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Abstract

Cytosolic lipid droplets (LDs) are present in most cell types, and consist of a core comprising 

neutral lipids, mainly triglycerides and sterol esters, surrounded by a monolayer of phospholipids. 

LDs are heterogeneous in their structure, chemical composition, and tissue distribution. LDs are 

coated by several proteins, including perilipins and other structural proteins, lipogenic enzymes, 

lipases and membrane-trafficking proteins. Five proteins of the perilipin (PLIN) family (PLIN1 

(perilipin), PLIN2 (adipose differentiation-related protein), PLIN3 (tail-interacting protein of 47 

kDa), PLIN4 (S3-12), and PLIN5 (myocardial lipid droplet protein)), are associated with LD 

formation. More recently, the CIDE family of proteins, hypoxia-inducible protein 2 (HIG2), and 

patanin-like phospholipase domain-containing 3 (PNPLA3) have also gained attention in hepatic 

LD biology. Evidence suggests that LD proteins are involved in the pathophysiology of fatty liver 

diseases characterized by excessive lipid accumulation in hepatocytes. This review article will 

focus on how hepatic LDs and their associated proteins are involved in the pathogenesis of three 

chronic liver conditions: hepatitis C virus infection, non-alcoholic fatty liver disease, and alcoholic 

liver disease.
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Introduction

Hepatocytes are parenchymal cells of the liver responsible for mobilizing lipids for energy 

and storing excess lipids in the form of lipid droplets (LDs), thus making the liver the 

primary organ responsible for lipid homeostasis. Hepatocellular accumulation of excess LDs 

is called hepatic steatosis. LDs are thought to develop as either a bud, bicelle or vesicle from 
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the lipid bilayer of the endoplasmic reticulum1-3, an organelle with which LDs share key 

enzymes involved in lipid synthesis and lipolysis. After a putative maturation process, the 

final LD structure is comprised of a core of neutral lipids (primarily triacylglycerols (TGs) 

and cholesterol esters) and a membrane monolayer of phospholipids and sphingomyelin. 

LDs ultimately distinguish themselves as bioactive organelles in their own right by 

associating with LD-specific proteins whose primary roles are in maintaining LD 

homeostasis1 (Figure 1).

The predominant hepatocellular LD proteins are members of the perilipin family of proteins. 

There are five known perilipins (Perilipins 1-5 (PLIN1-5)) expressed in hepatocytes. Each 

perilipin is thought to have a distinct role, but few have been studied specifically in 

hepatocytes. More recently, the non-perilipin LD associated proteins hypoxia-inducible 

protein 2 (HIG2), the cell death-inducing DFFA-like effector (CIDE) family of proteins, and 

patanin-like phospholipase domain-containing 3 (PNPLA3/adiponutrin) have been 

discovered to have roles in hepatocellular lipid biology as well. HIG2 is a target of hypoxia-

inducible factor 1 (HIF1), co-localizes with PLIN2 and PLIN3, and may be a marker of 

hepatic hypoxia4. The CIDE family of proteins includes CIDEA, CIDEB, and CIDEC/fat-

specific protein 27 (Fsp 27)5. As their name implies, CIDE proteins promote cell death when 

upregulated, however, they associate with the LD membrane and, as a result, have roles in 

cellular lipid homeostasis. Finally, PNPLA3 is a protein with LD, ER and cytoplasmic 

distribution6. PNPLA3 has TG hydrolase and transacylase activity7 but its requirement for 

LD homeostasis remains controversial. A sequence variant of the PNPLA3 gene (rs738409 

C>G; “G allele”) encodes an isoleucine-to-methionine substitution at position 148 and this 

particular single-nucleotide polymorphism (SNP) has gained significant attention since 

initially being associated with risk of hepatic steatosis in patients with non-alcoholic fatty 

liver disease (NAFLD)8.

The specific mechanisms that determine the fate of an individual LD remain elusive. We and 

others9 speculate that there are pools of LDs with distinct lipid and protein composition that 

are either targeted for lipolysis, secretion in the form of very low density lipoprotein 

(VLDL), or long-term lipid storage making these organelles highly regulated and integrated 

within the hepatocellular machinery. Hepatic steatosis, therefore, ultimately results from 

dysregulation of this homeostatic process. This review will summarize the evidence to date 

of the mechanisms of LD accumulation with specific attention to the roles of LD proteins in 

hepatocellular biology in three common conditions: hepatitis C, NAFLD, and alcoholic liver 

disease (ALD).

Hepatitis C

Chronic liver disease due to hepatitis C virus (HCV) infection affects approximately 185 

million people worldwide. Infection with HCV causes chronic hepatic inflammation, 

fibrosis, cirrhosis, and in some cases hepatocellular carcinoma10. HCV is a single-stranded 

positive-sense RNA virus whose structure and life cycle have largely been unraveled. The 

polyprotein product of the RNA virus is comprised of structural and non-structural 

components. The structural components include the HCV core protein and two envelope 

glycoproteins (E1 and E2). The non-structural (NS) components are NS2, NS3, NS4A, 
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NS4B, NS5A and NS5B, most of which are involved in RNA replication through intrinsic 

protease or polymerase activity. Both the life cycle and infectivity of HCV are dependent on 

host lipid metabolism. In fact, HCV circulates as a component of host VLDL, engages the 

host's low density lipoprotein (LDL) receptor for hepatocellular uptake, and alters cellular 

lipid homeostasis to promote its own replication and release from cells11. Insodoing, HCV 

has direct effects on the host's serum lipid profile and hepatocellular lipid content. The 

following sections summarize current understanding of the mechanisms by which HCV 

promotes hepatocellular LD accumulation.

Intracellular viral assembly and LD association

HCV enters hepatocytes primarily via the LDL receptor after which the virus hones to the 

endoplasmic reticulum (ER) and forms an ER-derived complex adjacent to LDs. The 

complex is comprised of HCV viral proteins enveloped by a membranous lipid bilayer, 

referred to as the membranous web. The HCV polyprotein is anchored to the ER by core 

protein and from there its components gain access to LDs11 (Figure 2). These interactions 

with cellular LDs serve to regulate LD pool size through effects on lipid storage, oxidation, 

and secretion.

The effects of HCV on lipid storage are predominantly through the direct interactions of 

HCV proteins with the LD membrane. The interaction of core protein with the ER 

membrane-associated enzyme diacylglycerol acyltransferase 1 (DGAT 1) is required for the 

binding of HCV core protein to LDs. DGAT 1 is a rate-limiting enzyme in TG synthesis 

from diacylglycerol and promotes core LD-binding likely through its regulation of HCV 

assembly. Core protein remains associated with the ER membrane in DGAT1 inhibited cells 

but localizes to LD upon DGAT1 overexpression12. Non-structural HCV proteins also play 

a role in LD binding. NS3 is present in the LD fractions of control-treated cells but not in 

cells treated with a DGAT1 inhibitor12. The hydrophobic amino acid residues of NS4B's 

alpha-helices help HCV target LDs, and mutations of these residues prevent virus 

replication13. In cells with replicating virions, NS5A is found on LDs and in association 

with HCV replication complexes14. These data demonstrate that LDs are central to HCV's 

designs on the human host.

HCV and LD proteins

NS5A binds LDs through several protein-protein interactions. Namely, NS5A forms a 

complex with HCV core protein and DGAT-114; associates with the Rab GTPase, Rab18, 

which facilitates recruitment of NS5A to LDs15; and binds PLIN3 (or tail-interacting protein 

of 47kD (TIP47)) via its amphipathic helix on the surface of LDs16. PLIN3 is an LD protein 

whose association with LDs increases in HCV-replicon cells. The interaction between NS5A 

and PLIN3 is required for HCV replication, as there is reduced PLIN3 binding to NS5A and 

a near absence of colony formation in HCV replicon cells transfected with mutant NS5A16. 

Although other perilipin proteins are expressed in the livers of HCV patients17, the role of 

these proteins in promoting HCV infection is unknown.

The roles of CIDE proteins, HIG2, and PNPLA3 in HCV infection are also not well 

understood. CIDEB may be important for hepatocyte differentiation and is required for HCV 
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infection of hepatocytes in vitro likely due to promotion of endosomal fusion18. HIG2 is 

upregulated in patients with HCV19, but the specific role of this LD protein in HCV has not 

been directly examined. The PNPLA3 “G allele” is associated with hepatic steatosis and risk 

of progression in HCV in some populations20. The specific interaction between this gene 

product and the HCV viral machinery, however, is unknown.

Clinical implications of HCV hepatic steatosis

About 70% of HCV patients develop hepatic steatosis; and the presence of steatosis 

correlates with both HCV genotype and disease progression21. Patients with HCV genotype 

3 have the highest prevalence of hepatic steatosis21 likely due to the direct effects of the 

HCV virus on host cellular lipid machinery discussed above. Patients with genotype 1 also 

have a high prevalence of hepatic steatosis, but in these patients, the development of hepatic 

steatosis correlates with BMI and insulin resistance21, leading many to suggest that it is the 

development of the metabolic syndrome rather than the virus itself that promotes 

hepatocellular lipid accumulation. In fact, Adinolfi et al. demonstrated that steatosis is 

associated with visceral obesity in 76% of patients with genotype 1 or 2 infection (or 

mixed); while 70% of genotype 3a patients are normal weight21. These differences may 

simply reflect an association between host genetic background and geographic distribution 

of viral genotypes; or may result from yet undefined viral factors that impact lipid biology.

Non-alcoholic fatty liver disease (NAFLD)

NAFLD is the hepatic manifestation of the “metabolic syndrome”. NAFLD is diagnosed by 

the presence of excess hepatocellular LD accumulation in the absence of other causes of 

chronic liver disease. NAFLD affects up to one-third of the population22, making this a 

significant public health issue worldwide. Despite its prevalence, there is no consensus on 

the primary drivers of disease progression. NAFLD can progress from hepatic steatosis to 

steatohepatitis, cirrhosis and hepatocellular carcinoma. Hepatic steatosis in NAFLD is at 

least partially due to pertubations of lipid synthetic and oxidative pathways. More recently, 

the role of LDs and their associated proteins has become an active area of investigation in 

NAFLD.

NAFLD and mechanisms of LD accumulation

Upregulation of lipogenic pathways, impairment of mitochondrial fatty acid oxidation, and 

inhibition of TG secretion all contribute to the development of hepatic steatosis in NAFLD. 

A comprehensive discussion of these pathways is beyond the scope of the current review but 

several key factors are thought to play a role. Increased de novo lipogenesis significantly 

contributes to the development of hepatic steatosis in NAFLD patients. The transcription 

factors sterol regulatory binding protein 1 (SREBP1) and carbohydrate responsive element 

binding protein (ChREBP) are key regulators of lipogenic genes increased in both patients23 

and rodent models of NAFLD; and deficiency of these transcription factors ameliorates 

hepatic steatosis in experimental models24, 25. Defects of fatty acid mitochondrial oxidation 

are also evident in NAFLD patients and likely result from both direct and indirect effects on 

mitochondrial structure and function26. Finally, the contribution of VLDL secretion to 
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hepatic steatosis in NAFLD is unclear, as it has been shown to be both reduced27 and 

increased28 in NAFLD patients.

NAFLD and LD proteins

Impairment of the pathways listed above have a net effect of hepatocellular LD 

accumulation, and an associated increase of both perilipin and non-perilipin proteins. Of the 

perilipins, PLIN2 is most upregulated in the livers of rodents29 and humans with NAFLD17. 

PLIN2 promotes TG accumulation30, inhibits fatty acid oxidation31, and impairs glucose 

tolerance29, 32-34. PLIN2 knock-out mice are protected from hepatic steatosis when fed a 

high fat diet34, 35, a diet that induces NAFLD. When bred with obesity-prone leptin deficient 

mice, these mice have reduced steatosis despite some compensation of PLIN3 for PLIN232. 

Our group specifically examined the role of hepatic PLIN2 with anti-sense oligonucleotide 

(ASO) knockdown of hepatic PLIN2 in wildtype mice fed a high-fat diet33 and leptin-

deficient mice30. PLIN2-ASO reduced hepatic TG and reduced genes involved in fatty acid 

metabolism30, 33. Notably, reduction of steatosis was also associated with an upregulation of 

fibrosis genes, suggesting that hepatic PLIN2 may protect the liver from lipotoxicity33 

despite its impairment of glucose homeostasis30.

We next examined the role of hepatic PLIN3 in a NAFLD mouse model. PLIN3 is 

upregulated in the livers of mice fed a high-fat diet. We demonstrated that PLIN3 ASO 

reduces hepatic TG and improves insulin sensitivity36 To our knowledge, this is the only 

study of PLIN3 hepatic reduction in experimental NAFLD.

PLIN5 is increased in the livers of fatty liver dystrophic (fld) mice37 In a study by Wang, et 

al, plin5 knock-out mice were protected from hepatic steatosis due to increased lipolysis and 

fat oxidation and like PLIN2, PLIN5 is suspected to play a protective role against 

lipotoxicity. To date, there have been no studies examining the liver-specific role of PLIN5 

in vivo, but in hepatoma cells, PLIN5 binds adipose-triglyceride lipase (ATGL) and the 

ATGL activator, α-β-hydrolase domain-containing 5 (ABHD5)38 thus providing a 

mechanistic link between PLIN5 and lipolysis.

Among the non-perilipin proteins, CIDEA and CIDEC appear to have a role in fatty liver. 

CIDEA is increased in fld mice, and adenoviral overexpression of SREBP1 in wildtype 

hepatocytes results in increased CIDEA expression37. CIDEA is also upregulated in CIDEC-

deficient mice and adenoviral delivery of short hairpin RNA CIDEA reduces hepatic 

steatosis in these CIDEC-deficient mice39. Like CIDEA, hepatic CIDEC is increased in fld 

mice37 and in leptin-deficient ob/ob mice40. Overexpression of CIDEC promotes steatosis 

while CIDEC knock-down reduces steatosis in ob/ob mice lacking hepatic PPARγ40. The 

contribution of CIDE proteins to the pathogenesis of NAFLD remains an active area of 

study.

The role of HIG2 in NAFLD is an emerging area of investigation. Inactivation of hepatic 

von Hippel-Lindau protein causes hepatic steatosis, inflammation and upregulation of Hif 

genes, a phenotype ameliorated by HIG2 disruption41, 42. HIG2 may also regulate hepatic 

PLIN2 expression42 and prevent LD lipolysis43, thus providing a link between cellular 

oxygenation status and LD formation.
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The role of the Pnpla3 “G allele” has been investigated in several experimental models of 

NAFLD, but the in vivo function of its protein product remains elusive. Pnpla3 knock-out 

mouse models show no specific hepatic phenotype44, 45, while a recent Pnpla3 “G allele” 

knock-in demonstrates that this allele confers increased risk of hepatic steatosis and 

accumulation of larger hepatocellular LDs possibly through sequestration of comparative 

gene identification 58 (CGI), a co-factor required for activation of ATGL46. However, this 

potential mechanism has not been supported because CGI is not increased in the LDs of 

Pnpla3 transgenic mice.46

LD proteins in human NAFLD

In humans with NAFLD, several hepatic LD proteins are upregulated. PLIN1 is upregulated 

in steatohepatitis due to NAFLD (non-alcoholic steatohepatitis, NASH)17, 47; but PLIN1 

protein is not typically expressed in normal hepatocytes17. Moreover, the distribution of 

hepatic PLIN1 in NAFLD patients differs from that of PLIN2 and PLIN3 in that it surround 

mostly large LDs17, 47. PLIN2 is upregulated in human NAFLD17, 47-49 and appears to be a 

more reliable marker of hepatic LDs. PLIN2 is present in both hepatocytes and hepatic 

stellate cells (a fibrogenic cell type) and surrounds LDs of varying sizes47, 49. PLIN2 LD 

protein expression also correlates with oxidative damage reflected in ballooned 

hepatocytes47. A polymorphism of the PLIN2 gene was recently reported50 providing 

further insight into the role of this protein. A minor allele of this missense polymorphism 

Ser251Pro disrupts a PLIN2 alpha-helix and causes reduced plasma TG and VLDL levels50, 

thus giving indirect evidence of the effects of this polymorphism on hepatic lipid 

homeostasis.

PLIN3 upregulation has been observed in human steatotic livers17, 48. To date, there have 

been no human studies examining hepatic PLIN4 or PLIN5; and the role of the non-perilipin 

LD proteins HIG2 and CIDE family remains unclear in human NAFLD. Genome wide 

association studies have associated the PNPLA3 “G allele” variant with both serum ALT and 

hepatic fat content8 in NAFLD patients. Although the biologic role of the PNPLA3 “G 

allele” is debated, the independent association of this variant with NAFLD risk and 

progression has been established in numerous studies51. To date, however, incorporation of 

PNPLA3 genetic testing is not a part of routine care of NAFLD patients.

Alcoholic Liver Disease (ALD)

ALD is the most common cause of liver failure worldwide and accounts for 44% of all liver 

related deaths in the United States. Similar to both NAFLD and HCV, hepatic steatosis is a 

key histologic feature and develops in over 90% of heavy drinkers. Only 15% of heavy 

drinkers with hepatic steatosis develop progressive liver disease52 suggesting that there are 

additional factors that mediate liver disease in heavy drinkers. Due to the limitations of 

existing ALD rodent and cellular models, the pleiotropic effects of alcohol on hepatocellular 

LD formation are incompletely understood. Nevertheless, steatogenic effects of chronic 

alcohol have been shown to result from upregulation of lipid synthetic and storage proteins, 

downregulation of fatty acid oxidation enzymes and impairment of LD secretory 

mechanisms.
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The role of de novo lipogenesis in LD accumulation in ALD has been explored in several 

studies. Srebp1c (an isoform of Srebp) is activated in experimental alcohol steatosis; and its 

downstream fatty acid synthetic gene targets are upregulated in hepatoma cells and in mice 

chronically fed a 27.5% calorie content alcohol diet53. Although up-regulation of Srebp1c 

appears to be involved in ethanol-induced lipid accumulation, the physiologic effects of this 

up-regulation may be modest at best as the contribution of de novo lipogenesis to hepatic 

lipid accumulation in response to ethanol is estimated to be less than 5%54. These data 

suggest that changes in lipogenic gene and protein expression in response to ethanol may not 

necessarily translate into measureable physiologic endpoints and may be dependent on the 

duration and amount of alcohol consumption and the availability of other dietary 

macronutrients.

There is substantial experimental evidence of the adverse effects of alcohol on fatty acid 

oxidation and resultant LD accumulation, and there are likely several mechanisms involved. 

For example, alcohol has direct and indirect toxic effects on hepatic mitochondria and its 

components that ultimately impair the mitochondria's ability to oxidize fatty acids; and 

alcohol inhibits AMPK and PPAR α, key signaling pathways involved in fatty acid 

oxidation55.

Alcohol impairs VLDL secretion. VLDL levels may be reduced by host immune response to 

acetaldehyde VLDL adducts, as alcoholic patients have higher serum IgG titers than non-

alcoholics against VLDL; and ApoB-containing lipoproteins from these alcoholic patients 

are more prone to acetaldehyde adduct formation than non-alcoholic patients56. To our 

knowledge, however, this study has not been replicated in patients with and without ALD.

ALD and LD proteins

PLIN2 is the most prominent LD protein seen in alcoholic fatty liver 57, 58, and it is 

overexpressed in humans with alcoholic steatohepatitis17. In experimental alcoholic 

steatosis, PLIN2 associated LDs temporally increase and have a zone two predominance59. 

We observed this temporal correlation between hepatic PLIN2 upregulation and the 

development of steatosis; and additionally observed a correlation between PLIN2 

upregulation and the onset of glucose intolerance in alcohol-fed mice60. We were also the 

first to demonstrate that PLIN2 is required for the development of steatosis in mice 

chronically fed alcohol57. However, the exact mechanism by which alcohol regulates PLIN2 

requires further investigation. To our knowledge, the role of other perilipin LD proteins has 

not been directly examined in either human or experimental ALD. Moreover, although the 

PNPLA3 I148M polymorphism is associated with ALD risk and progression61, 62; the 

cellular role of this protein in experimental ALD has not been established.

Conclusion

Hepatocellular LDs and their associated proteins are key mediators of cellular lipid 

homeostasis and their biology is an emerging area of investigation in chronic liver diseases. 

Both perilipin and non-perilipin LD proteins can be modulated to promote lipid storage and 

utilization. The remarkable ability of these proteins to be regulated by both host and foreign 

proteins suggests that these proteins can be targeted for therapeutic purposes. However, 
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more research is needed to examine the optimal balance between hepatic steatosis 

prevention and permissive steatosis, as the latter may be required to prevent cellular 

exposure to toxic lipid metabolites. In addition, the mechanisms underlying differential 

regulation of perilipin LD proteins in the context of hepatic steatotic diseases is not well 

understood. Exploration of these and other areas will greatly advance our understanding of 

hepatic steatosis, the earliest pathologic stage of the most common liver diseases worldwide.
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Highlights

• We review the major types of hepatic lipid droplet proteins, including perilipin 

and non-perilipin family members

• We review theoretical models of hepatic lipid droplet formation

• We discuss the evidence to date for a biologic role of lipid droplet proteins in 

three common hepatic steatotic diseases: Hepatitis C, non-alcoholic fatty liver 

disease, and alcoholic liver disease
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Figure 1. Biogenesis of lipid droplets (LDs)
Neutral lipids are synthesized in the ER and stored in the LDs. The canonical model of LD 

formation shown in the figure posits that neutral lipids form a lens within the ER bilayer 

which then buds from the membrane and incorporates phospholipids from the cytosolic 

leaflet. Alternatively, the “bicelle model” of LD formation proposes that neutral lipids 

accumulate between the ER membrane leaflets instead of budding. The nascent LDs are 

excised from the ER membrane, and incorporate phospholipids from both cytosolic and 

luminal leaflets of the ER2. The latter model may explain how large unfolded proteins and 

viruses escape from the ER lumen into the cytoplasm. A “vesicular-budding model” 

proposes that small bilayer vesicles are tethered to the ER membrane and provide a platform 

for LD formation. Neutral lipids are synthesized and pumped from the ER into the vesicle 

bilayer, fill the intermembrane space, and the vesicular lumen eventually becomes a small 

inclusion inside the LDs3.
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Figure 2. Interaction of HCV and LDs
The replication of HCV RNA and viral particle production requires lipid droplets (LDs). 

Newly synthesized or uncoated viral genomic RNA is translated to a viral polyprotein 

followed by a cleaving polyprotein. Mature non-structural proteins form a complex with 

host factors. The positive strand of genomic RNA is enclosed with the core proteins, 

associated with non-structural proteins. The viral core protein is translocated to the LDs. It 

has been proposed that envelope proteins, e.g. NS2 and p7, determine the recruitment of 

viral protein from the LDs to the ER membrane. VLDL binds to viral particles before or 

after budding. The viral core protein increases the synthesis and storage of triglycerides and 

cholesterol esters in the LDs through interactions with host factors.
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