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Abstract

Sections

Ubiquitous yet unique, lipid droplets are intracellular organelles that
areincreasingly being recognized for their versatility beyond energy
storage. Advances uncovering the intricacies of their biogenesis and
the diversity of their physiological and pathological roles have yielded
new insightsinto lipid droplet biology. Despite these insights, the
mechanisms governing the biogenesis and functions of lipid droplets
remainincompletely understood. Moreover, the causal relationship
between the biogenesis and function of lipid droplets and human
diseasesis poorly resolved. Here, we provide an update on the current
understanding of the biogenesis and functions of lipid dropletsin
health and disease, highlighting a key role for lipid droplet biogenesis
in alleviating cellular stresses. We also discuss therapeutic strategies
of targeting lipid droplet biogenesis, growth or degradation that could
be appliedin the future to common diseases, such as cancer, hepatic
steatosis and viral infection.
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Key points

e The primary roles of lipid droplet biogenesis are to alleviate cellular
stress and maintain energy homeostasis.

e Excess accumulation of lipid droplets and mutations in genes
associated with lipid droplets are implicated in a plethora of
pathologies.

o Although they are beneficial to cell physiology under most
conditions, lipid droplets might also exacerbate cytotoxicity and
disease progression in certain disease settings.

o Therapies targeting lipid droplet biogenesis, growth and degradation
might be promising avenues for treating cancer, viral infection and
hepatic steatosis.

Introduction

Delimited by a surfactant phospholipid monolayer, lipid droplets are
evolutionarily conserved organelles that enable the secure storage of
hydrophobic neutral lipids in the hydrophilic cytosol. Although lipid
droplets wereinitially observedinthe late 1890s™?, it was not until a cen-
tury later, following the discovery of perilipin (PLIN) and oleosin®*, that
the molecular detail of lipid droplets received attention. Investigations
over the past three decades have established lipid droplets as dynamic
cellular organelles that affect many aspects of cell physiology® . In addi-
tion to energy storage, lipid droplets are crucial for relieving cellular
stresses, including lipotoxic stress, endoplasmic reticulum (ER) stress,
oxidation and starvation. Accordingly, their dysregulation or accumu-
lationis associated with many disease conditions. Here, we review the
latestadvancesin the currentunderstanding of lipid droplet biogenesis
and functionsin health and disease.

Lipid droplet biogenesis

Based on their subcellular localization in eukaryotes, three types of
lipid droplets have been described: cytoplasmic, nuclear and luminal
(Fig.1). In this section, we review the latest mechanistic insights into
their biogenesis.

Cytoplasmiclipid droplets
Often used to refer generally to all lipid droplets, cytoplasmic lipid
droplets are by far the most well characterized form of these increas-
ingly recognized, diverse organelles. Many models have been proposed
for their biogenesis’?, with the most empirically supported version
involving the synthesis, nucleation and cytoplasmic budding and
growth of neutral lipids from the ER*”® (section 1 of Fig. 1).
Triacylglycerols and sterol esters are the most abundant neutral
lipids in eukaryotes®. Triacylglycerols are synthesized from glycerol-
3-phosphate throughaseries of enzymatic reactions starting with the
rate limiting enzyme, glycerol-3-phosphate acyltransferase (GPAT)
(section1ofFig.1).Inmammals, triacylglycerols are synthesized by the
esterification of diacylglycerol through diacylglycerol acyltransferases
(DGAT1and DGAT2)*%. Cholesteryl esters are synthesized by acyl-CoA
cholesterol O-acyltransferases1and 2 (ACAT1 and ACAT2), which are
also known as sterol O-acyltransferase 1and 2 (SOAT1and SOAT2)” %,
The molecular structures of most of these acyltransferases have been
resolved®*, revealing similar catalysing mechanisms between the

closely related DGAT1, ACAT1 and ACAT2 enzymes. In the budding
yeast, Saccharomyces cerevisiae, Dgal and the luminally oriented
Lrol (refs. 20,35,36), as well as Arel and Are2 (ref. 37), catalyse the
esterification of triacylglycerol and sterol esters. Crucially, although
genetic deletion in yeast (AREIA ARE2A LROIA DGAIA)*** or mice
(DgatlDgat2”")*° ablates lipid droplet content, individual expression
of Dgal, Lrol and Are2 (listed in decreasing order of efficacy) is suf-
ficient for the restoration of lipid droplet formation®. This finding
demonstrates the necessity of neutral lipid synthesis for cytoplasmic
lipid droplet biogenesis, which thus far remains the only obligatory
process in cytoplasmic lipid droplet formation®**,

Once the newly synthesized neutral lipids accumulate beyond
a critical concentration (2.8-10.0 mol% triacylglycerol)**™*¢, a lens
between the ER bilayers might form via the de-mixing phenomenon of
phase separation®*’, experimentally observed in yeast as 30-60 nm
diameter structures*®. This lens formation occurs when interaction
of neutral lipids with themselves becomes thermodynamically more
favourable thaninteraction with their membrane components. Inaddi-
tion, lens formation might occur spontaneously*** or be influenced
by membrane tension®, curvature®-*? and/or local lipid and protein
composition®***, The molecular details of neutral lipid nucleation
and lens formation are unknown; however, seipin and its yeast ortho-
logue Seil (also known as FId1) seem to have a prominent role in this
process®*®. Namely, Seil forms a decameric cage-like structure that
might facilitate the phase separation of triacylglycerol*”**. Moreover,
seipin® and proteins thatinteract with it, such as lipid droplet assem-
bly factor1(LDAF1)®°, NEMI (ref. 61), multiple C2 and transmembrane
domain containing 2 and its yeasthomologue, Pex30 (refs. 62-64), help
define the sites at which the formation of cytoplasmic lipid droplets
is initiated. Other proteins, such as PLIN3 (refs. 15,18), as well as fat
storage-inducing transmembrane protein 2 (FIT2) and its ER tubule-
forming binding partners, receptor expression-enhancing protein 5,
reticulon 4 and the cytoskeletal septin 7, also contribute to initiating
the formation of cytoplasmic lipid droplets®. In addition to proteins,
lipids such as phosphatidic acid and diacylglycerol might also have a
crucial rolein regulating triacylglycerol nucleationand lens formation®.

Following nucleation, neutral lipids might either be resorbed
or bud into spherical lipid droplets by overcoming the deformation
energy barrier of their encapsulating leaflets***’. In yeast, cytoplasmic
lipid droplets remain functionally connected to the ER***, whereas
both fully detached and ER-connected cytoplasmic lipid droplets
have been observed in mammals®*®%, Explained by the principles of
dewetting (spreading propensity of a liquid determined by tensions
between interacting phases), budding can result from a gradual
increase in the contact angle between emerging lipid droplets and
the ER bilayer*’*°. Theoretically, cytoplasmic lipid droplet budding
canoccur spontaneously without assistance from curvature-inducing
agents or proteins®”’, and its direction might be regulated by an asym-
metry in monolayer tension, with cytoplasmic lipid droplet budding
occurring due to reduced tension towards the cytosol”. Empirically,
however, both proteins and lipids have beenimplicated in the promo-
tion of cytoplasmiclipid droplet budding””. In particular, seipin and
PEX30 have been shown to organize budding-permissive ER domains,
potentially through alterations in phosphatidylcholine, phosphati-
dylinositol and diacylglycerol®. Furthermore, FIT2 might determine
budding direction via its luminally localized phosphatase activity,
which depletes phospholipids to form diacylglycerol*®*"7>7,

To mature into their full storage potential, budded cytoplas-
mic lipid droplets might then grow via several biophysical and/or
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Fig.1|Proposed mechanisms of eukaryotic lipid droplet biogenesis. ER stress, degradation of ApoB but maintenance of MTP levels (top right) enable
(1) Cytoplasmic lipid droplet biogenesis involves the synthesis, nucleation, ApoB-free luminal lipid droplet accumulation in the ER lumen before entry
cytoplasmic budding and growth of neutral lipids from the endoplasmic into the nucleus through type I nucleoplasmic reticulum breakage. (4) Luminal
reticulum (ER). DGAT1 and DGAT2 catalyse the formation of triacylglycerols lipid droplet biogenesis remains poorly characterized and confounded with
(TAG; see inset for the biosynthesis pathway), which, once accumulated beyond VLDL biogenesis (lipidated ApoB represents nascent VLDL particles). Luminal
2.8-10.0 mol%, form lens structures at sites putatively defined by proteins, lipid droplets are characterized as ApoB-free precursors. MTP might connect
suchasseipinanditsinteracting partners. Regulated by monolayer tension cytoplasmiclipid droplets with the formation of luminal lipid droplets and might
asymmetry, budding towards the cytosol might then occur spontaneously or be also mediate the lipid transfer between luminal lipid droplets and lipidated
promoted by both proteins and lipids, including seipin, FIT2 or diacylglycerol ApoB. AGPAT, 1-acylglycerol-3-phosphate acyltransferase; ApoB, apolipoprotein
(DAG). Ostwald ripening, coalescence, membrane bridges and both ERTOLD B-100; CIDE, cell death-inducing DFFA-like effector; CYTOLD, cytoplasm to lipid
and CYTOLD proteins might then contribute to the growth of cytoplasmic lipid droplet targeting; DGAT, diacylglycerol transferase; ERTOLD, ER to lipid droplet
droplets. (2) De novo nuclear lipid droplet biogenesis is similar to cytoplasmic targeting; FIT2, fat storage-inducing transmembrane protein 2; G-3-P, glycerol-3-
lipid droplet formation but occurs at the inner nuclear membrane. While the phosphate; GPAT, glycerol-3-phosphate acyltransferase; LPA, lysophosphatidic
role of seipin remains controversial, increased phosphatidic acid levels are acid; MTP, microsomal lipid transfer protein; PA, phosphatidic acid; PAP,

hypothesized to be pivotal. (3) Inlipoprotein-secreting cells, nuclear lipid droplet ~ phosphatidic acid phosphatase; Pi, inorganic phosphate; PLIN3, perilipin 3.
biogenesis might also occur via the engulfment of luminal lipid droplets. During
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protein-assisted mechanisms. One key mechanisminvolves a process
called Ostwald ripening, which promotes the transfer of neutral lipids
from smaller lipid droplets to larger, more stable lipid droplets?*57°,
This transfer is assisted by the lipid droplet-associated, cell death-
inducing DFFA-like effector (CIDE) family of proteins (CIDEA, CIDEB and
CIDEC), which canform pores that connect and mediate the directional
transfer of contents from small to large lipid droplets” (section 1 of
Fig.1). Distinct from lipid droplet growth mediated by CIDE proteins,
rapid coalescence of lipid droplets could also take place in the pres-
ence ofinadequate levels of phosphatidylcholine’ or an accumulation
of phosphatidic acid**. Membrane bridges connecting cytoplasmic
lipid droplets to the ER represent another means of cytoplasmic lipid
droplet growth. Here, activation of ARF1-COPI complexes might trig-
ger the formation of membrane bridges’’, allowing certain enzymes
that synthesize triacylglycerol, including GPAT4, to relocate from the
ERto lipid droplets®. Besides CIDE proteins and GPAT4, many other
proteins canreach and associate with lipid droplets through the ER to
lipiddroplet (ERTOLD) or cytosol tolipid droplet (CYTOLD) pathways
and contribute to the growth of lipid droplets®* (section 1 of Fig. 1).
Finally, lipid transfer proteins, such as oxysterol binding protein related
protein 5, might deliver phospholipids from the ER to lipid droplets,
thereby promoting lipid droplet growth®*.

Nuclear lipid droplets

Originally considered cytoplasmic lipid droplet entrapments in the
nucleus, nuclear lipid droplets are now emerging as true organelles
with their own distinct set of features (sections 2 and 3 of Fig. 1).
Indeed, although their identification was first limited to hepatic cells
and tissues®®, their characterization in various species (Arabidopsis
thaliana,S. cerevisiae and Caenorhabditis elegans, as well asmammalian
prostatic epithelial and osteosarcoma cell lines) and conditions (seipin
knockdown)®*~%° has suggested that nuclear lipid droplets might not
be as scarce and physiologically irrelevant as once inferred. In fact,
dependingon the cell type in which they reside, two main mechanisms
of nuclear lipid droplet biogenesis have been identified: first, de novo
generation and budding at the inner nuclear membrane, and second,
engulfment of luminal lipid droplets via the type I nucleoplasmic
reticulum.

In both mammalian U20S cells (a human osteosarcoma cell line)
and yeast, nuclear lipid droplet biogenesis is suggested to occur
de novo. Increased phosphatidic acid levels at the inner nuclear
membrane have a pivotal role, and various mechanisms have been
hypothesized. In U20S cells, the absence of seipin, which normally
binds phosphatidic acid and inhibits upstream GPAT3 and GPAT4
(refs. 97,98), might enable free phosphatidic acid diffusion to the
inner nuclear membrane, where upregulation of the diacylglycerol-
producing enzyme (Lipin-1) might promote triacylglycerol synthesis*.
Inyeast, conditions that increase the levels of phosphatidicacid, such
as inhibition of the phosphatidic acid to CDP diacylglycerol-convert-
ing enzyme, Cdsl, or its transcriptional upregulators, Ino2 and Ino4
(ref.54), are considered essential for nuclear lipid droplet biogenesis®™.
However, the role of seipin remains controversial. Seipin is directly
implicated in the promotion of yeast nuclear lipid droplet biogenesis
throughits formation of membrane bridges that link the inner nuclear
membrane and nuclear lipid droplets’. However, a suppressive role
for seipin has been demonstrated; similarly to U20S cells, yeast defi-
cientin seipin or its binding partner Ldb16 contains increased levels
of nuclear lipid droplets®*'%°. Despite these discrepancies, the pres-
ence of enzymes that synthesize neutral lipids (yeast Pahl and Cdsl,

and mammalian Lipin-1, GPAT3, GPAT4, DGAT1 and DGAT?2) at the
inner nuclear membrane®®>?° suggests that their nuclear lipid droplet
biogenesis should still mimic cytoplasmic lipid droplet formation.

In hepatocytes, nuclear lipid droplet biogenesis might occur via
the engulfment of luminallipid droplets (see next section ‘Luminal lipid
droplets’). Here, instead of secreting VLDLs containing both lipidated
apolipoprotein B-100 (ApoB) and ApoB-free luminal lipid droplets
during ER stress, ApoB-free luminal lipid droplets accumulatein the ER
lumen before eventually entering the nucleus through the type Inucleo-
plasmic reticulum'®. This process relies on both degradation of the
scaffolding protein, ApoB'®, and maintenance of the lipid transferring
chaperone, microsomal triglyceride transfer protein (MTP)'** (section 4
of Fig.1). Their concurrentimbalance in hepatocytes then enables the
extension of type I nucleoplasmic reticulum through the expression
of promyelocytic leukaemia proteinisoform II'*'*, Being deficientin
lamin A, lamin Cand lamin B1 (ref.105), the type Inucleoplasmicreticu-
lumis then vulnerable to breakage upon contact with large ApoB-free
luminal lipid droplets, enabling them to enter the nucleus.

Luminal lipid droplets

Luminallipid droplets are the least characterized members of the eukar-
yoticlipid droplet family, but they are known to have similar origins to
cytoplasmiclipid droplets and are precursors in nuclear lipid droplet
biogenesis (section 4 of Fig. 1). Due to their topological and ultrastruc-
tural resemblance to lipoproteins®'°®, luminal lipid droplet biogenesis
is often confounded with the established VLDL biogenesis pathway, in
which triacylglycerols are transferred to partially lipidated ApoB-free
precursors viaa two-step process that s facilitated by MTP'?. Distinct
from VLDL particles, luminal lipid droplets are characterized as lipid
droplets that have low levels of triacylglycerol and lack ApoB, PLIN2
and albumin; instead, they contain ApoE, triacylglycerol hydrolase,
carboxylesterase 1and MTP'*®, Minimal molecular insights into the
biogenesis of luminal lipid droplets are currently available, but MTP
might have a crucial role in facilitating the transfer of triacylglycerol
from cytoplasmic lipid droplets to luminal lipid droplets and possi-
bly between luminal lipid droplets and nascent VLDL particles®™'°%,
Italso remains to be unequivocally determined if luminal equivalents
of cytoplasmic lipid droplets actually exist, and if so, what role (or roles)
they have in lipid droplet biology. Key cytoplasmic lipid droplet pro-
teins, LRO1, FIT2 and seipin, have been demonstrated to have active
sites (synthesizing triacylglycerol (LRO1) or diacylglycerol (FIT2)) or
mutations associated with diseases (N88S and S90L seipin) in the ER
lumen?0#85+757619 These findings suggest that the biogenesis of cyto-
plasmic lipid droplets and luminal lipid droplets might share some
common components and/or mechanisms. Moreover, the accessibility
of high affinity cytoplasmiclipid droplet proteins'® and milk-producing
lipid droplets"*™ to the ER lumen further support the idea that true
luminal lipid droplet biogenesis occurs. Thus, akin to the initial dis-
missal of both cytoplasmic lipid droplets and nuclear lipid droplets,
further interrogation of luminal lipid droplets is warranted and might
yield exciting new insights.

Lipid droplet biogenesis as a response to cellular
stress

Although the most recognized function of cytoplasmic lipid droplets
is to serve as energy storage organelles, many lines of evidence sug-
gest that the primary goal of lipid droplet biogenesis is to alleviate
cellular lipotoxic stress, as well as stresses associated with disturbed
ER homeostasis, oxidation and starvation®">""* (Fig. 2). Substrates of
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Fig.2|Postulated chronology of cellular stress-induced lipid droplet
biogenesis. Cellular stress, including endoplasmic reticulum (ER), oxidation
and starvation might trigger increased lipogenesis, autophagy, lysosomal
phospholipid turnover or the activity of phospholipases. In turn, increased
flux of free fatty acids and other lipid intermediates to the ER mightinduce
lipotoxicity. Lipid droplet biogenesis, whichis initiated by increased neutral
lipids at the ER, might then be promoted to sequester toxic free fatty acids.
Through their various roles, including maintaining energy and membrane
homeostasis and enabling protein storage and degradation, lipid droplets
might further support stress alleviation.

triacylglycerol and cholesterol ester synthesis (fatty acids, fatty acyl
CoA, diacylglycerol and cholesterol) are bioactive lipids that can disrupt
normal cell function whenin excess™ . Oleate, the most commonly
used lipid forinducing lipid droplet formation, is highly toxic to both
yeastand mammalian cells when the ability to synthesize neutral lipids
is compromised"*'*°, However, oleate is far less toxic than palmitate in
wild-type cells as it can easily be converted to triacylglycerol for storage
inlipid droplets™. In fact, unsaturated fatty acids, including oleate,
can rescue palmitate-induced cytotoxicity by promoting the incor-
poration of palmitate into triacylglycerols'®. These toxicity-lowering
effects of triacylglycerol synthesis and lipid droplet biogenesis have
also been demonstrated in numerous models, including the fission
yeast Schizosaccharomyces pombe™?, mouse adipocytes'”, mouse
endothelial cells'”, mouse cardiomyocytes'” and fly brain'**.,

In addition to lipotoxicity, other forms of stress can also trigger
lipid droplet biogenesis®">""*, When nutrients are limited, yeast cells
enter astationary growth phase and accumulate lipid droplets*" This
accumulationis partly due to inositol deficiency, which slows down the
synthesis of phospholipids but promotes that of diacylglycerol and tria-
cylglycerol”. Inmammalian cells, long-termstarvation or mTORClinhi-
bition by TORIN1 triggers autophagy, which then increases fatty acid
release via membrane degradation. DGAT1 converts these fatty acids
into triacylglycerol, which promotes lipid droplet biogenesis and pre-
vents lipotoxic damage to mitochondria'>*'?, In a study published in
2022, mTORClinhibition or nutrient deprivation were demonstrated
to increase the delivery of endosomal cargo to lysosomes and pro-
mote triacylglycerol accumulation through lysosome-dependent but
autophagy-independent hydrolysis of phospholipids'*. Increased
phospholipase expression and activity might also account for the

hydrolysis of phospholipids under these conditions'®. Mechanistic

differences aside, cells seem to adapt to starvation by increasing mem-
brane turnover and the flux of fatty acids and other lipid intermediates
to the ER for triacylglycerol synthesis and lipid droplet biogenesis.

Similar to starvation, conditions of ER stress increase the syn-
thesis of neutral lipids and lipid droplet formation in the budding
yeast'”, ER stress pathways can also promote lipogenesis and increase
triacylglycerol synthesis in mammals'?. In addition to lipogenesis,
phospholipid remodelling and turnover could also contribute to
triacylglycerol synthesis and lipid droplet formation under these condi-
tions. For instance, ER stress activates the mitogen-activated protein
kinases, which can phosphorylate and activate phospholipases such
as cPLA2a to promote lipid droplet biogenesis* %2,

Oxidative stress arising fromreactive oxygen species (ROS) is often
associated with increased lipid droplet biogenesis"*. The underlying
mechanism remains to be elucidated but mightinvolve the activation
of lipogenesis mediated by sterol regulatory element-binding protein
(SREBP), as well as phospholipid turnover and remodelling**"**, Upon
oxidative stress, phospholipases might release polyunsaturated fatty
acids (PUFAs) from membranes so that they can be stored in lipid
droplets, where PUFAs are less susceptible to peroxidation*. Whether
lysosomal digestion of phospholipids contributes to increased levels
of fatty acids and lipid droplet biogenesis under ER or oxidative stress
is an interesting topic for future investigation'®,

In summary, it seems that most, if not all, forms of stress factors
caninduce membrane degradation and/or lipogenesis, thereby increas-
ing the flux of free fatty acids to the ER. Triacylglycerol synthesis and
lipid droplet biogenesis are then induced to reduce the level of toxic
polarlipids (Fig.2). Once formed, lipid droplets can also relieve cellular
stressin other ways, such as by facilitating protein storage and turno-
ver and shielding PUFAs from ROS damage''*'*, By alleviating cellular
stress, lipid droplets help maintain membrane homeostasis, a crucial
function for normal cell physiology, as well as the survival of viruses
andsome forms of cancer (see sections ‘Bacterial and viral infection’and
‘Cancer’). Finally, while many stress conditions might increase the
release and/or synthesis of free fatty acids, the long-term presence of
excessive free fatty acids, especially palmitate, can also cause ER and
oxidative stress, thereby potentially creating a vicious cycle and driving
lipid droplet accumulation further'>,

Lipid droplets in health and disease

From alleviating cellular stresses and facilitating energy regulation to
providingmembrane lipid precursors, acting as hubs in lipid trafficking
and docking sites for protein storage and degradation, lipid droplets
serve many vital homeostatic and operational functions. Not surpris-
ingly, both their dysregulated accumulationin cells and mutationsin
genes associated with lipid droplets (Table 1) have been linked with
disease (Box 1). In this section, we review the latest understanding of
the multifactorial roles of lipid droplets in disease.

Obesity

Through their regulation of lipid droplet size, several proteins asso-
ciated with lipid droplets have been linked with the pathogenesis of
diet-induced obesity. For instance, the expression of CIDEA, CIDEC
and PLIN1 were found to be upregulated in the visceral adipose tis-
sue of adult women with obesity'”. Likewise, single nucleotide pol-
ymorphisms (rs1154588, rs4796955, rs8092502 and rs7230480) in
the gene encoding CIDEA were identified as risk factors for obesity
in Han Chinese and Swedish populations™®*°, Null mutations in mice
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Table 1| Genetic factors associated with lipid droplets in human diseases

Causative Disease (or diseases) Protein function and dysfunction Refs.
gene
DGAT1 Congenital diarrhoeal disorders Together with DGAT2, DGAT1 catalyses the terminal step in triacylglycerol synthesis; loss-of- 294
function mutations ablate DGAT1 expression and activity
DGAT2 Charcot-Marie-Tooth disease and  Together with DGAT1, DGAT2 catalyses the terminal step in triacylglycerol synthesis; de novo 295,296
NAFLD missense mutation (p.Y223H) and rs1944438 single nucleotide polymorphism
FITM2 Deafness-dystonia syndrome Might determine nucleation site (or sites) and budding direction during lipid droplet biogenesis; 297,298
homozygous nonsense and compound heterozygous mutations
CIDEA NAFLD, obesity and T2DM Activates apoptosis; V115F is associated with both obesity and the metabolic syndrome; CIDEA 138,139,
might act as a fatty acid sensor to promote hepatic lipid droplet accumulation; rs1154588, 299,300
rs4796955, rs8092502 and rs7230480 have been identified as risk factors for obesity
APOB Familialhypobetalipoproteinaemia Chylomicron production via apoB-48 protein or VLDL production through apoB-100; typically 301,302
and NAFLD heterozygous truncating pathogenic variants
APOE Alzheimer disease Regulates lipoprotein clearance by mediating lipid binding to specific internalizing receptors; 239,243,303
APOEA4 has reduced lipid transporting capacity
PNPLA3 NAFLD Hydrolyses triacylglycerol, diacylglycerol and monoacylglycerol; PNPLA3 1148M ablates 183,184,
triacylglycerol hydrolase activity, evades ubiquitination; PNPLA3 1148M might competitively 187-192
bind to, and sequester, ABHD5 away from PNPLA2
17B-HSD13  NAFLD Promotes hepatic lipogenesis. rs72613567:TA and rs6834314 protect against PNPLA3 1148M- 198-201
induced hepatic fibrosis; protein kinase A-mediated 173-HSD13 phosphorylation at serine 33
reduces PNPLA2-17(3-HSD13 interactions, enabling PNPLA2-ABHD5 interactions
CIDEB NAFLD, T2DM and obesity Facilitates lipid droplet fusion and lipid exchange, promotes VLDL lipidation and SREBP 202-205,207
activation; rare germline mutations offer substantial protection from liver disease; however,
>20 somatic mutations have been identified in chronic liver disease
TM6SF2 NAFLD Regulator of liver lipid metabolism; E167K, rs58542926 reduces TM6SF2 protein stability and 208,304
expression
MBOAT7 NAFLD Involved in phospholipid acyl chain remodelling; rs641738 reduces MBOAT7 mRNA and protein 209
levels, increasing lysophosphatidylinositol levels and promoting triacylglycerol synthesis
ATG7 NAFLD Essential autophagy regulator; loss-of-function variants (rs143545741 is most frequent) impair 210
autophagy and facilitate ballooning and inflammation
ABCB4 NAFLD Essential for phosphatidylcholine translocation from inner to outer canalicular membranes of 211,305
hepatocytes; deficiency might lead to altered phosphatidylcholine to bile salt ratios
SLC30A10 NAFLD Excretes manganese from the liver to the bile duct; T95I, rs188273166 is associated with 213
elevated alanine and aspartate aminotransferase activities, rare loss-of-function mutant might
lead to hypermanganesaemia with dystonia
PLIN2 NAFLD Antagonizes PNPLA2-mediated lipolysis; S251P, rs35568725 variant reduces lipid droplet size 178,214
but increases lipid droplet number
PLIN3 NAFLD Involved in triacylglycerol formation and lipid droplet biogenesis, as well as protection against 215
ER stress and apoptosis; knockdown prevents diet-induced hepatic steatosis
PNPLA2 NLSDM Rate-limiting enzyme in intracellular lipolysis; mutations cause defective triacylglycerol 306
hydrolase activity and/or PNPLA2 lipid droplet localization
ABHD5 NLSDI Co-activator of PNPLA2, increasing its activity 20-fold; several loss-of-function mutations 307,308
LIPA Wolman disease or cholesteryl Hydrolyses lysosomal cholesterol esters and triacylglycerol; reduced lysosomal acid lipase 309
ester storage disease activity and excessive lysosomal accumulation of substrates
AGPAT2 Congenital generalized Catalyses the esterification of lysophosphatidic acid into phosphatidic acid; multiple missense, 310,311
lipodystrophy type 1 nonsense and frameshift mutations
BSCL2 Congenital generalized Might determine nucleation site (or sites) in lipid droplet biogenesis; a range of identified 312,313
lipodystrophy type 2, seipinopathies mutations
and progressive encephalopathy
with or without lipodystrophy
CAV1 Congenital generalized Necessary and sufficient for caveolae formation; homozygous nonsense mutation (p.Glu38X) 314
lipodystrophy type 3
PTRF Congenital generalized Required for caveolae formation and caveolin sequestration into caveolae; homozygous 315,316
lipodystrofphy type 4 and ¢.696_697insC (p.K233fs) mutation or compound heterozygous with ¢.525delG (p.E176fs)
muscular dystrophy mutation causing secondary caveolin deficiency
LMNA and  Familial partial lipodystrophy Provide mechanical support to nucleus; mutations in the carboxy-terminal immunoglobulin-like 317
LMNC type 2 globular domain
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Table 1 (continued) | Genetic factors associated with lipid droplets in human diseases

Causative Disease (or diseases) Protein function and dysfunction Refs.

gene

PPAR-y Familial partial lipodystrophy Master regulator of adipogenesis and required for mature adipocyte function; impaired 318,319
type 3 aforementioned functions; R425C could be the molecular basis

PLIN1 Familial partial lipodystrophy Binds ABHD5 to protect against unrestricted lipolysis in basal state and enables maximal 320-322
type 4 and NAFLD activation of both PNPLA2 and hormone-sensitive lipase in the stimulated state via

phosphorylation; heterozygous frameshift mutations at 439, 498 or 404

CIDEC Familial partial lipodystrophy Enables lipid transfer from small to large lipid droplets via pores; premature truncation 77142,323
type 5, T2DM, NAFLD and obesity mutations E186X impairs lipid droplet growth

LIPE Familial partial lipodystrophy Hydrolyses diacylglycerol into monoacylglycerol; impaired PPARy activation due to reduced 324

type 6, T2DM, NAFLD and
dyslipidaemia

ligand generation

ABHDS5, aB-hydrolase domain-containing 5; CIDEA, cell death-inducing DFFA-like effector protein A; DGAT, diacylglycerol acyltransferase; ER, endoplasmic reticulum; 173-HSD13, 17B3-hydroxysteroid
dehydrogenase 13; NAFLD, non-alcoholic fatty liver disease; NLSDI, neutral lipid storage disease with ichthyosis; NLSDM, neutral lipid storage disease with myopathy; PNPLA, patatin-like phospholipase
domain-containing protein; SREBP, sterol regulatory element-binding protein; T2DM, type 2 diabetes mellitus.

or cellular knockdown of CIDEA™°, CIDEB', CIDEC (also known as
fat-specific protein 27, FSP27)"*? or PLIN1 (refs. 143,144) have also dem-
onstrated a clear pro-obesogenic role for these proteins. Mechanisti-
cally, promotion of alarge unilocular lipid droplet phenotype through
interaction and activation of CIDEC (residues 38-217) with PLIN1
(residues 291-318)"* might be responsible for the obesogenic effect.
Interestingly, while both CIDEC-knockout mice and PLIN1-knockout
mice exhibit drastically reduced levels of white adipose tissue and
elevated lipolysis, only CIDEC-knockout mice remaininsulin-sensitive,
potentially through their increased fragmentation of, and mitochon-
drial access to, lipid droplets'*®. Contrary to the interaction between
CIDEC and PLINI, the interaction of CIDEA and CIDEC with CLSTN3(
promotes lipid droplet multilocularity through disrupting lipid transfer
between lipid droplets'’. This finding suggests a role for other factors
thatinteract with CIDE proteins in the regulation of lipid droplet size
inobesity.

Inadditionto posingits own health challenges, many of the effects
of obesity stem from the morbidities that are associated with obesity,
such as type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver dis-
ease (NAFLD), cardiovascular diseases, respiratory diseases and some
cancers. Although these associations are firmly established on an
epidemiologicallevel, the causal and temporal relationships between
obesity and its putative pathogenic factors, insulin resistance and
hyperinsulinaemia, remain unclear'*®. Indeed, although insulin resist-
ance was initially presumed to increase in parallel with adiposity™*’,
ectopic lipid accumulation and lipotoxicity resulting from limited
subcutaneous (hyperplastic) adipose tissue expansion (Supplemen-
tary Box 1) have now emerged as being key contributors to the onset
of metabolic diseases.

Theinfluence of ectopic lipid accumulationis best exemplified by
the characterization of lipid distribution in the athlete’s paradox, meta-
bolically healthy obesity and lipodystrophy. In the athlete’s paradox,
elevated intramyocellular lipid storage, which is normally negatively
associated with insulin resistance, is observed in insulin-sensitive
athletes™. Anincreased number of lipid droplets in the intramyofibril-
lar region of type I fibres in trained individuals might be responsible
for this paradox, whereas increased lipid droplet size in the subsarco-
lemmal region of type I fibres is characteristic of T2DM"°. Moreover,
inmetabolically healthy obesity, where individuals have areduced risk
of cardiometabolic abnormalities in relation to their BMI, reduced
mean adipocyte size, inflammatory markers and ectopic (visceraland

liver) adiposity are observed™'. These observations are accompanied
byincreased subcutaneous gluteofemoral and leg adiposity, increased
capacity for hyperplastic adipose tissue expansion and preserved
insulinsensitivity"2, Finally, severe insulin resistance is observed inlipo-
dystrophy (see next section ‘Lipodystrophy’), adisorder characterized
by insufficient rather than excess adipose tissue.

Lipodystrophy

Lipodystrophy is a heterogeneous disorder defined by the selective
loss of adipose tissue. Historically, it was regarded as infrequent with
estimates of ~1in 1-10 million people’*?, but it is now estimated to
be as prevalent as ~1in 7,000 people in cohort-based health record
studies™*. Despite representing the adipose tissue antithesis of obesity,
lipodystrophy manifests with severe obesity-associated metabolic
complications™. This superficial paradox occurs due to overwhelmed
adipose tissue stores, where drastically reduced adipose tissue capacity
and expandability culminate in lipotoxicity"**. Mechanistically, reduced
adiposetissue capacity involvesimpaired adipocyte differentiation or
premature adipocyte death resulting in increased circulating levels
of fatty acids, ectopic lipid accumulation and/or hyperphagia and
reduced energy expenditure linked to low leptinlevels™’. Inturn, these
sequelae might promote systemic insulin resistance and subsequent
cardiometabolic dysfunction™”.

Dependingonits aetiology (genetic or acquired) and the extent of
adipose tissue loss (general or partial), lipodystrophy can be catego-
rized into four broad groups: congenital generalized lipodystrophy,
acquired general lipodystrophy, familial partial lipodystrophy and
acquired partial lipodystrophy. The acquired forms can originate
from autoimmune disorders, result in progressive loss of adipose
tissue and are three to four times more common in female than in
maleindividuals™®, whereas the generalized forms are predominantly
inherited via mutations in genes involved in lipid droplet biogenesis
or biology.

Currently, four molecularly distinct subtypes are described
for congenital generalized lipodystrophy, and there are six genetic
subtypes of familial partial lipodystrophy. In congenital generalized
lipodystrophy type 1, mutations in the gene encoding the lysophos-
phatidic acid to phosphatidic acid converting enzyme, AGPAT2,
lead to the ablation of metabolically active adipose tissue and
preservation of mechanical adipose tissue in humans'’. Although
AGPAT2is upregulated 30-fold during adipocyte differentiation and
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Box 1

Summary of the main roles of lipid droplets in disease

Obesity
¢ Limited hyperplastic adipose tissue expansion during obesity
might lead to secondary metabolic complications.
e Pro-obesogenic proteins (CIDEA, CIDEB, CIDEC and PLIN1)
are involved in lipid droplet growth and unilocular phenotype
promotion.

Lipodystrophy
e Genes related to lipid droplet biology are involved in congenital
generalized lipodystrophy (AGPAT2, BSCL2, CAV1and PTRF) and
familial partial lipodystrophy (PPARG, PLIN1, CIDEC and LIPE).

Non-alcoholic fatty liver disease
¢ Increased de novo lipogenesis and reduced lipolysis might
lead to dysregulated lipid droplet biogenesis and growth, and
subsequent promotion of hepatic steatosis.
e Proteins involved include PNPLA3, 173-HSD13 and CIDEB.

Pancreatic steatosis
e Pancreatic steatosis might lead to type 2 diabetes mellitus (T2DM),
pancreatitis or pancreatic cancer.
e T2DM and pancreatitis are also bidirectionally linked and type 3c
diabetes mellitus might follow pancreatitis.
e Steatosis of both the pancreas and liver might be functionally
connected via the twin cycle hypothesis.

is involved in the regulation of early stages of adipogenesis™®'*’,
the redundancy of AGPAT isoforms might be responsible for the
maintenance of mechanical adipose tissue depots'®. By contrast,
mutationsin BSCL2, the gene encoding seipin, resultinthe absence
ofallforms of adipose tissue in congenital generalized lipodystrophy
type 2. Specifically, global or adipose-specific Bsc/2-knockout mice
exhibit loss of white and brown adipose tissue, adipocyte hyper-
trophy, inflammation and insulin resistance, as well as a range of
complications'®®*, Both seipin and AGPAT2 are essential in the
biogenesis and growth of lipid droplets and are associated with
phosphatidic acid’”?®'®>; however, exactly how they regulate both
lipid droplet biogenesis and adipogenesis remains to be elucidated
(Supplementary Box 2).

In congenital generalized lipodystrophy type 3 and type 4, muta-
tionsin CAVI (encoding caveolin1) and PTRF (encoding cavin 1), respec-
tively, enable retention of mechanical adipose tissue and bone marrow
adipose tissue despite loss of metabolically active adipose tissue'®*.
Caveolae maintain the integrity of lipid droplets'*®; caveolin 1is amajor
component of caveolae and cavinlis essential for caveolae biogenesis.
Therefore, the pathogenesis of these proteins is also linked, albeit
indirectly, to the regulation of lipid droplets. With the exception of
familial partial lipodystrophy type1and type 2, the link between lipid
droplets and lipodystrophy also extends to most types of familial
partiallipodystrophies, where mutationsin the genes encoding PPARy,
PLIN1, LIPE and CIDEC lead to familial partial lipodystrophy types 3,4,
5and 6, respectively (Table 1).

Neurodegeneration
o The key genes associated with lipid droplets that are involved in
neurodegeneration include those encoding ApoE4 and seipin.
o Increased levels of reactive oxygen species and other stressors
lead to the formation of neuroprotective lipid droplets in glial cells.

Infection
o Lipid droplets might prevent bacterial infections but support viral
replication and proliferation.
o Lipid droplets associate with and support the formation of double-
membrane vesicles during viral infection. Proteins involved in this
process include DFCP1, PLIN2, DGAT1and RAB18.

Cancer
o Lipid droplets promote the proliferation, migration and survival of
cancer cells by alleviating cell stress and/or providing substrates
for membrane lipid synthesis and 3-oxidation.
o DGAT1 and PLIN2 play essential roles for the proliferation of several
cancers by promoting the formation of lipid droplets.

Cardiovascular disease
¢ |n cardiovascular diseases, lipid droplets in macrophages
and cardiomyocytes reduce lipotoxicity and provide fuel and
metabolic signalling molecules.
e Proteins involved include PNPLA2, PPARa, DGAT1, PLINS and ACAT1.

Non-alcoholic fatty liver disease
Defined by an accumulation of lipid droplets in the liver, NAFLD is a
chronic heterogeneous disease with a global prevalence of 32.4%'°".
As NAFLD can occur as a cause, consequence and exacerbator of
metabolic dysfunction'®®'’, a reclassification of NAFLD to metabolic
associated fatty liver disease (MAFLD) has been proposed in the past
few years'°. Originating as simple steatosis, NAFLD can progress to
steatohepatitis with fibrosis, cirrhosis, liver failure and potentially
hepatocellular carcinoma". This progression has two proposed means
of pathogenesis: the two-hit hypothesis and the multiple-hit hypoth-
esis. In the two-hit hypothesis, hepatic lipid droplet accumulation
(first hit) potentiates subsequent oxidative stress and inflammation
(second hit)"”. In the multiple-hit hypothesis, several factors (such
as the aforementioned first and second hits, insulin resistance, mito-
chondrial dysfunction, gut microbiota, genetic factors and epigenetic
factors) actin parallel to initiate and progress hepatic steatosis'’>'"*.
At the molecular level, initial accumulation of lipid droplets in
the liver might occur as an adaptive response to imbalanced fatty
acid supply and removal. During fasting, adipose tissue lipolysis
(Supplementary Box 3) almost exclusively mediates fatty acid flux
to the liver'”. During postprandial periods, chylomicron incorpora-
tion of dietary fats or de novo lipogenesis of dietary glucose medi-
ate this flux'”®, Although NAFLD can occur in lean individuals'’, and
occurs independently of comorbidities”®, it is often accompanied by
selective hepatic insulin resistance, in which considerably elevated
levels of de novo lipogenesis might further contribute to NAFLD'’,
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Depending on physiological needs, fatty acids entering hepatocytes
can be partitioned for 3-oxidation or esterification into neutral
lipids™°. Following neutral lipid synthesis and lens formation (see
section ‘Cytoplasmic lipid droplets’), cytoplasmic lipid droplet bio-
genesis might either proceed with budding towards the cytosol or
remain embedded in the ER bilayer. In the latter state, the unfolded
protein response might be triggered, leading to ER stress, increased
production of ROS and exacerbation of lipid droplet accumulationin
theliver'™, Thus, lipid droplet biogenesisin the liver is initially protec-
tive; however, long-term and excessive lipid droplet accumulation
can be detrimental to hepatocyte function. For instance, mice fed
a high-fat diet for 12 weeks exhibit accumulation of enlarged lipid
dropletsintheliver and sequestration of proteins from other cellular
compartments, thereby disrupting the function of other organelles,
in particular the Golgi'®.

In addition to dysregulated lipid droplet metabolism, several
genetic factors associated with lipid droplets have been implicated
in the pathogenesis of NAFLD. The most prominent risk factor is the
single nucleotide polymorphism1148M in patatin-like phospholipase
domain-containing protein 3 (PNPLA3), which was independently
identified in two genome-wide association studies'*>'s*, Whilst PNPLA3
depletion does not result in hepatic steatosis'®'%¢, PNPLA3 1148M
(rs738409) promotes NAFLD through three distinct yet cumulative
functions. Namely, it ablates PNPLA3-mediated triacylglycerol hydro-
lase activity'"'®®, leading to lipid droplet accumulation. It also evades
ubiquitinationand autophagic degradation’®*'*°, resulting in increased
levels of PNPLA31148M on accumulated lipid droplets. PNPLA3 1148M
on the lipid droplet surface might then competitively bind to and
sequester af}-hydrolase domain-containing 5 (ABHDS5; also known
as CGI-58) away from PNPLA2 (also known as ATGL)'"'?, preventing
subsequent lipolysis and lipophagy of large and small lipid droplets,
respectively'”. In addition, PNPLA3 1148M also exacerbates hepatic
ballooning and fibrosis'*, potentially through the pro-inflammatory
attenuation of its retinol palmitate lipase activity''*°.

Twovariants of 17p3-hydroxysteroid dehydrogenase 13 (173-HSD13),
1s72613567:TA and rs6834314, which have retinol dehydrogenase activ-
ity'”, have been suggested to protect against PNPLA3 1148M-induced
hepatic fibrosis'***’, Initially identified in a proteomics screen**®, 173
HSD13is a hepatocyte-specific protein thatis localized to lipid droplets
and is involved in the promotion of hepatic lipogenesis and NAFLD
pathogenesis. The mechanism by which173-HSD13 and mutated forms
of this protein regulate steatosis and lipid droplet dynamics remains
unclear; however, a study linking 173-HSD13 with lipolysis regulation
revealed new insights. Specifically, wild-type 173-HSD13 physically
interacts with PNPLA2 on the surface of lipid droplets, but this inter-
action is reduced by protein kinase A-mediated phosphorylation of
17B-HSD13 at serine 33, thereby enabling PNPLA2-ABHDS5 binding and
subsequent hepatic lipolysis®.

Mutations in the gene encoding CIDEB, another hepatocyte-
specific protein localized to lipid droplets, have also been linked to
NAFLD. Although >20 somatic CIDEB mutations have been identified
in chronicliver disease’®, rare germline mutations in CIDEB offer sub-
stantial protection against liver disease’”>. The role of CIDEB in NAFLD
regulation remains poorly characterized; however, CIDEB is known to
facilitate lipid droplet growth and lipid exchange from small to large
lipid droplets in hepatocytes®™. It also promotes VLDL lipidation and
the biogenesis of its transport vesicles’*>*°°. Moreover, CIDEB also
actsasthelinchpin of SREBP activation through selectively promoting
SREBP and SCAP loading into COPII-coated vesicles*”’.

Finally, numerous other proteins and genetic variants, includ-
ing TM6SF2 E167K*°%, MBOAT7 rs641738 (ref. 209), ATG7 rs143545741
(ref. 210), rare coding variants in ABCB4 (ref. 211), APOB*? and
SLC30A10 (ref.213), PLIN2 S251P*** as well as PLIN1 and PLIN3 (ref. 215),
are associated with NAFLD pathogenesis or protection. However, the
mechanisms of action of these variants remain largely elusive.

Pancreatic steatosis: T2DM, pancreatitis, pancreatic cancer
Increasingly recognized as being as clinically important as NAFLD,
pancreatic fataccumulation comprises either adipocyte infiltrationin
the exocrine pancreas (predominant route) or ectopic accumulation of
triacylglycerol-richlipid dropletsin the endocrine pancreas*°. Despite
being identified almost a century ago*”’, methods to accurately and
efficiently detect and quantify pancreatic fat are lacking, and there is
no consensus on the classification for its pathology. Unsurprisingly,
characterization of its true global prevalence s limited, with the best,
albeit biased, estimates suggesting 16-35%”'%"°. Although minimal
pancreatic fatis normalin healthy individuals and fatty acids serve as
potentiators of glucose-stimulated insulin secretion??’, excess fataccu-
mulation in the pancreas, most broadly termed pancreatic steatosis*,
isnow recognized as detrimental for both its endocrine and exocrine
roles. Indeed, whilst increased pancreatic fat content has long been
correlated with obesity and T2DM?**?%, pancreatic steatosis is also
emerging as a potential primary cause of chronic pancreatitis?*, and
is associated with pancreatic ductal adenocarcinoma®”.

Pancreatic steatosis is affected by several risk factors, including
age, sex, the metabolic syndrome, NAFLD (67.9% concurrence rate)
and lifestyle factors such as alcohol, tobacco and cannabis consump-
tion”*??%, As such, pancreatic steatosis might have a causative role in
the pathogenesis of many diseases of the pancreas. In T2DM, which
accounts for ~90% of the 537 million cases of diabetes mellitus world-
wide?”, pancreatic steatosis might disturb glucose metabolism and
impair insulin secretion. Specifically, high levels of liver-originating
fetuin A coupled with local fatty acid release might activate pro-
inflammatory toll-like receptor 4, altering both the secretome*° and
the differentiation potential of pancreatic adipocytes*. A vicious
twin cycle involving blunted insulin suppression of hepatic glucose
production and compensatory hyperinsulinaemia might then ensue,
leading to hyperglycaemia and B-cell dysfunction'. Bidirectionally
linked with T2DM??, the pathogenesis of chronic pancreatitis like-
wise involves inflammation derived from pancreatic steatosis in the
form of toll-like receptor-dependent signalling. Moreover, in type 3c
diabetes mellitus, where diabetes mellitus of the exocrine pancreas
might develop after acute pancreatitis, cells and secreted hormones of
pancreaticislets have been suggested to beimpaired by inflammation,
fibrosis and sclerosis*2. Finally, increased cytokine production arising
from pancreatic steatosis might also predispose human pancreatic
cells to malignant transformation®,

Neurodegeneration

Lipid droplets were originally observed over a century ago along-
side amyloid-p plaques and hyperphosphorylated tau tangles in
Alzheimer disease™*. As the most common neurodegenerative dis-
order, Alzheimer disease is expected to reach a global prevalence of
>150 million casesin 2050 (ref. 235).Since thisinitial observation, lipid
droplets have been identified in numerous brain cell types, including
neurons, astrocytes, oligodendrocytes, microgliaand ependymal cells.
Although only microglia and ependymal cells generally accumulate
lipid droplets under non-pathological conditions?***¥, lipid droplets
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in the brain commonly form in response to inflammation, oxidative
stresses and ageing™>**%, Indeed, increased ROS production, hypoxia
and metabolicstress lead to the formation of lipid dropletsinastrocytes
asaneuronal detoxification mechanism?***°, Specifically, as neurons
have a limited capacity to store and catabolize lipid droplets due to
weak antioxidant defences®**, peroxidated lipids generated viaROS
are sequestered by apolipoproteins (ApoE and ApoD) and are stored
inglial lipid droplets*****. The APOE4 allele, the strongest genetic risk
factor for both early-onset and late-onset Alzheimer disease***, has
reduced lipid transfer capacity, causing impaired formation of glial
lipid droplets®*****, Several other genetic risk factors for Alzheimer
disease also affect the formation of neuroprotective glial lipid drop-
lets?”. In Parkinson disease, lipid droplet accumulation might also
have a protective role, as enhanced cytotoxicity is observed in the
absence of lipid droplet formation in yeast models expressing human
a-synuclein®®. Interestingly, the pathological, a-synuclein protein
binds to the surface of lipid droplets, which promotes their accumu-
lation by preventing their lipolysis?*”**, This binding ability is either
enhanced (E46K and A53T)****° or reduced (A30P and G51D)*°*'in
mutated forms of a-synuclein that are involved in Parkinson disease.
Finally, alarge number of proteinsinvolved inlipid droplet biogenesis
or biology have been implicated in motor neuron diseases, including
amyotrophic lateral sclerosis (associated with seipin and hVAPB)*?,
and hereditary spastic paraplegia (associated with seipin, DDHD?2,
atlastin-1and spastin)®’. However, their mechanistic details are yet
to beelucidated.

Bacterial and viral infection

Lipid droplets serve as dynamic platforms for fighting against bacterial
infection®*. Although bacteria-derived lipopolysaccharide has long
beenknowntoincrease lipid droplet formationin mammalian cells, it
remains unclear whether lipid droplets function to support or under-
mine bacterial infection. In abacterial killing assay of Escherichia coli,
purified lipid droplet proteins reduced bacterial growth®*. Lipid
droplet proteins purified from lipopolysaccharide-treated cells have
enhanced antibacterial activity, suggesting that mammalian lipid drop-
lets might have anintrinsic antibacterial function that is enhanced by
infection. Mechanistically, lipopolysaccharide treatment increases
levels of PLIN2 and concentrates multiple host defence proteins and
antimicrobial peptides onlipid droplets®*. Lipopolysaccharide treat-
mentalso downregulates PLINS5, akey protein for establishing contacts
between lipid droplets and mitochondria. This downregulation of
PLIN5 uncouples lipid droplets from mitochondria and reduces fatty
acid metabolism and oxidative phosphorylation. Thus, mammalian
lipid droplets can organize and concentrate immune proteinsto attack
theinvading pathogen while also modulating cell metabolismto adapt
toinfection.

By contrast, many lines of evidence indicate a supportive role
for lipid droplets in the replication and proliferation of positive-
stranded RNA viruses, such as flaviviruses (for example, hepatitis C
virusand dengue virus) and SARS-CoV-2 (refs. 255,256). Accumulation
of cytoplasmic lipid droplets is commonly observed in cells infected
by positive-stranded RNA viruses, and lipid droplets can serve as sta-
tions for virus replication and assembly. Coronaviruses, including
SARS-CoV-2,induce the formation of areplication organelle predomi-
nantly composed of double membrane vesicles, which protects their
genomes from detection and destruction by host cells. SARS-CoV-
2-induced double membrane vesicles are connected to the ER by thin
membrane connectors, which enablelipids (but not bulky proteins) to

access double membrane vesicles™®. Three transmembrane proteins of
SARS-CoV-2 have critical rolesin generating double membrane vesicles
and connectors: non-structural proteins 3 and 4 (NSP3 and NSP4) for
double membrane vesicles and NSP6 for the connectors. Notably, ~40%
of double-stranded RNA and NSPé6-positive viral replication areas are
associated with lipid droplets*°. NSP6 is a key factor in connecting
lipid droplets with the replication organelle; possibly through inter-
acting with and recruiting double FYVE domain-containing protein 1
(DFCP1), whichregulateslipid droplet biogenesis and growth and the
replication of SARS-CoV-2 (refs. 257-260). Functionally, lipid droplets
are consumed during the formation of double membrane vesicles
and this consumption depends on NSP6 and DFCP1 (refs. 256,261).
Depleting DFCP1 and PLIN2, or inhibiting DGAT1 with xanthohumol,
can suppress the replication of SARS-CoV-2 (refs. 256,261). Together,
these data suggest that lipid droplets might help sustain SARS-CoV-2
replication by providing fatty acids for the synthesis of phospholipids.

Other viruses also engage with and exploit lipid droplets in
multiple ways. The capsid (core) proteins of hepatitis C virusand den-
gue virus, and some NSPs of hepatitis C virus are found on the lipid
droplet surface?®. Similar to many other lipid droplet surface proteins,
these viral proteins often have amphipathic helices. Host factors such
as PLIN2, RAB18 and DGAT1 might also affect viral protein targeting
to lipid droplets. Disrupting the association of these viral proteins
withlipid droplets reduced viral replicationand productioninvarious
cell models®®. The replication compartments of enteroviruses can
form contact sites with lipid droplets®®. The viral proteins of enterovi-
ruses can also physically interact with and activate the host’s lipolytic
machinery, enabling fatty acid mobilization from lipid droplets to
fuel the growth of replication compartments. Inhibiting this lipolytic
pathway or the formation of membrane contact sites between lipid
droplets and replication compartments disrupts replication compart-
mentbiogenesis and enterovirus replication. Together, these findings
suggest that proteins associated with lipid droplets, including DGATSs,
DFCP1, RAB18 and PLIN2, are promising antiviral targets.

Cancer
Accumulation of lipid droplets has been observed in many cancer cell
lines and neoplastic tissues**. Lipid droplets can provide building
blocks for membrane lipid synthesis during cancer cell growth; how-
ever, cumulative evidence suggests that lipid droplets promote the
proliferation, migration and survival of cancer cells through at least
two other mechanisms. Firstly, through alleviation of cellular stresses
and secondly, via provision of substrates for ATP production through
B-oxidation®®**¢, The common kidney cancer, clear-cell renal cell car-
cinoma (ccRCC) isunique amongall cancers throughits accumulation
of alarge number of lipid droplets, which gives rise to its ‘clear cell’
phenotype®®. Another hallmark of ccRCC is the constitutive activa-
tion of hypoxia-inducible factors (HIF), especially HIF2a, which drives
metabolic alterations that enhance cell proliferation*®. The expression
of PLIN2, but not other PLINSs, is specifically upregulated in ccRCC in
aHIF2a-dependent manner®”, PLIN2 is both necessary and sufficient
for promotinglipid droplet accumulationin ccRCC cells. Importantly,
PLIN2 activity and the accumulation of lipid droplets are required for
the tumour-promoting function of HIF2a. Mechanistically, upregu-
lated PLIN2 expression and enhanced lipid droplet formation reduce
cytotoxic ER stress, thereby promoting cancer cell survival.
Inaddition torelieving ER stress, lipid droplets also have a major
rolein combating oxidative stress and its related cytotoxicity and cell
death®™*. Conditions known to increase levels of ROS, such as hypoxia
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or chemical pro-oxidant treatment, can induce the formation of
lipid droplets. ROS preferentially attack the double bonds in PUFAs,
resulting in lipid peroxidation that disrupts normal cell function and
causes cell death under certain conditions. For instance, ferroptosisis
driven by iron-dependent peroxidation of membrane lipids, especially
PUFAs??. Lipid droplets protect against ROS damage because upon
oxidative stress, phospholipases can release PUFAs from membranes
tobestoredinlipid droplets, whichare less vulnerable to peroxidation
than cellular membranes®™*. When the amount of PUFAs overwhelms the
buffering capacity of lipid droplets, cancer cells (which are acidic) read-
ily undergo ferroptosis**®. Moreover, reducing lipid droplet formation
by inhibiting DGAT1or PLIN2 increases ROS toxicity, impairs cell prolif-
erationand enhances oxidative cell death and ferroptosis*****°, There-
fore, lipid droplets can promote cancer cell survival under multiple
oxidative conditions, including haematogenous dissemination in
iron-rich blood, hypoxia and radiotherapy®”°.

As well as alleviating cellular stresses, lipid droplets also act as
potent energy supplies for cancer cell invasion and metastasis®*®**"",
Acidosis, like hypoxia, is a hallmark of the tumour microenviron-
ment. Acidosisinduces lipid droplet formationin cancer cells through
CD36-mediated free fatty acid uptake and DGAT-mediated triacylg-
lycerol synthesis*®. In acidosis-adapted cancer cells, lipid droplets
enhance anoikis resistance, invasiveness and metastatic spreading
by providing free fatty acids for energy production through fatty acid
oxidation®®, The provision of free fatty acids seems to be acommon
mechanism by which lipid droplets promote metastasis. Pancreatic
ductal adenocarcinoma cells, for instance, accumulate lipid droplets
through oncogenic KRAS suppression of hormone sensitive lipase
expressionin primary tumours”". These stored lipid droplets are then
catabolized by lipases during metastatic cell invasion, resulting in
increased ATP generation and fatty acid oxidation, which then drives
the highly energy-intensive process of metastatic cell invasion.

Together, these data suggest that DGATI, PLIN2 and possibly
hormone-sensitive lipase could be promising targets for anticancer
treatment. A diet rich in PUFAs could also be considered as a comple-
mentary approach to pharmacological interventions against cancer®®,
However, further work is needed to validate these therapeutic targets
and strategies.

Cardiovascular diseases

There are two major aspects of lipid droplet physiology in the heart:
lipid dropletsin cardiomyocytes and lipid droplets in macrophage foam
cells?”%. Cardiomyocytes of adult mammals have high energy demands
and derive ~70% of their energy from the oxidation of long-chain fatty
acids (LCFAs) under fasting conditions?”>. Notably, the majority of LCFAs
oxidized by cardiac mitochondriaoriginate from the triacylglycerol and
lipid droplet pool”. Through the action of lipases, especially PNPLA2,
cardiomyocytelipid droplets not only provide LCFAs for mitochondrial
oxidation, but also ligands for PPARa activation””. PPARa and PPARy
coactivator 1a (or PPARY coactivator 13) work together to promote
mitochondrial biogenesis and oxidative phosphorylation, which is
essential for normal cardiac function. Triacylglycerol synthesis and
lipid droplet biogenesis also have a cardioprotective role, as they reduce
lipotoxicity through their transient storage of excess LCFAs?">7%27,
Despite these physiological functions, accumulation of lipid dropletsin
heart cells might also contribute to cardiomyopathy and heart failure
in both common genetic diseases (hyperlipidaemia in severe obesity
and diabetes mellitus) and rare genetic diseases (neutral lipid storage
disease with myopathy). The turnover rate of cardiac triacylglycerol

and lipid dropletsis oftenincreased in the hearts of people with chronic
diabetes mellitus, contributing to elevated oxidation of LCFAs, cytotox-
icity and cell death”>*®, Thus, while the biogenesis of lipid droplets can
positively sustain cardiac function under normal physiological condi-
tions, excessive accumulation and enlargement of cardiaclipid droplets
under pathological settings might promote disease progression. The
molecular and biochemical features underlying the functional differ-
ences between these ‘physiological’ and ‘pathological’ lipid droplets
remain to be elucidated”.

The accumulation of cholesterol ester-rich lipid droplets in macro-
phage foam cells is a prominent feature of atherosclerosis. Foam cells
arise from monocytes, which differentiate into macrophages during
atherogenesis to take up large amounts of oxidized LDL*°. Cholesterol
released from oxidized LDL is then converted to cholesteryl esters
by ACATI (ref. 280). The synthesis of cholesteryl esters and the for-
mation of lipid droplets are cytoprotective as ACAT1 deletion from
macrophages in LDL receptor-deficient mice increased macrophage
lipotoxicity and atherogenesis®'. Consistently, treatment with the ACAT
inhibitor, pactimibe, in a clinical trial did not limit atherosclerosis, and
instead promoted atherogenesis®. Nevertheless, lipid droplets might
have different roles at different stages of an atherosclerotic lesion. In
advanced lesions, lipid droplets and cholesteryl esters in foam cells
mightalso contribute toinnate immune responses and inflammation®®,

Therapeutic strategies

Lipid droplets serve different roles in different diseases and might even
have opposite functions during different stages of the same disease
(thatis, protectionininitial stages and exacerbation upon disease pro-
gression). A thorough understanding of lipid droplet biogenesis,
growth and degradation, especially in the context of disease, might
thus inform new therapeutic targets and strategies. In some disease
conditions, such as certain cancers and viral infections, lipid droplets
promote cell growth and viral replication®®?>*°®, Here, disrupting
lipid droplet biogenesis could be an effective treatment strategy. For
instance, small-moleculeinhibitors or small interfering RNAs that target
DGAT1, whichis highly expressed inglioblastoma tissues inwhichlipid
droplets accumulate, promoted the death of glioblastoma cell lines
invitroand suppressed glioblastoma growth inamouse modelinvivo
by increasing oxidative stress®*’. Similar results were also obtained in
human melanoma cell lines and amouse model of human melanoma®*,
aswellas human prostate cancer cell lines and amouse model of pros-
tate cancer’®, Therefore, DGAT1 inhibitors could be tested for use in
other cancers, especially those that involve lipid droplet accumula-
tion. Cholesterylester-rich lipid droplets also accumulateinadvanced
prostate cancers in humans and ACAT1 inhibitors can reduce cancer
proliferation and aggressiveness in mouse xenograft models with neg-
ligible toxicity?*®. PLIN2 promotes lipid storage and tumour growthin
ccRCC xenografts by reducing ER stress*”. Disrupting PLIN2 function
considerably reduces cell viability in ccRCC cell lines and xenograft
tumours®®, Lipid droplets also contribute to double membrane vesicle
formation and viral replication during SARS-CoV-2 infection®®. Inhibit-
ing DGAT1 with xanthohumol or depleting DFCP1 or PLIN2 by genetic
manipulation can suppress SARS-CoV-2 replication®***', Therefore,
targeting proteinsinvolvedinlipid droplet biogenesis might offer new
avenues for combating viral infections.

NAFLD and non-alcoholic steatohepatitis (NASH) are character-
ized by lipid droplet accumulation. However, increased lipid droplet
abundance in hepatocytes does not necessarily indicate cellular dys-
function'®, To date, no pharmacological therapies have been approved
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for the treatment of NAFLD and NASH*”. Data from the past few years
suggest that dysregulated lipolysis (for example, NAFLD-linked muta-
tionsin PNPLA3 and 173-HSD13 affect lipolysis) or lipid droplet growth
(for example, NAFLD-linked mutations in CIDEB affect lipid droplet
growth) can contribute to the development of NAFLD and NASH'78-%8-2%0
(see also the section ‘Non-alcoholic fatty liver disease’). Accordingly,
bothsmall-moleculeinhibitors and RNA interference-based therapies
against 173-HSD13 have entered clinical trials for treating NAFLD and
NASH?. A small-molecule inhibitor of DGAT2 also reduced hepatic
steatosis in both mice and humans with few adverse effects in pre-
clinical studies and in two phase I clinical studies®®. An antisense oli-
gonucleotide inhibitor of DGAT2 (IONIS-DGAT2RX) also statistically
significantly reduced liver lipid contentin a phase Il study?”>. Moreover,
when combined with anacetyl-CoA carboxylase 1and 2 inhibitor, clesa-
costat (PF-05221304), the DGAT2 inhibitor, ervogastat (PF-06865571)
reduced liver lipid content, with a favourable safety and tolerability
profile’”>. The FDA has granted Fast Track designation to this combina-
tiontherapy for the treatment of NASH with liver fibrosis. CIDEB seems
tobe akeydriver of liver diseases in humans and loss-of-function vari-
ants in CIDEB are highly protective®”. Therefore, new smallinterfering
RNA-based or small-molecule-based therapies targeting CIDEB might
alsobedeveloped. Finally, it should be noted that there are limitations
in targeting lipid droplets for disease treatment or prevention. For
instance, inhibiting DGATs might harm cancer cells, but this strategy
could also adversely affect healthy cells throughout the body.

Conclusions

The currentunderstanding of lipid droplets has markedly progressed
since their initial identification over a century ago. Now well-recognized
as dynamic organelles, lipid droplets are increasingly appreciated
for their diversity and crucial cellular roles. Despite this progress,
several fundamental features regarding their biogenesis and func-
tions remain incompletely resolved. Investigation to provide deeper
insights into the formation of nuclear, luminal and potentially other
subcellular lipid droplets is warranted and might uncover new mecha-
nistic details about cytoplasmic lipid droplets. In particular, little is
known about the biogenesis of luminal lipid droplets, which might
have a critical role in the formation and secretion of lipoproteins
in the plasma and therefore have profound implications for many
metabolic disorders.

Further elucidation of the exact roles of lipid droplets in numer-
ousdisease conditionsisalso essential. Whereas the initial generation
of lipid droplets is usually protective, long-term accumulation and
uncontrolled enlargement of lipid droplets in chronic disease can
exacerbate disease progression. It is thus necessary that the unique
protein and lipid fingerprint of physiological and pathological lipid
droplets is dissected to enable greater insights into their transition
from being beneficial to being detrimental in different disease set-
tings. How lipid droplets interact with other organelles in health and
disease states, and whether such contacts contribute to disease pro-
gression, also remain to be determined. Technological breakthroughs
providing sensitive and specific methods for accurate detection and
visualization of lipidsin their natural environments willno doubt prove
pivotal in facilitating these advances in our understanding. In turn,
the development of lipid droplet-based therapeutic strategies will be
greatly enhanced by improving our understanding of the biogenesis
and function of lipid droplets.
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