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Abstract: Autophagy has been reported to involve in the pathogenesis of type 2 diabetes 
mellitus (T2DM), which protects the insulin target tissues and pancreatic β-cells. However, 
autophagy is inhibited when the cells are lipid overload. That, in turn, increases the 
accumulation of fat. Lipotoxicity caused by excessive lipid accumulation contributes to 
pathogenesis of T2DM. Therefore, it is undeniable to break the vicious circles between 
lipid excess and autophagy deficiency. Lipophagy, a selective form of autophagy, is char-
acterized by selective breakdown of lipid droplets (LDs). The nutritional status of cells 
contributes to the way of autophagy (selective or non-selective), while selective autophagy 
helps to accurately remove excess substances. It seems that lipophagy could be an effective 
means to decrease abnormal lipid accumulation that leads to insulin resistance and β-cell 
impairment by removing ectopic LDs. Based on this process, many natural compounds have 
been reported to decrease lipid accumulation in tissues through autophagy-lysosomal path-
way, which gradually highlights the significance of lipophagy. In this review, we focus on the 
mechanisms that lipophagy improves T2DM and natural products that are applied to induce 
lipophagy. It is also suggested that natural herbs with rich contents of natural products 
inducing lipophagy would be potential candidates for alleviating T2DM. 
Keywords: lipophagy, lipid metabolism, type 2 diabetes mellitus, autophagy, natural 
products

Introduction
Type 2 diabetes mellitus (T2DM) is a complex metabolic disease with a high incidence 
worldwide. Over the past decades, many approaches have been adopted to improve 
T2DM including lifestyle intervention by weight loss via exercise and diet, agents to 
insulin sensitization as well as multitasking agents that enhance efficiency of glucose- 
stimulated insulin secretion and insulin-stimulated glucose uptake.1 It still remains 
unclear about its pathogenesis and effective therapeutic approaches, although much 
work has been accomplished. Among them, visceral fat is highly associated with 
T2DM, which shows a greater propensity for overweight and obesity.2,3 Excessive 
fat accumulation is prone to occur in liver, which leads to increased lipogenesis and 
gluconeogenesis and decreased glycogen synthesis.4 Meanwhile, evidence also sug-
gests that excessive fat accumulation is stored in muscle, pancreas, etc,2,5 which is of 
great importance in driving the pathogenesis and progression of T2DM. Thus, it is 
conducive to improve insulin resistance and restore the function of β-cells by regulating 
lipid metabolism and reducing abnormal fat accumulation.

Autophagy acts as a pivotal part in maintaining cellular physiology and 
homeostasis.6,7 It has been known to regulate the functions of pancreatic β-cells 
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and insulin target tissues. Lipid accumulation is signifi-
cantly increased in peripheral tissues as well as β-cells 
after pharmacological and/or genetic inhibition of 
autophagy,8 which means that autophagy is a vital part in 
lipid metabolism and provides new insights into improving 
lipid and lipoprotein abnormalities.9,10 Autophagy is char-
acterized by widely trafficking of cytosolic structures, 
ranging from single protein to cell organelles. 
Additionally, extensive studies have reported that autop-
hagy removes cellular components in a selective manner. 
Being different from the traditional non-selective autop-
hagy, selective autophagy is designed to remove certain 
cargoes. These cargoes are removed or not in terms of the 
materials or nutrients requirement, such as mitochondria 
and lipid droplets (LDs). It is helpful to consider its 
selectivity when we try to explain this phenomenon.11 

With the concept of selective autophagy being put for-
ward, these autophagy forms including lipophagy, mito-
phagy, glycophagy and reticulophagy have attracted great 
interest because of their potential applications in diseases.6 

Different mechanisms involved in the induction of selec-
tive autophagy have been elucidated in detail.12

Lipophagy is one of selective autophagy that specifi-
cally acts on degrading the LDs,13 which occurs in various 
cells or tissues under different conditions. It is first named 
because it correlates lipolysis with autophagy, which 
shares similarities in regulation and function.14 Emerging 
evidence has brought lipophagy to the area of lipid meta-
bolism. Lipophagy process occurs generally in three con-
ditions: normal growth, elevation in free fatty acids 
(FFAs), and cellular stresses.10,15 Upregulation of lipo-
phagy occurs under states of nutrient deprivation and/or 
increased cellular lipid accumulation. It is supposed that 
lipophagy could be a desirable approach to remove the 
excessive lipid. However, since lipophagy was proposed, 
its role in lipid metabolism has prompted it to bring a new 
perspective for alleviating T2DM through lipid-lowering, 
which needs more research and attention in the industry.

Natural products are characterized by multiple prop-
erties, which have been used to improve T2DM for many 
years. They are applied for improving hyperglycemia, 
inflammation, cellular stresses and hyperlipidemia.16 In 
recent studies, some natural products have shown their 
advantages in lowering lipid through lipophagy, such as 
kaempferol17 (flavonoid), and berberine18 (alkaloid). 
Based on consulting references, we innovatively propose 
that lipophagy could be a new perspective for natural 
products to improve T2DM, because it probably further 

clarifies that the regulation of lipid metabolism by autop-
hagy actually depends on the selective autophagy termed 
lipophagy, which is worthy of more attention and 
research. This review aims at learning further informa-
tion about the link between T2DM and lipophagy. At the 
same time, we summarize natural products that were 
adopted to promote lipophagy in recent literature, aiming 
to provide references for further studies about therapeu-
tics by natural products for the treatment of T2DM.

Disorder of Lipid Metabolism Could 
Cause T2DM
Disordered lipid metabolism induces excessive lipids content 
and the ensuing lipotoxicity plays a major role in promoting 
insulin resistance and β-cell dysfunction.19 It is characterized 
by changes in the amount of a series of lipids, one of which is 
the increase in the level of triglycerides (TGs).20 These TGs 
are generally stored in LDs in adipocytes. Evidence shows 
that dyslipidemia increases T2DM risk determined by the 
degree of obesity and also by where fat accumulates.21 The 
lipid flux to non-adipose tissues increases and is subsequently 
deposited in non-adipose tissue when the storage capacity of 
adipose tissue is exceeded.22 This could be a cause of high 
level of visceral fat. Meanwhile, excessive lipid loading can 
induce an increase in lipolysis in adipocytes, resulting in the 
secretion of FFAs into the bloodstream. The elevated circu-
lating FFAs result in ectopic lipid accumulating in peripheral 
tissues,23 which is followed by insulin resistance. Besides, 
long exposure to FFAs leads to β-cell lipid overload and 
a major negative impact on β-cell function which finally 
impairs insulin secretion.24 Ectopic fat accumulation in the 
pancreas is a response to obesity in the onset of T2DM.25 

Chronic increased plasma FFAs stimulate gluconeogenesis 
and impairs insulin secretion in genetically predisposed indi-
viduals as well.26 It is evident from the above that disordered 
lipid metabolism has disadvantageous influences including 
obesity, insulin resistance and impaired β-cells that induce the 
onset and progression of T2DM, which implies that main-
taining lipid homeostasis and removing the ectopic fat accu-
mulation play critical roles in improving T2DM.

Lipophagy Regulates Lipid 
Metabolism
Abnormal Lipid Homeostasis Inhibits 
Autophagy
Autophagy is a pivotal regulator of lipid metabolism and 
an effective means for intracellular lipids clearance. 
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Recent study demonstrated that autophagy directly targets 
apolipoprotein B-100 to regulate very low-density lipopro-
teins assembly and further targets LDs.10 Generally, it is 
up-regulated under high fat diet (HFD), which aims to 
overcome variation of lipids in contents. However, 
damaged lipid homeostasis inhibits autophagy, which 
leads to a lot of adverse effects. In HFD-induced obese 
mice, the activation of autophagy inhibitor mTOR is 
increased, along with increased phosphorylation and inhi-
bition of insulin receptor substrate 1 and impaired Akt 
activity.27 Moreover, in response to HFD, the mice with 
adenosine 5ʹ-monophosphate (AMP)-activated protein 
kinase (AMPK) deficiency in adipose tissue rapidly 
cause glucose and insulin intolerance, and depress energy 
utilization in brown adipose tissue, thereby promoting the 
development of insulin resistance.28 High lipid loads inhi-
bit autophagy, resulting in a further lipid accumulation and 
this negative feedback loop.29 With the damaged autop-
hagy process, useful organelles and biomolecules are 
degraded, and the anti-apoptotic mechanism is affected, 
which may lead to cell death.6

Lipophagy Specifically Regulates Lipid 
Metabolism
FFAs from de novo synthesis and/or degradation of TGs 
are esterified into relatively stable neutral lipids and tem-
porarily stored in LDs until fat mobilization for materials 
or nutrients requirement. Lipophagy contributes largely to 
fat mobilization.30 The balance of esterification and hydro-
lysis maintains lipid homeostasis, inhibits lipotoxicity and 
reduces the contents of FFAs.31 At the same time, the 
balance maintains normal cell physiology by supplying 
energy, membranes, signaling molecules, and hormones 
after lipids are synthesized and modified. During the pro-
cess, lipophagy is selectively upregulated or downregu-
lated in response to specific cellular needs or depending 
on various nutritional status.32

In addition, it is well known that autophagy is a major 
degradation pathway which aims to prevent the cells from 
death under the stress condition by removing aberrant 
cellular components such as mitochondria, endoplasmic 
reticulum (ER), and LD.6 During this process, cargoes 
are digested non-selectively by building a supramolecular 
network.12 When it comes to lipid metabolism disordered, 
compared with other selective autophagy, lipophagy initia-
tion conditions, the way of recognizing and wrapping 
cargoes, as well as the properties and characteristics of 

the recognized cargoes are different. Lipophagy specifi-
cally recognizes LDs, which store most of the cellular 
lipids and responsible for the stability and metabolism of 
lipid pool.33 Lipophagy, therefore, specifically regulates 
lipid metabolism. These reasons also suggest that lipo-
phagy might be an alternative way to the damage of 
autophagy under abnormal lipid metabolism.34 It sets up 
a bridge between lipid metabolism and autophagy.

Lipophagy is a Conditional Autophagy
The molecular machinery of selective autophagy is similar 
to the non-selective autophagy, in which the changes are 
same as the latter such as conversion of microtubule- 
associated protein 1 light chain 3 (LC3-ǀ), degradation of 
p62 and formation of autophagosomes.35 The whole pro-
cess begins with the formation of phagophore assembly 
site, which is mediated by UNC51-like kinase complex 1 
(ULK1). The first step is followed by nucleation, which 
requires the class III PI3K complex. Quite apart from that, 
there are two ubiquitin-like conjugation pathways that are 
recognized in the process of phagophore membrane elon-
gation and autophagosome completion ahead of the 
formation of autophagosome. One of them is the ATG5- 
ATG12 conjugate, which forms a multimeric complex with 
ATG16L1. And the other is the conjugation of phosphati-
dyl-ethanolamine to the LC3.36,37 LC3-I is transformed 
into LC3-II, which requires the participation of ATG7, 
ATG12, ATG5, and ATG16L1. The ER membrane is 
derived to form double-vesicular organelles termed autop-
hagosomes to isolate parts of the cytoplasm and wrap the 
cargos. Then, p62 transports the ubiquitinated proteins to 
the autophagosomes before the fusion of autophagosome 
with lysosome to form the autolysosome. During the 
fusion, the inner vesicle and enclosed cargo are degraded 
by hydrolases that ordinarily resident in the lytic 
compartments38,39(Figure 1).

Although the selective autophagy process is largely 
consistent with non-selective, unlike the latter, the autop-
hagosomes in selective autophagy are closely around the 
substrates, which enables the degradation of certain mole-
cules or organelles. Besides that, some factors provide key 
links in ensuring its selectivity. Firstly, ULK1 kinase com-
plexes cluster around certain cargoes for selective autop-
hagy rather than organize supramolecular network. 
Secondly, autophagy receptors are bound to designated 
cargos or conditionally recruited to their cargos. This 
process depends on a specific surface signal, for example, 
ubiquitination of surface proteins of targeted organelles via 
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binding to small ubiquitin-like modifiers to mediate the 
formation of selective autophagosomes. In a recent report, 
only adipose triglyceride lipase (ATGL) and patatin-like 
phospholipase domain containing 8 have been identified as 
lipophagy receptors in mammals.12 Thirdly, ATG8 family 
proteins generate a high-affinity binding surface for pro-
teins to ensure selectivity.38

Lipid Droplet is a Major Vehicle Designed 
for Lipid Homeostasis and a Target for 
T2DM Treatment
LD is the target of lipophagy and a major vehicle for lipid 
homeostasis. It is the main lipid storage site for cells and 
plays an essential role in lipid metabolism. With sufficient 
intracellular nutrition the lipids are generally converted 
into neutral lipids to store in LDs in adipocytes, such as 
TGs and cholesterol esters.32 Otherwise, the lipids stored 
in LDs are hydrolyzed into FFAs for the purpose of pro-
viding fuel for β-oxidation in mitochondria when cells are 

deficient in nutrition. Intracellular accumulation of LDs is 
a hallmark of several metabolic syndromes.40 Situation 
varies according to the excessive lipids. Cells subsequently 
synthesize a large number of LDs in other tissues, which is 
called ectopic lipid. It leads to disorders of lipid metabo-
lism and lipid toxicity, including abnormal lipoprotein 
metabolism, insulin dysfunction and altered insulin 
secretion41 (Figure 2).

The most relevant tissues in this process are liver, 
skeletal muscle and islets, respectively. Liver is the 
major site of lipogenesis and lipid oxidation, and it is 
a central organ in lipid metabolism.13 The abnormal accu-
mulation of lipids in LDs of the liver is a characteristic of 
various liver diseases that are always related to insulin 
resistance.23 The elevated lipid accumulation in liver 
leads to a higher lipid export, which then increases fat 
accumulation in skeletal muscle and the intra-pancreatic 
fat. Skeletal muscle is responsible for the body’s energy 
consumption, participating in thermogenesis, glucose 
and lipid uptake, and other metabolic processes.42 

Figure 1 Lipophagy selectively breaks down lipid droplets. Autophagy widely removes damaged organelles or unfolded proteins non-selectively. Compared with non- 
selective, autophagy also occurs in a selective manner. Lipophagy is one of the selective autophagy that occurs in several conditions including normal condition, lipid/cold/ 
starvation stimuli or natural products induction, etc. It selectively breaks down lipid droplets then fuels β-oxidation with free fatty acids (FFAs) in mitochondria through 
autophagy-lysosome pathway. The formation of phagophore is the initiation and key of this process that involved in ULK1 complex, ATG12 conjugation system, PI3K 
complex III and LC3 conjugation system.
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Intramyocellular TGs are stored in LDs as an important 
site of energy storage and a fuel source in skeletal muscle. 
An imbalance between intramyocellular TGs degradation 
and fatty acids oxidation might lead to lipotoxicity and 
insulin resistance.5 The degree of insulin resistance in 
T2DM patients is positively correlated with the size of 
LD in skeletal muscle.43 Additionally, ectopic fat accumu-
lation in the pancreas plays an important role in the onset 
of T2DM.25 β-cell dysfunction is related to increased intra- 

pancreatic fat. Meanwhile, some changes are also 
observed in T2DM patients with abnormal accumulation 
of lipids in LDs in the β-cells including significant changes 
in the gene expression of lipid metabolism, apoptosis and 
oxidative stress.19 Besides the above, LDs are also stored 
in the intestine, and its existence is not only a lipid pool 
but also a potential pathogenic factor, because its existence 
affects gut microbiota,44 which has been proved to be 
closely related to the pathogenesis of T2DM.

Figure 2 Lipid droplet is a major vehicle designed for lipid homeostasis. (A) In the adipocytes, excess fatty acids are converted into neutral lipids for storage in lipid droplets 
(LDs). Lipids derived from the de novo glycerolipid synthesis or recycling of diacylglycerols and sterols that generated by LDs degradation synthesize nascent LDs in the 
endoplasmic reticulum. (B) These LDs have different outcomes under distinct conditions. Normally, these LDs provide fuel for β-oxidation in mitochondria to release ATP 
through lipolysis or lipophagy. With excessive fat, these LDs expand through LD-LD fusion till they exceed their capacities to accommodate lipids. (C) The excessive lipids 
spill into the blood, followed by increasing fatty acid flux, then export to different tissues like liver, muscle and pancreas, which is a major contributor to reduced 
glycogenesis and increased insulin resistance in liver and muscle as well as increased liver lipid export, reduced insulin secretion and the loss of pancreatic β cells.
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Abnormal lipid metabolism is closely related to abnor-
mal LDs.45 These LDs contribute to T2DM when they are 
stored in peripheral tissues or β-cells. Therefore, LD as 
a major vehicle designed for lipid homeostasis could be 
a target for T2DM treatment.

Lipophagy could connect T2DM with lipid dysregula-
tion through LDs. It could play the same role as nutrient 
restriction which has been demonstrated to be the most 
efficient strategy in reducing visceral fat in both animals 
and humans.46,47 Furthermore, a clinical trial conducted by 
The Diabetes Remission Clinical Trial also confirmed the 
benefits of nutrient restriction by weight loss after several 
steps. These treatments ultimately lead to a major fall in 
liver fat export and intra-pancreatic fat which are link to 
the remission of T2DM.48 Therefore, lipophagy might be 
a potential therapeutic target of T2DM.

Effects of Natural Products on 
T2DM-Related Tissues Through 
Lipophagy
As previously mentioned, lipophagy breaks down LDs 
through the autophagy-lysosome pathway for either energy 
requirements or removing excessive fat from tissues to 
restore the normal function. To downregulate fat deposi-
tion, the ability to remove LDs is more concerned rather 
than its ability to supply energy. Therefore, the latter 
makes a greater effort to reduce the ectopic fat in liver, 
skeletal muscle and β-cells when natural products modu-
late lipophagy to improve the T2DM-related lipid excess.

To investigate the effects of natural products in remov-
ing LDs through autophagy-lysosome pathway and what 
changes have taken place in tissues or cells, rational mod-
els and experiment projects are prerequisites for further 
detection. In previous studies, use of HFD to animals or 
oleic acid and/or palmitic acid to cells effectively promote 
the accumulation of lipid. Some obesity mouse models, 
such as db/db mice,49 are also taken into consideration. 
Additionally, homozygous green fluorescent protein-LC3 
transgenic mice are selected to detect autophagy flux after 
HFD, which reflects the true level of autophagy.50 In the 
actual study, there are two basic problems: the changes of 
fat accumulation of insulin target tissues and β-cells and 
the expression of lipophagy-related genes and proteins. So 
based on these two problems, some experiments are car-
ried out. It is concluded that lipophagy decreases lipid 
accumulation after the Oil red O staining and biochemical 
detection including triglyceride of cells or tissues and 

serum total cholesterol, high- and low-density lipoprotein 
cholesterol and alanine aminotransferase. Meanwhile, in 
order to confirm that these natural products reduce fat 
accumulation through lipophagy, the autophagy-related 
proteins and mRNA expression and autophagy flux are 
important indicators to assess the turnover of lipids stored 
in LDs. For example, it is well known that AMPK is 
a nutrient sensor and acts on cellular lipid metabolism. 
Meanwhile, AMPK shows a crucial role in lipophagy 
induction, which means that its expression should be mea-
sured. More importantly, the co-localization of LDs and 
autophagosomes is more direct evidence for this pathway.

Natural products regulated lipophagy to reduce fat 
accumulation through various mechanisms (Table 1). 
Resveratrol is a natural polyphenol that widely exists in 
grapes and peanuts. And this compound is also found in 
some medicinal plants (Polygonum cuspidatum Sieb.et 
Zucc. and Cassia tora Linn.). Male Wistar rats were fed 
HFD before resveratrol (200 mg/kg.bw). At the end of 
administration of 18 weeks, the lipid contents in liver 
were measured by Oil Red O staining and the bioassay 
of metabolic parameters. Hepatic mRNA expressions in 
rats were also measured to identify the effects of resvera-
trol. These results showed that resveratrol could signifi-
cantly increase autophagy and sirtuin 1 (SIRT1) activity, 
decrease lipid accumulation and stimulate fatty acid β- 
oxidation in hepatocytes by inducing lipophagy via the 
cyclic adenosine monophosphate (cAMP)-protein kinase 
A (PRKA)-AMPK-SIRT1 signaling pathway.51

Quercetin is a flavonoid with multiple phenolic hydro-
xyl groups and exists in many plants including Sophora 
japonica L., and Platycladus orientalis (L.) Franco and 
other medicinal plants. Quercetin induces lipophagy to 
reduce lipid accumulation both in vivo and in vitro. 
Male Sprague Dawley rats were fed with HFD for 
model establishment, then co-administration with querce-
tin (100 mg/kg.bw) for 8 weeks. Serum and hepatic sam-
ples were collected finally for determination of lipid 
parameters including total cholesterol, high- and low- 
density lipoprotein cholesterol, and very low-density lipo-
proteins. Except for lipid parameters, tissue samples were 
collected for related proteins detection. In vitro, hepato-
cytes were treated with 1 mM FFA (the basic composi-
tions were palmitic acid and oleic acid in the proportion 
of 1:2), which followed by quercetin for 24 h before cells 
were collected for bioassays as the tissue samples. It was 
demonstrated that the inositol-requiring enzyme-1α/ 
X-box binding protein 1 pathway-associated lipophagy 
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in quercetin-mediated protection against FFA-stimulated 
hepatic lipid deposition.52 Beyond that, quercetin pro-
motes lipophagy by decreasing perilipin 2 (Plin2) level, 
as well as the activated AMPK activity and increased co- 
localization of liver LC3-II and Plin2 proteins.53

Berberine, which is mostly isolated from Coptis chi-
nensis Franch. and Phellodendron chinense Schneid, is an 
alkaloid with lipid- and glucose-lowering properties.54 

Known as a useful agent for pancreatic β-cells, such as 
the regulation of insulin secretion, berberine also lowers 
lipid though inducing lipophagy and represses lipid accu-
mulation in hepatocytes. Male C57BL/6 mice were fed 
with high-fat, high-sucrose diet and then treated with 

berberine (5 mg/kg/day). The administration of berberine 
caused the reduction of Oil Red O staining area, which 
implied the reduction of LDs. Meanwhile, it induced the 
elevation of autophagy through the observation of mem-
brane-associated and PE-conjugated form of LC3-II.18

Caffeine is a main functional component in green tea. 
It has been demonstrated to inhibit fat accumulation in 
3T3-L1 cells.55 Except that, it has an effect on the preven-
tion and treatment of liver diseases by activation of lipo-
phagy to lower levels of hepatic lipids. The mobilization 
and hydrolysis of TGs to FFAs lead to increased delivery 
of FFAs to the mitochondria for β-oxidation through the 
autophagy-lysosomal pathway.56

Table 1 Models and Signaling Pathways Involved in Typical Natural Products in Lipophagy Induction

Category Natural 
Product

Experiment Model Signaling 
Pathway

Terpenoids Ginsenoside Rb2 HepG2 cell; Mouse primary hepatocyte; Male mice (C57BL/KsJ-Lepdb)49 AMPK/SIRT1

Ursolic acid HepG2 cell65 AMPK

Iridoids of 

Valeriana fauriei
Huh7 cell; Atg7-/- immortalized MEF cell67 NA

Alkaloids Berberine HepG2 cell; Mouse primary hepatocyte; Male mice (liver-specific SIRT1 knockout) fed with 
high fat high sucrose diet54

SIRT1

Caffeine HepG2 cell; Male mice (C57BL/6) fed with high fat diet56 mTOR

Flavonoids Kaempferol RIN-5F cell; Rat primary islets cell17 AMPK/mTOR

Formononetin HepG2 cell70 TFEB

Extracts of 
bilberry fruits

Alpha mouse liver 12 cell72 Rubicon/p62

Quercetin HepG2 cell; Male rat (Sprague Dawley) fed with high fat diet52,53 IRE1α/XBP1s

Polyphenols Resveratrol HepG2 cell; Mice (129/SvJ) fed with high fat diet51 cAMP-PRKA- 

AMPK-SIRT1

Epigallocatechin- 

3-Gallate

HepG2 cell; Huh7 cells; Male mice (C57BL/6) fed with high fat diet75 AMPK

Bergamot poly- 

phenol fraction

Male rat (Han WIST) fed with cafeteria diet76 NA

Steroid Dioscin Male mice (C57BL/KsJ-Lepdb) fed with high fat diet77 p-mTOR/ 

mTOR

Others Trehalose HepG2 cell; Mouse primary hepatocyte (ATG16L1HM knock-in mice); Mouse primary 

hepatocyte (MTTP-knockout); Male and female mice (C57BL/6J) fed with high-fructose diet79

AMPK/ULK1

Vitamin D3 Male mice (C57BL/6J) fed with high fat diet60 AMPK/SIRT1/ 

PGC-1

Abbreviations: NA, not available; AMPK, adenosine 5ʹ-monophosphate (AMP)-activated protein kinase; SIRT1, sirtuin 1; mTOR, mammalian target of rapamycin; TFEB, 
transcription factor EB; IRE1α, inositol-requiring enzyme-1α; XBP1s, X-box binding protein 1; PRKA, protein kinase A; p-mTOR, phosphorylated-mammalian target of 
rapamycin; ULK1, UNC51-like kinase complex 1; PGC-1, peroxisome proliferators activated receptor-gamma 1.
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Ginsenoside Rb2, a key component of Panax ginseng, 
has the efficiency to modulate energy input, lipid synthesis 
and energy consumption in skeletal muscle and liver via 
the AMPK pathway. In vitro, Rb2 (50 µmol/L) was used in 
HepG2 cells and primary mouse hepatocytes to increase 
autophagic flux. It alleviated hepatic lipid accumulation by 
restoring autophagy to reduce lipid content in liver through 
increasing expression of SIRT1 and phosphorylation of 
AMPK in cultured steatotic hepatocytes and resulted in 
improved NAFLD and glucose tolerance.57

Given that excessive fat in liver is generally involved 
in insulin resistance, and it can redirect glucose from 
glycogen synthesis to lipogenesis.58 Regulating lipophagy 
in liver to remove the excessive fat can improve liver 
diseases, insulin resistance and glycogen synthesis,59 

which alleviates T2DM.
In addition, some other natural products are applied to 

promote lipophagy in β-cell. Kaempferol is a natural fla-
vonoid. Recently, it has been shown that kaempferol pre-
vents ectopic lipid accumulation and ER stress through 
AMPK-mediated lipophagy to restore β-cell function.17

Another agent to regulate lipophagy is vitamin D3 
which is involved in lipid metabolism, insulin secretion, 
and inflammation. It is found that vitamin D3 supplemen-
tation not only improves glucose intolerance but also plays 
a favorable role in the improvement of lipolytic mechan-
isms, including β-oxidation, lipophagy, and inhibition of 
lipid synthesis in T2DM.52

It is suggested that metformin, a natural product deri-
vative that is the first-line drug for T2DM, can induce 
autophagy and mimic the state of nutrient restriction. As 
an oral biguanide, metformin is widely used in obese 
people or T2DM patients to ameliorate hyperglycemia by 
improving peripheral sensitivity to insulin and reducing 
gastrointestinal glucose absorption and hepatic glucose 
production.61 Surprisingly, when investigating the role of 
forkhead homeobox type protein O1 (FoxO1) in modulat-
ing lysosomal lipid catabolism during nutrient restriction 
in adipocytes, metformin is certified as a pro-lipolytic drug 
via the induction of FoxO1-mediated lipophagy in adipose 
tissue.62 Meanwhile, metformin activates lipophagy to 
clear LDs through activation of AMPK and phosphoryla-
tion of ULK1 and Beclin1.63

As mentioned above, natural products inducing lipo-
phagy include flavonoids, polyphenols, terpenoids and alka-
loids, etc (Table 2). Among them, flavonoids and 
polyphenols are the most common compounds used in lipo-
phagy activation. In previous studies, different flavonoids 

have been demonstrated to activate AMPK in vitro and 
in vivo to trigger lipophagy.80 Similar results have been 
observed in many polyphenols.43 Compared with lipophagy, 
different mechanisms are also involved in the lipid metabo-
lism by flavonoids and polyphenols. For example, the ber-
gamot polyphenol fraction contains two rare flavonoids 
acting as direct 3-hydroxy-3-methylglutaryl coenzyme 
A reductase inhibitors, with function of downregulating 
cholesterol synthesis.80 Flavonoids with the hydroxylated 
phenolic structure sometimes act as a kind of anti-diabetic 
drugs due to anti-inflammatory, attenuating insulin resis-
tance, increasing glycogen synthesis, and ameliorating islets 
dysfunction effects.81 The structures of these polyphenols 
are characterized by a different number of phenolic hydroxyl 
groups, which could neutralize the acid or remove the free 
radicals.73 However, the relationships of these structures and 
their functions of inducing lipophagy have not been 
elucidated.

Some terpenoids and alkaloids are relatively common in 
the application of activating lipophagy. Alkaloids have 
attracted abundant attention in regulating lipid 
metabolism.82 They are alkaline nitrogenous organic com-
pounds, which have complex cyclic structures and exhibit 
significant activities in lipid metabolism.82 Terpenoids inter-
act with different metabolic pathways, exerting beneficial 
effects against many metabolic diseases through the modula-
tion of lipid transport and adipose tissue deposition.83 Some 
terpenoids lower excessive LDs through lipophagy possibly 
due to their lipophilicity. Additionally, some of these com-
pounds trigger additional mechanisms such as the increase in 
insulin sensitivity, anti-oxidation and anti-inflammation, 
which makes them ideal candidates to improve T2DM.

Therefore, lipophagy could be considered when screen-
ing the active components or studying the mechanisms of 
natural products with the glucose- and lipid-lowering effects. 
With the help of pharmaphylogeny, it is more convenient to 
find candidate medicinal plants. The activities of these non- 
lipophagy natural products might be structure dependent.81 

However, it is not clear whether their regulations of lipo-
phagy are related to structures. More researches about the 
relationships between structures and lipophagy are needed to 
clarify characteristics of these lipophagy-dependent natural 
products in the future. Meanwhile, there is a lack of knowl-
edge about natural products in the treatment of T2DM 
through lipophagy, such as changes in blood glucose during 
this process. Therefore, more animal studies, human studies, 
or cellular studies are needed for more details in this area.
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Table 2 Structures and Primary Source of Typical Natural Products in Lipophagy Induction

Category Natural Product Structure Primary Source

Terpenoids Ginsenoside Rb2 Panax ginseng C. A. Meyer64

Ursolic acid Ligustrum lucidum Ait.; Eriobotrya japonica(Thunb.)Lindl.66

Iridoids of Valeriana fauriei NA Valeriana fauriei67

Alkaloids Berberine Coptis chinensis; Phellodendron amurense; Hydrastis canadensis68

Caffeine Coffea Linn; Camellia sinensis (L.) O. Ktze.56

Flavonoids Kaempferol Kaempferia galanga Linn.69

Formononetin Trifolium pratense; Astragalus membranaceus71

Extracts of bilberry fruits NA Vaccinium myrtillus L.72

Quercetin Capparis spinosa L.; Piper Nigrum L.73

Polyphenols Resveratrol Veratrum grandiflorum74

Epigallocatechin-3-gallate Camellia sinensis (L.) O. Ktze.75

Bergamot polyphenol fraction NA Citrus medica L. var. sarcodactylis Swingle76

(Continued)

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2021:14                                               https://doi.org/10.2147/DMSO.S310166                                                                                                                                                                                                                       

DovePress                                                                                                                       
2993

Dovepress                                                                                                                                                           Huang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
Here we describe that natural products induce lipophagy 
providing us with an insight into T2DM treatment 
(Figure 3). Activated lipophagy reduces the LDs in per-
ipheral tissues and β-cells to improve insulin resistance or 
restore β-cells function, which is beneficial for insulin 
secretion and sensitivity.

The accumulation of LDs has become the crucial 
object in lipid metabolism and already attracted plenty of 
interest in diseases.83 For example, the development of 
fatty liver diseases, obesity, atherosclerosis, T2DM.40,85 

The changes related to lipolysis and fat mobilization are 
the main causes of these dyslipidemia-related diseases. 
Therefore, as an important role in the process, the LDs 
need to sustain the number and size within a reasonable 
level. Some factors are involved in the process. Firstly, 
changes in the phospholipid ratio of the LD membrane 
compositions mainly affect the synthesis, maturation, and 
degradation of LD.31 Secondly, some coated proteins or 
organelles are related to the formation and digestion of 
LDs. For example, acyl-CoA synthetase long-chain family 
member 3 physically interacts with other LD proteins that 
are conversely crucial adaptor proteins, which determines 
the size and numbers. Additionally, PAT family proteins 

play distinct roles in stabilizing LD nucleation and lipid 
storage.84,86 Take PLIN1 and PLIN2 as examples, they are 
well known for reducing the association of ATGL with 
LDs to slow TG turnover and protect LDs from lipolysis. 
The organelles that connect to LDs take part in the trans-
formation of LDs, such as the ER. The factors provide 
here only cover some important ones, which have been 
discussed in more detail.23 These factors mentioned above 
might be the key points to solve the stability of LDs, 
which is important for these diseases caused by abnormal 
lipid metabolism.87

However, in this review, we are more concerned about 
the process that lipophagy breaks down the LDs with 
ectopic deposition in peripheral tissues and β-cells. It has 
been proven that lipophagy has been adopted in liver- 
related diseases, neurodegenerative diseases or lipid sto-
rage myopathy88 before the pivotal role of lipophagy in 
lipid metabolism emerges.32

Current evidence suggests that lipophagy cooperates 
with classic lipolysis to regulate lipid metabolism.89 

There are some similarities between lipophagy and lipo-
lysis when they play the role in degrading LDs. Firstly, no 
matter what kind of pathway for LDs degradation, there 
are both regulated by the protein composition on the 

Table 2 (Continued). 

Category Natural Product Structure Primary Source

Steroid Dioscin Dioscorea spongiosa78

Others Trehalose Bacteria; yeast; fungi

Vitamin D3 Animal livers

Abbreviation: NA, not available.
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surface of LDs. Secondly, both pathways occur in multiple 
tissues and the products are same in supplying substrates 
for β-oxidation and cellular biosynthesis.90

However, the differences are as follows. The enzymes 
that catalyze this process are different. These two path-
ways hydrolyze TGs in the presence of neutral lipase and 
acid lipase, respectively. Meanwhile, lipolysis is imple-
mented step by step with different enzymes, such as 
ATGL, hormone-sensitive lipase and monoglyceride 
lipase.90 Lipophagy forms autophagosomes to wrap LDs 
and deliver them to lysosome for degradation. 
Additionally, cross-talk of lipolysis and lipophagy exists. 
Lipophagy is essential in LDs catabolism during lipolysis 
for recruitment on LDs and the initiation of lipolysis 
because ATGL cannot facilitate this process without lipo-
phagy and possesses LC3-II interaction motifs.58

Furthermore, the metabolism of lipids by lipophagy 
suggests a new mechanism by which autophagy may act 
to prevent cell death,31 which is benefit to β-cell survival. 
In previous research, the small GTPases have been demon-
strated to regulate lipophagy. It is represented by Rab7 and 
Rab10, which participate in cellular traffic events during 
lipophagy. Beyond, Rab7 has been found to be required in 
autolysosome formation.91,92 And Rab25 combines with 
PI3KCIII, which directs the process of autophagy to 
recognize, wrap and degrade LDs.93 The transcriptional 
regulation of this pathway has received with concern. 
Transcription factor EB as well as transcription factor E3 

regulates lysosomal and autophagy genes, which activates 
lipophagy.94 All of these are the foundations of lipophagy 
in lipid metabolism.

To date, the gains have been made over the past decade 
in the dysregulation of autophagy in onset of T2DM.38 

The application of other selective autophagy in T2DM is 
rarely studied yet. Autophagy is crucial for β-cell owing to 
its function to remove misfolded proteins during synthesis 
of proinsulin in ER which inhibits β-cell stress and 
apoptosis.3 Defective autophagy contributes to impaired β- 
cell function and development of insulin resistance.95–97 In 
this period, at least in part, organelles like mitochondria or 
ER play a crucial role in β-cell survival/death, insulin 
secretion and insulin action/sensitivity that rely on 
autophagy.98 ER stress has been identified as 
a contributor to insulin resistance resulting from its direct 
inhibitory effect on insulin signaling and indirect effect on 
lipid accumulation.99 Impaired autophagy leads to ER 
stress, followed by decreasing the number and/or prolif-
eration of β-cell, which ultimately causes hyperglycemia, 
glucose intolerance and hypoinsulinemia.100 Therefore, it 
is also important to consider the application of other 
selective autophagy for the improvement of T2DM when 
these organelles are damaged.

Lipid deposition in β-cells is one of the major causes 
of loss of β-cell mass and function.12 To reduce fat 
deposition in β-cells is a strategy for us to restore the 
function of β-cells. Lipophagy is a way to reduce lipid 

Figure 3 Lipophagy provides a new perspective of natural products in T2DM treatment. Lipid droplets are considered as the targets of lipophagy. During this process, 
various natural products are targeted to the initiation of lipophagy. The activated lipophagy subsequently cooperates with other selective autophagy to exert the positive role 
of autophagy in lipid metabolism by removing unwanted components. Together with lipolysis, it finally achieves the goal of treating T2DM by regulating lipid metabolism. It is 
anticipated that a novel therapeutic strategy for T2DM could be considered following the route of “natural product–lipophagy–autophagy–lipid metabolism–T2DM”.
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deposition in β cells. Yet it’s worth noting that some 
studies reach the opposite conclusion. On the one hand, 
a study about the kaempferol ameliorating palmitic acid- 
induced pancreatic β-cell injury, kaempferol decreased 
the β-cell fat deposition while simultaneously promoted 
glucose stimulated insulin secretion.17 Lipophagy 
improves insulin secretion by regulating lipid metabolism 
in β-cells. On the other hand, lipolysis increased insulin 
secretion when autophagy and lysosomal acidic lipase in 
MIN6 cells and primary islets was chronic (≥8 h) inhib-
ited in the way of pharmacology and/or gene. This phe-
nomenon was more obvious after high glucose 
stimulation, which possibly means that lipophagy is unfa-
vorable for glucose-stimulated insulin secretion. It was 
possibly because that lipophagy depleted substrate for 
the neutral lipases, which were activated acutely by 
glucose.8 Therefore, more studies will be required before 
we know more about the cross-talk between lipophagy 
and lipolysis.

Besides, some issues also remain to be addressed in 
the further study of lipophagy. Firstly, it is known that the 
disturbed autophagy cannot remove the damaged orga-
nelles or aggregated proteins caused by lipotoxicity in 
time, leading to the pathogenesis of T2DM, which indi-
cates that the restoration of disturbed autophagy is crucial 
for the T2DM treatment.101 Given that some common key 
proteins are participated in both non-selective autophagy 
and lipophagy, like LC3 and p62, whether the non- 
selective autophagy can be simultaneously restored 
when enhancing lipophagy is an important issue. 
Otherwise, it should focus more on the induction of 
other selective autophagy such as glycophagy which 
enables cells to salvage key metabolites to sustain and 
facilitate core anabolic functions.36 Moreover, lipophagy 
could be triggered during starvation by exercise and 
energy-restrictive diet, between which their relationship 
remains to be further clarified.102 More importantly, it 
should be concerned that the FFAs released from LDs 
by lipophagy might be accumulated if not being con-
sumed in mitochondria, which leads to lipotoxicity. 
Therefore, in previous studies, β-oxidation was deliber-
ately up-regulated at the same time. To ensure the effi-
ciency of consuming the excessive FFAs, even the 
mitophagy that responds to damaged mitochondria could 
be concerned. Lastly, it has been demonstrated that visc-
eral fat is much more important in the onset of T2DM, 
than subcutaneous fat. More studies are needed to 

determine the target preference of lipophagy in ectopic 
lipid clearance.103

Conclusions
Lipophagy is suggested to improve T2DM by lowering 
lipid contents of insulin-targeted tissues and β-cells. 
Meanwhile, it is a new target for natural products in 
T2DM treatment. These natural products include various 
compounds which trigger lipophagy through AMPK, 
SIRT1, mTOR, etc. It is accepted that traditional 
Chinese medicine has advantages in treating T2DM, 
with the mechanisms of a large number of natural pro-
ducts not being elucidated. Lipophagy provides a new 
insight for screening bioactive agents to treat T2DM and 
clarifying their underlying mechanisms, which would be 
a breakthrough for future research on natural products to 
improve diabetes. Despite lipophagy success in decreas-
ing lipid accumulation in vivo and in vitro, further stu-
dies are still needed to be carried to verify practical 
application in humans.
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