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Autophagy is an intracellular degradation system that breaks 
down damaged organelles or damaged proteins using 
intracellular lysosomes. Recent studies have also revealed 
that various forms of selective autophagy play specific 
physiological roles under different cellular conditions. 
Lipid droplets, which are mainly found in adipocytes and 
hepatocytes, are dynamic organelles that store triglycerides 
and are critical to health. Lipophagy is a type of selective 
autophagy that targets lipid droplets and is an essential 
mechanism for maintaining homeostasis of lipid droplets. 
However, while processes that regulate lipid droplets such 
as lipolysis and lipogenesis are relatively well known, the 
major factors that control lipophagy remain largely unknown. 
This review introduces the underlying mechanism by 
which lipophagy is induced and regulated, and the current 
findings on the major roles of lipophagy in physiological and 
pathological status. These studies will provide basic insights 
into the function of lipophagy and may be useful for the 
development of new therapies for lipophagy dysfunction-
related diseases. 
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INTRODUCTION

Lipid droplet (LD) is a unique structure surrounded by a 

monolayer phospholipid membrane that separates neutral 

lipids from the cytoplasmic environment. In white adipocytes, 

triacylglycerol (TG) is mainly stored as lipid esters in LD. In 

mammalian cells, the major component of the LD monolayer 

membrane is phosphatidylcholine (about 60%) (Wilfling et 

al., 2014). Changes in the phospholipid ratio of the LD mem-

brane compositions mainly affect the synthesis, maturation, 

and degradation of LD (Liu and Czaja, 2013). 

 LD contributes to the synthesis of membrane components, 

signal ligands, formation of specific macromolecules, and the 

storage of lipids that can be used for energy production. Such 

lipid storage protects the cells from exposure to excess free 

fatty acids (FFA) and sterols, which may disrupt the compo-

sition of cell membranes, signaling pathways, and metabolic 

homeostasis (Kimmel and Sztalryd, 2016). 

 Surface proteins present in LD play an important role in 

regulating homeostasis and intracellular interactions of LD. 

In particular, the perilipin, which is part of the PAT (perilipin/

ADRP/TIP47) family, regulates lipid homeostasis by regulating 

the access of lipases to neutral lipids in LD. Perilipin is phos-

phorylated by protein kinase A under starvation, and its phos-

phorylation initiates lipolysis (Hansen et al., 2017). A previous 

study revealed that the level of basal lipolysis is significantly el-

evated in adipocytes derived from a perilipin knockout mouse 

model (Tansey et al., 2001). Many catabolic enzymes also ex-

ist on the surface of LD. At the basal level, perilipin generally 

binds to CGI-58. Upon activation of lipolysis, CGI-58 is disso-

ciated from phosphorylated perilipin and binds to triglyceride 

lipase (ATGL), which initiates TG hydrolysis. Hormone-sensi-

tive lipase (HSL) is phosphorylated by phosphorylated perilipin 
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and then moves to LD. HSL hydrolyzes diacylglycerol (DG) 

into monoacylglycerol (MG) (Ducharme and Bickel, 2008). 

Monoacylglycerol lipase (MGL) finally hydrolyzes MG into FFA 

and glycerol (Fredrikson et al., 1986) (Fig. 1).

 In addition to this lipolysis process, breakdown of lipids 

can also occur through lipophagy, a type of selective auto-

phagy that targets LD. A previous study demonstrated that 

the breakdown of LD and TG occurs through lipophagy in 

hepatocytes (Singh et al., 2009a). While the importance and 

mechanism of lipolysis has been relatively well studied, mech-

anisms of lipophagy remain largely unknown. Recent findings 

on the molecular mechanisms and pathological implications 

of lipophagy that mainly occur in the liver and adipose tissues 

are reviewed in this paper.

MOLECULAR MECHANISMS OF LIPOPHAGY

Selective degradation of LD by lipophagy involves the use of 

these lipids as energy sources. Recent studies on the mech-

anism by which autophagic-related proteins mediate mem-

brane fusion and subsequent degradation processes have 

been identified. Lipophagy begins with the recognition of 

cargo by the autophagosomal membrane through interac-

tion with the microtubule-associated protein 1 light chain 3 

(LC3) (Singh and Cuervo, 2012; Wang, 2016). ATGL, which 

is required for lipolysis, also plays an important role in lipoph-

agy. LC3 promotes the movement of cytoplasmic ATGL to LD 

through interaction with the LIR domain of ATGL and induces 

lipophagy. ATGL facilitates lipophagy to regulate the catab-

olism of hepatic LD through SIRT1 activity (Sathyanarayan et 

al., 2017). 

 Small regulatory Rab GTPase (Rab) molecular switch fam-

ilies are also found in LDs (Kiss and Nilsson, 2014). Rab7 

(Schroeder et al., 2015) and Rab10 (Li et al., 2016) are found 

to be essential for lipophagy in hepatocytes under certain 

conditions. A previous study demonstrated that small GTPase 

Rab7 plays an important role in regulating autolysosome-me-

diated lipid degradation in adipocytes (Lizaso et al., 2013). 

Besides, Rab7 is activated under nutrient deprivation and 

facilitates the recruitment of multi-vesicular bodies and lyso-

somes to the surface of LD during lipophagy. The deletion of 

Rab7 decreases hepatocellular lipophagy by causing morpho-

logical alterations of multi-vesicular bodies, lysosomes, and 

autophagosomes (Schroeder et al., 2015). Rab10 forms a 

complex with the adapter protein EHBP1 (EH domain-bind-

ing protein 1) and the membrane-modified adenosine tri-

phosphatase EHD2 (EH domain containing 2) and promotes 

the migration of LC3-positive autophagic membranes to the 

LD surface. The deletion of Rab 10 function causes the accu-

mulation of LD (Li et al., 2016).

 Lipases such as PNPLA5 (patatin-like phospholipase do-

main-containing enzyme 5) present in LD have been shown 

to contribute to lipophagy and autophagic proteolysis (Du-

pont et al., 2014). In addition to their role in the recogni-

tion of LD, these lipases play an important role in initiating 

lipophagy by inducing the recruitment of triglycerides and 

sterol esters, directly contributing to the formation of auto-

phagosome (Shpilka et al., 2015; Ward et al., 2016). PNPLA8 

mediates SREBP-2 driven lipophagy by interacting with LC3 

in the hepatocytes of high-fat diet (HFD)-fed mice (Kim et 

al., 2016). PNPLA3 plays an essential role in the formation 

of autophagosomes during the lipophagy process in starved 

Fig. 1. Overview of major proteins in lipolysis and lipophagy. Lipolysis is processed into three separate steps. First, TG is hydrolyzed to 

make DG by adipose triglyceride lipase (ATGL). Second, DG is hydrolyzed to make MG by HSL, which is phosphorylated by perilipin. Finally, 

MG is hydrolyzed to make glycerol and FFAs by MGL. One the other hand, lipophagy is defined as selective autophagic degradation of 

LDs. Under nutrient starvation, lipophagy forms phagophore, which is composed of Atg5, Atg7, LC3, and Rab family. PNPLA family has 

specific molecular motifs to associate with LDs and play key roles in LD breakdown. Autophagosomes engulf LDs and fuse with a lysosome 

to form an autolysosome. Then, neutral lipids in LDs are hydrolyzed by lysosomal lipases, which are expressed by TFEB. 
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human hepatocytes (Negoita et al., 2019). 

 Perilipin, which exists on the surface of LD, is removed 

before the degradation of LD by lipophagy. The chaper-

one-mediated autophagy of perilipin is processed through 

AMP-activated protein kinase (AMPK) (Kaushik and Cuervo, 

2015). Lipophagy is regulated by the nutritional status of the 

cells through farsonoid X receptor (FXR), peroxisome pro-

liferator-activated receptor alpha (PPARα), cAMP response 

element-binding protein (CREB), mTOR, or AMPK (Li et al., 

2019; Seok et al., 2014; Zhang et al., 2018a; 2018b). If the 

cells are in a nutrient-rich status that does not require FFA 

as an energy source, lipophagy is inhibited. However, in the 

case of dietary restrictions, lipophagy leads to a breakdown 

of triglycerides in LDs. Depending on the size, the LD may be 

targeted by macroautophagy, an autophagosome in which 

the entire small LD is captured (Singh et al., 2009a). In the 

lysosome, the LDs are broken down by lysosomal acid lipase 

(function at acidity; pH = 4.5-5), which can degrade TG, DG, 

cholesteryl esters, and retinyl esters (Grumet et al., 2016; 

Schulze et al., 2017c; Zechner et al., 2017). The expression 

of lysosomal lipases is regulated by lysosomal biogenesis tran-

scription factor EB (TFEB) under nutrient-deficient conditions 

in Caenorhabditis elegans and mice hepatocytes (Settem-

bre et al., 2013). TFE3 can induce lipophagy in hepatocytes 

(Xiong et al., 2016). The forkhead homeobox transcription 

factor (FOXO1) is related to lysosomal lipase and triggers 

lipophagy in adipocytes under fasting conditions (Barbato 

et al., 2013). The functions of core proteins in lipophagy are 

briefly shown (Fig. 1). 

 Interestingly, Tatsumi et al. (2018) demonstrated that a 

forced lipophagy system using a fusion of LD-binding domain 

and p62 significantly reduces the number of LD, decreases 

the level of TG throughout embryonic development, and 

eventually causes developmental retardation in mouse em-

bryos. In addition, lipophagy-induced embryos show the 

removal of excessive LD and are resistant to lipotoxicity (Tat-

sumi et al., 2018). This data suggests that lipophagy can play 

an important role in the development.

LIPOPHAGY-RELATED METABOLISM DISORDERS

Lipophagy in obesity
The activity of autophagy is generally lowered in HFD models 

(Koga et al., 2010; Rodriguez-Navarro et al., 2012). Several 

studies suggest that autophagy is important in the process of 

adipocyte differentiation. Mouse embryonic fibroblasts de-

rived from Atg5 knockout mice exhibit a severe defect in the 

process of adipocyte differentiation (Baerga et al., 2009). The 

knockdown of Atg7 revealed that preadipocytes cannot dif-

ferentiate into mature adipocytes and show a lean phenotype 

in mice (Singh et al., 2009b). Similar to this previous study, Fu 

et al. (2019) recently demonstrated that miR-129-5p, which 

targets ATG7, can significantly suppress adipocyte differen-

tiation by decreasing the level of specific adipogenic mark-

ers, such as FABP4 and PPARγ, in mature white adipocytes. 

Deficiency of Bif-1, which associates with Beclin 1 through 

UVRAG and control autophagy, leads to the expansion of fat 

mass, down-regulates the basal lipolysis level of adipose, and 

causes obesity. Bif-1 deficiency also significantly decreases 

the expression of the autophagy lysosomal proteins, Atg9 

and Lamp1 (Liu et al., 2016). SIRT3 activates lipophagy by 

stimulating the AMPK-unc-51-like kinase 1 (ULK1) pathway 

and induces smaller LD size and decreased lipid accumulation 

in mature adipocytes (Zhang et al., 2020). 

 Xu et al. (2013) demonstrated that increased lipid reten-

tion and a markedly decreased lipolysis rate have occurred in 

the white adipose tissue when a lysosomal function is inhib-

ited in macrophages. In the brown adipose tissue, lipophagy 

may play a key role in lipid homeostasis. Interestingly, when 

the mouse is exposed to cold, the LD and LC3 are co-lo-

calized, which implies that cytoplasmic lipases move to the 

LD for conventional lipolysis (Martinez-Lopez et al., 2016). 

Recently, Lim et al. (2018) reported that a newly screened 

autophagy enhancer induces nuclear localization of TFEB and 

accelerates the removal of intracellular lipid in vitro. It also 

improves the metabolic profile and reduces inflammasome 

activity in ob/ob mice (Lim et al., 2018). Therefore, in addi-

tion to the stimulation of lipolysis, strategies to promote the 

activation of lipophagy can be one of the therapeutic strate-

gies to improve obesity (Table 1).

Table 1. Lipophagy and lipophagy-related metabolic disorders: Identified proteins and the possible therapeutic 

Metabolic 

disorder

Lipophagy 

status
Key protein

Possible 

therapeutic
Reference

Obesity Decrease Bif-1, CaMKIV, SIRT3, etc. Upregulation (Liu et al., 2016; 2020; Xu et al., 2013; Zhang et 

al., 2020)

Diabetes mellitus Decrease FGF21, etc. Upregulation (Byun et al., 2020; Kim et al., 2013)

Alcholic fatty liver 

disease

Decrease AKT, FXR, Nrf2, mTOR, 

Rab7, etc.

Upregulation (Schulze et al., 2017b; Wu et al., 2014; Zhang et 

al., 2018b; Zhao et al., 2018)

Non-alcoholic fatty 

liver disease

Decrease AMPK, GNMT, FGF21, 

IRGM, Rubicon, SOD1, 

SREBP-2, etc.

Upregulation (Deng et al., 2017; Levine and Kroemer, 2019; 

Kurahashi et al., 2015; Lin et al., 2016; Smith et 

al., 2016; Tanaka et al., 2016; Zhu et al., 2016; 

Zubiete-Franco et al., 2016)

Liver fibrosis Increase Perilipin 1, PNPLA3, 

Rab18, Rab25, etc.

Downregulation (Bruschi et al., 2017; Miyamae et al., 2016; 

O'Mahony et al., 2015; Pirazzi et al., 2014; 

Zhang et al., 2017)
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Lipophagy in diabetes mellitus
Diabetes mellitus (DM) is closely linked to obesity and char-

acterized by high blood sugar levels over long periods. If DM 

is left untreated, many complications such as cardiovascular 

disease and chronic kidney disease can arise (Kleinert et al., 

2018). DM generally occurs when the pancreas does not 

produce enough insulin, or when the cells do not respond 

properly to insulin. The increased prevalence of type 2 diabe-

tes worldwide can be due to a combination of excess weight 

gain and insufficient exercise (Kim et al., 2018). It begins 

with insulin resistance, a pathological condition in which cells 

fail to respond to insulin normally, and insulin deficiency may 

also develop as the disease progresses (Goldman et al., 2010; 

Kosacka et al., 2015). 

 A previous study demonstrated that Atg7 knockout mice 

exhibit structural and functional defects in the pancreatic 

β-cells and increases the incidence of glucose intolerance and 

diabetes under metabolic stress (Jung et al., 2008). Damage 

of lipophagy in mice can cause increased ER stress in the 

liver and aggravate insulin tolerance. Hepatic specific over-

expression of Atg7 in obese mice restores insulin receptor 

signaling in liver tissue, reduces obesity-induced ER stress, 

and improves glucose tolerance and insulin sensitivity (Yang 

et al., 2010). A recent study demonstrated that post-devel-

opmental defects of autophagy genes such as Atg3 and At-

g16L1 in fully differentiated adipocytes cause the dysfunction 

of mitochondria, inflammation, and insulin resistance (Cai et 

al., 2018). In mice with skeletal muscle-specific deletion of 

Atg7, the expression of fibroblast growth factor 21 (FGF21), 

which improves defective autophagy and hepatic steatosis in 

obese mice, is induced under high fat diet-induced obesity 

and insulin resistance conditions (Kim et al., 2013). A recent 

study demonstrated that FGF21 contributes to hepatic au-

tophagy and lipid degradation by stimulating Jumonji-D3 

(JMJD3/KDM6B) histone demethylase, which regulates glob-

al autophagy-network genes such as Atg1 and Atg7 (Byun et 

al., 2020). In addition, CaMKIV improves hepatic autophagic 

imbalance and alleviates impaired insulin sensitivity through 

phosphorylated CREB (Liu et al., 2020). These studies suggest 

that the regulation of lipophagy could be one of the import-

ant factors for insulin sensitivity and glucose homeostasis in 

DM (Table 1). 

Alcoholic fatty liver disease 
Alcoholic fatty liver disease indicates liver damage caused by 

excessive or chronic alcohol intake. Oxidative stress, mito-

chondrial damage, and apoptosis occur in the cytoplasm of 

hepatocytes. Alcohol oxidation induces excessive lipid accu-

mulation called steatosis, in the liver (Ding et al., 2010; Lívero 

and Acco, 2016). 

 The role of lipophagy seems to be dependent on acute 

or chronic alcohol intake (Ding et al., 2011). Interestingly, 

acute drinking activates hepatic autophagy and limits fat 

accumulation by selectively removing excess LDs in vivo and 

primary hepatocytes (Ding et al., 2011; Thomes et al., 2012; 

Wang et al., 2015). On the other hand, chronic alcohol in-

take significantly reduces the expression of Atg3 and Atg7, 

while increasing the phosphorylation of mTOR (Thomes et 

al., 2015). Chronic alcohol exposure also decreases the ex-

pression levels of total and nuclear TFEB, which contribute to 

lysosomal biogenesis, and eventually leads to a decrease of 

both biogenesis and function of the lysosome (Chao et al., 

2018; Schulze et al., 2017a). Another study demonstrated 

that chronic alcohol intake significantly increases the protein 

expressions of mTOR, ULK1, and p62, while reducing the 

protein expressions of light chain 3II (LC3II)/LC3I and Beclin1 

(Lu et al., 2020a). Treatment with Torin-1, an mTOR inhibitor, 

restores lysosomal biogenesis and markedly improves steato-

sis and liver damage, indicating that such damage is likely 

to be caused by the activation of mTOR signal transduction 

and reduction of lysosomal biogenesis in mouse hepatocytes 

(Chao et al., 2018; Ni et al., 2012). ROS production by etha-

nol mainly occurs through ethanol metabolism, cytochrome 

P450 2E1 induction, and impaired mitochondria (Lu and 

Cederbaum, 2018). Chronic alcohol exposure inhibits the 

activation of Rab7 and leads to depletion of lysosomes for LD 

degradation, ultimately inhibiting lipophagy in hepatocytes 

(Schulze et al., 2017b). Chronic alcohol intake also interferes 

with the interaction of FXR with RXRα and inhibits the activity 

of FXR (Wu et al., 2014). However, activation of the nuclear 

factor erythroid-derived 2-like 2 (Nrf2), which is involved in 

stress-induced autophagy, protects against ethanol-induced 

liver disease (Zhao et al., 2018). Therefore, in patients with al-

coholic fatty liver disease, restoring lipophagy function could 

be an important therapeutic approach (Table 1).

Non-alcoholic fatty liver disease 
Non-alcoholic fatty liver disease (NAFLD) is caused by an 

increase in FFA levels and lipogenesis in hepatocytes. NA-

FLD exhibits insulin resistance and lipogenesis (Samuel and 

Shulman, 2018; Tavernarakis et al., 2019). Several previous 

reports have suggested that this NAFLD can be involved in 

autophagy. For example, Rubicon, which interacts with Be-

clin-1 as an autophagy repressor, is upregulated in the livers 

of NAFLD patients. Tanaka et al. (2016) demonstrated that 

Rubicon knockout mice exhibit improved autophagy flux and 

enhanced NAFLD. The knock-down of the immunity-related 

GTPase family M (IRGM) gene (an autophagy-related gene) 

suppresses autophagic flux and increases the LD content in 

HepG2 cells, which can be reversed with rapamycin treat-

ment, an autophagy activator (Levine and Kroemer, 2019; 

Lin et al., 2016). Smith et al. (2016) suggested that activation 

of AMPK may significantly ameliorate NAFLD by suppressing 

de novo lipogenesis in the liver, increasing fatty acid oxida-

tion in the liver, and enhancing mitochondrial function in the 

adipose tissue. Apoprotein E (ApoE) knockout mice show 

increased fat mass in the liver tissue compared to wild type 

mice with a HFD. These mice also exhibit the downregulation 

of p-AMPK, AMPK, Beclin1, and LC3 levels, while showing 

upregulation of ROS, p-mTOR, and mTOR. Treatment with AI-

CAR and rapamycin, which are AMPK and autophagy activa-

tors, alleviate the symptoms of NAFLD (Lu et al., 2020b). The 

blockade of SREBP-2 activity increases the expression of auto-

phagy-related genes and improves abnormal autophagic flux 

in the NAFLD model (Deng et al., 2017). Mice genetically de-

ficient in superoxide dismutase 1 (SOD1) show a low visceral 

fat mass, but a significant increase in the size of LD during 

fasting, eventually leading to liver damage. Although LC3 
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II was activated in this mouse model, p62 was observed to 

accumulate abnormally, suggesting that abnormal lipophagy 

process may be responsible for liver damage and impaired lip-

id metabolism (Kurahashi et al., 2015). Treatment of FGF21 

significantly improves the pathological phenotypes of NAFLD 

by increasing autophagic flux and the expression of autoph-

agy-related genes such as LC3 II in monosodium L-glutamate 

(MSG)-induced obese mice (Zhu et al., 2016). The expression 

of glycine N-methyltransferase (GNMT) is reduced in human 

NAFLD patients. GNMT knockout mice show excess levels of 

serum methionine and abnormal lipophagy process, caused 

by defects at the lysosomal level. The methionine deficient 

diet can improve lipophagy, and lead to ameliorate liver ste-

atosis in GNMT knockout mice (Zubiete-Franco et al., 2016). 

Thus, further studies on lipophagy activation may pave the 

way for new therapeutic strategies against NAFLD (Table 1). 

Liver fibrosis
Liver fibrosis, characterized by the formation of abnormal 

scar tissues by excessive deposition of extracellular matrix, 

is a chronic or recurrent liver disease caused by viral infec-

tions, autoimmune conditions, or aging (Iredale et al., 2013; 

Schuppan et al., 2018). Liver fibrosis has been reported to 

be associated with hepatic stellate cells (HSCs) (Tsuchida 

and Friedman, 2017). In normal livers, HSCs are present in 

non-proliferative, quiescent stationary states. At the onset of 

liver injury, HSCs are activated and transdifferentiated into 

myofibroblasts. These cells possess proliferative, contractile, 

and inflammatory characteristics and express alpha-smooth 

muscle actin protein and various fibrogenic factors (Schon et 

al., 2016; Zhang et al., 2018b). 

 Perilipin is co-localized with LC3 in HSCs, indicating that LD 

degradation is processed during HSC activation (Miyamae et 

al., 2016). The knockdown of PNPLA3 significantly reduces 

the level of α-SMA in the process of HSC activation (Bruschi 

et al., 2017; Pirazzi et al., 2014). Loss of LD in HSCs is regu-

lated by Rab18 GTPase activity (O’Mahony et al., 2015). The 

small GTPase, Rab25, also plays a role in the turnover of LDs. 

The production of ROS during the HSC activation process 

increases the expression level of Rab25. Lipophagy in HSC is 

partially mediated through Rab25 in a ROS-dependent man-

ner (Zhang et al., 2017). Autophagy is activated in HSCs after 

liver injury with CCl4 in vivo. In mice, HSCs that specifically 

lack Atg7, fibrogenesis, and the accumulation of ECM are 

significantly decreased in response to CCl4 (Hernandez-Gea et 

al., 2012). Accumulation of LDs or inhibition of mitochondri-

al beta-oxidation of fatty acids significantly prevents fibrosis 

(Hernandez-Gea et al., 2012). Blocking autophagy with ba-

filomycin A1 results in the decrease of fibrosis formation and 

the accumulation of extracellular matrix in HSC (Thoen et 

al., 2011). Therefore, selectively blocking lipophagy in HSCs 

may be an attractive therapeutic for liver fibrosis (Table 1). 

However, further investigations are required to examine the 

relationship between lipophagy and the activation of HSCs. 

CONCLUSION

Over the last few decades, autophagy research has revealed 

several key proteins and signal transduction networks that 

control autophagy pathways. However, lipophagy, a selec-

tive autophagy, is yet to be elucidated compared to general 

autophagy, including macroautophagy. Several important 

findings on lipid metabolism and energy homeostasis have 

been conducted in the field of lipophagy. The identification 

of key proteins for lipophagy has facilitated a better under-

standing of the mechanism by which autophagic machinery 

recognizes and degrades LDs. The sequential downstream in 

cell signaling networks of lipophagy also remain important. 

Since the accumulation of LDs is related to the etiology of 

several metabolic disorders, further research on the precise 

mechanisms of lipophagy would reveal valuable new targets 

and ultimately provide therapeutic approaches for the treat-

ment of obesity, diabetes, and various liver diseases such as 

liver fibrosis, and NAFLD. 
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