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Hepatic lipid droplets: A balancing act between
energy storage and metabolic dysfunction in
NAFLD
Douglas G. Mashek
ABSTRACT

Background: Non-alcoholic fatty liver disease (NAFLD) is defined by the abundance of lipid droplets (LDs) in hepatocytes. While historically
considered simply depots for energy storage, LDs are increasingly recognized to impact a wide range of biological processes that influence
cellular metabolism, signaling, and function. While progress has been made toward understanding the factors leading to LD accumulation (i.e.
steatosis) and its progression to advanced stages of NAFLD and/or systemic metabolic dysfunction, much remains to be resolved.
Scope of review: This review covers many facets of LD biology. We provide a brief overview of the major pathways of lipid accretion and
degradation that contribute to steatosis and how they are altered in NAFLD. The major focus is on the relationship between LDs and cell function
and the detailed mechanisms that couple or uncouple steatosis from the severity and progression of NAFLD and systemic comorbidities. The
importance of specific lipids and proteins within or on LDs as key components that determine whether LD accumulation is linked to cellular and
metabolic dysfunction is presented. We discuss emerging areas of LD biology and future research directions that are needed to advance our
understanding of the role of LDs in NAFLD etiology.
Major conclusions: Impairments in LD breakdown appear to contribute to disease progression, but inefficient incorporation of fatty acids (FAs)
into LD-containing triacylglycerol (TAG) and the consequential changes in FA partitioning also affect NAFLD etiology. Increased LD abundance in
hepatocytes does not necessarily equate to cellular dysfunction. While LD accumulation is the prerequisite step for most NAFLD cases, the protein
and lipid composition of LDs are critical factors in determining the progression from simple steatosis. Further defining the detailed molecular
mechanisms linking LDs to metabolic dysfunction is important for designing effective therapeutic approaches targeting NAFLD and its
comorbidities.
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1. INTRODUCTION

Hepatic steatosis refers to the accumulation of neutral lipids, typically
TAG, in LDs and is commonly known as NAFLD when alcohol or viral
infections are not contributing factors. NAFLD can comprise simple
steatosis or more advanced non-alcoholic steatohepatitis (NASH),
which is characterized by inflammation and hepatocyte injury that is
often accompanied by fibrosis. While NAFLD can occur as a conse-
quence of diseases such as obesity and type 2 diabetes, NAFLD in-
creases the risk of type 2 diabetes, dyslipidemia, hypertension,
cardiovascular disease, chronic kidney disease, liver cirrhosis, hepa-
tocellular carcinoma, and mortality [1e5]. It has recently been pro-
posed to change the nomenclature from NAFLD/NASH to metabolic-
associated fatty liver disease (MAFLD) to account for the tight asso-
ciation with metabolic dysfunction and disease heterogeneity [6].
Regardless of the name, LD accumulation is the defining characteristic
of NAFLD and alcoholic fatty liver disease. Historically considered to be
inert and simply a marker of disease, LDs are increasingly recognized
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as etiological factors in numerous liver diseases as well as having
important non-pathological roles in cell signaling and function [7].
These dynamic properties of LDs are highly regulated by hundreds of
proteins that coat the LD droplet surface to control lipid trafficking and
flux. Although NAFLD is commonly identified by LD abundance in
hepatocytes, LD accumulation in other hepatic cell types may also
contribute to disease development and progression. In the sections
below, we highlight the major pathways of lipid metabolism that in-
fluence LD accumulation and explore key proteins and lipids that
regulate LD dynamics and link LDs to cellular dysfunction and liver
disease.

2. LIPID DROPLET FORMATION

2.1. Sources of FAs
Uptake from the blood, de novo lipogenesis (DNL), and endocytotic
recycling of lipoprotein remnants are the major sources of FAs that
serve as substrates for TAG synthesis in the liver. Under most
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conditions, uptake from the blood provides the major source of FAs
used for esterification into TAG [8]. This process is also dynamic with
increased rates of FA uptake during fasting conditions or insulin
resistance when adipocyte lipolysis is high. In contrast, during the
post-prandial period, there is a decreased reliance from adipose-
derived FAs, which coincides with an increase in the contribution
from spillover of FAs during peripheral lipoprotein hydrolysis, lipo-
protein remnant uptake, and DNL. The contribution of FAs from DNL is
markedly increased in subjects with NAFLD and can account for 30e
40% of hepatic FAs [9,10]. Not surprisingly, numerous clinical trials are
targeting DNL as a potential treatment for NASH [11]. In addition, a
reduction in serum free FAs and their subsequent uptake into the liver
is thought to contribute to improvements in NAFLD observed with
insulin-sensitizing drugs [12]. Thus, decreasing hepatic FA levels
through reductions in their synthesis or uptake has therapeutic po-
tential to prevent or treat NAFLD.

2.2. TAG synthesis and LD biogenesis/expansion
Upon uptake, a major branchpoint in metabolism of FAs is their par-
titioning between oxidative and esterification pathways. Numerous
long-chain acyl-CoA synthetases (ACSLs) catalyze the conversion of
FAs to their respective CoAs and influence their downstream fates.
Differences in subcellular location, substrate preferences, and enzyme
kinetics underlie the differential effects of these enzymes on FA
channeling. In the liver, ACSL5 is thought to be the major isoform
contributing to TAG synthesis [13], whereas ACSL4 regulates arach-
idonic acid metabolism, which in turn influences phospholipid
composition and VLDL secretion [14]. While ACSL1 has major effects
on FA oxidation in numerous tissues, ablation of hepatic ACSL1 has
little effect on FA oxidation [15]; the ACSL isoform that drives FA
Figure 1: Overview of pathways involved in TAG/LD formation and breakdown. ER-localiz
also grow through local synthesis of TAG and phospholipids on the LD surface, lipid exchan
from the ER to the VLDL synthetic pathway. CMA-mediated degradation of PLIN2 is an initia
can bind its co-activator CGI-58 to initiate TAG hydrolysis. Lipophagy, which is initiated by
LDs. Upon lysosomal degradation, FAs are largely effluxed at the plasma membrane. Sol
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oxidation in hepatocytes has yet to be identified. The key gatekeeping
enzymes carnitine palmitoyltransferase and glycerol-3-phosphate
acyltransferase (GPAT) commit the acyl-CoAs into the pathways of b
oxidation or glycerolipid synthesis, respectively. Once FAs are esteri-
fied to glycerol-3-phosphate, the newly formed lysophosphatidic acid
can then continue through the Kennedy pathway, yielding TAG or
phospholipids (reviewed in [16]). Each of the 3 families of acyl-
transferase enzymes in this pathway have numerous isoforms with
different substrate specificity, which dictates the FA composition of the
downstream lipid products. GPAT1 shows substrate specificity for
saturated FAs, thereby contributing to the high percentage of saturated
FAs found in the sn-1 position of TAG [17]. Additionally, diacylglycerol
acyltransferase 1 (DGAT1) preferentially channels exogenous FAs into
TAG, whereas DGAT2 is more selective to saturated and mono-
unsaturated FAs (MUFAs) derived from DNL [18e20]. Thus, the rela-
tive activity levels of these various isoforms dictate the acyl
composition of TAG. However, it should be noted that some or com-
plete compensation can occur when one of the DGAT isoforms is
inhibited in mouse or human hepatocytes [21]; see [22] for a
comprehensive review of DGAT biology.
LDs form in the endoplasmic reticulum (ER), where neutral lipids
accumulate within the leaflet of the membrane bilayer (Figure 1). ER-
localized DGAT1, which has its active site within the ER bilayer [23],
catalyzes the formation of TAG needed for LD biogenesis. This nascent
LD and associated phospholipid monolayer eventually bud from the ER
to form a cytosolic LD, a process that has been thoroughly reviewed
and is beyond the scope of this review [24,25]. Once formed, small
nascent LDs may expand by undergoing fusion, a process in which cell
death-inducing DFFA-like effector proteins (CIDE) are intimately
involved. While CIDEB is the most highly expressed isoform under
ed enzymes catalyze the synthesis of TAG for incorporation into de novo LDs. LDs may
ge with the ER, or through CIDE protein-mediated fusion of two LDs. Ces1d directs LDs
l event in the breakdown of LDs. Subsequently, ATGL has access to the LD surface and
numerous RAB proteins, is thought to be responsible for the hydrolysis of size-reduced
id arrows represent metabolite flux and dashed arrows represent signaling.
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basal conditions, CIDEA and CIDEC are induced with fasting and during
steatosis to promote LD fusion [26,27]. In addition to fusion, it is
speculated that LDs may also expand as a result of lipid synthesis
occurring directly on the surface of LDs or at newly formed LD-ER
membrane bridges. The LD monolayer membrane contains
numerous enzymes involved in TAG synthesis, such as acyl-CoA
synthetases as well as the acyltransferases GPAT4 and DGAT2,
which allow the expansion of preexisting LDs [28]. The phospholipid
monolayer must also expand with the concomitant addition of TAG to
the LD core and numerous but not all required enzymes involved in the
synthesis of phospholipids are present on LDs [29]. As such, it is
unclear whether LDs can independently synthesize phospholipids or
whether association with the ER and protein-mediated transfer of
phospholipids occurs.

3. LIPID DROPLET CATABOLISM

3.1. Lipolysis
The degradation of LDs is complex and involves the coordinated
catabolism of surface proteins, phospholipid membranes, and core
neutral lipids. Numerous proteins directly or indirectly influence this
process and, as a result, impact LD levels and the subsequent parti-
tioning of metabolites produced from these catabolic pathways. The
perilipins (PLINs), which consists of 5 members, were the first char-
acterized LD proteins. The PLIN2 isoform is highly expressed in the
liver and is induced in response to FA loading in cells and NAFLD/NASH
in both humans and rodents [30,31]. While perilipins may serve
numerous functions, they have historically been viewed as LD coat
proteins that inhibit access of lipases to the LD surface [32]. To allow
for robust lipolysis during lipid mobilization, PLIN2 undergoes
chaperone-mediated autophagy (CMA), resulting in its degradation and
the subsequent access of lipases to the LD surface [33]. In support of
these data, ablation of PLIN2 promotes LD catabolism while its over-
expression has the opposite effect [34]. PLIN2 is also phosphorylated
in response to AMPK activation, which has been postulated to enhance
CMA-mediated degradation [35], although studies detailing the exact
functional consequences of PLIN2 phosphorylation have yet to be
conducted.
Of the lipases that contribute to hepatic LD turnover, adipose triglyc-
eride lipase (ATGL) encoded by the patatin-like phospholipase domain-
containing protein 2 (PNPLA2) gene has received the most attention.
ATGL ablation in the liver leads to LD accumulation and reduced FA
oxidation, while ATGL overexpression alleviates hepatic steatosis and
increases FA oxidation without impacting VLDL secretion [36e38]. The
subsequent enzymes in the lipolytic pathway classically accepted to be
hormone-sensitive lipase and monoacylglycerol lipase (MAGL) have
been less studied in regard to their roles in regulating hepatic TAG
catabolism. Hormone-sensitive lipase is expressed at low levels in
mouse liver [39], and its contribution to TAG catabolism in the liver has
not been detailed [40]. Hormone-sensitive lipase does not appear to be
expressed in human hepatocytes based on single cell sequencing data,
further highlighting the lack of understanding of the lipolytic pathway in
the liver [41]. MAGL contributes to hepatic MAG hydrolysis and in-
fluences endocannabinoid signaling through its metabolism of the
endocannabinoid sn-2-20:4-glycerol (2-AG), which is discussed in
Section 4.2.3.
Numerous proteins directly interact with ATGL to influence its lipolytic
activity. CGI-58 is widely accepted as the primary co-activator of ATGL
[42]. Ablation of hepatic CGI-58 leads to steatosis and progression to
NASH [43]. While CGI-58 likely works in part through ATGL activity, it
clearly has functions beyond ATGL, as ablation of CGI-58 results in a
MOLECULAR METABOLISM 50 (2021) 101115 � 2020 The Author. Published by Elsevier GmbH. This is an open ac
www.molecularmetabolism.com
large (w50-fold) increase in liver TAG and worsens NASH develop-
ment compared to a more modest w2e3 fold increase in TAGs
following ATGL ablation [37,44]. CGI-58 can also modulate LD
catabolism independent of ATGL, suggesting, at least in the liver, a
more complicated role of this protein in LD turnover [45]. A host of
other proteins directly interact with and antagonize ATGL. G0/G1 switch
gene 2 (G0S2) is a potent inhibitor of ATGL that influences hepatic
energy metabolism. Hepatic overexpression of G0S2 promotes LD
accumulation and reduces FA oxidation, while ablation of hepatic G0S2
does the opposite [46e48]. Other interacting proteins, including
hypoxia-inducible lipid droplet associated [49] and CIDEC [50], inhibit
ATGL activity, whereas pigment epithelial-derived factor promotes
ATGL-catalyzed lipolysis [51].
The carboxylesterase (CES) family of enzymes also contributes to
turnover of hepatic LDs. In particular, Ces1d (also known as triglyc-
eride hydrolase, TGH), which colocalizes to ER luminal LDs, plays a role
in trafficking lipids to VLDL assembly. Ablation of Ces1d reduces VLDL
secretion and decreases the size but increases the number of cytosolic
LDs [52,53]. Similarly, the human homologue of Ces1d, CES1, also
enhances LD size, steatosis, and VLDL secretion [54,55]. Ces1d/CES1
appears to act as a potential ER branch point for shuttling lipids toward
packaging in VLDL at the expense of cytosolic LD production [52].
Ces1d ablation also reduces DNL and increases FA oxidation, which
may reduce steatosis through decreasing the FA pool size available for
esterification into TAG [56]. While other mouse CES proteins have been
studied, their relevance to human hepatic metabolism is unclear given
that orthologues have not been identified [57].

3.2. Lipophagy
Autophagy represents a well-characterized degradative mechanism
through which cellular organelles, protein aggregates, and macronu-
trients are disassembled during times of energy scarcity. A seminal
discovery in the field is that autophagy contributes to the catabolism of
LDs, a process now referred to as lipophagy [58]. In addition to the
indirect effects of CMA on lipolysis noted above, both macroautophagy
and microautophagy also contribute to the broader lipophagic process
[59]. Macrolipophagy is the process through which autophagosomes
bud off part of the LD prior to fusing with lysosomes to form autoly-
sosomes, which can then degrade the lipids via lysosomal acid lipase.
In contrast, microlipophagy is the direct physical interaction and
transfer of lipids between LDs and lysosomes. These processes are
highly regulated through many nutrient sensing nodes including sirtuin
1 (SIRT1) and AMPK as well as numerous transcriptional networks as
recently reviewed in [60].
Given the capacity for both cytosolic lipases and lipophagy to degrade
hepatic LDs, several recent studies have explored the interplay be-
tween these two pathways. As noted above, the CMA-mediated
degradation of perilipin proteins is an important initial event allowing
for access of cytosolic lipases and possibly autophagic machinery to
the LD surface. ATGL appears to be critical for the initial hydrolysis of
TAG and works upstream of lipophagy through two known mecha-
nisms. First, ATGL-catalyzed lipolysis promotes SIRT1 signaling (dis-
cussed in detail in Section 4.2.2), a major nutrient-sensing node that
promotes deacetylation of numerous proteins directly involved in
autophagy/lipophagy resulting in enhanced degradation of LDs [61].
Consistent with these studies, ablation of PLIN2 also induces auto-
phagy/lipophagy, which is required for breakdown of hepatic TAGs
[62], suggesting that lipophagy plays a major role in TAG turnover.
Second, recent studies showed that ATGL hydrolyzes large LDs until
they are sufficiently reduced in size to a point where lipophagy com-
mences and catalyzes the remaining degradation [63]. Thus, one could
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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speculate that the size of LDs dictates the relative contribution of these
two processes to LD degradation. While these studies suggest some
linearity in the LD degradation process, LC3, a key component of
autophagosomes, also has been shown to directly interact with ATGL.
Deletion of the LC3-interacting region on ATGL prevents it from
localizing to LDs, suggesting that lipolysis and autophagy/lipophagy
are highly intertwined [64]. While some of the proteins critical for
lipophagy have been identified, especially the RAB family of GTPases,
much remains to be learned regarding the detailed mechanisms
through which hepatic LDs are degraded. A long-standing question in
the field has been how FAs generated from LD degradation in lyso-
somes are subsequently trafficked to downstream pathways as there
are no known FA transporters present on lysosomes. A recent study
showed that FAs generated from lysosomal lipolysis can be effluxed
from cells as a result of lysosomal fusion to the plasma membrane and
expulsion of luminal contents [65]. These effluxed FAs are then
available for reuptake in the same or adjacent cells for further meta-
bolism [65]. These data are consistent with previous studies doc-
umenting FA exchange between hepatocytes [66], although the
significance of this in vivo has yet to be characterized. In addition to
genetic manipulation of various proteins to enhance hepatic autophagy
in mice, many diet-derived small molecules reduce hepatic steatosis in
animal models through increases in lipophagy [67e71]. Given that
autophagy/lipophagy are reduced in human NAFLD [72], these pre-
clinical studies highlight the potential of promoting autophagy/lip-
ophagy as a therapeutic approach to treat NAFLD/NASH in humans
[73].

4. MECHANISMS LINKING LDS TO CELL SIGNALING AND
FUNCTION

4.1. Are LDs causal or consequential to hepatic dysfunction?
It is established that steatosis, under most circumstances, precedes
NASH, and both are risk factors for advanced liver morbidities such
as cirrhosis and hepatocellular carcinoma (HCC). The development
and progression of NAFLD also correlates with the incidence of
numerous metabolic diseases and can be both a cause or conse-
quence of these diseases [74,75]. How steatosis per se is linked to
these hepatic and extrahepatic morbidities remains a major question.
Despite some studies that suggest a linear correlation between he-
patic steatosis and metabolic morbidities including hepatic and/or
peripheral insulin resistance [76e79], other studies suggest that a
variable threshold of liver fat must be reached before hepatic or
peripheral insulin resistance is impaired [80]. Whether the degree of
steatosis predicts progression to NASH or advanced liver disease is
still debated [80,81]. One possibility that may help explain these
discrepancies is that simple steatosis is perhaps not so simple.
Whether diagnosed by MRS, histology, or enzymatic assays, the
relative amount of TAG/LDs may not be the most accurate predictor of
cellular dysfunction and disease development. This is evidenced by
numerous animal models and genetic variants present in humans
that uncouple steatosis from NAFLD progression and comorbidities.
Intricacies in the composition of LDs or flux through the various LD-
related metabolic pathways likely underlie NAFLD etiology as dis-
cussed in the following sections (see Figure 2 for an overview).

4.1.1. Lipotoxicity of glycerolipid intermediates
During chronic and excess caloric intake, the liver is inundated with
FAs as a result of elevated rates of DNL and increased serum free
FAs, the latter of which is a consequence of insulin resistance and
increased adipose-derived free FAs. This deluge of FAs and their
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subsequent negative effects on cell metabolism and signaling can
result in lipotoxicity, a term first coined by Dr. Roger Unger nearly 30
years ago [82]. While lipotoxicity generally refers to the toxic effects
of a wide range of lipid metabolites, exposure of cells to relatively
high doses of palmitic acid is a commonly used lipotoxicity model that
disrupts metabolic homeostasis and induces cell damage [83].
Numerous studies showed that the addition of unsaturated FAs along
with palmitic acid can increase rates of TAG synthesis and alleviate
lipotoxicity [84e86]. These data are consistent with an inverse
relationship between rates of FA esterification and lipotoxicity [87].
While it may seem paradoxical that increasing TAG synthesis and LD
accumulation would be beneficial, an established body of literature
shows that reduced flux through the TAG synthetic pathway con-
tributes to lipotoxicity. Lipidomic analysis of cells exposed to palmitic
acid reveals increased levels of the saturated glycerolipid in-
termediates lysophosphatidic acid, phosphatidic acid, and diac-
ylglycerol [88]. The accumulation of these metabolites is likely due to
the substrate selectivity of the acyltransferase and phosphatase
enzymes involved in this pathway. The first enzyme in the pathway,
GPAT1 or GPAT4, prefers saturated FAs as substrates to form lyso-
phosphatidic acid [89,90]. However, the downstream enzymes LIPIN
and the DGATs, which catalyze the last two steps in TAG synthesis,
have reduced activity toward di-saturated substrates [88,91]. As a
result, in the presence of low amounts of unsaturated FAs, palmitic
acid has low rates of flux into TAG, resulting in the accumulation of
di-saturated intermediates. In support of saturated glycerolipid in-
termediates playing a pathological role, inhibition of ER-localized
GPAT3 and 4 reduces saturated intermediates and prevents
palmitate-mediated lipotoxicity, whereas inhibition of DGAT1 has the
opposite effect [88]. These results highlight the importance of acyl-
transferases and di-saturated intermediates as mediators of lip-
otoxicity [91]. Taken together, this work suggests that LDs play a key
role in sequestering saturated FAs into TAG to prevent lipotoxicity.
DGAT2, which preferentially catalyzes the esterification of de novo
synthesized FAs [19], has been the most widely studied TAG syn-
thetic enzyme in the context of NAFLD. Hepatic overexpression of
DGAT2 promotes steatosis, but does not promote insulin resistance
[92]. Initial studies found that db/db mice fed a methionine choline-
deficient diet and administered DGAT2 anti-sense oligonucleotides
have transiently reduced steatosis, but increased inflammation,
oxidative stress, and fibrosis compared to mice given control oligo-
nucleotides [93]. Liver-specific DGAT2 knockout mice have reduced
steatosis, but show similar inflammation and fibrosis in mice fed a
NASH-promoting diet [94]. Small molecule inhibition of DGAT2 also
reduces hepatic lipids in rodent models of NAFLD but not primates
[95]. Other studies reported that chemical inhibition of DGAT2 im-
proves markers of NASH in mice and shows promise in improving
steatosis and circulating liver enzymes in a phase II clinical trial in
humans [96]. Intuitively, it may seem that blockade of DGAT2 would
lead to the accumulation of glycerolipid intermediates and associated
lipotoxicity. However, several studies show a robust compensatory
downregulation of DNL and increase in FA oxidation with ablation of
DGAT2 [94,97], which likely contributes to the observed phenotypes.
While the effects of targeting DGAT2 are somewhat mixed, perhaps
due to different experimental models and conditions, numerous
clinical trials are underway to determine the efficacy of DGAT2 in-
hibitors in NAFLD/NASH [98].
Because TAG synthesis and LD biogenesis occurs within the ER, it not
surprising that ER stress is a consequence of an impairment in TAG
synthesis and LD formation. Indeed, saturated FAs induce hepatic ER
stress both in vitro and in vivo [99,100]. While the unfolded protein
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 2: Overview of mechanisms through which LDs influence cell signaling and function. (Top) Accumulation of the saturated intermediates lysophosphatidic acid (sPLA),
phosphatidic acid (sPA), and diacylglycerol (sDAG) within the ER are sensed by PERK and IREa to initiate an ER stress response when flux through the TAG synthetic pathways
cannot accommodate the FA substrates. (Upper right) Lipolytic products from PLA2 or ATGL can be used for eicosanoid signaling to promote inflammation or regulate the levels of
endocannabinoid 2-arachidonylglycerol (2-AG), which prevents liver injury. (Bottom right) MUFAs released in response to ATGL-catalyzed lipolysis can bind phosphorylated PLIN5,
which translocates them to the nucleus for their subsequent transfer to and activation of SIRT1. In turn, SIRT1 promotes mitochondrial biogenesis and oxidative metabolism and
suppresses inflammation and ER stress. (Bottom left) PLIN5 facilitates the interaction of mitochondria and LDs that is associated with improved mitochondrial function and cell
health. (Upper left) Enzyme complexes at the ER-LD interface regulate the production of ceramides to promote metabolic dysfunction or the conversion of ceramides to acyl-
ceramides to potentially alleviate the negative effects of ceramide signaling.
response is known to sense and regulate protein homeostasis, it can
also respond to lipid-induced ER stress. Two major ER stress sensors,
inositol-requiring enzyme 1 (IRE1) and double-stranded RNA-activated
protein kinase-like ER kinase (PERK), respond to alterations in ER
membrane FA saturation to initiate the unfolded protein response
[101,102]. Both these sensors use amphipathic transmembrane do-
mains, which are distinct from unfolded protein-sensing mechanisms,
to monitor acyl chain enrichment in the ER and induce downstream
lipotoxic responses including reactive oxygen species (ROS) genera-
tion, disruption of calcium homeostasis, inflammation, and apoptosis
that occur with sustained ER stress [103]. Consistent with these data,
markers of ER stress are upregulated in animal models and patient
liver biopsies of NAFLD/NASH [104e106].

4.1.2. Lipotoxicity from ceramides
As a consequence of an imbalance between FA supply and flux through
the glycerolipid pathway, FAs can “overflow” into additional pathways
such as sphingolipid synthesis including ceramides [86,107].
Consistent with the benefits of incorporating FAs into TAG, blocking
DGAT1 to suppress TAG synthesis also causes increased 16:0 cer-
amide [108]. Serine palmitoyl-CoA transferase is the rate-limiting
enzyme of ceramide synthesis and has high substrate specificity for
palmitoyl-CoA. Thus, high levels of palmitic acid can be readily
incorporated into ceramides [109]. Reducing ceramides prevents
MOLECULAR METABOLISM 50 (2021) 101115 � 2020 The Author. Published by Elsevier GmbH. This is an open ac
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steatosis, inflammation, and fibrosis in a NASH-promoting diet
[110,111]. Ceramides are also tightly linked to insulin resistance in
numerous tissues including the liver [112]. It was recently shown that
deletion of dihydroceramide desaturase 1, which inserts a conserved
double bond into the backbone of ceramides, resolves hepatic stea-
tosis and insulin resistance in mice [113], suggesting that the
composition of ceramides is an important mediator of NAFLD. In
support, several metabolomic studies identified ceramides and other
sphingolipids as predictive markers for the transition from steatosis to
NASH [114,115].
Numerous recent studies also show that LDs may be directly involved
in ceramide synthesis. Lipidomic analysis of LDs revealed that they
contain ceramides [116]. Ceramide synthase 4 (CS4), which is highly
expressed in the liver, interacts with PNPLA3 at the LD-ER interface to
facilitate ceramide production [117]. This interaction leads to the
production of d18:1/18:0 ceramide, which is attributed to the trans-
acylase activities of PNPLA3 [118]. The increase in d18:0/18:0 cer-
amide drives protein phosphatase 2 activity to antagonize insulin
signaling [117]. DGAT2 also catalyzes the conversion of ceramides to
acylceramides, which are subsequently stored in LDs [119]. CS6 in-
teracts with ACSL5 and DGAT2 to traffic FAs into acylceramides at ER/
LD junctions. This conversion of ceramides into acylceramides and
their subsequent storage into LDs reduces free ceramide levels,
which could be speculated to serve a protective role against
cess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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lipotoxicity [119]. These studies provide new insights into the complex
biochemistry underlying ceramide synthesis and highlight an important
role of LDs as storage pools and mediators of ceramide signaling.
Despite these advances, the significance of LDs in ceramide meta-
bolism in the context of NAFLD remains to be determined.

4.1.3. Oxidative stress
Oxidative stress is a common indicator of metabolic dysfunction and a
key etiological factor in NAFLD progression. Palmitic acid-induced ER
stress can initiate p-JNK signaling, which in turn promotes mitochon-
drial production of ROS [120]. In addition to this mechanism, impair-
ments in FA esterification lead to a diversion of FAs into mitochondrial b
oxidation and the potential generation of ROS. For example, ablation of
GPAT1 and FA esterification increases hepatic FA oxidation and oxidative
stress [121]. Similarly, DGAT2 ablation also promotes FA oxidation and
oxidative stress as previously noted [93], and DGAT1 is essential to
prevent toxicity related to excess mitochondrial FA oxidation during
fasting-induced autophagy in fibroblasts [108]. Oxidative stress results
from an imbalance between FA supply vs mitochondrial capacity to
oxidize incoming lipids and neutralize ROS that forms during this pro-
cess. PLIN5 appears to be a key protein in regulating fatty acid oxidation
and oxidative stress. Overexpression and knockdown studies revealed
that PLIN5 protects against oxidative stress in hepatocytes [122,123]
and other tissues [124]. Interestingly, PLIN5 is a pleiotropic protein that
antagonizes lipolysis under basal/unstimulated conditions [125], facili-
tates LD-mitochondrial interactions [126], and signals via SIRT1 (dis-
cussed in Section 4.2.2); the contribution of each or all of these
functions to its beneficial properties have not been elucidated. LDs can
store oxidized TAG that accumulates near the LD phospholipid mono-
layer [127]. While the prevalence and importance of oxidized lipid
storage in LDs during NAFLD remain to be determined, they are known
to have detrimental effects on immune cell function [128].

4.2. LDs as a source of signaling molecules
The prior section highlighted the importance of sequestering FAs into
TAGs, which are widely considered inert, to alleviate lipotoxicity.
However, an important research area is to define whether and how LDs
themselves, in the absence of exogenous FAs, can modulate down-
stream signaling pathways to influence cell function. This section
details how lipids stored within LDs can be utilized as a substrate for
numerous downstream lipid metabolism pathways. Many of these
same lipid metabolites generated from LD metabolism are also potent
signaling molecules and act as a bridge between LD metabolism and
cell signaling networks that ultimately influence susceptibility and
severity of NAFLD.

4.2.1. LDs and eicosanoid synthesis
Eicosanoids are oxidized lipids and potent signaling molecules involved
in numerous pathways including inflammation. Hepatic and serum
concentrations of eicosanoids are positively correlated with NAFLD
progression [129,130]. Historically, it was viewed that phospholipases
hydrolyze plasma membrane phospholipids to provide polyunsaturated
FAs (PUFAs) as substrates for the eicosanoid synthetic pathway.
However, a growing body of literature suggests that LDs are major
contributors to eicosanoid synthesis in numerous cell types [131].
Many enzymes involved in eicosanoid synthesis such as cyclo-
oxygenases and lipoxygenases are found on LDs [132,133]. In
agreement with the presence of these enzymes, the surfaces of LDs
are active sites of eicosanoid synthesis [134].
ATGL appears to be the primary supplier of hydrolyzed FAs from TAG-
derived PUFAs in immune cells [135e137]. Mice with hepatic ablation
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of ATGL have similar or reduced inflammation markers compared to
controls despite increased LD accumulation [37]. Lipid droplet proteins
outside of ATGL can also influence inflammatory signaling. PLIN2 is
known to antagonize ATGL-catalyzed lipolysis as noted above [32].
Thus, PLIN2 would be expected to prevent eicosanoid production and
the ensuing inflammation. However, ablation of PLIN2 abolishes he-
patic inflammatory signaling in response to either high-fat feeding or
lipopolysaccharide administration in hepatocytes [138]. Because PLIN2
ablation decreases LD levels, it is difficult to determine if PLIN2 is
directly involved in the production of inflammatory lipids such as ei-
cosanoids or if it promotes inflammatory signaling simply by enlarging
the LD pool. However, it is possible that PLIN2 plays a role in FA flux to
pro-inflammatory enzymes on the LD surface as PLIN2 has been
shown to bind pro-inflammatory FAs with high affinity [139]. Pro-
inflammatory cytokines also promote LD accumulation in hepato-
cytes [140,141], further suggesting an intimate link between LDs and
the inflammatory response. Given the prominent role of inflammation
in NAFLD progression, studies attempting to further define the
mechanisms linking LDs with inflammatory signaling are warranted.

4.2.2. Coupling LDs to nutrient-sensing nodes and oxidative
metabolism
The prior examples suggested that lipolytic degradation of LDs may be
detrimental to cell health. However, numerous studies show that
lipolysis may have wide-ranging beneficial effects on hepatic function.
Microarray analysis of ATGL knockout mice reveal that ATGL is
required to maintain oxidative gene expression in numerous tissues
such as heart, skeletal muscle, adipose tissue, and liver [142]. He-
patocytes overexpressing ATGL have increased peroxisome proliferator
activated receptor a (PPARa) activity and expression of target genes,
whereas ablation of hepatic ATGL in vivo suppresses PPARa signaling
[34,36]. Because FAs are known ligands for PPARa, these data sug-
gest that ATGL-mediated TAG hydrolysis provides an important source
of PPARa ligands. However, administering the PPARa agonist fenofi-
brate to mice with suppressed hepatic ATGL did not increase the
expression of PPARa target genes to levels in control mice treated with
the same drug [143], implying that a more complicated mechanism
may underlie this regulation. PPARa also drives the expression of
genes involved in FA oxidation but not those involved in mitochondrial
biogenesis or oxidative phosphorylation [144,145], which are
commonly altered in response to manipulations of ATGL expression
and/or activity. Additional studies revealed that ATGL promotes SIRT1
activity, which in turn deacetylates and activates peroxisome
proliferator-activated receptor g coactivator 1a (PGC1a), the master
regulator of mitochondrial gene expression [146]. Moreover, the in-
hibition of ATGL in hepatocytes prevents cAMP/PKA-mediated activa-
tion of PGC1a, suggesting that lipolysis is a key node in mediating
hormonal induction of PGC1a and mitochondrial biogenesis/function
[146].
More recent work detailed the mechanism through which ATGL affects
SIRT1 activity. These studies showed that MUFAs released from ATGL-
catalyzed lipolysis allosterically activate SIRT1 toward PGC1a and
several other known SIRT1 protein substrates [147]. This activation is
specific to MUFAs as other similar long-chain saturated and unsatu-
rated FAs have no effect on SIRT1 activity. These data align with
studies showing that ATGL preferentially hydrolyzes MUFAs from TAG
[148]. Previous work shows that FA-binding protein 1, the major
intracellular FA carrier in hepatocytes, is not required for ATGL-
mediated changes in gene expression [143], thus providing a
conundrum on how lipolysis-derived FAs activate SIRT1, which is
primarily nuclear. In response to cAMP/PKA (i.e., lipolytic) signaling,
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PLIN5 becomes phosphorylated, which increases its translocation from
LDs to the nucleus where it interacts with SIRT1 to enhance its activity
[149]. Additional studies revealed that PLIN5 is a FA-binding protein
that preferentially binds lipolysis-derived MUFAs, an effect that is
enhanced with PKA-mediated phosphorylation of PLIN5, and traffics
them to nuclear SIRT1 in hepatocytes [147]. As such, PLIN5 is required
for ATGL-mediated activation of SIRT1 and PGC1a/PPARa. Collec-
tively, these data unravel a novel signaling node involving PLIN5
trafficking of LD-derived MUFAs to the nucleus to activate SIRT1 and
drive oxidative metabolism. These data are especially relevant to
NAFLD as SIRT1 protein and activity are reduced in humans and mice
with NAFLD, and genetic or small molecule activation of SIRT1 have
potent therapeutic effects in preclinical models of NAFLD (reviewed in
[150]).

4.2.3. Endocannabinoids
MAGL sits at an important branchpoint in TAG catabolism as it is
responsible for the degradation of 2-arachidonoylglycerol, an endo-
cannabinoid with potent signaling properties [151]. Global deletion of
MAGL protects against diet-induced steatosis and hepatic injury in
response to numerous types of insults including ischemia/reperfusion
[152,153]. These effects are attributed to increased endocannabi-
noids and their subsequent signaling via the cannabinoid receptor
type 2 and a concurrent reduction in eicosanoids. Genetic or chemical
inhibition of MAGL results in resistance to fibrosis triggered from
carbon tetrachloride injections or bile duct ligation [154]. MAGL
expression is also a prognostic indicator of hepatocellular carcinoma
[155]. While detailed studies involving diet-induced animal models of
Figure 3: Proposed mechanisms through which genetic variants influence NAFLD and its
increased levels of PNPLA3, which can bind and sequester the ATGL co-activator CGI-58 to
chains from TAG or DAG. As a result, there is an enrichment of PUFAs in TAGs and DAGs, w
mutant. C) The I148M SNP also has reduced retinal ester hydrolase activity, which may serv
wild-type PNPLA3. (D) The rs176834314 variant of 17b-HSD13 has reduced retinol de
mechanisms. (E) The rs641738 variant of MBOAT7 leads to lower levels of the MBOAT7
increased levels of lysophosphatidylinositol can promote TAG synthesis and cellular dysfunc
antagonism of ATGL. As PLIN2 regulates inflammation, it is speculated that this variant may
it is involved in the incorporation of PUFAs into TAG and phospholipids and VLDL secretion
VLDL secretion. This variant increases NASH incidence but reduces CVD, likely as a res
movement through the cell and dashed lines represent signaling. The line width represen
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NASH or links to NAFLD development or progression in humans are
lacking, studies to date suggest that MAGL inhibition may be a viable
target toward NASH.

5. GENETIC VARIANTS THAT IMPACT LD BIOLOGY AND NAFLD

5.1. PNPLA3
The I148M variant of PNPLA3 is the single largest genetic driver of
numerous liver diseases including NAFLD/NASH [156]. PNPLA3 is
highly upregulated in response to high-carbohydrate diets, and the
I148M variant exacerbates the detrimental effects of high-sucrose
diets on NAFLD [157,158]. As PNPLA3 belongs to the same family
as PNPLA2/ATGL, it was presumed that this mutation would lead to
reduced lipolytic activity and steatosis. In contrast, ablation of PNPLA3
in mice does not cause steatosis, suggesting that a more complicated
mechanism underlies its pathogenic effects [159]. Recent studies
show that the PNPLA3 I148M mutant binds CGI-58 to reduce ATGL-
catalyzed lipolysis [160]. The I148M variant is unable to further in-
crease LD accumulation in cells or mice lacking CGI-58, indicating a
critical role of this lipolytic activator in mediating the effects of the
PNPLA3 mutant. In addition, the I148M variant is more resistant to
ubiquitination and autophagic degradation, which results in higher
protein abundance, compared to wild-type PNPLA3 (Figure 3A)
[161,162]. Moreover, shRNA-mediated knockdown or expression of
fusion constructs that target PNPLA3 I148M for proteasomal degra-
dation reduce protein abundance and alleviate steatosis. In support,
recent studies also show that knockdown of PNPLA3 in livers of mice
homozygous for I148M largely negate the detrimental effects of a
comorbidities. (A) The PNPLA3 I148M variant is resistant to ubiquitination, resulting in
inhibit lipolysis. (B) The PNPLA3 I148M variant has reduced activity to transfer PUFA acyl
hich may explain the uncoupling of steatosis from insulin resistance (IR) in carriers of the
e to promote HSC-mediated pro-inflammatory and pro-fibrogenic signaling compared to
hydrogenase activity that renders carriers more resistant to NASH through unknown
protein, which has lysophosphatidylinositol acyltransferase activity. As a consequence,
tion, leading to NASH. (F) PLIN2 S251P potentially promotes steatosis through increased
enhance inflammatory signaling to promote NASH. (G) TM6SF2 resides in the ER where
. The E267K variant reduces TM6SF2 protein levels and impairs PUFA enrichment and
ult of reduced circulating cholesterol. Solid arrows represent enzymatic conversion or
ts flux through a given enzyme or pathway.
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NASH-promoting diet [163]. Consistent with a role of ATGL-catalyzed
lipolysis in driving autophagy/lipophagy, the PNPLA3 I148M variant
suppresses numerous steps in the autophagy pathway, leading to
reduced autophagic and lipophagic flux [164].
Despite its well-characterized effects on promoting NAFLD and
numerous advanced liver diseases, the PNPLA3 I148M variant is not
associated with systemic derangements in metabolism such as insulin
resistance/type 2 diabetes or cardiovascular disease [165]. One
explanation for this uncoupling of NAFLD from common comorbidities
may be due to the effects of PNPLA3 on the composition of LDs, which
may arise from PNPLA3’s transacylase activities involving the transfer
of acyl groups from TAG to phospholipids [118]. In particular,
numerous studies show that compared to wild type, the PNPLA3
variant has reduced activity toward TAG substrates enriched with
PUFAs, resulting in hepatic and circulating TAG with a higher PUFA
composition relative to saturated and monounsaturated species
(Figure 3B) [166,167]. In controlled labeling experiments, PNPLA3
I148M expression results in the accumulation of DAG-PUFAs and a
subsequent reduction in PUFA-containing phosphatidylcholine (PC)
[166]. As reductions in hepatic PUFAs and increases in saturated FAs
in TAGs are associated with insulin resistance [168,169], it is plausible
that reciprocal changes in these lipid species in subjects carrying the
PNPLA3 I148M variant may underlie the dissociation of NAFLD from
more systemic metabolic perturbations.
PNPLA3 may also contribute to NAFLD development and progression
through mechanisms external to hepatocytes. PNPLA3 expression is
robustly increased during hepatic stellate cell (HSC) activation [170].
Moreover, expression of the I148M variant potentiates the fibrogenic
response of HSCs, whereas ablation of PNPLA3 attenuates HSC
activation [170]. In contrast to hepatocyte LDs comprised primarily
of TAGs, LDs in HSCs are enriched in retinol esters [171]. Recent
studies revealed that recombinant PNPLA3 has retinyl ester hy-
drolase activity and promotes the release of retinol from HSCs [172].
The I148M variant has reduced retinyl palmitate lipase activity and
more pro-inflammatory and pro-fibrogenic signaling compared to
wild type (Figure 3C) [170,172]. These studies provided yet another
clue into the multifaceted role of this PNPLA3 mutation in NAFLD
etiology.

5.2. 17b-HSD13
A proteomics screen of hepatic LDs identified 17b-hydroxysteroid
dehydrogenase-13 (17b-HSD13) to be increased in liver biopsies from
subjects with NAFLD [173]. Overexpression of 17b-HSD13 in the liver
of mice increases steatosis, confirming a direct effect on disease
etiology [173]. Several minor allele variants of 17b-HSD13 have been
identified to affect liver disease. The rs72613567:TA allele results in a
truncated and lower abundant protein associated with a reduction in
numerous chronic liver diseases including NAFLD and non-alcoholic
cirrhosis [174]. A minor allele variant (rs6834314) of 17b-HSD13
that results in loss of function is associated with increased steatosis
but reduced markers of NASH such as inflammation, ballooning, and
Mallory-Denk bodies [175]. Carriers of the rs6834314 variant have a
lower risk of NASH and liver damage [176], reduced expression of
inflammatory genes, are protected against fibrosis, and do not exhibit
alterations in insulin sensitivity [177]. 17b-HSD13 was recently shown
to possess retinol dehydrogenase activity, which depends on its tar-
geting to LDs (Figure 3D) [175]. Thus, variants in both PNPLA3 and
17b-HSD13 influence retinol metabolism, but with divergent effects on
disease progression. Interestingly, carrying the 17b-HSD13
rs6834314 or rs72613567:TA alleles protect against the detrimental
effects of the PNPLA3 I148M genotype on advanced hepatic fibrosis
8 MOLECULAR METABOLISM 50 (2021) 101115 � 2020 The Author. Published by Elsevier GmbH. T
[174,178]. These studies highlight an emerging role of retinol meta-
bolism as an important etiological factor in NAFLD and suggest that an
interplay of genetic variants regulates LD homeostasis to influence
disease progression.

5.3. PLIN2
PLIN2 is the most abundant PLIN protein present on hepatic LDs and
plays a key role in regulating LD turnover as discussed above. The
presence of an rs35568725 variant of PLIN2 that encodes a S251P
polymorphism results in a nearly 3-fold increase in NASH prevalence
[179]. Overexpression of this variant increases LD numbers but re-
duces LD size in response to lipid loading. While the details on how this
variant affects PLIN2 function are still unknown, the mutation resides in
a key a-helix that regulates lipolysis in macrophages, suggesting that
the variant may further antagonize TAG breakdown (Figure 3E) [180].

5.4. MBOAT7
Membrane-bound O-acyltransferase domain-containing 7 (MBOAT7),
which is enriched in the ER and LDs [181,182], has lysophosphati-
dylinositol acyltransferase activities and contributes to the composition
of phospholipids through the addition of PUFAs at the sn-2 position
[183]. The rs641738 variant of MBOAT7 results in reduced mRNA and
protein expression, leading to a more saturated phospholipid profile
and increased lysophosphatidylinositol [181,182,184]. Consistent with
a more detrimental effect of saturated lipids, the MBOAT7 variant is
linked to NAFLD progression, HCC, and insulin resistance
[181,182,185]. While the detailed mechanism of its effects on NAFLD
etiology are not fully understood, ablation of MBOAT7 increases TAG
synthesis via the non-canonical pathway of phosphatidylinositol
breakdown to DAG [186]. The increase in 18:0 lysophosphatidylinositol
observed in the MBOAT7 variant may also drive alterations in meta-
bolism and facilitate NASH development (Figure 3F) [182]. These
findings are supported by the recent characterization of liver-specific
MBOAT7 knockout mice, which have reduced PUFA content specif-
ically in phosphatidylinositol [187]. Because of the changes in phos-
phatidylinositol composition, DNL increases due to changes in
processing of the lipogenic transcription factor sterol regulatory
element-binding protein 1c, which is required for the development of
steatosis in mice lacking hepatic MBOAT7 [187].

5.5. TM6SF2
A variant (E167K) of the transmembrane 6 superfamily member 2
(TM6SF2) is recognized to promote steatosis through reductions in
VLDL secretion, as measured in human liver cells, resulting in reduced
circulating TAG-rich lipoproteins [188]. The E167K mutant results in
less TM6SF2 protein expression due to protein instability [189]. The
TM6SF2 variant suppresses cholesterol synthesis and incorporation of
PUFAs into hepatic PC and TAG [188,190]. Carriers of this variant have
an increased risk of NAFLD and NASH and exhibit impaired glucose/
insulin homeostasis but have a reduced risk for CVD likely due to lower
circulating cholesterol (Figure 3G) [191e195]. Given that TM6SF2
differentially affects various metabolic outcomes, detailed studies in
humans are needed to elucidate the intricacies of its complex biology.

6. EMERGING CONCEPTS

6.1. Composition matters

6.1.1. Lipid composition
Cholesterol is rapidly emerging as a key metabolite in the etiology of
NASH. Iannou et al. first observed the presence of cholesterol crystals
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Figure 4: Proteins are shown that either promote or inhibit the development and
progression of steatosis to NASH and systemic comorbidities (e.g., insulin resistance,
CVD, etc.) or only facilitate the development of advanced liver diseases including NASH.
*Carriers of the TM6SF2 E167K variant have an increased risk of NAFLD/NASH, insulin
resistance, and type 2 diabetes, but are protected from CVD.
in LDs from subjects with NASH but not in samples from subjects with
steatosis [196]. This work was supported by other groups, showing
that free cholesterol and rates of cholesterol synthesis are associated
with NAFLD severity in humans and mice [197e200]. Increasing di-
etary cholesterol intake in rodents also increases LD cholesterol
crystals and promotes inflammation and fibrosis [201,202], although
controlled studies in humans that dissect out specific contribution of
dietary cholesterol to NAFLD are lacking. Activated Kupffer cells sur-
round dead hepatocytes laden with cholesterol crystals, suggesting
that cell death and signaling to immune cells may explain how
cholesterol crystals promote inflammation [196]. Given that these
crystals occur within the LD monolayer, it would seem likely that they
also affect protein targeting to LDs. It is known that alterations in
neutral lipid composition are sufficient to change LD targeting of the
various perilipin family members including PLIN2, which has been
shown to bind cholesterol, providing a possible mechanism for
cholesterol accumulation in the LD monolayer [139,203]. Thus, a
major thematic area of research moving forward will likely focus on
how the accumulation of hepatic cholesterol crystals impacts LD
surface proteins to facilitate NAFLD progression. In addition to
cholesterol, the acyl profile of LDs may also impact NAFLD. Numerous
studies confirm a reduction in n-3 PUFAs in NASH [130,204]. Results
from clinical trials aimed at restoring n-3 PUFAs have been mixed,
perhaps due to the heterogeneity of the disease [204]. As noted above,
an enrichment of saturated fatty acyl groups in numerous lipid species
exacerbates simple steatosis and links it to more advanced liver and
systemic diseases. Indeed, saturated fat intake robustly promotes
hepatic TAG accumulation, inflammation, and insulin resistance
[205,206]. Levels of PC, which is the principal phospholipid in the LD
monolayer, are reduced in subjects with NAFLD and NASH, which
suggests that alterations in the LD monolayer could also influence
disease progression [130]. In support, the relative amounts of PC to
other phospholipids such as phosphatidylethanolamine dictate LD size
and dynamics as well as protein binding [207e209]. There is also
significant heterogeneity across LDs as large LDs have more saturated
TAGs compared to smaller LDs in human samples of NAFLD [210]. As
lipidomic approaches continue to advance, it is likely future analysis
will quantify in more detail changes in LD lipid composition and how
these changes link steatosis to its numerous comorbidities.

6.1.2. Protein composition
The surface of the LD is coated with hundreds of proteins whose
presence and/or abundance are dynamic as evidenced by numerous
previously described examples. While LD proteomics have been
conducted in many cell types, several studies characterized the he-
patic LD proteome under normal conditions or in NAFLD [173,211e
213]. These studies expedited the discovery of novel proteins with
pathological roles in liver disease. Figure 4 provides a list of proteins
that drive NAFLD and couple or uncouple it from its comorbidities.
PLIN2 and PLIN3 expression are increased in NAFLD [214e216], and
consistent with their anti-lipolytic roles, liver-specific ablation of either
protein prevents NAFLD [138,217,218]. While PLIN1 is normally
expressed at low or undetectable levels in the liver, its expression
increases in biopsies of subjects with NAFLD [214,219]. More spe-
cifically, PLIN1 increases with NASH and has been proposed to be
used as a diagnostic marker for differentiating NASH from simple
steatosis [214,215,219]. Despite its unique expression profile, it is
unknown whether the increased abundance of PLIN1 is causal or
consequential to NASH. Perilipins are also highly regulated through
phosphorylation and potentially other post-translational modifications
[32]. Thus, the identification of serine/threonine protein kinase 25
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(STK25) as a resident LD protein in hepatocytes points to local
regulation of protein modifications [220]. Overexpression of STK25
promotes steatosis, insulin resistance, inflammation, and fibrosis in
mice, whereas knockdown prevents the same [220,221]. STK25
protein abundance also correlates with steatosis in humans [222].
While STK25’s detailed mechanism of action remains to be eluci-
dated, it is clearly a contributor to LD-linked development and pro-
gression of NAFLD. In addition to “classical” LD proteins such as
perilipins, LD proteomic analyses reveal the presence of numerous
classes of proteins including those involved in protein translation,
transcriptional regulation including histones, vesicle trafficking, and
cell signaling, among others [223]. While examples of some of these
functions have been previously noted or characterized in the literature,
the contribution of most of these proteins to LD biology remains
largely uncharacterized.

6.2. Location matters

6.2.1. Organelle interactions
A common hallmark of LD proteomic screens is the identification of
proteins known to reside in other organelles. Multispectral time-lapse
imaging of six organelles simultaneously reveals nutrient-regulated LD
interactions with the ER, mitochondria, lysosomes, Golgi, and peroxi-
somes [224], although interactions with other organelles also exist.
These interactions are thought to serve numerous functions including
lipid and protein exchange as well as compartmentalization of
signaling [225]. As noted above, the disruption of LD-mitochondrial
interactions via deletion of PLIN5 is detrimental to cell health
[125,147,226e228]. In addition, the disruption of LD interactions with
lysosomes via RAB7 inhibition blocks lipophagy [59]. However, little is
known about how LD interactions with other organelles change, or the
importance of many such interactions in the context of NAFLD. With
advances in proteomics and microscopic tools, defining these sites of
compartmentalized metabolism and signaling may shed novel insights
into NAFLD’s etiology (Figure 5).
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Figure 5: While NAFLD is defined by LD accumulation, the location of LDs matters. (Upper right) LD size and composition can vary widely across hepatic sinusoids. (Lower right) In
addition to hepatocytes, LDs can also accumulate in endothelial cells, HSCs, and Kupffer cells. (Lower left) LDs interact with numerous organelles such as the ER, mitochondria,
and peroxisomes to coordinate lipid trafficking and compartmentalize cell signaling. LDs are also present in the nucleus under certain conditions, although the significance of this
LD pool is largely undetermined.
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6.2.2. Nuclear LDs
LDs have historically been accepted to reside in the cytosol with the
exception of their transit through the ER or Golgi during lipoprotein
secretion. However, recent studies show that hepatocytes may also
contain nuclear LDs under certain conditions [229,230]. These nuclear
LDs have distinct lipid compositions with reduced levels of TAGs and
more cholesterol, cholesterol ester, and polar lipids compared with
cytosolic LDs [229] and have a monolayer that is enriched in diac-
ylglycerol and phosphatidic acid [231]. The inner nuclear membrane
contains numerous proteins involved in LD biogenesis and is the source
of nuclear LDs [231]. In support, deletion of the inner nuclear membrane
protein lamina-associated polypeptide 1 triggers a robust accumulation
of nuclear LDs [232]. Lipid-induced ER stress promotes nuclear LD
formation that in turn regulates PC through the direct binding of the PC-
synthesizing enzyme CTP phosphocholine cytidylyltransferase-a to
nuclear LDs to promote PC synthesis and alleviate ER stress [233].
These studies identify a novel stress response mechanism that nuclear
LDs specifically mediate. While only a handful of papers have focused
on nuclear LDs, it is clear that this will be a major field of study moving
forward given the potential myriad of mechanisms through which this
unique LD pool can affect cell signaling and transcription.

6.2.3. Zonation
While heterogeneity of hepatocyte metabolism has been known for
decades, the recent utilization of single cell-sequencing technologies
has triggered a rapid advance in our understanding of hepatic zonation.
It is established that adult subjects with NAFLD exhibit preferential
accumulation of LDs in the pericentral region [81,234]. In contrast,
children with NAFLD more commonly present with periportal steatosis
[234]. In rodent models, diet composition appears to be a major
determinant of zonal lipid accumulation [235]. Despite these differ-
ences, the significance of heterogeneous fat deposition is largely un-
known. Given the diverse roles of LDs in regulating metabolism and
cell signaling and the diversity of major metabolic pathways across the
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liver, studies characterizing the zonal aspects of LD accumulation are
warranted.

6.2.4. Hepatic cell types
While hepatocytes constitute themajor cell type in the liver, HSC, Kupffer
cells, and liver sinusoidal endothelial cells as well as numerous but less
abundant immune cells play significant roles in liver function and NAFLD
development. As noted above, HSCs possess abundant retinol-rich LDs,
and metabolism of these LDs is a major determinant of HSC activation
[236]. In response to high-fat feeding in mice, Kupffer cells accumulate
LDs, which sensitizes their pro-inflammatory response to LPS [237].
LDs also accumulate in liver sinusoid endothelial cells in response to
high-fat feeding or NASH-promoting diets in mice [238,239]. It is
documented that LDs broadly regulate metabolism, signaling, and
immunogenic response across a wide range of immune cell types [240].
Given these findings, it seems critical for future studies to assess how
cell type-specific accumulation of LDs and their subsequentmetabolism
and signaling contribute to NAFLD etiology.

6.3. Timing matters
While differences in composition and localization of LDs undoubtedly
impact hepatic function and NAFLD, the impact of time-dependent
changes on LD metabolism and signaling are poorly understood as
most studies focused on a single time point for assessing LDs. These
changes included both normal circadian regulation of LD biology as
well as responses to both the amount and composition of a meal. For
example, many genes involved in hepatic LD metabolism and LD lipid
composition are under circadian control [241], which is known to be
disrupted in NAFLD [242]. In addition, a single study assessing the LD
proteome in fasted and fasted/refed mice reveal abundant changes in
LD proteins, implicating differences in organelle interactions and LD
metabolism [243]. These initial studies provid a sound premise to more
thoroughly investigate how feeding/refeeding, meal composition, and
circadian patterns govern LD dynamics. Thus, in addition to spatial
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aspects of LD biology, temporal factors are likely to play important
roles in regulating LD metabolism, and in coupling/uncoupling LD
accumulation from disease development.

7. CONCLUSIONS

LDs are the distinguishing trait of NAFLD and play important roles in
both the development and progression of this disease that lacks effi-
cacious and approved treatments. Numerous factors including diet,
genetics, and predisposing diseases (obesity, diabetes, etc.) can lead
to NAFLD through different etiological paths. Understanding how al-
terations in the LD proteome and lipidome change in response to these
factors to influence the development, severity, and unique subtypes of
NAFLD will be a critical research area moving forward. Moreover,
advancing our understanding of the heterogeneity and unique aspects
of LDs within a given cell, across cell types, or across the entire liver
will be required if we truly want to define the molecular mechanism of
NAFLD. Recent studies have greatly strengthened our grasp of LD
biology and, with the rapid emergence or more sensitive and powerful
scientific tools, we expect that this field will continue its rapid
expansion to further our progress in understanding and treating this
prevalent and deleterious liver disease.
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