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Abstract

Liver is the major organ that regulates whole body cholesterol metabolism. Disrupted hepatic 

cholesterol homeostasis contributes to the pathogenesis of nonalcoholic steatohepatitis, 

dyslipidemia, atherosclerosis, and cardiovascular diseases. Hepatic bile acid synthesis is the major 

catabolic mechanism for cholesterol elimination from the body. Furthermore, bile acids are 

signaling molecules that regulate liver metabolism and inflammation. Autophagy is a highly-

conserved lysosomal degradation mechanism, which plays an essential role in maintaining cellular 

integrity and energy homeostasis. In this review, we discuss emerging evidence linking hepatic 

cholesterol and bile acid metabolism to cellular autophagy activity in hepatocytes and 

macrophages, and how these interactions may be implicated in the pathogenesis and treatment of 

fatty liver disease and atherosclerosis.
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INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is the most prevalent chronic liver disease in the 

Western countries, and it is more common in the obese and type-2 diabetic population (1). 

Simple steatosis usually does not require treatment, while some NAFLD patients may 

progress to nonalcoholic steatohepatitis (NASH). NASH is a debilitating form of NAFLD 

characterized by hepatocellular injury, chronic inflammation, and a higher risk of end stage 

liver diseases such as cirrhosis and liver cancer (1). The mechanisms underlying NASH 

pathogenesis are still incompletely understood. The role of free fatty acids in causing 

lipotoxic liver injury in NASH has been extensively studied (2). Emerging evidence supports 
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that cellular non-esterified free cholesterol (FC) accumulation contributes significantly to 

hepatocyte injury and inflammation in NASH (3,4). Indeed, FC accumulated at significantly 

higher levels in NASH livers than in normal livers and simple steatotic liver in humans (5). 

FC accumulation in hepatocytes causes mitochondrial dysfunction, which sensitizes 

hepatocytes to cytokine and stress-induced cell death (3). In addition, cholesterol-laden 

foamy Kupffer cells were found at early stage of NASH and showed pro-inflammatory 

phenotypes (6), suggesting cholesterol accumulation triggers macrophage activation in 

NASH. Disrupted hepatic cholesterol homeostasis is also a major cause of hyperlipidemia. 

Intracellular lipid accumulation is a driver of hepatic secretion of very low density 

lipoprotein (VLDL), which is the precursor of cholesterol-rich low density lipoprotein 

(LDL). Elevated circulating VLDL and LDL concentration is a major contributor to the 

development of atherosclerosis and higher risk of cardiovascular disease (CVD) (7). Indeed, 

CVD is the leading cause of mortality in patients with NASH and type-2 diabetes (7). 

Therapeutic interventions that improve hepatic cholesterol homeostasis are expected to 

ameliorate both hepatic and cardiovascular-related complications in NASH and type-2 

diabetes.

Autophagy is a highly-conserved lysosomal degradation mechanism, which plays an 

essential role in maintaining cellular integrity by eliminating protein aggregates and 

damaged or excessive organelles in mammalian cells (8). Autophagy is also a catabolic 

process used by cells to generate nutrients and energy by degrading macromolecules in 

response to nutrient deprivation (8). The process of autophagy initiates from the formation 

of a double membrane vesicle called autophagosome, which may sequester protein 

aggregates, intracellular organelles, lipids, etc. Autophagosomes then fuse with lysosomes to 

form autolysosomes where the autophagy cargos are degraded by lysosomal enzymes and 

released into the cytosol for various utilizations. Autophagy is a highly complex cellular 

process regulated by diverse cellular signaling pathways, among which the mechanistic 

target of rapamycin (mTOR) and AMP-activated protein kinase (AMPK) reciprocally 

regulate autophagy activity in response to changes of cellular nutrient abundance, stress, 

growth factor stimuli, etc. (8). Lipophagy is a type of autophagy that transports intracellular 

triglycerides (TG) and cholesterol esters (CE) stored in the lipid droplets to the lysosomes to 

be hydrolyzed, and thus controls cellular lipid mobilization and energy homeostasis (9). 

Furthermore, the complex interactions among over-nutrition, defective autophagy and 

inflammation are thought to play important roles in the pathogenesis of fatty liver diseases 

(9–13) and atherosclerosis (14–16). In this concise review, we will mainly focus on recent 

findings on cholesterol and bile acid-mediated regulation of autophagy in hepatocytes and 

macrophages and the relevant implications in the pathogenesis and treatment of fatty liver 

disease and atherosclerosis.

1. REGULATION OF HEPATIC CHOLESTEROL AND BILE ACID 

HOMEOSTASIS

The liver plays a central role in regulating whole body cholesterol homeostasis. Hepatocytes 

maintain cellular cholesterol homeostasis by coordinately controlling several cholesterol 

input and elimination pathways (Figure 1). Hepatocytes acquire cholesterol primarily via de 
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novo synthesis and receptor-mediated lipoprotein uptake from the circulation. These input 

pathways are mainly regulated by the sterol regulatory element-binding protein-2 

(SREBP-2)-mediated cholesterol sensing mechanism (17). SREBP-2 is synthesized as a 

precursor protein retained in the endoplasmic reticulum (ER) membrane and associated with 

the sterol-sensing SREBP cleavage-activating protein (SCAP). When cellular cholesterol 

level is high, cholesterol binding to SCAP causes a conformational change that induces 

SCAP interaction with the ER membrane protein insulin-induced genes (Insigs), which 

retains the SREBP-2-SCAP complex in the ER. A decrease of cellular cholesterol promotes 

SREBP-2-SCAP complex translocation to the Golgi where proteolytic cleavage of SREBP-2 

occurs. The released truncated and mature SREBP-2 enters the nucleus to induce a large set 

of cholesterol synthesis and transport genes including 3-hydroxy-3-methylglutaryl 

coenzyme A reductase (HMGCR) and low density lipoprotein receptor (LDLR). Activation 

of these genes raises intracellular cholesterol levels, which in turn inhibits SREBP-2 

cleavage activation via a negative feedback loop (17).

Hepatocytes eliminate the majority of cholesterol from the body by converting cholesterol 

into bile acids and secreting cholesterol into the bile (Figure 1) (18). Bile acid synthesis 

occurs exclusively in hepatocytes and is the only quantitatively significant cholesterol 

catabolic mechanism. The ER resident cytochrome p-450 enzyme cholesterol 7α-

hydroxylase (CYP7A1) catalyzes the first and rate-limiting step in the conversion of 

cholesterol into bile acids (18). Bile acids are secreted into the bile via the bile salt export 

pump (BSEP) (19), while cholesterol is secreted into the bile by the ATP binding cassette 

transporter G5 (ABCG5) and ABCG8 functional heterodimer on the canalicular side of the 

hepatocytes (20). Biliary bile acid secretion generates bile flow and helps solubilize 

cholesterol in the bile by forming micelles. Once released into the small intestine after a 

meal, bile acids help emulsify dietary fat and facilitate intestine absorption of lipid and fat-

soluble vitamins. It is estimated that over 95% of the bile acids is re-absorbed via the apical 

sodium-dependent bile acid transporter (ASBT) mainly in the terminal ileum and transported 

back to the liver for re-secretion into the bile. The transport of bile acids between the liver 

and the intestine is a process termed the enterohepatic circulation of bile acids. The 

significant intestinal bile acid conservation means that the liver needs to synthesize a small 

fraction of the total bile acid pool to compensate for the daily fecal loss of bile acids in order 

to maintain a constant bile acid pool over time.

Under normal physiology, bile acid homeostasis is mainly achieved through bile acid-

mediated feedback inhibition of hepatic bile acid synthesis (Figure 1) (18). Bile acids are 

endogenous ligands for the nuclear receptor farnesoid x receptor (FXR) (21,22). FXR is 

highly expressed in the hepatocytes and enterocytes that are routinely exposed to high 

concentrations of bile acids. The bile acid-sensing FXR exerts a tight control of the hepatic 

bile acid synthesis rate by inhibiting the transcription of the CYP7A1 gene via several 

redundant mechanisms (23). In hepatocytes, FXR induces a repressor small heterodimer 

partner (SHP) to inhibit the CYP7A1 gene transcription (24). More recently, a 

posttranscriptional mechanism has been reported whereby FXR induces a RNA-binding 

protein ZFP36L1 to decrease the stability of CYP7A1 mRNA (25). The small intestine is a 

major reservoir of the bile acid pool. Intestinal FXR senses elevated bile acids to 

transcriptionally induce mouse fibroblast growth factor 15 (FGF15), which acts as an 
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endocrine hormone to inhibit the hepatic CYP7A1 gene transcription (26). In the 

enterohepatic system, FGF15 is highly expressed in the terminal ileum but not expressed in 

mouse hepatocytes (26). Fibroblast growth factor 19 (FGF19) is the human ortholog of the 

mouse FGF15. FGF19 is expressed in both the hepatocytes and the enterocytes and its 

transcription is induced by bile acids and FXR in both types of cells (27). FGF15 and FGF19 

bind the cell surface receptor FGF receptor 4 (FGFR4) in hepatocytes to inhibit the CYP7A1 
gene via ERK1/2-dependent mechanisms. The downstream targets mediating this inhibition 

remain to be determined.

2. AUTOPHAGY AND HEPATIC CHOLESTEROL HOMEOSTASIS

Given the important roles of autophagy in maintaining cellular organelle function, lipid 

metabolism, and energy homeostasis, defective hepatic autophagy is considered to be 

directly involved in the pathogenesis of fatty liver disease (28). A better understanding of the 

underlying causes of impaired hepatic autophagic flux in steatotic livers may provide 

molecular basis needed to develop therapeutic approaches. Hepatic steatosis is an over-

nutrition state with increased mTOR activity (29), which is expected to inhibit autophagy 

initiation. In addition, hepatic lipid accumulation has also been shown to impair autophagic 

flux (30). Recent studies showed that autophagy is highly sensitive to altered cellular 

cholesterol homeostasis, and hepatic cholesterol accumulation may significantly contribute 

to defective autophagy in fatty liver disease.

2.1 CHOLESTEROL-MEDIATED REGULATION OF HEPATIC AUTOPHAGY

Evidence linking intracellular cholesterol homeostasis with autophagy was initially reported 

by studies showing that experimental depletion of cholesterol by cyclodextrin in human 

fibroblasts induced autophagosome formation, which was associated with reduced mTOR 

phosphorylation in cholesterol-depleted cells (31). More recent studies further supported the 

existence of this link by showing that cholesterol lowering agents including statin, an 

HMGCR inhibitor, cholestyramine, a bile acid sequestrant, and ezetimibe, a Niemann-Pick-

type C1-like1 (NPC1L1) inhibitor, decreased AKT and mTOR activity and increased 

autophagy in hepatocytes (32–34). The molecular links between these cholesterol lowering 

agents and cellular mTOR activity are likely complex. One possible mechanism underlying 

the reduced mTOR activation may be altered membrane cholesterol content and lipid raft 

composition (35). A more recent study shows that lysosomal FC derived from endocytosed 

LDL directly activates mTOR via a lysosomal membrane protein SLC38A9-mediated 

cholesterol sensing mechanism (36). The mTOR signaling is a major pathway that 

stimulates cellular anabolic metabolism in the presence of sufficient nutrients and growth 

stimuli. As cholesterol is an essential molecule required for cell survival and growth, 

cholesterol-depleted cells may decrease their anabolic metabolism by reducing mTOR 

activity. In addition, activation of autophagy may be a way to replenish cellular FC pool by 

promoting acidic CE hydrolysis in cells.

In mammalian cells, FC predominantly resides in the plasma membrane (37,38), and a 

plasma membrane cholesterol: phospholipid ratio of ~0.4 or less in isolated hepatocytes has 

been reported by various studies (39–42). In contrast, FC content in the intracellular 
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organelles such as the ER and mitochondria is kept at a much lower level. Cells need to 

produce FC via hydrolysis for membrane synthesis, cholesterol efflux, and other cholesterol-

demanding cellular pathways. On the other hand, cholesterol esterification prevents 

excessive FC accumulation in cholesterol-poor intracellular organelles. Hepatocytes 

efficiently convert excessive FC to CE in the ER by acyl-CoA: cholesterol acyltransferase 

(ACAT) and CE is subsequently stored in lipid droplets. It should be noted that ACAT1 and 

ACAT2, encoded by different genes, can catalyze cholesterol esterification in mammalian 

cells and these two enzymes show both species-dependent and cell type-dependent 

expression pattern (43). Liver expresses both ACAT1 and ACAT2, while macrophages 

mainly express ACAT1. Intracellular cholesterol constantly undergoes active hydrolysis and 

re-esterification cycles even without significant extracellular stimuli. When this cycle is 

overwhelmed by excessive cholesterol accumulation, FC content may increase in the ER and 

mitochondria, causing organelle dysfunction, oxidative stress, and hepatocellular injury.

A few recent studies conducted in several experimental models have provided new evidence 

that hepatic accumulation of cholesterol impairs autophagy. The role and regulation of 

autophagy in hepatic cholesterol metabolism is illustrated in Figure 2. Insights supporting 

that cholesterol-mediated lysosomal dysfunction can cause autophagy impairment come 

from studies of Niemann-Pick disease, type C (NPC), a fatal progressive neurological 

disorder associated with defective lysosomal cholesterol export due to mutations in NPC1 or 

NPC2 genes. Although autophagy was initially reported to be induced in NPC cells (44), 

new evidence suggested that NPC cells also had delayed clearance of autophagosomes, 

leading to accumulation of autophagy vacuoles (45,46). Acid sphingomyelinase (ASMase) 

converts sphingomyelins to ceramides in the lysosomes. Lack of ASMase increases 

lysosomal sphingomyelin and secondary increase of lysosomal cholesterol (47). ASMase 

deficiency in humans causes lysosomal storage disease Niemann-Pick disease type A/B (48). 

A more recent study showed that hepatocytes of ASMase knockout mice also showed 

decreased autophagosome/lysosome fusion (49). In fatty livers, FC accumulation impairs 

mitochondrial function and causes oxidative stress (3). We recently found that FC loading in 

cultured liver cells resulted in a marked elevation of microtubule-associated protein 1 light 

chain 3 (LC3) protein (34). Further results suggested that this was primarily due to 

accumulation of enlarged autolysosomes with impaired autolysosome cargo clearance, 

although autophagosome formation or autophagosome/lysosome fusion could also be altered 

in the cholesterol-laden cells. FC loading increased intracellular CE content by a few folds 

but caused much milder elevation of cellular FC by ~10–20% (34). However, treating cells 

with an ACAT inhibitor, which prevented FC loading-induced intracellular CE accumulation 

but further increased cellular FC content, significantly worsened autolysosome clearance, 

suggesting that excessive FC, but not CE, is more likely the underlying cause of autophagy 

impairment. Cholesterol loading in the presence of ACAT inhibitor significantly reduced 

autolysosome and lysosome hydrolytic activity and increased autolysosome/lysosome 

membrane permeability, suggesting that lysosomal dysfunction contributed to the impaired 

autolysosome cargo clearance. In contrast, cells exposed to high concentrations of human 

LDL had mildly elevated CE but did not show elevated intracellular FC or impaired 

autophagy flux (34). These cells also showed increased number of late endosomes/

lysosomes and higher cathepsin activity. These results suggest that controlled lipoprotein 
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uptake via the endocytic route does not significantly disrupt intracellular cholesterol 

homeostasis or autophagy function in hepatocytes. These recent studies in cholesterol-laden 

hepatocytes and lysosomal storage disease models suggest that increased lysosomal 

cholesterol accumulation impaired autolysosome clearance in the final step of autophagy 

flux, and meanwhile may result in compensatory induction of autophagy initiation. Over 

time this vicious cycle may cause detrimental consequences in cells. Plenty of studies have 

shown that targeting lysosomal cholesterol accumulation by cyclodextrin treatments was 

feasible and effective in restoring autophagy flux and attenuating autophagy vacuole 

accumulation in cells with defective lysosomal cholesterol export (50,51). Another genetic 

condition associated with lysosomal cholesterol accumulation is cholesterol ester storage 

disease (CESD) resulting from lysosomal acid lipase (LAL) deficiency (52). LAL 

hydrolyzes CE and TG in lysosomes and thus its deficiency leads to excessive CE 

accumulation in lysosomes. LAL deficiency causes hepatic steatosis and dyslipidemia in 

human patients. Recently, NASH was associated with reduced LAL activity in humans (53), 

which implied a potential link between lysosomal dysfunction and NASH pathogenesis. 

Currently, the causative relationship between hepatic steatosis, lysosomal dysfunction, and 

LAL deficiency in NASH is still not clear. How LAL deficiency affects autophagy in 

hepatocytes remains to be determined.

2.2 AUTOPHAGY FUNCTION IN HEPATOCELLULAR CHOLESTEROL METABOLISM

Current understanding of how autophagy regulates hepatic cholesterol metabolism is still 

limited. It was shown that total cholesterol content increased in the liver of autophagy 

defective Atg7−/− mice (9). A simple explanation would be decreased lipophagy-mediated 

acidic CE hydrolysis. However, other potential alterations in cellular cholesterol synthesis, 

catabolism, trafficking, and secretion in autophagy detective livers are still largely unknown. 

In addition, this line of inquiry may be further complicated by the profoundly altered 

hepatocellular function in mice lacking hepatic autophagy (54). Therefore, studies 

conducted in other experimental models may be needed to obtain new insights into the 

physiological role of hepatic autophagy in regulating cholesterol metabolism. Both neutral 

lipase-mediated hydrolysis of CE in lipid droplets and acidic hydrolysis of CE in the 

lysosomes are quantitatively significant in mediating intracellular CE hydrolysis. 

Hepatocytes are highly active in receptor-mediated uptake of circulating lipoproteins and a 

large portion of the late endosomal/lysosomal CE is originated from circulating lipoproteins. 

Therefore, to what extent hepatic autophagy contributes to the overall CE pool in the acidic 

compartments remains to be determined. It may depend on the metabolic status of the 

hepatocytes. In addition, whether autophagy-mediated CE mobilization affects downstream 

sterol secretion is not known. In comparison, previous studies have shown that the hepatic 

neutral CE hydrolyzing enzymes enhance bile acid synthesis and biliary sterol secretion 

(55). Inhibition of neutral CE hydrolases was also associated with increased hepatic 

apolipoprotein B100 (ApoB100) lipoprotein secretion and hypercholesterolemia, suggesting 

that the liver adapts to decreased intracellular TG and CE hydrolysis by secreting excessive 

lipids into the circulation (56,57). Hepatic VLDL secretion rate is controlled by both hepatic 

fat content and ApoB100 availability (58). In the process of VLDL assembly, an ApoB100 

molecule is first lipidated in the ER lumen by the microsomal triglyceride transfer protein 

(MTTP), and bulk TG was later added. The co-translational and post-translational ApoB100 
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degradation is a significant regulatory mechanism controlling hepatic ApoB100 secretion. 

Hepatocytes can degrade ApoB100 via the ubiquitin-proteasome system and lysosomes. 

Current evidence suggests that both the basal ApoB100 turnover and n-3 polyunsaturated 

fatty acids (n-3 PUFA) and ER stress inducer-stimulated ApoB100 degradation involve 

autophagy-mediated lysosomal targeting of ApoB100 (59–61). Insulin signaling also 

promotes ApoB100 degradation, and impaired insulin signaling is thought to be a cause of 

hepatic VLDL overproduction in type-2 diabetes and fatty liver disease (62,63). Recently, 

the Golgi-to-late endosomal/lysosomal trafficking receptor Sortilin 1 has been shown to 

mediate ApoB100 secretion and lysosomal ApoB100 transport (64). Hepatic Sortilin 1 was 

positively regulated by insulin (65). As a result, hepatic Sortilin 1 protein was markedly 

reduced in fatty livers in diet-induced obese mice, which was restored by dietary n-3 PUFA 

supplementation (66,67). Interestingly, it has been shown recently that Sortilin 1-mediated 

ApoB100 lysosomal targeting also converges on the autophagy pathway (68). Autophagy 

induction by n-3 PUFA and ER stress inducers has been reported (69,70), which is 

consistent with the effects of these compounds in promoting ApoB100 degradation. On the 

other hand, insulin-activated growth factor signaling inhibits autophagy (8), suggesting that 

insulin-stimulated ApoB100 degradation may not be a direct result of un-regulated 

autophagic flux in hepatocytes. Given that autophagy mediates both intracellular lipid 

mobilization and ApoB100 degradation, defective hepatic autophagy is expected to play a 

causative role in promoting hepatic ApoB100 secretion and hypercholesterolemia in fatty 

liver diseases. However, this hypothesis remains to be further substantiated experimentally.

2.3 BILE ACID REGULATION OF HEPATIC AUTOPHAGY

Recent studies indicate that bile acids may regulate hepatic autophagy by two different 

mechanisms. Firstly, bile acids may activate cellular signaling pathways to regulate 

autophagy activity (71–73); secondly, changes in bile acid synthesis may modulate hepatic 

autophagy by altering intracellular cholesterol metabolism (34). A meal intake stimulates 

gallbladder release of bile acids into the small intestine and subsequently increases trans-

flux of bile acids across the enterocytes. As a result, both bile acid and FGF15/19 increases 

in the portal circulation (74,75). Studies have shown that bile acids and FGF15/19 can act as 

nutrient-sensing hormones to regulate postprandial hepatic transition from catabolic to 

anabolic state, such as promoting protein synthesis and inhibiting gluconeogenesis (76–78). 

Autophagy is considered a catabolic process. In this regard, several recent studies have 

shown that bile acids inhibit hepatic autophagic activity. Whole genome chromatin binding 

assays identified FXR binding to many autophagy genes, and pharmacological activation of 

FXR resulted in transcriptional repression of autophagy genes and decreased hepatic 

autophagy (71,72). These studies suggest that in concert with postprandial activation of 

nutrient and growth factor signal transduction pathways, bile acids transcriptionally inhibit 

hepatic autophagy gene expression via an FXR-mediated mechanism. It was shown that 

hepatic LC3 protein increased in mice lacking FXR (73). However, it appeared that this was 

not a result of autophagy induction but impaired autophagosome-lysosome fusion due to 

increased circulating bile acid concentration, because treating cultured hepatocytes with high 

concentrations of bile acids also reduced autophagosome-lysosome fusion. Hepatic 

autophasosome clearance may also be impaired in bile duct ligation mouse models of 

obstructive cholestasis (79). In contrast, it has been reported that ursodeoxycholic acid, a 

Wang et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2019 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



hydrophilic bile acid used to treat cholestasis, may promote autophagy in the liver (80). How 

high concentration of hydrophobic bile acids disrupt autophagic flux is not clear. Bile acids 

at high concentrations may alter membrane structure to inhibit autophagic flux, but this 

possible mechanism has not been demonstrated.

Recently, studies showed that pharmacological inhibition of intestine bile acid re-uptake 

such as by bile acid sequestrants or ASBT inhibitors may represent a potential therapeutic 

approach to treat fatty liver disease and type-2 diabetes (81,82). Blocking intestine bile acid 

reabsorption by bile acid sequestrants induces hepatic CYP7A1 expression and bile acid 

synthesis, and has been used for treating hypercholesterolemia in humans (83). Emerging 

new evidence showed that this therapeutic strategy led to additional beneficial effects 

notably improved insulin sensitivity and glycaemia and reduced hepatic steatosis and 

inflammation in experimental animal models and/or human diabetic patients (81,82,84). In a 

recent study, we reported that treating mice with cholestyramine induced hepatic autophagy 

(34). Although this effect may be partially explained by reduced hepatic bile acids and FXR 

activity, we unexpectedly found that hepatic mTOR and AKT signaling was markedly 

reduced in cholestyramine-treated mice. CYP7A1 induction has a major impact on ER 

cholesterol catabolism as evidenced by markedly increased SREBP-2 transcriptional 

network in Cyp7a1 transgenic mice (85). Cholesterol in the membrane rafts is known to be 

essential in PI3K/AKT activation (35). Since a significant amount of plasma membrane 

cholesterol traffics to the ER (37), increased ER cholesterol catabolism may possibly cause 

dynamic changes in plasma membrane cholesterol and lipid composition. As mentioned 

earlier, experimental approaches that reduced cellular cholesterol have been shown to 

decrease mTOR activation in mammalian cells (31,32,86). These results support that 

blocking intestine bile acid re-uptake probably induced hepatic autophagy via the combined 

effects of reduced bile acid signaling and altered cellular cholesterol content. Future studies 

employing ASBT inhibitor treatment or genetic Asbt or Ost genetic knockout models could 

further investigate this molecular link.

3. AUTOPHAGY AND MACROPHAGY CHOLESTEROL METABOLISM IN 

ATHEROSCLEROSIS

Atherosclerosis is a major underlying cause of cardiovascular diseases worldwide (87). 

Hyperlipidemia, in the presence of oxidative stress and endothelial dysfunction, is one of the 

major risk factors for atherosclerosis. In the early stage of atherosclerotic lesion formation, 

deposition of LDL and the subsequent formation of oxidized LDL (oxLDL) in the sub-

endothelial space promote circulating monocyte recruitment and maturation into 

macrophages. Once in the intima, macrophages take up oxLDL primarily via the Scavenger 

Receptors (87). Although it is seemingly protective against lipid deposition in the arterial 

wall, uncontrolled uptake of modified lipoproteins and poorly processed oxLDL in the 

lysosomes disrupts intracellular lipid homeostasis in macrophages, which eventually leads to 

the formation of foam cells with accumulation of CE abundant lipid droplets. Activated 

macrophages contribute to the progression of atherosclerotic lesion by secreting chemotactic 

and pro-inflammatory mediators. In addition, lipid-laden macrophages undergo apoptosis 
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and release intracellular contents, which further propagates lipid deposition, inflammation, 

plaque instability and thrombosis (87).

Unlike hepatocytes, macrophages do not possess a catabolic machinery to eliminate 

cholesterol, and FC efflux to extracellular acceptors apolipoprotein A-I (ApoA-I) or high 

density lipoprotein (HDL) is the major mechanism by which macrophages ameliorate 

intracellular cholesterol accumulation (88). For this reason, stimulating macrophage reverse 

cholesterol transport (RCT), a process of transporting cholesterol from peripheral 

macrophages by circulating HDL to the liver for fecal excretion, has been considered a 

therapeutic strategy to prevent foam cell formation in atherosclerotic plaques (88). 

Cholesterol efflux in macrophages is primarily mediated by the cell surface transporters ATP 

binding cassette transporter A1 (ABCA1) and ATP-binding cassette transport G1 (ABCG1) 

(89,90). These cholesterol transporters are transcriptionally induced by the oxysterol-

activated nuclear receptor liver X receptor (LXR) (91,92), which provides a feedforward 

mechanism for macrophages to eliminate excessive intracellular cholesterol. Intracellular CE 

hydrolysis is an important upstream process regulating cellular cholesterol efflux. In 

macrophages, hydrolysis of lipid droplet-associated CE by neutral lipases is a significant 

mechanism in regulating intracellular lipid accumulation and foam cell formation. Neutral 

lipases have been implicated in mediating the neutral CE hydrolysis by in vitro and in vivo 
studies (93). However, recent studies showed that blocking neutral hydrolases decreased CE 

hydrolysis by ~60%, while simultaneous blockage of the acidic hydrolysis by the 

lysosomotropic agent chloroquine together with neutral hydrolysis inhibition caused a close 

to complete inhibition of CE hydrolysis in cholesterol-laden bone marrow derived 

macrophages, suggesting that lysosomes account for a significant portion of the CE 

hydrolysis in macrophages (16). In addition, inhibition of lysosomal function by chloroquine 

also significantly reduced cholesterol efflux to ApoA-I in lipid-laden macrophages, 

suggesting that acidic CE hydrolysis is linked to subsequent cholesterol efflux (16). 

Cholesterol efflux was significantly reduced in lipid-laden autophagy defective Atg5−/− 

macrophages, and macrophage-to-feces RCT was also decreased in Atg5−/− macrophages in 

mice (16). These findings suggest that defective autophagy reduces cholesterol efflux via 

reduced acidic CE hydrolysis. The role of autophagy in macrophage cholesterol metabolism 

and transport is illustrated in Figure 3. Inhibition of ACAT1 in macrophages is expected to 

reduce CE formation and intracellular accumulation and promote FC efflux from 

macrophages. In one study, deletion of ACAT1 in myeloid cells attenuated lesion formation 

in Apoe knockout mice, suggesting that macrophage ACAT1 inhibition may be anti-

atherogenic (94). However, transfer of macrophages from ACAT1 null mice to Ldlr 
knockout mice promoted atherosclerotic lesion formation, suggesting that deletion of 

ACAT1 in macrophages may be pro-atherogenic (95). There are apparent differences in the 

model systems used in the two studies, which is beyond the scope of this review and will not 

be further discussed. What should be noted here is that the effects of macrophage ACAT1 

deletion (either complete or partial deletion) on lesion formation may not be simply 

explained by the altered intracellular cholesterol metabolism, while other functional changes 

in macrophages should be considered. Knockout of ACAT1 in microglia has been shown to 

increase cellular autophagic activity without causing cellular CE and FC elevation (96). The 
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significance of this molecular link in macrophages may be further investigated in the setting 

of experimental atherosclerosis.

Modified atherogenic lipoproteins are not ideal substrates for lysosomal acid lipase and are 

poorly processed once engulfed by macrophages. Uptake of these particles is associated with 

lysosomal impairment and lysosomal membrane permeability. Phagocytosed cholesterol 

crystal in the atherosclerotic lesion can also result in phagolysosomal damage in 

macrophages (97). Permeable or ruptured lysosomes can release cholesterol crystals and 

oxLDL to activate NLRP3 inflammasomes, which leads to increased cytokine secretion. In 

autophagy defective Atg5−/− macrophages, cholesterol crystal appeared to be increased in 

the atherosclerotic plaque, which was associated with the activation of inflammasomes and 

pro-inflammatory phenotype in macrophages (14). Extracellular oxLDL or cholesterol 

crystal uptake and delivery to the lysosomal compartment presumably do not require 

autophagy process, and how defective autophagy eventually exacerbates intracellular 

cholesterol crystal deposition is likely complex and remains to be determined. It should also 

be kept in mind that lack of functional autophagy can cause significant mitochondrial 

dysfunction, oxidative stress, and hypersensitivity to apoptosis (54). In the setting of lipid 

overloading and a pro-inflammatory environment, complete inactivation of autophagy may 

sensitize the macrophage to extracellular insults and apoptosis via mechanisms in addition to 

reduced autophagy-mediated cholesterol hydrolysis and efflux.

In vitro studies have shown that exposing macrophages to oxLDL or oxysterol 7-

ketocholesterol induces LC3 puncta accumulation in macrophages (16), suggesting that 

induction of autophagy flux may be an adaptive response to intracellular lipid accumulation. 

However, macrophages in atherosclerotic plaques appeared to have dysfunctional lysosomes 

and impaired autophagy (14,98). Currently, the mechanisms by which lipid loading affects 

autophagy in macrophages remain elusive. Recent studies suggest that the transcriptional 

factor EB (TFEB) may be implicated in linking intracellular lipid accumulation to 

autophagy activation in macrophages. TFEB belongs to the basic helix-loop-helix leucine 

zipper family of transcriptional factors that recognize E-box sequences in the target genes 

(99). TFEB was recently identified as a nutrient and stress-sensing master regulator of 

lysosomal biogenesis and autophagy in various cell types and organ systems (100,101), 

which has led to a paradigm shift in our understanding of how lysosomal pathways can be 

dynamically regulated in response to various nutrient and stress signals to maintain cellular 

homeostasis. Under fed or over-nutrition conditions, nutrient signaling phosphorylates TFEB 

to cause its cytoplasmic retention. Under starvation or lysosomal stress, TFEB is de-

phosphorylated and enters the nucleus to induce a network of genes involved in lysosomal 

biogenesis and autophagy. In cultured macrophages, both oxLDL and cholesterol crystal 

have been shown to cause lysosomal stress and TFEB nuclear translocation, resulting in 

TFEB-dependent transcriptional activation of lysosomal and autophagy genes (98). Direct 

overexpression of TFEB in cultured macrophages enhanced cholesterol efflux and decreased 

inflammasome activation (98). Consistently, TFEB activation has also been shown to reduce 

atherosclerosis in experimental models in vivo (102,103). Therefore, it is possible that lipid-

laden macrophages are under a state of compensatory autophagy activation and lysosomal 

biogenesis secondary to lysosomal dysfunction. A typical autophagic flux assay using LC3 

as a marker could suggest overall increased autophagic flux, while significantly impaired 
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autophagosome/lysosome fusion and autolysosome clearance may also exist in lipid-laden 

macrophages.

4. CONCLUDING REMARKS AND FUTURE PERSPECTIVES

Recent studies have reported important links between cholesterol and bile acid metabolism 

and cellular autophagy activity. Disrupted intracellular cholesterol homeostasis in 

hepatocytes and macrophages contributes to autophagy defect, which is implicated in fatty 

liver disease and atherosclerosis. Currently, the underlying mechanisms linking these 

cellular pathways are only partially understood. Hepatic cholesterol metabolism, transport, 

and organelle trafficking are highly dynamic and interconnected, and their relationship with 

autophagy remains to be further elucidated under different physiological and 

pathophysiological conditions. Bile acids can activate various intracellular signal 

transduction pathways including ERK1/2, AKT, and mTOR via inducing FGF15/19 and/or 

activating the sphingosine-1-phosphate receptor 2 (S1PR2) (26,104,105). Although these 

signaling pathways are known to regulate autophagy in hepatocytes, whether they mediate 

bile acid control of hepatic autophagy is not clear. Lastly, bile acid-based therapies have 

great promise in treating metabolic and inflammatory liver diseases (18), and future studies 

may determine if targeting the enterohepatic bile acid signaling to induce hepatic autophagy 

has therapeutic implications in other forms of genetic and acquired liver diseases.

Acknowledgments

This work was supported in part by the National Institutes of Health grants 1R01DK102487-01 (TL), U01 
AA024733, R01 AA020518 and R01 DK102142 (WXD), and P20GM103549 & P30GM118247.
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NAFLD Nonalcoholic fatty liver disease

NASH nonalcoholic steatohepatitis

FC free cholesterol

VLDL very low density lipoprotein

LDL low density lipoprotein

mTOR mechanistic target of rapamycin signaling

AMPK AMP-activated protein kinase

TG triglycerides

CE cholesterol ester

SREBP-2 sterol regulatory element-binding protein-2

ER endoplasmic reticulum

SCAP sterol-sensing SREBP cleavage-activating protein
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Insig insulin-induced genes

HMGCR 3-hydroxy-3-methylglutaryl coenzyme A reductase

LDLR low density lipoprotein receptor

CYP7A1 cholesterol 7α-hydroxylase

BSEP bile salt export pump

ABCG5 ATP binding cassette transporter G5

ASBT apical sodium-dependent bile acid transporter

FXR farnesoid x receptor

SHP small heterodimer partner

FGF15 fibroblast growth factor 15

FGF19 Fibroblast growth factor 19

FGFR4 FGF receptor 4

NPC1L1 Niemann-Pick-type C1-like1

ACAT acyl-coA cholesterol acyltransferase

NPC Niemann-Pick disease, type C,

ASMase Acid sphingomyelinase

LC3 microtubule-associated protein 1 light chain 3

CESD cholesterol ester storage disease

ApoB100 apolipoprotein B100

LAL lysosomal acid lipase

n-3 PUFA n-3 polyunsaturated fatty acids

oxLDL oxidized LDL

ApoA-I apolipoprotein A-I

HDL high density lipoprotein

RCT reverse cholesterol transport

ABCA1 ATP binding cassette transporter A1

ABCG1 ATP-binding cassette transport G1

LXR liver X receptor

TFEB transcriptional factor EB
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S1PR2 sphingosine-1-phosphate receptor 2
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Highlight

• Disrupted cholesterol homeostasis is critically implicated in the pathogenesis 

of fatty liver disease and atherosclerosis

• Autophagy regulates organelle homeostasis and cellular integrity

• New studies show that cholesterol and bile acids modulate hepatic autophagy

• Autophagy regulates macrophage cholesterol homeostasis in atherosclerosis
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Figure 1. Bile acid synthesis and enterohepatic circulation
Hepatocytes acquire cholesterol via de novo synthesis and receptor-mediated endocytosis of 

cholesterol-rich lipoproteins. Hepatocytes eliminate cholesterol via bile acid synthesis and 

biliary secretion of cholesterol via ABCG5/ABCG8. Bile acids are synthesized from 

cholesterol in hepatocytes. CYP7A1 catalyzes the first and rate-limiting step in cholesterol 

conversion into bile acids. Bile acids are secreted into the bile via BSEP and subsequently 

released into the small intestine. The majority of bile acids is re-absorbed into the 

enterocytes via ASBT and transported back to the liver via portal circulation. Basolateral 

NTCP transports conjugated bile acids into the hepatocytes. Bile acids in the hepatocytes 

activate FXR to inhibit CYP7A1. Bile acids in the small intestine activate FXR to induce 

FGF15, which binds and activates FGFR4 to inhibit CYP7A1 partially via ERK signaling.
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Figure 2. Role of autophagy in cholesterol metabolism in hepatocytes
Lysosome-derived free cholesterol (FC) can be transported to the plasma membrane, 

effluxed via ABCA1 and ABCG1 to HDL, or converted to cholesterol ester (CE) or enter the 

bile acid synthesis pathway in the ER. CE can be incorporated into VLDL for secretion into 

the blood, or stored in the lipid droplets (LD). Neutral cholesterol ester hydrolases (CEH) 

hydrolyze CE in the lipid droplets and the resulting FC can re-enter the cellular FC pool. In 

addition, autophagy delivers CE from the lipid droplets to the lysosomes where lysosomal 

acid lipase (LAL) converts CE to FC. Excessive cholesterol accumulation disrupts 

intrahepatic cholesterol homeostasis, resulting in elevated FC content in the “cholesterol 

poor” intracellular organelles such as the mitochondria and the ER. In addition, FC 

accumulation in the lysosomes impairs lysosomal function, resulting in delayed 

autophagosome clearance. Increased bile acids also inhibit autophagy gene expression. 

Blocking intestine bile acid re-uptake such as by bile acid sequestrants can decrease hepatic 

bile acid signaling. As a result, induction of CYP7A1 causes increased ER cholesterol 

catabolism, relative ER cholesterol depletion and SREBP-2 activation, leading to induction 
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of LDLR and HMGCR expression to replenish cellular cholesterol. Removal of bile acids 

and stimulation of cholesterol catabolism induce autophagic flux, which promotes acidic CE 

hydrolysis to help replenish cellular FC pool.
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Figure 3. Regulation of macrophage cholesterol metabolism
Macrophages acquire cholesterol via LDLR-mediated uptake of LDL and scavenger receptor 

(CD36)-mediated uptake of oxLDL. Endocytosed cholesterol-rich particles are delivered to 

the lysosomes where lysosomal acid lipase (LAL) converts CE to FC. FC can be delivered to 

the plasma membrane or to the ER where FC is converted to CE by ACAT. Excessive CE is 

stored in the lipid droplets (LD). Neutral cholesterol ester hydrolases (CEH) can convert 

lipid droplet CE back to FC for either efflux via the ABCA1 and ABCG1 to HDL or for re-

esterification by ACAT in the ER. Autophagy delivers lipids from lipid droplets to the 

lysosomes and thus contributes to acidic CE hydrolysis. FC generated in the lysosomes can 

also be effluxed to HDL via ABCA1 and ABCG1. Lipid overloading can induce lysosomal 

stress and dysfunction. This may impair autophagy by causing autophagosome/lysosome 

fusion defects or delayed autophagosome cargo clearance. Lysosomal permeabilization and 

content release can also activate inflammasomes and cytokine secretion. As cellular 

compensatory mechanisms, intracellular cholesterol accumulation and subsequently elevated 

oxysterols activate LXR to transcriptionally induce ABCA1 and ABCG1. Furthermore, 

lysosomal stress can cause TFEB to translocate to the nucleus where TFEB induces genes to 

promote lysosomal biogenesis and autophagy.
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