

Increased de novo lipogenesis

Hepatic DNL is the metabolic process by which excess carbohy-
drates, usually glucose, are converted into fatty acids in the liver.
In this process, acetyl-CoA is first converted to malonyl-CoA by
acetyl-CoA carboxylase, and then fatty acid synthase converts the
malonyl-CoA to palmitate [21]. This is how the liver typically syn-
thesizes new fatty acids from acetyl-CoA. FFAs derived from DNL
are converted to TG and either released as VLDL from the liver or
stored inside LDs in hepatocytes. Normally, insulin increases the
storage of hepatic glucose as glycogen and enhances distribution
of carbohydrates to the peripheral tissues (such as muscle and AT).
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Fig. 1. (A) Normal lipid metabolism in the liver. (B) Dysregulated lipid metabolism in MASLD. Five main pathways have been established to be contributing to hepatic steato-
sis, including: 1) increased influx of fatty acids; 2) increased de novo lipogenesis; 3) decreased fatty acid oxidation; 4) decreased triglycerides secretion; and 5) dysregulated
lipophagy. ER, endoplasmic reticulum; LD, lipid droplets; MASLD, metabolic dysfunction-associated steatotic liver disease; VLDL, very-low-density lipoprotein.

N.E. El-Ashmawy et al. / Nutrition 126 (2024) 112517 3
Conversely, IR leads to decreased glycogenesis and glycolysis,
thereby increasing hepatic DNL and TG storage [22].

The process of DNL is regulated by 2 key transcription factors:
sterol regulatory element-binding protein-1c (SREBP-1c), which is
activated by both insulin and liver X receptor a, and carbohydrate
regulatory element-binding protein (ChREBP), which is activated
by carbohydrates. Growing evidence indicates that altered expres-
sion of these transcription factors contributes to MASLD via
increasing the expression of DNL-related enzymes such fatty acid
synthase and acetyl-CoA carboxylase. The ablation of SREBP-1c can
also enhance the compensatory overexpression of SREBP-2, which
increases hepatic cholesterol production and accumulation, linking
both DNL and cholesterol metabolism [23].

Disturbances in hepatic triglyceride secretion

The liver secretes TG in the form of VLDL particles. These lipo-
protein particles, which are made up of lipidated apolipoprotein B
(ApoB), transport TG to peripheral tissues such as the heart, mus-
cle, and AT. The lipoprotein lipase then hydrolyzes the TG, releas-
ing fatty acids to satisfy the energy demand [24]. Although
decreased VLDL secretion may be a factor in the excessive buildup
of TG in the liver, this occurs rarely in patients who are genetically
afflicted. Genetic defects in the gene encoding ApoB (hypobetalipo-
proteinemia) and alterations in the microsomal TG transport pro-
tein gene, which lipidates ApoB (abetalipoproteinemia), were
found to reduce VLDL secretion and aggravate hepatic steatosis
[25]. Additionally, a recent study reported that the liver-specific
deletion of the transmembrane 6 superfamily 2, which is involved
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in the transport of VLDL from the ER to the Golgi, decreased the
secretion of VLDL and increased the risk of developing hepatic
steatosis, fibrosis, and hepatic cancer [26].

MASLD is more frequently linked to the secretion of larger and
more TG-rich VLDL particles due to increased TG availability for
the intrahepatic ApoB lipidation process. This results in mixed
hyperlipidemia, which is characterized by increased levels of both
low-density lipoprotein and VLDL that often occurs in IR patients
with MASLD [23]. It has been demonstrated that insulin decreases
hepatic VLDL secretion via inducing apoB100 degradation and sup-
pressing microsomal triglyceride transfer protein synthesis. IR
increases VLDL secretion and boosts hepatic DNL in MASLD. How-
ever, if the diameter of these TG-enriched VLDL particles becomes
greater than that of the sinusoidal endothelial pores of hepato-
cytes, they cannot be secreted [3]. Lipid export in MASLD typically
exhibits a biphasic pattern, with an initial increase and then a pla-
teau or even decline. Reduced export causes intracellular lipid
accumulation and hepatic lipid overload resulting in steatosis, lipo-
toxicity, liver damage, and fibrosis [27].

Disturbances in hepatic fatty acid oxidation

Hepatic fatty acid oxidation is the process by which fatty acids
are broken down into shorter chains by a number of dehydrogen-
ases in the mitochondria and, in the case of very long-chain fatty
acids, the peroxisomes. This process produces ATP, particularly in
conditions associated with low levels of circulating glucose. To do
this, the enzymes carnitine palmitoyltransferase-1 (CPT1) and
CPT2, which are found in the outer and inner mitochondrial
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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membranes, respectively, help the fatty acids cross the mitochon-
drial membrane. Carnitine is added to the fatty acyl-CoA molecule
by CPT1 to aid in mitochondrial transport, whereas CPT2 elimi-
nates carnitine [22]. However, v-oxidation in the cytochromes
also plays a role in cases of lipid overload, such as MASLD, produc-
ing significant levels of reactive oxygen species and toxic dicarbox-
ylic acids, which may promote inflammation as well as disease
development and progression [28].

It has been demonstrated that steatosis can be caused by disor-
ders of fatty acid oxidation. For instance, fasting mice with phar-
macological inhibition of CPT1 developed significant hepatic
steatosis. Furthermore, animals lacking the nuclear receptor
known as peroxisome proliferator-activated receptor a (PPARa),
which regulates the expression of nearly all fatty acid oxidation
genes, exhibit hepatic steatosis and elevated plasma FFA concen-
trations after fasting [29]. Some steatohepatitis patients have
altered b-oxidation and mitochondrial dysfunction in the liver,
and potentially also in other organs throughout the body. Fatty
acid oxidation in dysfunctional mitochondria produces excessive
reactive oxygen species, and this process may also increase the use
of cytochromes and peroxisomes for fatty acid oxidation. This ulti-
mately aids disease progression by increasing oxidative stress and
inflammation [25]. Results of the studies of fatty acid oxidation in
patients with steatosis or steatohepatitis were found to be conflict-
ing, reporting increased, unchanged or decreased fatty acid oxida-
tion. This variation may be attributed to the wide spectrum of
hepatic conditions that fall under the umbrella of MASLD and the
varying degrees of severity of the disease observed in different
patients. Nevertheless, even in research indicating increased fatty
acid oxidation, this enhanced oxidation does not appear to be suffi-
cient in removing the lipids from the liver [30].

Defective hepatic lipophagy

Besides lipolysis, lipid degradation can also be accessible by
lipophagy, a unique type of autophagy that breaks down LDs
deposited in cells. In order to degrade the excess LDs generated
Fig. 2. Types of lipophagy and lipophagy�lipolysis crosstalk. Macrolipophagy involves L
somes, which then fuse with lysosomes, wherein lysosomal acid lipase degrades the lip
pophagy involves direct binding of lysosomes to LDs in a Rab7-dependent manner. C
through the coordinated action of HSC70 and LAMP2A, thereby increasing the accessibilit
ide lipase; FFA, free fatty acids; HSC70, heat-shock cognate 71 kDa protein; HSL, hormon
microtubule-associated protein light chain 3; LD, lipid droplet, p62, sequestosome-1; Rab
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in cells, the autophagosomal double membrane wraps the LDs
and then fuses with lysosomes to form autolysosomes. It is
essential for preserving the steady state of the cell [4]. Acute
increases in lipid availability during the early stages of MASLD
trigger lipophagy, which helps lower lipid accumulation. How-
ever, when lipids are sustained in excess during prolonged
high-fat dieting, hepatic lipophagy is compromised. The altered
kinase pathways functioning upstream of autophagy, such as
mitogen-activated protein kinase (MAPK), may be indirectly
responsible for the defective autophagy brought on by an
excess of nutritional supply [31].

Recent studies have indicated that lipophagy is largely reduced
in MASLD patients and animal models, while stimulating lipophagy
can prevent disease progression [32]. The degree of MASLD sever-
ity was also found to be correlated with autophagy dysregulation.
Higher MASLD activity scores were associated with elevated num-
bers of autophagosomes and lipid-laden lysosomes, or lipolyso-
somes, in the liver. Sequestosome-1 (SQSTM1/p62) was also
correlated with steatosis and fibrosis grade. According to recent
studies, autophagy loss or suppression results in higher levels of
TG and LDs both in vivo and in vitro, as well as reduced TG break-
down [33].

Depending on the LD size and how it is transported into lyso-
somes/vacuoles, LDs can be targeted either by macrolipophagy, in
which LDs are sequestered by autophagosomes and delivered to
lysosomes, or microlipophagy, which involves a direct engulfment
of LDs by lysosome/vacuole membrane. Either way, lysosomal acid
lipases break down the contents of the LDs including TG, diacylgly-
cerides, cholesteryl esters, and retinyl esters following lysosomal
engulfment [34]. The capacity of these lipases to function in an
acidic (pH = 4.5�5.0) as opposed to neutral (pH = »7) environment
sets them apart from their cytosolic counterparts. The third type of
autophagy involved in LD metabolism is called chaperone-medi-
ated autophagy (CMA), in which adenosine monophosphate-acti-
vated protein kinase (AMPK) signaling controls the removal of
PLINs, the LD coat proteins, prior to LD degradation by either
autophagy or cytosolic lipolysis (Fig. 2).
C3-II�positive membranes engulfing portions of large LDs to form lipoautophago-
id cargo, generating FFAs that undergo b-oxidation for energy production. Microli-
haperone-mediated autophagy degrades the LD coat proteins (perilipins 2 and 3)
y of the ‘naked’ LDs to both cytosolic lipolysis and lipophagy. ATGL, adipose triglycer-
e-sensitive lipase; LAMP2A, lysosome-associated membrane glycoprotein 2A; LC3-II,
7, Ras-related protein 7.
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Macrolipophagy
Macrolipophagy is the main type of autophagic degradation of

LDs that involves microtubule-associated protein 1A/1B-light chain
3-II (MAP1LC3-II/LC3-II)-positive phagophores engulfing small LDs
or sequestering portions of large LDs. The formed lipoautophago-
somes deliver the LD cargo to lysosomes, where the internal lyso-
somal acid lipases attack and degrade the TG packed in LDs,
generating FFAs that are released into the cytosol [35]. The selec-
tive recognition of LDs could occur by either an Ub-dependent or
Ub-independent manner. The Ub-dependent pathway involves, in
brief, polyubiquitinatation of some LD-associated proteins such as
PLIN2, leading to binding of autophagy cargo receptor p62 and
macrolipophagy initiation [36]. On the other hand, during Ub-inde-
pendent macrolipophagy both ATGL and HSL, the 2 lipolytic
enzymes distributed on the surface of LDs, interact with LC3
through their LC3-II interaction motifs. This results in the local, in
situ, development of a phagophore in a process triggered by sirtuin
1 (SIRT1). Other lipases such as PNPLA3, PNPLA5, and PNPLA8 have
shown a potential role in LD recognition and initiation of lipophagy
by enhancing the formation of autophagosomes through the mobi-
lization of TG and steryl esters [33].

Members of the Rab guanosine triphosphatases (GTPases) family
of proteins, which are necessary for the regulation of membrane
dynamics and trafficking, have also been connected to macrolipoph-
agy. Thus far, the surface of LDs has been discovered to harbor
almost 30 Rab GTPases [37]. Rab7 is a highly prevalent Rab that is
found on the surface of the LD. It is essential for the regulation of
autophagosomal maturation events and late endocytic membrane
trafficking, which in turn controls macrolipophagy in mammalian
cells [38]. The stimulation of lipolysis mediated by b-adrenergic
receptor activation enhances Rab7 recruitment to both LDs and
autophagosomal membranes. Conversely, Rab7 knockdown or inac-
tivation could inhibit macrolipophagy, leading to aberrant accumu-
lation of LDs in liver cells [39]. Rab10, a different Rab protein, has
similarly been shown to localize to LDs and autophagosomal mem-
branes in a Rab7-dependent way. After that, it binds its effector pro-
teins, which includes the endocytic adaptor Eps15 homology (EH)
domain-binding protein 1 and the EH domain�containing protein
2. This trimeric complex helps extend the phagophore membrane
around the LD, which ultimately causes the LD to be engulfed, form-
ing a complete autophagosome [40].

Microlipophagy
Unlike macrolipophagy, which involves autophagosome forma-

tion prior to fusion with the lysosomes, microlipophagy involves a
direct and transient engulfment of the LDs by the lysosomes via a
“kiss and run” mechanism in a process that requires Rab7. The ste-
rol-transporting Niemann-Pick type C proteins (Ncr1 and Npc2)
were found to be involved in the formation of these vacuolar
microdomains and ensuing LD engulfment, which may happen in
ways that are Atg-dependent or Atg-independent [41]. While Sac-
charomyces cerevisiae is the yeast in which microlipophagy has
been extensively studied, current research suggests that microlipo-
phagic mechanisms also exist in mammalian cells [42]. A recent
study used live-cell microscopy of primary hepatocytes or hepato-
cyte-derived cell lines to explore whether lysosomes alone could
be adequate to promote LD turnover in the absence of an autopha-
gosomal intermediary. Interactions between mammalian lyso-
somes and LDs have been observed, wherein the lipid contents of
the LD can be extruded straight into the lysosomal lumen in the
absence of double membrane lipoautophagosomes [43].

Chaperone-mediated autophagic degradation of LD surface
proteins

PLINs, a family of proteins that coat the surface of LDs, physi-
cally prevent access to the TG and cholesteryl ester-rich core,
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thereby controlling both lipophagy and lipolysis. PLIN2 plays a reg-
ulatory role in hepatic steatosis, as observed when mice lacking
PLIN2 did not develop fatty liver upon being fed an HFD [36].
Briefly, the 71-kDa cytosolic chaperone heat-shock cognate protein
and its co-chaperones identify proteins with a KFERQ motif, such
as PLIN2, PLIN3, and PLIN5. This cargo-chaperone complex is sub-
sequently translocated to the lysosomal-associated membrane
protein 2A (LAMP2A) receptors of the lysosome, to be imported
into the lumen of the lysosome and degraded by proteases
enzymes [37]. CMA functions as an upstream regulator of both
neutral lipolysis and macrolipophagy. This is because degradation
of the LD-anchored PLINs facilitates recruitment of cytosolic lipases
such as ATGL and docking of protein effectors of macrolipophagy
such as LC3-II [44].
Regulatory mechanisms of lipophagy

Lipophagy can be controlled by several pathways that detect
and respond to the cellular nutritional state such as mammalian
target of rapamycin complex 1 (mTORC1) and AMPK [34]. In gen-
eral, lipophagy is stimulated by food scarcity and inhibited by
plenty. Apart from insulin and glucagon, other hormones that can
control lipophagy include thyroidine, fibroblast growth factor 21
(FGF21), and adrenaline [45]. Consistent with its role in promoting
hepatic mitochondrial b-oxidation, thyroidine was found to be
required for the mobilization of lipids via autophagy. The liver
secretes FGF21, which in turn stimulates autocrine/paracrine-
dependent macrolipophagy in hepatocytes. b-adrenergic stimula-
tion in the liver and AT can induce lipophagy in a Rab7-dependent
manner [32]. The major mechanisms regulating hepatic lipophagy
are presented in Figure 3.

Many transcription factors and co-activators, including PPARa,
PPAR-activated receptor gamma coactivator 1-alpha (PPARGC1A),
transcription factor E3 (TFE3), transcription factor EB (TFEB), cyclic
adenosine monophosphate (cAMP) response element-binding pro-
tein (CREB), and forkhead box O (FOXO1, FOXO3, and FOXO4) are
primarily responsible for controlling the expression of lipophagy-
associated genes. Other nutrient-induced transcription factors
include farnesoid X receptor (FXR), which can suppress lipophagy
[46].

The members of the microphthalmia-associated/TFE subfamily
of basic/helix-loop-helix/leucine zipper transcription factors,
which includes TFEB and TFE3, are the most common transcrip-
tional regulators of autophagy/lipophagy. TFEB and TFE3 are both
master regulators of lysosomal activity and macroautophagy [47].
Macrolipophagy is necessary for the effect of TFEB on lipid metabo-
lism. This was observed when TFEB overexpression did not reverse
the rise in liver lipid content in HFD-fed mice in which hepatic
autophagy was particularly repressed by autophagy-associated
protein (Atg7) deletion. TFE3 can mitigate the hepatocellular stea-
tosis caused by FFA exposure by means of macrolipophagy and
PPARGC1A-mediated FFA b-oxidation. Blocking these pathways
with small interfering RNA against Atg5 and PPARGC1A, respec-
tively, significantly decreased the TFE3-mediated mitigation of
hepatic steatosis [48].

The FOXO family is another transcription factor family that is
involved in the control of macrolipophagy. FOXO1 affects lipid
metabolism in different ways via upregulating lysosomal acid
lipase, triggering macrolipophagy in response to nutrient depriva-
tion, and promoting the production of ATGL in adipocytes. Along
with FOXO3 and FOXO4, FOXO1 is also required for mediating lip-
ophagy in hepatocytes [49]. It has also been demonstrated that
CREB1/CREB can stimulate macrolipophagy in conditions of
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Fig. 3. Regulatory mechanisms of hepatic lipophagy. AMPK, adenosine monophosphate-activated protein kinase; CREB, cyclic adenosine monophosphate response element-
binding protein; FOXO, forkhead box O; FXR, farnesoid X receptor; mTOR, mammalian target of rapamycin; PPARGC1A, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PPARa, peroxisome proliferator-activated receptor a; SIRT, sirtuin; TFE3, transcription factor E3; TFEB, transcription factor EB.
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nutritional deficiency, but fed-state sensing FXR inhibits this
response [31].

The fatty acid transporter CD36 was demonstrated to act as a
negative regulator of lipophagy in hepatocytes. In hepatoma-
derived cell lines (HepG2 and Huh7), overexpression of CD36
results in decreased autophagy and higher LD content; conversely,
CD36 knockdown has the opposite effect. Mice with CD36 deletion
had elevated autophagy, an effect that was diminished upon CD36
rescue [50]. Tumor-associated gene microRNA-425 is implicated in
the development of hepatocellular carcinoma and can promote
drug resistance and cell proliferation. Inhibiting the expression of
microRNA-425 led to a rise in SIRT1 expression, which in turn pro-
moted lipophagy and inhibited the proliferation of liver cancer
cells [51]. The small GTPase Rab7 plays a central role in regulating
lipophagy in hepatocytes. Hepatocellular lipophagy is attenuated
when Rab7 is depleted because it causes dramatic morphological
alterations to lysosomes, autophagosomes, and multivesicular bod-
ies [38].

The 7 members of the sirtuin family (SIRT1�7) have distinct
cellular localizations and are involved in a variety of cellular func-
tions. Exercise, calorie restriction, fasting, and polyphenols all
upregulate SIRT1, while it is downregulated by nutritional excess.
Recent research using liver-specific SIRT1 knockout mice indicated
that SIRT1 is required for ATGL-mediated induction of lipophagy
[52]. A recent study indicated that lipotoxicity reduced SIRT3
expression along with lipophagic flux and increased LD accumula-
tion in primary hepatocytes from HFD-fed mice and palmitate/ole-
ate-treated mouse hepatocytes, ultimately leading to severe
steatosis and hepatotoxicity [44]. However, the increased expres-
sion of SIRT3 enhanced macroautophagy in LDs via AMPK activa-
tion [53].

Targeting lipophagy as a therapeutic strategy against MASLD

As previously mentioned, LDs can be degraded via lipophagy for
either energy supply or removal of excess fat from tissues to
restore the normal cellular function. Hence, recent research
focused on the reduction of ectopic fat deposition in liver, b-cells,
and skeletal muscle by regulating lipophagy in order to improve
many metabolic disorders including fatty liver [54]. In previous
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studies, MASLD was established using diets such as HFD in animal
models or palmitic acid and/or oleic acid in vitro to efficiently
induce the lipid accumulation [55].

Various techniques and biological parameters can be used to
evaluate whether or not lipophagy is functioning properly. These
include oil red O staining, biochemically determining the TG of
cells or tissues, serum total cholesterol, high- and low-density lipo-
protein cholesterol, as well as liver enzymes. Furthermore, meas-
urements of autophagy flux and lipophagy-related proteins are
crucial markers for assessing the turnover of fats packed in LDs
[56]. More importantly, the co-localization of LDs and autophagic
vacuoles, which can be visualized by transmission electron micros-
copy or double immunofluorescent staining, is considered more
direct evidence for this pathway. Lipophagy inducers such as rapa-
mycin and/or inhibitors such as chloroquine can also be used to
confirm that some synthetic or natural products could reduce the
fat accumulation through lipophagy modulation [36].

Many natural compounds have been shown to have regulatory
effects on MASLD through various mechanisms, such as regulating
lipid metabolism, repairing mitochondrial dysfunction, reducing
inflammation, as well as improving IR, oxidative stress, and ER
stress [8]. Here, we focus on the natural products targeting lipoph-
agy for the treatment or prevention of MASLD. Natural products
acting as lipophagy inducers in MASLD are summarized in Table 1.

Flavonoids

Quercetin
Quercetin is one of the most prevalent flavonoids in fruits and

vegetables. It has a wide range of biological activities, including
immunomodulatory, anti-inflammatory, and antioxidant proper-
ties [57]. Liu et al. reported that treatment of ApoE-knockout
C57BL/6J mice with 100 mg/kg of quercetin for 6 mo significantly
ameliorated HFD-induced liver damage through reducing the lev-
els of hepatic cholesterol and oxidized low-density lipoprotein
(ox-LDL) [58]. Quercetin treatment could also enhance autophagy
via increasing the expression of LC3-II while decreasing the expres-
sion of both p62 and mTOR. Thus, quercetin’s hepatoprotective
effects may be related to its enhanced autophagy-lysosomal break-
down of ox-LDL [58]. According to Zhu et al., in FFA-treated HepG2
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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Table 1
Natural products acting as lipophagy inducers in treating or preventing metabolic dysfunction-associated steatotic liver disease

Active compound Natural source Experimental model Targeted pathway References

FLAVONOIDS
Quercetin Capparis spinosa L.; Piper Nigrum L. HFD-fed ApoE-knockout C57BL/6J mice mTOR [58]

HFD-fed Sprague-Dawley rats and FFA-
exposed HepG2 cells

IRE1a/XBP1 [59]

Fatty acid�induced AML12 hepatocytes AMPK [60]
Rats SIRT1/AMPK [61]
Palmitic acid�treated HepG2 cells cAMP/AMPK/SIRT1 [62]

Apigenin Petroselinum cripspum; Matricaria
chamomilla

Palmitic acid�treated HepG2 cells mTOR [63]
Oleic acid�induced Huh7 cells Autophagy-mitochondrial

pathway
[64]

Nobiletin Citrus fruits HFD-fed ApoE�/� mice and FFA-treated
HepG2 cells

TFEB [66]

Luteolin Lonicera japonica; Nepeta cateria
L.; Chrysanthemum morifolium;
Ajuga decumbens Thunb.

Palmitate-induced lipotoxicity in AML12
liver cells and mouse primary
hepatocytes

AMPK [68]

Phloretin Malus spp. Fatty acid�exposed Huh7 cells and
Western diet-fed C57BL/6J mice

AMPK [70]

Galangin Alpinia galanga HFD-fed C57BL/6J mice and fatty acid-
�exposed HepG2 cells

AMPK/mTOR [72]

Pueraria Pueraria lobata HFD-fed C57BL/6 J mice and fatty acid�-
treated HepG2 cells

PI3K/Akt/
mTOR

[74]

Bergamot polyphenol fraction Citrus bergamia HepaRG cells and palmitic acid�treated
GR-LC3-HepG2

— [76]

ALKALOIDS
Nuciferine Nelumbo nucifera HFD-fed C57BL/6N mice and palmitic

acid-challenged primary hepatocytes iso-
lated from TFEB knockout mice as well as
AML12 cells

mTORC1-TFEB-autophagy-
lysosomal pathway

[78]

Ajugol Rehmannia glutinosa HFD-fed C57BL/6 mice and palmitate-
treated AML12 mouse hepatocytes and
isolated primary hepatocytes frommice
liver

TFEB-mediated lysosome
biogenesis

[80]

Trigonelline Trigonella foenum-graecum High-cholesterol and HFD-fed C57BL/6J
mice and palmitic acid�exposed
AML12 cells and HepG2 cells

� [82]

POLYPHENOLS
Resveratrol Veratrum grandiflorum HFD-fed wild-type and autophagic medi-

ator ULK1 heterozygous knockout mice
ULK1 [83]

HFD-fed rats SIRT1 [85]
HFD-fed mice and palmitate-treated
HepG2 cells

cAMP-PRKA-AMPK-SIRT1 [86]

Palmitate-treated HepG2 cells cAMP/AMPK/
SIRT1

[87]

Polydatin Polygonum cuspidatum Sieb. et
Zucc.

Methionine�choline�deficient diet-fed
C57Bl/KsJ�db�/db (db/db) mice and pal-
mitic acid�treated human hepatocyte
LO2 cells

TFEB [89]

Olive leaf extract Olea europaea L. Palmitate/oleate-treated HuH7 cell � [91]
Magnolol Magnolia officinalis Tyloxapol-induced hyperlipidemia in

rats and palmitic acid�stimulated HepG2
cells

mTOR [95]

Honokiol Magnolia officinalis Choline-deficient HFD-fed C57BL/6J mice
and palmitate/oleate-treated AML12
cells

SIRT3/AMPK [97]

Epigallocatechin-3-gallate Camellia sinensis (L.) O. Ktze. HFD-fed mice and oleic acid�treated L02
and QSG-7701 liver cells

Reactive oxygen species-medi-
ated MAPK

[99]

High-fat/Western-style diet-fed C57BL/6
mice and HepG2 as well as Huh7 cells

AMPK [100]

Apple polyphenol extract Malus spp. Palmitate/oleate-treated HepG2 cells SIRT1/AMPK [102]
HFD-fed 12-mo-old C57BL/6 mice SIRT1 [103]

Lotus seedpod extract Nelumbo nucifera Gaertn. Oleic acid�treated HepG2 cells � [105]
MISCELLANEOUS
Iridoids of Valeriana fauriei Valeriana fauriei HFD-fed C57BL/6 J mice and oleic acid�-

treated Huh7 and MEF cells
mTORC1 [107]

Steviosides of Stevia rebaudiana Bertoni Stevia rebaudiana Bertoni C57BL/6J db/dbmouse (BKS.Cg-Dock7m
+/+ Leprdb/J, homozygote) and FFA-
exposed HepG2 cells

PPARa [109]

Phillygenin Forsythiae Fructus HFD-fed C57BL/6 J mice and palmitate-
stimulated AML12 cells and primary
hepatocytes

Ca2+/calcineurin/TFEB [111]

(continued)
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Table 1 (Continued)

Active compound Natural source Experimental model Targeted pathway References

Sulforaphane Broccoli sprouts Hepatocytes Nrf2 [113]
HFD-fed mice and 3T3-L1 adipocytes AMPK/mTOR/ULK1 [114]

Rhodiola crenulata Rhodiola crenulate Fructose-fed Sprague-Dawley rats � [116]
Veronica ciliata Fisch. Veronica ciliata Fisch. tert-Butyl hydroperoxide�induced Insti-

tute of Cancer Research mice and etha-
nol-induced rat hepatocyte cell line BRL-
3A

AMPK/p62/Nrf2 [118]

Oleic acid Olea europaea L. HFD-fed C57/BL6 mice and palmitic acid/
tunicamycin-treated human hepatoma
cell line HepG2 cells, mouse normal liver
cells AML12 cells, and human normal
liver cells L-02 cells

TFEB [121]

Shenling Baizhu powder 10 Chinese medicinal herbs [122] HFD-fed Wistar rats SIRT1 [123]

AML12, alpha mouse liver 12; AMPK, adenosine monophosphate-activated protein kinase; HFD, high-fat diet; mTOR, mammalian target of rapamycin; Nrf2, nuclear factor
erythropoietin-2-related factor 2; SIRT1, sirtuin 1; TFEB, transcription factor EB; ULK1, Unc-51-like autophagy activating kinase 1.

8 N.E. El-Ashmawy et al. / Nutrition 126 (2024) 112517
cells and HFD-fed Sprague-Dawley rats, quercetin alleviated
MASLD by stimulating hepatic VLDL assembly and lipophagy
through the inositol-requiring transmembrane kinase/endoribonu-
clease 1a/ spiced X-box binding protein 1 (IRE1a/XBP1) pathway
[59]. Quercetin consumption increased the co-localization of LDs
with lysosomes and suppressed p62 level, while thapsigargin or
STF-083010, an IRE1a endonuclease inhibitor, partially eliminated
the lipophagy-inducing effect of quercetin in an mTOR-indepen-
dent manner [59]. Another study by Fukaya et al. showed that
treating FFA-exposed alpha mouse liver 12 (AML12) hepatocytes
with 10mMquercetin for 12 h promoted lipophagy, as represented
by increased co-localization of LDs with lysosomes [60]. The
enhancement of fatty acid b-oxidation induced by quercetin was
eliminated by pharmacological inhibition of the autophagy-lyso-
somal pathway using 3-methyladenine. This indicates that querce-
tin’s enhancement of lipophagy contributed to increased oxidation
of fatty acids in an AMPK-dependent manner [60]. A recent study
showed that thymoquinone (10 mg/kg/d) and quercetin (50 mg/
kg/d) co-treatment protected rats against hepatic steatosis via
SIRT1/AMPK stimulation. This combination suppressed proinflam-
matory and oxidative markers and reduced the levels of PLIN2 and
hepatic lipogenic enzymes, while it activated autophagy protein
Atg7 and cytosolic ATGL [61]. In another experimental study, the
involvement of autophagy in the lipid-lowering actions of querce-
tin, either alone or in conjunction with metformin, was investi-
gated using a palmitic acid-induced hepatic steatosis model in
HepG2 cells [62]. In addition to decreasing TG levels and lipogenic
gene expression, co-treatment of cells with both quercetin and
metformin induced autophagy via increasing the levels of LC3-I
and LC3-II proteins and decreasing the expression of p62 more
remarkably than monotherapy. Quercetin and metformin co-treat-
ment reduced the production of proinflammatory cytokines such
as interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-a), and IL-
1B in HepG2 cells. However, levels of cAMP, phosphorylated
AMPK, and Beclin-1 were increased. This effect was countered by
the addition of 10 mM of sirtinol, an inhibitor of SIRT1, suggesting
that the quercetin-metformin combination diminished hepatic
steatosis by activating autophagy via the cAMP/AMPK/SIRT1 sig-
naling pathway [62].

Apigenin
Apigenin is a prominent, naturally occurring flavonoid found in

a wide range of fruits and vegetables, particularly onions, celery,
parsley, oranges, thyme, chamomile, and tea. The potential effect
of apigenin in enhancing autophagy and alleviating lipid accumula-
tion in HepG2 cells treated with palmitic acid has been studied by
Lu et al. [63], where it was postulated that apigenin reduced the
intracellular lipid content by inducing the autophagic lipid
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breakdown demonstrated by LDs co-localizing with LC3; this effect
was blocked by the addition of chloroquine. Additionally, it was
shown that apigenin reduced expression of the p62 protein and p-
mTOR/mTOR ratio while inducing autophagosome formation and
increasing the LC3-II/I ratio [63]. Another research group examined
the molecular mechanisms underlying the protective effect of api-
genin against the dysregulation of hepatic lipid metabolism using
oleic acid�induced steatosis in Huh7 cells as an in vitro model
[64]. After apigenin treatment (20 mM), there was an increase in
intracellular fatty acid levels due to the enhanced production of
autophagy-related proteins such as Beclin1, Atg5, Atg7, and LC3-II,
as well as induced autophagolysosome formation. The protective
properties of apigenin against oleic acid�induced lipid buildup
were eliminated when bafilomycin A1 or chloroquine were used to
inhibit autophagy [64].

Nobiletin
Nobiletin is a citrus flavonoid that is notable for having a variety

of pharmacological properties, such as neuroprotective, anti-
inflammatory, anti-IR, antitumor, and antioxidant properties [65].
A recent study investigated the preventive effect of nobiletin on
MASLD using HFD-fed ApoE�/� mice and FFA-treated HepG2 cells
[66]. Different doses of nobiletin (50, 100, and 200 mg/kg/d) could
significantly ameliorate MASLD mainly via TFEB-mediated lyso-
somal biogenesis and lipophagy. Nobiletin treatment increased
levels of positive regulators of hepatic lipophagy including TFEB,
Rab7, and LAMP1, as well as autophagy biomarkers such as Beclin1
and LC3 [66].

Luteolin
Numerous fruits, vegetables, and herbs such as celery, broccoli,

green pepper, peppermint, and thyme contain this tetrahydroxy-
flavone. Luteolin has neuroprotective, antitumorigenic, and antidi-
abetic activities. These effects are linked to luteolin’s capacity to
reduce oxidative stress and inflammation, as well as to regulate
autophagy and ER stress [67]. Luteolin was demonstrated to miti-
gate palmitate-induced lipotoxicity in AML12 liver cells and mouse
primary hepatocytes by enhancing antioxidant defense, boosting
AMPK-mediated autophagy, attenuating ER stress, and reversing
the damage caused to autophagic flux [68].

Phloretin
Strawberries and apples are rich sources of this common dihy-

drochalcone flavonoid. Phloretin has strong antioxidant, antican-
cer, anti-inflammatory, and antidiabetic properties [69]. Chhimwal
et al. reported that phloretin upregulated autophagy-mediated
lipid breakdown to mitigate the evolution of MASLD in both palmi-
tate- and oleate-exposed Huh7 cells and Western diet-fed C57BL/
6J mice via reducing mitochondrial dysfunction and oxidative
stress [70]. Phloretin significantly enhanced autophagy through
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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increasing the protein expression of Atg5, Atg7, LC3-II/I, and
Beclin1, while decreasing the expression of p62 protein [70].

Galangin
Galangin is a flavonol compound and curcumin derivative with

anti-inflammatory, antiviral, anticancer, antibacterial, antidiabetic,
and anticlastogenic properties [71]. Through the activation of
hepatic autophagy, galangin (100 mg/kg/d) was observed to dimin-
ish the fatty degeneration of liver tissue generated by an HFD diet
in C57BL/6J mice, both at preventive and therapeutic levels [72].
The protective impact of galangin on hepatic steatosis was hin-
dered by 3-methyladenine, the autophagy inhibitor, which
resulted in a large accumulation of TG and cholesterol in the hepa-
tocytes of mice. The reported data also showed that galangin
enhanced the levels of CPT1 and PPARa mRNA in the livers of
HFD-fed mice, while it downregulated levels of ChREBP, CD36, and
SREBP-1c. In FFA-treated HepG2 cells, galangin decreased lipid
buildup and augmented hepatocyte autophagy at the cellular level
[72].

Pueraria flavonoids
Pueraria flavonoids provide numerous health benefits for the

kidney, liver, heart, brain, stomach, muscle, skin, bone, and repro-
ductive system, in addition to their anti-inflammatory and antioxi-
dant properties [73]. It has been shown that the flavonoids found
in Pueraria promote autophagy through blocking activation of the
phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)/mTOR sig-
naling pathway, which in turn decreases intracellular lipid accu-
mulation and inflammation. Pueraria flavonoids at doses of 50,
100, and 200 mg/kg/d administered intragastrically for 4 wk were
shown to dramatically increase autophagy levels and the amount
of autophagosomes in C57BL/6 J mice fed on an HFD. Autophagy
blockage by siRNA transfection increased the accumulation of lip-
ids and the release of inflammatory cytokines. At a cellular level,
Pueraria flavonoids (12.5, 25, and 50mg/mL) reduced lipid deposi-
tion and cellular inflammation by increasing the autophagy flux in
palmitate- and oleate-exposed HepG2 cells [74].

Bergamot polyphenol fraction (BPF)
Bergamot is a citrus fruit belonging to the Rutaceae family and

to the genus Citrus, which grows in southern Italy [75]. BPF was
analyzed for its proautophagic compounds using liquid chroma-
tography-high resolution mass spectrometry (LC-HRMS) [76]. This
screening revealed that the hydrophobic fraction of acid-hydro-
lyzed BPF (A-BPF), which contained 6 flavanone and flavone agly-
cones, promoted autophagy in palmitic acid�treated GR-LC3-
HepG2 cells. The weakest inducers of autophagy among them
were diosmetin, hesperitin, eriodictyol, and naringenin, whereas
apigenin and luteolin showed more potent autophagic activation.
At an early time interval (6 h), apigenin exhibited the strongest
and most dose-dependent proautophagic action. Luteolin elicited a
significant autophagic induction at low dosages, but at greater con-
centrations it became inhibitory, thereby exhibiting a biphasic
autophagy response. Upon examining the cytotoxicity of these fla-
vonoids, it was found that both apigenin and luteolin were harmful
to HepG2 cells and to differentiated human liver progenitors, Hep-
aRG cells, after prolonged treatment (24 h). On the other hand, BPF
and A-BPF caused a sustained increase in autophagic flow without
exhibiting any toxicity. This indicates that using isolated flavonoids
to treat MASLD may not be as safe or beneficial as using a natural
polyphenol phytocomplex such as BPF [76].

Alkaloids

Nuciferine
Nuciferine is an aromatic ring-containing alkaloid that has been

demonstrated to have a wide range of pharmacological effects on
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the metabolic syndrome, including anti-inflammatory, antiobesity,
and antioxidant properties [77]. Du et al. reported that nuciferine
was able to alleviate MASLD via controlling the mTORC1�T-
FEB�autophagy-lysosomal pathway in mice and AML12 cells [78].
It was revealed that nuciferine interacts with the Ragulator subunit
hepatitis B X-interacting protein and inhibits the Ragulator com-
plex’s ability to interact with Rag GTPases. This suppresses
mTORC1 activity and lysosomal localization, which in turn acti-
vates the TFEB-mediated autophagy-lysosomal pathway, thereby
mitigating hepatic steatosis and IR [78].

Ajugol
In traditional Chinese and Korean medicine ajugol is an active

alkaloid with anti-inflammatory and antioxidant activities that is
frequently used to treat a variety of disorders such as lipid meta-
bolic diseases and diabetes [79]. Ajugol was shown to improve
TFEB-mediated lysosome formation and lipophagy, hence mitigat-
ing palmitate-induced lipid accumulation in hepatocytes and HFD-
induced hepatic steatosis in C57BL/6 mice [80]. By inactivating
mTOR and inducing the nuclear translocation of TFEB, a crucial reg-
ulator of lysosomal biogenesis, ajugol was able to alleviate defec-
tive autophagic flux and steatosis by promoting the fusion of
autophagosomes and lysosome. These protective effects were con-
siderably eliminated by TFEB knockdown induced by siRNA [80].

Trigonelline
Trigonelline is one of the plant alkaloids that is found in many

palatable natural products. It is characterized by having antidia-
betic, antihypercholesterolemic, and anticarcinogenic properties
[81]. Through the restoration of hepatic autophagy, it has been
shown that trigonelline prevents the development of MASLD by
inhibiting high-cholesterol HFD-induced hepatic steatosis in
C57BL/6J mice and lipotoxicity in palmitate-exposed AML12 cells
and HepG2 cells [82]. Restoration of cellular autophagy by trigonel-
line was demonstrated by enhanced phosphorylation of AMPK and
preventing mTOR upregulation, which is linked to the upregulation
of Beclin-1 and Atg7, and degradation of p62. These beneficial
effects were abrogated in Atg7�/�HepG2 cells exposed to chloro-
quine [82].

Polyphenols

Resveratrol
Resveratrol is a dietary polyphenol (3,4�,5-trihydroxystilbene)

that is present in red wine and grapes. Resveratrol has been shown
to prevent a number of metabolic disorders, including MASLD [83].
Several studies have investigated the role of autophagic degrada-
tion of LDs by resveratrol, either alone or in combination, in protec-
tion against various metabolic disorders. Wild-type and autophagic
mediator Unc-51�like autophagy activating kinase 1 (ULK1) het-
erozygous knockout mice were administered 50 mg/kg of resvera-
trol daily for 4 wk after being fed an HFD for 8 wk [84], where it
was found to ameliorate MASLD and its associated metabolic dys-
regulation via enhancing autophagy and reducing the activity of
nuclear factor-kB (NF-kB). However, partial suppression of ULK1
expression impaired resveratrol’s ability to mitigate MASLD-
induced hepatic injury, suggesting a significant role of autophagy
in resveratrol-mediated hepatic protection [84]. By analyzing the
molecular interactions between SIRT1 and autophagy, Ding et al.
aimed to clarify the mechanism by which resveratrol supplemen-
tation and caloric restriction mitigate HFD-induced hepatic steato-
sis in rats and to compare the effects of resveratrol and caloric
restriction on hepatic lipid metabolism [85]. Resveratrol (200 mg/
kg) and 30% caloric restriction enhanced the expression of SIRT1
and autophagy markers, decreased markers of ER stress in the
liver, and partially averted hepatic steatosis and hepatocellular
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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ballooning, all of which helped to alleviate lipid metabolic disorder
[85]. According to their findings, there was no significant change in
the hepatic protein expression of LC3-II between rat groups treated
with either resveratrol or caloric restriction. However, caloric
restriction provided a better net protection against HFD-induced
steatosis than did resveratrol [85]. In another study by Zhang et al.,
it was found that resveratrol significantly prevented palmitate-
induced lipid deposition in HepG2 cells by triggering autophagy
through the cAMP-protein kinase A (PRKA)�AMPK�SIRT1 path-
way [86]. The improvement of hepatic steatosis mediated by res-
veratrol was significantly eliminated by autophagy inhibitors. In
HepG2 cells, resveratrol increased the amounts of cAMP, SIRT1,
phosphorylated PRKA, and pAMPK. The addition of inhibitors or
siRNA of adenylyl cyclase, PRKA, AMPK, and SIRT1 diminished res-
veratrol-mediated autophagy induction. Similar results were
obtained using 0.4% resveratrol in HFD-fed mice with hepatic stea-
tosis [86]. Using the palmitic acid�induced hepatic steatosis model
in HepG2 cells, the role of autophagy in the lipid-lowering actions
of resveratrol, both alone and in combination with metformin, was
recently studied [87]. The combination of resveratrol and metfor-
min increased the levels of LC3-I and LC3-II proteins and decreased
the expression of p62 to activate autophagy. This combination also
increased the levels of Beclin-1, pAMPK, and cAMP. Furthermore,
autophagy induced by resveratrol and metformin co-treatment
was suppressed by SIRT1 inhibitor, suggesting that SIRT1 is
required for autophagy activation [87].

Polydatin
Polydatin is a natural monocrystalline precursor of resveratrol

that is commonly found in grapes, peanuts, hop cones, and red
wine. Polydatin has been shown to protect against liver damage
induced by alcohol, carbon tetrachloride, and galactose/fructose
overload [88]. Oral administration of 100 mg/kg/d of polydatin for
4 wk protected against hepatic fatty deposition and alleviated
hepatocellular inflammation and damage in db/db mice fed on a
methionine�choline�deficient diet [89]. Additionally, polydatin
ameliorated palmitic acid�induced lipid buildup in human hepato-
cyte LO2 cells. The hepatoprotective effects of polydatin were
mediated via restoring autophagic flux through inhibition of mTOR
signaling and upregulation of the expression and activity of TFEB, a
master regulator of lysosomal function [89].

Olive leaf extract
Olive leaf extract is rich in polyphenols with hypolipidemic and

antioxidant activities that have been successfully applied in phar-
maceutical, cosmetic, and medical products [90]. According to a
recent in vitro study, lipophagy activation and modulation of the
protein expression of enzymes involved in LD metabolism reduced
hepatic steatosis and improved oxidative stress parameters when
an aqueous olive leaf extract was added to an FFA-treated HuH7 cell
line. Additionally, the results showed that the lysosome component,
autophagosome formation, and LC3-II/LC3-I ratio were enhanced
when olive leaf extract and FFA-treated cells were co-cultured, sug-
gesting that the degradative pathway had been activated [91].

Oleuropein
Oleuropein is a phenolic glycosylated seco-iridoid with strong

anti-inflammatory and antioxidant qualities, and is the most abun-
dant bioactive substance in olive leaves [92]. Porcu et al. investi-
gated whether or not oleuropein’s protective properties against
liver steatosis could be related to autophagy [93]. Their results
indicated that treatment of HFD-fed C57BL/6J mice with 3% of
oleuropein dissolved in drinking water induced autophagy by
stimulating the AMPK/ULK1 pathway in both sexes. Oleuropein
modulated autophagy-related proteins by upregulating the
expression of LC3-II/I and downregulating p62 and Beclin-1
expression levels [93].
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Magnolol
Magnolol has a broad spectrum of biological effects, such as

anti-inflammatory, antimicrobial, antioxidant, anticancer, neuro-
protective, cardiovascular protection, and lipolytic properties [94].
Kuo et al. employed a tyloxapol-induced hyperlipidemia model in
rats and palmitic acid�exposed HepG2 cells to examine the effects
of magnolol against hepatic steatosis [95]. By decreasing NLR fam-
ily pyrin domain containing 3 (NLRP3) inflammasome activation
and raising cellular nuclear factor erythropoietin-2�related factor
2/heme oxygenase 1 (Nrf2/HO-1) antioxidant capabilities, magno-
lol successfully modulated lipid accumulation and improved
hepatic steatosis. The administration of magnolol additionally
induced autophagic flux via phosphorylating mTOR, lowering p62,
and raising Beclin1, Atg7, Atg5-12, and LC3-II/LC3-I ratios. Magno-
lol-mediated decreases in inflammation and lipid metabolism
were significantly abolished in HepG2 cells upon autophagy inhibi-
tion with 3-methyladenine, suggesting that lipophagy activation
may contribute to the protective effects of magnolol [95].

Honokiol
Various biological properties, such as anti-arrhythmic, anti-

inflammatory, anti-oxidative, anti-depressant, anti-thrombotic,
and anxiolytic effects, have been demonstrated by this natural lig-
nan [96]. By using FFA-induced lipotoxic AML12 cells and choline-
deficient HFD-induced liver steatosis in C57BL/6J mice, Liu et al.
demonstrated that honokiol (2.5 and 10 mg/kg) could protect hep-
atocytes against lipotoxicity through enhancing SIRT3-
AMPK�mediated lipophagy and maintaining mitochondrial mor-
phology and integrity in mice [97]. Honokiol (5 and 10 mM)
showed a similar result in AML12 cells treated with palmitate/ole-
ate mixture. The honokiol-induced protective effect was signifi-
cantly diminished by the administration of compound C, an AMPK
inhibitor [97].

Epigallocatechin-3-gallate
Epigallocatechin-3-gallate (EGCG) is a polyphenol in green tea

that has been demonstrated to contribute to the various biological
and pharmacological characteristics of the tea, including its antivi-
ral, anticancer, antiaging, chemopreventive, renoprotective, and
antiamyloidogenic effects [98]. Wu et al. conducted a new investi-
gation to determine the mechanism underlying the protective
effect of EGCG on the progression of MASLD [99]. A total of 50mg/
kg of EGCG was administered daily to HFD-induced MASLD in
mice, while 50mM of EGCG was added for 24h to oleic acid�-
treated L02 and QSG-7701 liver cells. It was found that EGCG
improved autophagy, which was implicated in the improvement of
MASLD via the reactive oxygen species-mediated MAPK pathway.
This was demonstrated by increased expression levels of Beclin-1
and LC3 and decreased expression levels of p62 [99]. Zhou et al.
also reported that EGCG showed beneficial effects in reducing
hepatic steatosis via induction of AMPK-mediated hepatic autoph-
agy in HepG2 and Huh7 hepatic cells and in C57BL/6 mice fed a
high-fat, Western-style diet [100]. EGCG enhanced hepatic autoph-
agy in various ways by increasing autophagosome formation and
the LD engulfment within autophagosomes and autolysosomes,
raising lysosomal acidity, and boosting autophagic flux. However,
EGCG’s induction of autophagy was reversed by AMPK siRNA
knockdown [100].

Apple polyphenol extract
Apple polyphenol extract (APE), a type of polyphenol that is iso-

lated from fresh whole apples, has been demonstrated to have
strong anti-inflammatory and antioxidant properties. Procyani-
dins, phloretin, chlorogenic acid, quercetin, catechin, and epicate-
chin are the major components of APE [101]. APE administration
reduces intracellular lipid deposition induced by oleate/palmitate
mixture through stimulating autophagy, restoring lysosomal
of Health and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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acidity, inhibiting lipogenesis, and promoting fatty acid oxidation
[102]. Mechanistically, APE blocks mTOR signaling, activates the
liver kinase B1 (LKB1)/AMPK pathway, and elevates SIRT1 expres-
sion. The lowering effect of APE on lipid accumulation is compro-
mised by SIRT1 and Atg7 knockdown, which results in a rise in
intracellular TG levels. Therefore, SIRT1/AMPK signaling pathway
mediates APE’s induction of autophagy to mitigate FFA-induced
lipid accumulation [102]. In another study by Yin et al., APE inter-
vention has been shown to mitigate metabolic abnormalities as
well as hepatic steatosis and injury in HFD-fed 12-mo-old C57BL/6
mice [103]. Autophagy induction was significantly involved in reg-
ulating hepatic lipid metabolism observed with APE intervention
through increasing the gene expression of SIRT1, HSL, Atg5, ULK1,
and Beclin-1 and decreasing the gene expression of HMG-CoA
reductase and FOXO1 [103].

Lotus seedpod extract
Polyphenol-rich lotus seedpod, a traditional Chinese herbal

medicine, has been shown to possess antioxidant, antiaging, anti-
memory impairment, radioprotective, and anti-inflammatory
activities [104]. Liu et al. investigated the hepatoprotective proper-
ties of lotus seedpod extract at different concentrations of 2.5, 5,
and 10mg/mL, as well as its major bioactive component epigalloca-
techin at 4 mM, using an oleic acid�induced hepatic steatosis
model in HepG2 cells [105]. Lotus seedpod extract mitigated
hepatic lipotoxicity via reducing intracellular lipid accumulation
and reactive oxygen species production that was majorly mediated
through inhibiting apoptotic pathways. Their findings revealed
that lotus seedpod extract or epigallocatechin treatments slightly
downregulated autophagy-related proteins (LC3-II/LC3-I ratio and
Atg5/12 conjugation). This indicates that the autophagy mecha-
nism is not primarily responsible for lotus seedpod extract’s ability
to reduce hepatic lipotoxicity in HpG2 cells [105].

Miscellaneous

Iridoids of Valeriana fauriei
Valeriana fauriei is extensively distributed in Northeast China,

South Korea, and Japan. It is used to treat cardiovascular problems,
sleep disorders, anxiety, epilepsy, and insomnia. Numerous sub-
stances, including alkaloids, iridoids, monoterpenes, and sesquiter-
penes, are found in V. fauriei [106]. Among other natural
compounds, V. fauriei was selected by Lee et al. as a possible
inducer of autophagy. V. fauriei 70% ethanol extract decreased oleic
acid�induced lipid accumulation and downregulated genes linked
to lipogenesis in Huh7 and MEF cells through inducing autophagy
[107]. This was demonstrated by higher LC3-II levels and an
increase in autophagosome count in a way that was reliant on
mTORC1. It has been demonstrated that ethanolic extract�con-
taining iridoids, which include didrovaltrate, valeriotriate B, valer-
iotetrate C, valtrate, and valechlorine, can promote autophagy
[107].

Steviosides of Stevia rebaudiana Bertoni
Stevia rebaudiana is a naturally occurring sweetener with a

number of biological benefits for health. The plant leaf extract,
which includes secondary metabolites including polyphenols and
steviol glycosides such as stevioside, rebaudioside A, and rebaudio-
side C, is responsible for these biological actions. Stevioside exhib-
its anti-inflammatory, antitumor, antidiabetic, antihyperlipidemic,
antidiarrheal, and antihypertensive properties [108]. A recent
study indicated that the induction of PPARa-dependent lipophagy
by S. rebaudiana Bertoni and stevioside could ameliorate hepatic
steatosis in the C57BL/6J db/db mouse model [109]. The adminis-
tration of Stevia (200 and 500 mg/kg/d) and stevioside (40 mg/kg/
d) resulted in increased levels of PPARa and LC3-II, enhanced
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expression of Beclin-1, LAMP1, and pAMPK, but decreased p62 in
the liver of db/db mice. The administration of Stevia and stevioside
decreased the liver concentration of LDs and TG in db/db mice due
to the enhanced activity of the lysosomal acid lipase. Additionally,
PPARa and CPT-1 were upregulated and the expression of SREBP-
1c, fatty acid synthase, PPARg, and CCAAT/enhancer-binding pro-
tein alpha was downregulated, suggesting that Stevia and stevio-
side improved the oxidation of fatty acids. Nevertheless, the
stevioside-induced restoration of lipophagy in HepG2 cells was
inhibited by PPARa knockdown [109].

Phillygenin
Phillygenin is a lignan with various biological and pharmaco-

logical effects including hepatoprotective effects [110]. According
to the findings of a recent study by Zhou et al., phillygenin can reg-
ulate the Ca2+/calcineurin/TFEB axis in palmitate-treated AML12
cells, primary hepatocytes, and C57BL/6 J mice [111]. This can lead
to the restoration of lipophagy and the suppression of lipid buildup
and inflammation. Phillygenin also activates calcineurin by
enhancing ER Ca2+ release, leading to promotion of lysosomal bio-
genesis and regulation of TFEB dephosphorylation and nuclear
translocation. Nevertheless, these beneficial effects were strongly
diminished in hepatocyte-specific TFEB knockout mice [111].

Sulforaphane
The chemotherapeutic isothiocyanate sulforaphane has been

reported to possess a wide range of activity and remarkable poten-
tial as an anti-inflammatory, antioxidant, anticancer, and antian-
giogenic substance [112]. Sulforaphane was found to reduce
hepatic fat buildup by regulating lipophagy both in vivo and in
vitro [113]. The enhancement of hepatic lipophagy by sulforaphane
was confirmed by: 1) increased mRNA levels of LC3, Atg4, ULK1,
Atg7, and Atg5 genes; 2) enhanced localization of LC3, LAMP1,
Atg7, and Atg5 with LDs; and 3) visualization of LDs in autophago-
somes. Lipophagy was induced by sulforaphane in an Nrf2-depen-
dent manner, as evidenced by the increase in TG contents and the
decrease in Atg7 and Atg5 protein expression observed upon Nrf2
gene silencing [113]. In addition to its ability to induce lipophagy
in the liver, another study showed that sulforaphane could also
enhance autophagic degradation of LDs in adipocytes through the
AMPK-mTOR-ULK1 signaling pathway [114]. The researchers
found that LC3 induced by sulforaphane was co-localized with LDs
in 3T3-L1 adipocytes, while it was co-localized with PLIN in the
adipocytes of HFD-fed mice [114].

Rhodiola crenulata
Due to its many health benefits, including antioxidation, anti-

inflammation, antifatigue, antimountain sickness, and immunolog-
ical boosting, Rhodiola crenulata has been utilized traditionally in
both Asia and Europe [115]. Hepatic steatosis caused by fructose
was alleviated by R. crenulata root extract in Sprague-Dawley rats
[116]. Mechanistically, injection of 50 mg/kg of R. crenulata root
extract led to enhanced expression of SIRT1, Atg4B, and Beclin1,
but reduced expression of the B-cell lymphoma 2 (Bcl2)-Beclin1
complex. Furthermore, in the livers of rats given fructose, this root
extract reduced the expression of autophagolysosome marker p62
and elevated the expression of autophagosome markers such as
LC3-II and Atg5-Atg12-Atg16L1 [116].

Veronica ciliata Fisch.
Veronica ciliata Fisch. is one of the traditional Chinese medicines

that has been used for the treatment of liver disease, cholecystitis,
urticaria, and rheumatism [117]. Lu et al. investigated the preven-
tive activity of an ethyl acetate extract of V. ciliata (EAFVC) against
oxidative stress-induced liver injury in Institute of Cancer Research
mice and rat hepatocyte cell line BRL-3A [118]. Treatment of mice
with EAFVC at different doses of 350, 700, and 1400 mg/kg for 14
consecutive days relieved tert-butyl hydroperoxide�induced liver
ealth and Social Security de ClinicalKey.es por Elsevier en octubre 16, 
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impairment in a dose-dependent manner in mice. The components
of EAFVC were chromatographically separated and characterized
into 2 fractions: a polyphenol-enriched fraction and an iridoid gly-
coside�enriched fraction. The polyphenol-enriched fraction of
EAFVC and its major bioactive component, luteolin, were found to
exhibit the strongest hepatoprotective activity in BRL-3A cells.
Mechanistically, the polyphenol-enriched fraction of EAFVC and
luteolin-activated AMPK phosphorylation induced autophagy,
upregulated the expression of p62, phosphorylated-p62 and
Beclin-1, and finally stimulated the Nrf2 pathway to exert its hepa-
toprotective effect [118].

Oleic acid
Oleic acid, the predominant component of olive oil, is a type of

monounsaturated fat that has been studied in the context of
MASLD [119]. High concentrations of FFAs, including oleic acid, can
cause a buildup of lipids in liver cells, which is a characteristic of
MASLD. However, some studies have shown that oleic acid can
also have protective effects against lipotoxicity induced by other
fatty acids such as palmitic acid [120]. The hepatoprotective effects
of oleic acid were examined by Liu et al. in vivo using HFD-fed C57/
BL6 mice and in vitro using HepG2, AML12, and L-02 cells treated
with 2 mg/mL of tunicamycin (a chemical ER stress agonist) and
0.5 mM of oleic acid, either individually or in combination [121]. In
vivo, replacement of HFD with 30% olive oil beneficially amelio-
rated steatosis via reducing autophagy impairment, ER stress, and
apoptosis in the liver of mice. In vitro, oleic acid could attenuate
autolysosomes dysfunction by: 1) regulation of the expression of
both LC3-II and p62; 2) improvement of lysosomal swelling; 3)
recovery of lysosomal acidity; 4) increasing the expression of TFEB
and cathepsin B, a key lysosomal protease; and 5) increasing the
nuclear translocation of TFEB [121].

Shenling Baizhu powder
Shenling Baizhu powder is comprised of 10 Chinese medici-

nal herbs that have been used to prevent and treat MASLD in
Chinese clinical practice [122]. A comprehensive study by Pan
et al. identified quercetin, kaempferol, ellagic acid, formonone-
tin, isorhamnetin, stigmasterol, and luteolin as the major bioac-
tive components in Shenling Baizhu powder [123]. According
to their findings, intragastric administration of Shenling Baizhu
powder (30 g/kg/d) showed anti-MASLD protective effects
through regulating autophagy in HFD-induced Wistar rats.
Shenling Baizhu powder enhanced the autophagic flux via
SIRT1 activation, thereby alleviating ER and oxidative stress, as
well as mitochondrial dysfunction [123].
Conclusion

This article summarizes natural compounds in the recent litera-
ture that have demonstrated regulatory effects on in vitro and in
vivo models of MASLD, and presents an overview of the current
state of knowledge about the role of lipophagy in MASLD develop-
ment and progression. Interestingly, these active substances
improved MASLD by regulating lipophagy through multitargeted
actions, such as modulating AMPK, PPAR, mTOR, SIRT1, TFEB, and
other proteins. These lipophagy-targeting natural products could
be a promising avenue for the study and development of novel
medications aimed at treating or preventing MASLD. Nevertheless,
it is important to note that the current research focuses on the pos-
itive effect of natural products in animal or cellular models of
MASLD, which does not completely reflect the complexity of the
entire spectrum of MASLD in humans. Therefore, future studies
should assess the therapeutic efficacy and safety of natural prod-
ucts or active compounds that target hepatic lipophagy.
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