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Abstract
Among organelles, lipid droplets (LDs) uniquely constitute a hydrophobic phase in the aqueous
environment of the cytosol. Their hydrophobic core of neutral lipids stores metabolic energy and
membrane components, making LDs hubs for lipid metabolism. In addition, LDs are implicated in
a number of other cellular functions, ranging from protein storage and degradation to viral
replication. These processes are functionally linked to many physiological and pathological
conditions, including obesity and related metabolic diseases. Despite their important functions and
nearly ubiquitous presence in cells, many aspects of LD biology are unknown. In the past few
years, the pace of LD investigation has increased, providing new insights. Here, we review the
current knowledge of LD cell biology and its translation to physiology.
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1. INTROUCTION
Lipid droplets (LDs) are dynamic cytoplasmic organelles found nearly ubiquitously in cells.
They are linked to many cellular functions, including lipid storage for energy generation and
membrane synthesis, viral replication, and protein degradation. LD biology is connected to
myriad physiological processes, metabolic diseases, and oil production. Interest in LD
biology has surged in recent years, reflecting recognition of the importance of this relatively
understudied organelle and opportunities to unravel questions concerning LD biology.

Here, we focus primarily on recent discoveries in LD biology, building on other reviews (1–
3), and highlight many areas of LD biology where knowledge is incomplete or controversial.

2. GENERAL PROPERTIES OF LIPID DROPLETS
2.1. Historical Aspects of Lipid Droplets

LDs were identified by light microscopy as cellular organelles in the nineteenth century. For
many years, LDs often were called liposomes. In the late 1960s, a method was developed to
generate vesicles in vitro, also called liposomes, and these vesicles assumed the name. Since
then, LDs have been referred to as LDs, lipid bodies, fat bodies, oil bodies, spherosomes, or
adiposomes. In the past decade, the field settled primarily on the name LDs.
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For years, LDs were largely ignored in cell biology research, presumably because they were
perceived as inert lipid globules with little functional relevance. In 1991, seminal work by
Constantine Londos and coworkers (4) identified a protein, perilipin, that specifically
localized to LD surfaces, and this opened the door to mechanistically studying the organelle.
More recently, research on LD biology has accelerated dramatically. This reflects increased
interest in the basic biology of prevalent metabolic diseases linked to LDs (e.g., obesity) and
technological advances, which have shed new light on LDs and highlighted many
unanswered basic questions.

2.2. Lipid Droplets Are Found in Most Cells
Nearly all cells have LDs or the capacity to form them. Several bacteria store lipids in LDs,
including predominantly the actinomycetes group (e.g., Mycobacteria, Rhodococcus,
Streptomyces, and Nocardia) (5).

Among eukaryotes, LDs are easily detected in budding yeast (Saccharomyces cerevisiae),
facilitating genetic screens for altered LD morphology (6, 7). In higher eukaryotes, many
cells have some LDs, and culturing cells with fatty acids (FAs) stimulates LD formation.
Some cells, such as adipocytes or hepatocytes, exhibit many LDs at baseline owing to active
lipid synthesis and storage. LD abundance varies dynamically in cells. For example, in S.
cerevisiae, LDs are found most prominently during the stationary phase, and catabolism of
LDs in the exponential phase is coordinated with an increased need for phospholipids during
cell division (8). Also, the number of LDs increases up to severalfold in yeast with cellular
stress (9, 10) and in cells of some cancers (11). The connections of LDs to these states are
poorly understood.

LD number and size in different cell types or between individual cells of a population differ
considerably. Many cells have small LDs (100–200-nm diameters), whereas LDs in white
adipocytes have diameters up to 100 μm and fill almost the entire cytoplasm. With diameters
from 100 nm to 100 μm, the corresponding surface area and volume for LDs varies by 106

and 109, respectively.

LD size can change rapidly. Oleate loading of Drosophila S2 cells increases the LD mean
diameter nearly threefold within hours, corresponding to an almost 30-fold volume increase
(12). LDs also grow rapidly during adipogenesis, when cells increase their capacity to
synthesize lipids de novo. In contrast, LDs shrink within hours of culturing cells with
limited nutrients.

2.3. Lipid Droplets Separate a Hydrophobic Phase from the Aqueous Cytosol
Among cellular organelles, LDs are uniquely composed of an organic phase of neutral
lipids. This hydrophobic core is separated from the aqueous cytosol by a monolayer of
surface phospholipids. The cytoplasm contains an emulsion of LDs in the cytosol. The LD
phase of the emulsion provides a large interface for interactions with amphipathic
molecules.

The primary neutral lipids of the LD core are sterol esters (SEs) and triacylglycerols (TGs).
Their relative amount varies between cell types. For example, yeast LDs have a mix of SE
and TG, possibly arranged in layers (13). LDs of adipocytes contain primarily TG, and those
of macrophage foam cells contain mostly SE. Neutral lipid synthesis is catalyzed by various
enzymes (14). In mammalian cells, acyl-coenzyme A (acyl-CoA):diacylglycerol
acyltransferase (DGAT) enzymes, DGAT1 and DGAT2, synthesize TG, and acyl-
CoA:cholesterol acyltransferase (ACAT) enzymes, ACAT1 and ACAT2, generate SEs. In
yeast, the corresponding neutral lipid synthesis enzymes are Are1 and Are2, which
synthesize primarily SEs, as well as Dga1 and Lro1, which synthesize TGs. Neutral lipid
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synthesis enzymes reside primarily in the endoplasmic reticulum (ER), with the exception of
DGAT2, which also localizes to LDs (15, 16).

Various other hydrophobic lipids are found in LDs. Retinyl esters are found in LDs of
hepatic stellate cells (17) and in the retina (18). LDs also contain wax esters and ether lipids,
which are derived from peroxisomes and constitute 10%–20% of neutral lipids in some
mammalian cells (19). Additionally, long-chain isoprenoids are found within LDs. Natural
rubber consists of long-chain isoprene polymers in monolayer-bound particles that appear to
be LDs of the rubber tree (20).

The LD surface comprises polar, amphipathic lipids. In mammalian LDs,
phosphatidylcholine (PC) is the main surface phospholipid, followed by
phosphatidylethanolamine (PE) and phosphatidylinositol (19). Compared with other
membranes, LDs are deficient in phosphatidylserine and phosphatidic acid but enriched in
lyso-PC and lyso-PE. More than 160 phospholipids species of varying head groups and side
chains were detected in CHO cells (19). In Drosophila, PE is more abundant than PC, and
this is reflected in the LD phospholipids (12). Nevertheless, PC is important in emulsifying
LDs (12). LD surfaces contain other polar lipids, such as sterols, and the relative amount of
these lipids depends on cell type. Sphingolipids are not present in appreciable quantities
(19).

3. LIPID DROPLETS SERVE MULTIPLE FUNCTIONS IN CELLS
Foremost, LDs are intracellular lipid reservoirs, providing building blocks for membranes or
substrates for energy metabolism. Packaging highly reduced, hydrophobic lipids, such as
TGs, in a phase without water provides the most efficient form of energy storage. For
example, an average non-obese person stores up to 2,500 kJ of metabolic energy in
glycogen, but > 500,000 kJ in TGs of adipocyte LDs, enough to run ~30 marathons.

LDs also serve as organizing centers for synthesizing specific lipids. TGs, for example, are
synthesized in the ER and at LDs (15). Other enzymes of lipid synthesis (e.g., ergosterol)
localize to LDs, suggesting links between lipid synthesis pathways and LDs (21).

LDs have been linked to protein storage (22). For example, during embryogenesis in
Drosophila, histones localize to LDs until needed for rapid nuclear division associated with
embryo segmentation (23). LDs may also temporarily store unfolded membrane proteins
before proteasomal degradation.

LDs are involved in hepatitis C virus (HCV) assembly. During viral replication, the HCV
core protein is cleaved from the precursor viral polypeptide and binds to LDs (reviewed in
Reference 24) via amphipathic helices. New HCV virions are assembled in LDs and ER
membranes, where viral RNA is packaged with capsid proteins. Mature viruses are secreted
as part of a lipoprotein-virus particle. LDs may provide a location for HCV core proteins
until viral assembly or until cells degrade the overexpressed protein. Notably, HCV core
protein localization to LDs requires DGAT1 activity, and HCV core proteins bind to
DGAT1 in vitro (25). Moreover, blocking DGAT1 activity diminishes viral replication (25).

4. LIPID DROPLETS ARE ANALOGOUS TO LIPOPROTEINS
LDs share structural features with plasma lipoproteins. Both contain neutral lipid cores
encased in polar lipid monolayers. Additionally, both particles are decorated with specific
surface proteins, often possessing amphipathic α-helices. However, LDs (with diameters of
100 nm up to 100 microns) are generally much larger than lipoproteins [diameters range
from < 20 nm (e.g., high-density lipoprotein) to ~500 nm (e.g., chylomicrons)].
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Although the formation of both LDs and lipoproteins is linked to neutral lipid synthesis in
the ER, their physiological functions differ: LDs primarily store lipids, and lipoproteins
distribute lipids in the body. Also, only a few cell types (e.g., hepatocytes, enterocytes, and
yolk sac endodermal cells) express the required proteins, such as apolipoprotein (apo) B and
the microsomal TG transfer protein, for lipoprotein assembly, whereas most cells make LDs.
Thus, lipoproteins may have evolved by adapting LDs to secretion.

How cells regulate the fate of newly synthesized neutral lipids—storage in LDs versus
secretion on lipoproteins—is mostly unknown. Secretory cells may store lipids in LDs only
after exceeding the capacity to assemble and secrete lipoproteins. Alternatively, secretion
may be activated when a storage threshold is achieved. Specific LD proteins [including cell
death–inducing DFF45-like effector (CIDE) proteins] may direct the LD pool of TG toward
lipoprotein formation (26). Secretion of TG via lipoproteins is thought to involve their
hydrolysis at LDs and resynthesis in the ER (27).

5. LIPID DROPLET FORMATION
5.1. Models of Lipid Droplet Formation

Many organelles self-replicate. However, LDs likely form de novo. In bacteria, LDs form by
lipid synthesis in the cell-delimiting membrane (28). In eukaryotes, LDs may arise primarily
from the ER, where the enzymes that synthesize neutral lipids reside (14). In yeast
genetically engineered to lack LDs, induction of LD formation shows they invariably arise
from or close to the ER (7, 29). LDs appear to remain in contact with the ER once formed,
and proteins that associate with both compartments move between them (29). However,
light microscopy, with limited resolution, cannot determine if such proteins reside directly
on the LD surface or in ER membranes in close apposition. Many studies employing
electron microscopy (EM) suggest a tight assocation of LDs and the ER. In mammalian
cells, such studies show membrane cisternae, which could be connected to the ER, in close
proximity to LDs (30, 31). Also, LDs in hepatocytes are tightly associated with ER
membrane cisternae, marked by luminal apo B100 protein; that may be continuous with LDs
(31).

Despite these findings, the molecular mechanisms of LD formation are not understood. How
does a monolayer-coated LD arise from a bilayer membrane? Because neutral lipid synthesis
enzymes reside in the ER, the products of these enzymes might occupy space between the
membrane bilayers, forming a lens of neutral lipids. In vitro studies with ER microsomes
from sunflower (Helianthus annuus) found formation of small liquid lenses of 60-nm
diameter in the ER bilayer that, similar to LDs, contain freely mobile TG and recruit
oleosins (32). It is unclear, however, how neutral lipids are organized into nascent LDs,
whether this happens at specific locations in the ER, or whether specific proteins are
involved. In mammalian cells, perilipin3/Tip47 is recruited to the ER during lipid storage
(33) and was suggested to be required for LD formation (34). However, many organisms
(e.g., yeast) have no perilipin 3/Tip47 ortholog, and many cells appear not to express it (e.g.,
Drosophila S2 cells), so this mechanism alone cannot mediate LD formation.

Several models of LD formation have been proposed (1). They include (a) ER budding,
where LDs grow from the ER bilayer and remain connected or bud off (Figure 1); (b) bicelle
formation in which an entire lipid lens is excised from the ER (35); (c) vesicular budding in
which a bilayer vesicle forms, followed by filling of the bilayer intramembranous space with
neutral lipids (36); and (d) an “eggcup” model in which a LD grows within a concave
depression of the ER through transport of neutral lipids from the ER (37). The latter transfer
process resembles a model for prokaryotes (28). All models posit LDs forming toward the
cytosolic face of the ER membrane. However, cells, such as hepatocytes, also secrete neutral
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lipids into the ER lumen (38), and LDs could be derived from luminal origins. Such a model
was recently proposed for yeast (29).

Which model is correct? Several obstacles prevent an easy answer. Most cells have LDs,
complicating identification of nascent LDs, and systems of induced LD formation in
mammals are lacking. Also, the LD size during the initial stages of formation is below the
resolution of light microscopy. Thus, combinations of inducible systems with super high-
resolution light microscopy and EM will likely be required to gain further insights (see the
Box titled Imaging of Lipid Droplets). Alternatively, characterizing a system for in vitro LD
formation from ER membranes might allow molecular dissection of different steps of
formation.

Imaging of Lipid Droplets

Given their size (0.5 μm to tens of microns), many LDs are readily detected by light
microscopy (see Figure, middle panel). Their refracting nature makes them identifiable
with phase-contrast imaging. Several hydrophobic dyes can be used to image LDs. Oil
red O is visible by light microscopy and typically used to stain fixed samples. Nile red
and BODIPY are concentrated in LDs and fluoresce upon stimulation. They provide a
robust signal in living or fixed cells. Care must be taken to avoid artifacts. BODIPY
appears to be more specific for staining LDs; Nile red also stains endocytic vesicles.
Additionally, BODIPY-tagged FAs can stain LDs, as the tagged FAs in many cases are
taken up by cells and esterified and incorporated into neutral lipids.

Because LDs are closely associated with other organelles, it can be difficult to distinguish
them from surrounding membranous organelles. This limitation was addressed by the
recent development of “super high-resolution” microscopy that overcomes the classical
resolution limits of light microscopy, in some cases improving resolution by a factor of
10 (i.e., from ~250 to ~25 nm) (166). In one approach, exemplified by photoactivated
localization microscopy or stochastic optical reconstruction microscopy, the sequential
photoactivation of single fluorescent molecules allows for the precise determination of
their position by fitting a Gaussian curve to the resulting signal, leading to high-
resolution reconstructed images. In a complementary approach (stimulated emission
depletion microscopy), the resolution limit is increased further by depleting the excited
state of fluorophores around a narrow focus of light, thus restricting molecules that emit a
signal. Although these techniques are limited to live cells, they promise to develop into
valuable tools for LD research.

Several approaches based on Raman spectroscopy are also used to image LDs. Most
prominently, coherent anti-Stokes Raman scattering microscopy uses inelastic scattering
of photons interacting with matter to detect molecule-specific vibrations and resulting
blue-shifted light (167). These approaches also can quantify lipids.

EM methods are also used to analyze LDs (see Figure, right panel; LDs in murine
adipocytes, courtesy of Caroline Mrejen), including transmission EM and freeze-fracture
EM. Difficulties of fixing and staining lipids during sample preparation often cause LDs
to appear as empty spheres in conventional EMs. Fixation and sectioning problems may
lead to artifacts, but improved protocols can avoid these problems (89, 168).

5.2. Identifying Genes in Lipid Droplet Formation
To identify genes involved in LD formation, several studies utilized genome-wide screens
with LD morphology as a phenotypic readout. Three screens in S. cerevisiae (6, 7, 39)
identified gene deletions leading to different LD morphologies. Notably, deleting the yeast
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ortholog of seipin (FLD1) caused abnormal LDs. Seipin is of particular interest in LD
biogenesis. It is an multimeric ER membrane protein (40) whose deficiency in humans
results in lipodystrophy. Surprisingly, there was otherwise little overlap between genes
identified in the yeast screens, and no single-gene deletion was found to cause the complete
absence of LDs.

Genome-wide screens to find genes regulating LD morphology have been performed by
RNAi in Drosophila cells (41, 42). In one screen employing oleate loading of cells, over 200
genes were identified. Interestingly, they binned into five phenotypic classes (41). In another
screen, over 800 genes showed an effect on LD accumulation (42). Among overlapping hits
of both screens knockdowns of proteasome genes yielded fewer LDs, of the ARF/COPI
vesicular transport machinery gave large and disperse LDs, and of genes related to
phospholipid synthesis led to very large LDs. The latter two classes showed defects in
lipolysis, indicating functional consequences of these knockdowns. The ARF/COPI
machinery functions in retrograde transport of proteins from the Golgi apparatus to the ER,
but its role in lipolysis is uncertain. Adipose triglyceride lipase (ATGL), or its Drosophila
homolog Brummer, fails to target to LDs in cells depleted of ARF/COPI machinery (30, 43).
The link between phospholipid synthesis genes and LD size is discussed below.

Several systematic screens of genes in whole organisms also focused on lipid storage.
Screens in Caenorhabditis elegans (44) and Drosophila (45) revealed a plethora of genes
involved in fat storage. Although many of these genes participate in feeding behavior and
energy expenditure, some may be involved directly with LDs. Other surveys identified
proteins that might be important in LD formation. These include fat-inducing transcript
(FIT) proteins, which are ER proteins that bind TG and have been implicated LD assembly
(46, 47). FIT2 overexpression results in more LDs and knockdown in fewer LDs and TG,
but there is no evidence that FIT proteins affect DGAT activity (47). How FIT proteins
organize TG into LDs is unclear. Phospholipases might also be required for LD biogenesis
(48).

6. LIPID DROPLETS GROW BY EXPANSION OR BY COALESCENCE
To accommodate more TG, cells form new LDs and grow existing ones (Figure 1). Adding
neutral lipids to existing LDs requires local synthesis or transfer from the ER.

Neutral lipids might be synthesized locally at LDs, particularly during lipid loading.
DGAT2, which catalyzes the final step of TG synthesis and is normally found in the ER,
localizes to LDs during oleate loading (16, 49), as does its yeast ortholog Dga1 (29). It is
unclear whether more proximal steps in TG synthesis also localize to LDs. In contrast to TG
synthesis, sterol esterification likely occurs primarily in the ER because ACAT enzymes
reside in the ER and do not localize to LDs (50).

The synthesis of neutral lipids in the ER necessitates their transfer to LDs, through
membrane connections or via interorganelle transport by transfer proteins. Although TG
transfer proteins move TG from the ER bilayer to nascent lipoproteins in the ER lumen, no
such mechanism is known for cytosolic LDs.

LDs may also grow by coalescence (Figure 1) (51). Coalescence of neutral LDs minimizes
the phase boundary area and free energy of the emulsion. Thus, the challenge for cells is to
prevent coalescence and maintain LDs as isolated entities. LD emulsions are stabilized by
surface proteins (e.g., oleosins) or surfactants (e.g., PC) (12), which prevent coalescence by
lowering surface tension. In contrast, accumulation of fusogenic lipids (e.g., phosphatidic
acid) might induce LD coalescence (39).
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During rapid expansion, LD diameters increase more than threefold within hours—a nearly
tenfold increase in surface area. Thus, cells need to synthesize and transport large amounts
of phospholipids to expanding LD surfaces. Among phospholipids, PC is key for coating
LDs and preventing their coalescence. PC can emulsify artificial LDs in vitro and prevent
coalescence (12). During expansion, LDs become PC deficient and CTP:phosphocholine
cytidylyltransferase enzymes, which catalyze the rate-limiting step in PC biosynthesis, are
activated by binding to LDs (12). The de novo synthesized PC is transported to the
expanding LD surface through unknown mechanisms. In this manner, de novo synthesis of
PC is activated to maintain adequate PC levels at LD surfaces.

PC to coat the surfaces of LDs is also synthesized from lyso-PC and fatty acyl-CoA
precursors by lyso-PC acyltransferase enzymes, which function in the Lands cycle of
phospholipid remodeling of FA moieties. Lyso-PC acyltransferase 1 and 2 enzymes localize
to and are active on LDs (49). They likely function in remodeling the surface phospholipids
rather than providing net PC synthesis, as they cannot yield increased PC unless lyso-PC is
provided.

In Drosophila cells, LD fusion happens rarely except under specific conditions, such as PC
deficiency (12, 41). PC deficiency likely renders LDs prone to coalesce. A recent report
found homotypic LD fusion to occur rarely in murine embryonic fibroblasts or NIH-3T3
cells under normal conditions (52), although higher rates of fusion were also reported (51).
However, numerous pharmacological agents stimulated LD fusion in different cell types.
These included propranolol and other drugs, albeit at supraphysiological concentrations,
which may trigger fusion by inserting into and disrupting LD surface monolayers (52).
Fusion was relatively slow, occurring over seconds to minutes. The volumes of fusing LDs
were conserved, and surface areas were decreased, suggesting excess surface lipids are
removed during fusion.

Proteins might be involved in catalyzing LD fusion. One such protein is a fat-specific
protein of 27 kDa [FSP27, or cell death-inducing DFF45-like effector C (Cidec)]. In
adipocytes, FSP27 is expressed as a peroxisome proliferator-activated receptor-γ (PPARγ)-
regulated gene and promotes the formation of unilocular LDs (53–55). Mice lacking Fsp27/
Cidec have multilocular white adipocytes, implying the protein forms large LDs (53, 55,
56). If Fsp27 is expressed ectopically in fibrobasts, LD sizes increase. The mechanism is
unclear but may include promoting LD fusion or inhibiting lipolysis (53–55, 57, 58).

Because SNARE proteins (soluble N-ethylmaleimide-sensitive factor attachment receptor
proteins) mediate homotypic fusion of bilayer-bounded vesicles during cellular trafficking,
they are attractive candidates for LD fusion. In studies performed in NIH 3T3 cells,
knockdowns of genes encoding SNAP23, syntaxin-5, and VAMP4 were reported to decrease
the rate of LD fusion (59). However, it is unclear how SNARE proteins would mediate
fusion of monolayer-bound vesicles, and more studies to address SNARE involvement are
needed.

7. LIPID DROPLET PROTEINS
7.1. Specific Proteins Localize to the Surfaces of Lipid Droplets

LDs are characterized by specific proteins on their surfaces. Analyses of LD proteomes in
different organisms yielded diverse lists of LD-associated proteins (21, 60–65). The
relatively easy purification of LDs (by centrifugation) facilitates proteomic analyses, but
their close association with other organelles, particularly the ER, confounds such analyses.
Thus, it is often unclear which proteins are genuine LD proteins. In addition, researchers
may overlook LD proteins because they have other well-known functions. For example,
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histones were unexpectedly found by LD proteomics and subsequently confirmed to
transiently target LDs in Drosophila embryos (23). LDs may similarly transiently store other
proteins that otherwise might aggregate. For example, α-synuclein, a Parkinson’s disease–
associated protein prone to self-aggregation, localizes to LDs (66).

Some data on LD protein localization can be misleading. By fluorescence microscopy, many
proteins reportedly localize to LDs upon oleate loading of cells. These studies assume that a
characteristic ring-like appearance of proteins surrounding LDs indicates targeting to the
LD-delimiting surface monolayer. In ultrastructural studies, however, membranous
structures often accumulate juxtaposed to LDs, so some proteins might localize to LD-
associated membranes rather than the LD surface itself (30). Indeed, many reports show no
overlap between the LD signal (e.g., from neutral lipid staining) and the LD-encircling
protein rings. Because light microscope resolution is ~250 nm, such proteins might actually
localize to membranes at a distance from the LD surface.

7.2. Protein Signals that Mediate Lipid Droplet Targeting
How proteins target LDs is not understood, but some mechanisms are emerging (Figure 2),
including (a) direct binding to the monolayer surface via amphipathic helices, (b) embedding
short hydrophobic regions localized at theN terminus, (c) embedding internal protein
domains that penetrate the LD with hydrophobic spans (e.g., hairpin-shaped hydrophobic
helices), (d) lipid anchors, and (e) interaction with other LD-bound proteins. By contrast,
proteins with hydrophilic regions on either side of bilayer-spanning helices (e.g., DGAT1)
are unlikely to be on the monolayer surface of LDs, as this would be energetically
unfavorable.

Examples of proteins containing amphipathic helices as targeting signals include the HCV
core protein (67), viperin (endogenous inhibitor of HCV) (68), and CTP:phosphocholine
cytidylyltransferase enzymes (12, 41). How amphipathic helices distinguish the LD surface
monolayer from other cellular membranes is unclear. CTP:phosphocholine
cytidylyltransferase 1 binds to and is activated by PC-deficient LD surfaces (12), one of few
cases where a specific lipid composition of the LD surface mediates amphipathic helix
recruitment. Another example is recruitment of perilipin3/Tip47 to the ER with
diacylglycerol (DAG) accumulation, which was suggested to coordinate DAG buildup with
LD protein recruitment and LD formation (33).

For other organelles, specific lipids (e.g., phosphoinositides, phosphatidylserine, and
phosphatidic acid) mediate protein targeting to membranes. No lipid signals are known to
target proteins to LDs, but it is possible because the lipid composition of the LD surface
differs from that of the ER (19, 69).

Several proteins (e.g., AAM-B, UBXD8, or ALDI) (70, 71) possess an N-terminal,
hydrophobic, short domain (minimally ~28 amino acids) that is necessary and sufficient for
LD targeting. These proteins localize to the ER under some conditions (e.g., in the absence
of LDs), suggesting they first are inserted into the ER and subsequently transported to LDs.
Their domain structure and the molecular mechanism(s) to target LDs are unknown.

Some proteins (e.g., caveolin, oleosins, and 17-hyrdoxysteroid dehydrogenases) have an
internal hydrophobic domain of variable length that likely forms a hairpin structure that
could be integrated into a phospholipid bilayer or LD monolayer. For plant oleosins,
members of this class, the topology and some requirements have been elucidated. Oleosins
are important for storing oils in seeds, which account for up to 8% of their protein. LD
targeting of oleosins initiates with their synthesis at the ER (72, 73), followed by targeting to
LDs. A hairpin contains a central proline knot (three prolines in 12 amino acids) that is
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essential for LD targeting and might induce a sharp bend between two adjacent hydrophobic
protein segments (74). The hairpin domain might thermodynamically favor LD localization
(i.e., the space between the ER membrane bilayer may be limiting). Alternatively, proteins
recognizing such hairpins may be in involved in LD localization.

In mammalian cells, caveolins contain a similar hairpin motif. Caveolins primarily localize
to caveolae at the plasma membrane but also to LDs. Initially, LD targeting of caveolin was
observed in cells treated with brefeldin A, which blocks membrane trafficking, or with
caveolin-1 mutants (75–77). However, targeting occurs under physiological conditions (e.g.,
during lipid loading) (78, 79). At the plasma membrane, caveolin topology includes a central
hairpin membrane anchor and adjacent lipid-binding domains. For LDs, the topology of
caveolin is unknown, but it may be similar. The hydrophobic sequences of AAM-B, ALDI,
or DGAT2 may also form hairpins. For enzymes, such as DGAT2, it has yet to be
demonstrated that the protein localizes directly on the LD surface (versus the adjacent ER),
and, if so, whether it is active at this location.

Several different LD targeting mechanisms exist for perilipins (perilipin1, perilipin2/ADRP/
adipophilin, perlipin3/Tip47, perilipin4/S3-12, and perilipin5/OXPAT), which are the first
identified specific LD marker proteins (80). Perilipins are not essential for LD formation
(e.g., yeast lack perilipins) (34) but are important for regulating lipid metabolism at LDs. In
mammals, several perilipins are expressed ubiquitously (e.g., perilipin2/ADRP and
perilipin3/Tip47), whereas others are expressed specifically in certain cell types (e.g.,
perilipin1 in white adipocytes and perilipin5/OXPAT in highly oxidative cell types).

Adipocytes express high levels of perilipin1, which is involved in the regulation of lipolysis.
Perilipin1 contains a combination of domains interacting with LDs. Particularly important
are three C-terminal hydrophobic stretches, which may penetrate LDs (81). Additional
amphipathic stretches of the protein likely interact with the LD surface. Similarly, both N-
and C-terminal regions of perilipin2/ADRP contribute to LD binding (82, 83). Perilipin2/
ADRP localization to LDs may also involve ARF1/COPI (84).

Perilipin3/Tip47 may bind to LDs like apolipoprotein E (apo E) binds to lipoproteins. Its C-
terminal four-helix bundle and α/β-domain (85) are similar to the N-terminal four-helix
bundle of apo E. Apo E binds lipoproteins by opening its four-helix bundle and exposing
hydrophobic, amphipathic sequences to the lipid surface (86). Perilipin3/Tip47 might use a
similar mechanism. Unlike perilipin1 and perilipin2/ADRP, which are unstable when not
bound to LDs, perilipin3/Tip47 is found in the cytoplasm when LDs are absent (87).

As an alternative to protein segments mediating LD interactions, lipid modifications of
proteins may serve as anchors to the LD surface. Rab18, a small GTPase, localizes to LDs,
where it mediates ER interactions (88, 89). By analogy to other Rabs with C-terminal lipid
anchors, Rab18 might target to LDs by a prenylation anchor combined with protein-protein
interactions. Unlike other Rabs, Rab18 contains one, rather than two, lipid modifications.

Proteins might also localize to LDs by interacting with LD-bound proteins. Regulated
recruitment of hormone-sensitive lipase (HSL) to LDs is an example. Under basal
conditions, HSL is mostly cytosolic, and access to LDs is restricted by perilipin1. Upon
hormonal stimulation, perilipin1 is phosphorylated, which recruits HSL to LDs.

7.3. Cellular Pathways Involved in Targeting Proteins to Lipid Droplets
Pathways targeting proteins to LDs are less understood than the protein signals. Several
mechanisms may be involved, including direct recruitment from the cytosol (Figure 2). For
some membrane proteins, vesicular trafficking may be important. The ARF/COPI
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machinery, which mediates Golgi to ER vesicular trafficking, is required for normal LD
turnover and localization of the major TG lipase, ATGL, or its Drosophila homolog,
brummer, to LDs (30, 90). A fraction of ATGL colocalized with ER-exit sites (ER
membrane domains dedicated to formation of secretory vesicles) and the expression of a
dominant-negative Sar1 (GTPase is required for vesicles to leave the ER exit sites) inhibited
ATGL targeting to LDs (30). ATGL requires a C-terminal hydrophobic stretch for LD
localization (91) and may behave biochemically as a membrane-associated protein (30).
Thus, ATGL may contain a hydrophobic sequence (e.g., hairpin loop) targeted to the ER and
trafficked to LDs. From EM studies, cisternal structures around LDs could represent a LD-
target compartment for vesicular trafficking (30). It is unclear how ATGL or similar proteins
would move from this compartment to the LD surface.

Physical bridges may connect LDs and the ER (29, 31, 92). Such bridges may allow
membrane-bound proteins, such as those with hairpins, to diffuse from the bilayer to the LD
surface. Data from yeast support this model; fluorescently labeled LD proteins, such as
Dga1, rapidly exchange with other membrane pools (29).

7.4. Removal of Lipid Droplet Proteins
Mechanisms to remove LD proteins are likely similar to those for membrane proteins.
Endocytosed membrane proteins or autophagic vesicles are degraded in lysosomes. ER
membrane proteins can be degraded by proteasomes (ER-associated degradation). Both
mechanisms may degrade LD proteins. LDs are delivered to autophagosomes (93), and
some LD proteins are modified by ubiquitin for proteasomal degradation (e.g., some
perilipins) (94–100). Additionally, a nonbiased screen identified proteasome components as
required for normal LD morphology (41).

Molecular links between LDs and proteasomal degradation were recently identified. Among
LD proteins, ancient ubiquitous protein 1 (Aup1), located in the ER or directly on LDs,
binds ubiquitin E2 ligase, Ube2g2 (101, 102). The ubiquitin E3 ligase, spartin/SPG20,
localizes to LDs, and its depletion or overexpression leads to LD accumulation, perhaps
from the altered turnover of LD proteins, such as perilipin2/ADRP (97, 100). These findings
imply that a specific machinery degrades LD-associated proteins, but the details are
unknown.

Some ER-associated degradation substrates may transiently localize to LDs (e.g., HMG-
CoA reductase when proteasomal degradation was inhibited) (103). However, at least in
yeast, LDs are not required for ER-associated degradation (104).

8. LIPID DROPLETS INTERACT WITH OTHER CELLULAR ORGANELLES
LDs interact with other organelles, including the ER, endosomes, mitochondria, and
peroxisomes. Freeze-fracture imaging showed ER membranes in mammalian cells are often
wrapped around LDs in a shape resembling an eggcup (37). Because interactions between
membrane-bound organelles are implicated in lipid exchange, apposition of LDs with the
ER may facilitate lipid transfer between them. Oxysterol-binding proteins localize to LDs
(105), where they might be involved in lipid trafficking or neutral lipid metabolism. In
steroidogenic cells, ER-LD interactions might function in the synthesis or catabolism of
steroid hormones (106). In yeast, ER-LD junctions at least partly reflect intermediates of LD
formation (6, 7, 29, 40), and seipin may participate in this process.

Mechanisms mediating ER association with LDs are unknown, but the small GTPase Rab18
may be involved (88, 89). Because Rab18 is recruited to LDs late, its localization likely does
not reflect a role during LD formation. Rab18 localization is mutually exclusive with LD
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localization of perilipin 2/ADRP or a dominant-negative mutant of caveolin (88, 89),
suggesting a specialized function. Indeed, Rab18 localization to LDs in cultured adipocytes
is related to lipolysis stimulation (89).

Sometimes endosomal structures appear to enwrap LDs (89). These interactions may be
important for delivering LDs to lysosomes by autophagy in macrophages to generate
cholesterol for ABCA1-dependent efflux (107). Rab5 was detected on purified LDs and
implicated in the interaction of early endosomes with LDs (108).

LDs also associate with mitochondria (109) and peroxisomes (110). These interactions may
channel FAs liberated from lipolysis to sites of oxidation. Supporting this notion, exercise
training increases the number of LDs and their contacts with mitochondria in skeletal muscle
(111).

9. LIPID DROPLET MOVEMENT WITHIN CELLS IS SOMETIMES
COORDINATED AND MICROTUBULE DEPENDENT

LDs are usually dispersed and move in small oscillations. However, in mammalian cells,
perilipin1 expression leads to LD clustering, which is reversed upon perilipin1
phosphorylation (112). Similarly, when Drosophila cells (which lack perilipin1) synthesize
TG for a prolonged time (e.g., during 24 h of oleate loading), newly formed LDs eventually
cluster into organized superstructures (41). Increased clustering is also observed when genes
involved in protein synthesis are depleted from S2 cells (41). What determines this
clustering and its purpose are unknown.

LD distribution in the cell may be partially determined by active transport. LDs move
directionally in axons of Aplysia by uncharacterized mechanisms (113). LDs in the
Drosophila embryonal syncitium move synchronously from the periphery to a central
location and back again. Although the function of this movement is unclear, its disruption
leads to altered transparency of the embryo, providing a system to screen for mutants of LD
transport machinery (114). Such studies revealed that LDs move bidirectionally along
microtubules with dynein and kinesin motors, which pull LDs in opposite directions. Net
movement depends on the relative activities of the motors. The LD protein Halo interacts
with kinesin1 as part of a complex that includes the regulatory Klar protein and the perilipin-
like protein Lsd2 (115). The complex appears to link LDs to microtubules and to regulate
kinesin1’s activity during LD transport. Microtubules have also been implicated in LD
clustering in mammalian cells, but supporting evidence is limited. Interestingly, the HCV
core protein promotes clustering of LDs around microtubule organizing centers (116).

10. LIPIDS IN LIPID DROPLETS ARE MOBILIZED BY LIPASES
10.1. Lipid Droplet Catabolism by Lipolysis

In lipolysis, lipids are hydrolyzed to liberate FAs. Cells storing TG use lipolysis to generate
energy and membrane lipids. In multicellular organisms, energy storage occurs
predominantly in adipose tissue, and most of the knowledge concerning lipolysis comes
from studies in adipocytes, where FAs are hydrolyzed sequentially by ATGL, HSL, and
monoacylglycerol lipase. During lipolysis, LDs shrink as core lipids are catabolized. With
decreased volume, the surface area contracts. It is unknown if excess proteins and
phospholipids are resorbed into the ER or degraded.

ATGL contains an N-terminal domain with similarity to patatin, a plant acyl-hydrolase
expressed highly in the potato tuber, which contains the catalytic activity. It is unknown
which of the TG fatty acyl-esters are hydrolyzed by ATGL. Among the potential DAG
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species produced, only sn-1,2-DAG is known to act as a signaling molecule, and sn-1,3-
DAG is not likely to be an optimal substrate for re-esterification by DGAT enzymes.

The ATGL N terminus also interacts with CGI-58, which has a hydrolase fold and is an
ATGL activator. The activation mechanism is unknown, but it requires interaction of both
proteins and CGI-58 with LDs (117). G0S2 may inhibit ATGL, although its function is
unclear (118). Interaction of ATGL and perilipin1 regulates lipolysis. In mammalian
adipocytes, lipolysis is initiated by hormones that trigger β-adrenergic stimulation to activate
protein kinase A (PKA). In unstimulated cells, CGI-58 is bound to LD-localized perilipin1.
Perilipin1 restricts basal lipolysis by sequestering CGI-58 or by sterically shielding LDs
from lipolysis, or by a combination of both (119, 120). Upon activation, perilipin1 is
phosphorylated by cAMP-dependent PKA at Ser492 and Ser517, releasing CGI-58 to bind
and activate ATGL (121).

ATGL’s interaction with CGI-58 also targets the lipase to LDs, where it is activated (122,
123). Similarly, interactions of ATGL and perilipin5/OXPAT (but not other perilipins)
recruit ATGL to LDs, but in this case, the interaction limits lipolysis (122, 123). Because
perilipin5 is expressed mostly in oxidative tissues, perilipin5’s interaction with ATGL might
be used in those tissues to regulate ATGL differently than it does in others. Perilipin5/
OXPAT interacts with CGI-58, possibly forming high-molecular-weight assemblies (122).
These data suggest a complex interplay among ATGL, perilipins, and CGI-58 to mediate LD
targeting and lipolysis (122).

HSL catalyzes the second step of lipolysis and is also regulated by hormones. PKA
activation leads to HSL phosphorylation at multiple sites, of which Ser650 (human HSL) is
particularly important (124). Phosphorylation increases HSL lipolytic activity twofold. This
mechanism is combined with regulated recruitment of HSL to LDs (125). Specifically,
PKA-phosphorylated perilipin1 (at Ser81, Ser222, and Ser276, particularly) recruits HSL
from the cytosol to LDs (125). With HSL phosphorylation, recruitment to LDs increases
HSL activity 100-fold (126).

In the final lipolysis step, monoacylglycerol is hydrolyzed by monoacylglycerol lipase and
possibly by HSL (127). No evidence indicates the monoacylglycerol lipase–catalyzed
reaction occurs at LDs or is regulated by hormones.

Lipolysis in nonadipocyte cells is not as well understood, but similar steps must exist.
Unfortunately, sequence homology cannot predict functions in proteins with hydrolase
motifs. Adiponurtrin/PNPLA3, another member of the patatin-like family, is expressed in
liver, and a human adiponurtrin/PNPLA3 variant (I148M) is associated with nonalcoholic
fatty liver disease (128). However, adiponurtrin/PNPLA3 knockout mice do not have LD
and TG accumulation in liver (129, 130), so the biochemical and physiological roles of this
protein are unknown.

In addition to TG, other lipids are hydrolyzed at LD surfaces by phospholipases and other
enzymes. For example, anandamide and other N-acylethanolamines traffic to and are
catabolized at LDs (131).

10.2. The Fate of Hydrolyzed Lipids
FAs liberated from TGs in LDs have one of several fates. They can be re-esterified to TG,
used for β-oxidation to generate energy, used as building blocks for membrane lipid
synthesis, or used as cofactors for cell signaling, or exported.
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In adipocytes, many FAs generated by lipolysis are re-esterified by DGAT or MGAT
enzymes to TG, although the percentage drops with fasting (132). It is unclear whether re-
esterification occurs in the ER or at LD surfaces. Because DGAT enzymes use activated
FAs bound to CoA, re-esterification includes generating fatty acyl-CoA esters by long-chain
acyl-CoA synthetases (ACSLs) in a reaction that requires the input of cellular energy.
Among ACSL proteins, ACSL3 and -4 are recruited to LDs specifically during lipolysis, and
ACSL1 constitutively localizes there (62, 65). Specific ACSLs, therefore, may act at LD
surfaces as part of the re-esterification cycle. The function of TG turnover in this futile cycle
is unknown but may fine-tune lipolysis and preserve stores of essential FAs.

FAs liberated from LD hydrolysis can be utilized directly for β-oxidation. Contact sites
between LDs and mitochondria and peroxisomes may directly transfer FAs (discussed
above). FAs may also be used to synthesize membrane lipids. Like re-esterification, this
reaction requires FA activation by attaching a CoA moiety, possibly at LDs (65, 133). FAs
liberated by ATGL also serve as endogenous activators of PPARα, as shown by lack of
PPARα signaling in hearts of ATGL-deficient mice (134).

10.3. Lipid Droplet Catabolism by Autophagy
Lipids in LDs can also be degraded by lipases within lysosomes after delivery by
macroautophagy. Like lipolysis, macroautophagy is induced during nutrient deprivation and
responds to hormonal signals. In macroautophagy of LDs (or macrolipophagy), an LD,
whole or in part, is engulfed by a membrane bilayer with the activated PE-modified LC3-II
protein. The resulting autophagosome containing an LD is delivered to the lysosome where
acid lipases liberate FAs from TG. This last step recapitulates the fate of lipoprotein-derived
TG delivered to lysosomes via endocytosis. The relative contributions of LD autophagy to
LD catabolism are unclear and may vary among tissues. LD autophagy was first reported in
hepatocytes, where expression levels of ATGLs and HSLs are relatively low (93). Hepatic-
specific inactivation of autophagy leads to hepatic steatosis, consistent with a function of
macroautophagy in hepatic lipid metabolism. The molecular events that trigger LD
autophagy are unknown.

11. LIPID DROPLETS FIGURE PROMINENTLY IN PHYSIOLOGY AND
DISEASE

We cannot review in detail the metabolic and physiological processes that involve lipid
storage and LDs. Instead, we focus on describing LDs in various cell types and present
examples of how LDs are linked to physiology and disease. Other reviews address medical
aspects of LD biology (135).

11.1. Lipid Droplets and Lipid Storage in Tissues
11.1.1 Adipose tissue—Some insects and most vertebrates have highly specialized white
adipocytes and adipose tissue. In most invertebrates, TG is distributed throughout the body,
often in connective tissue that fills gaps between other tissues, or in enterocytes of C.
elegans. In flies, fat is located predominantly in a centrally located fat body. In vertebrates,
adipose tissue is distributed to distinct regions and regulated by factors, such as hormones.
With the evolutionary advent of homeothermy (in birds and mammals), adipose tissue
gained a function as a subcutaneous insulator (136).

Adipocytes are the most highly specialized cell type for storing lipids in LDs, and in white
adipocytes, a single large LD frequently occupies most of the cytoplasm. Human fat cells
can store vast quantities of energy in LDs, primarily as TG. Adipocyte LDs also store
cholesterol esters and fat-soluble vitamins. As expected, the adipocyte gene expression
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profile reflects the high flux of lipid synthesis, storage, and turnover. Adipocyte fat content
is coupled to leptin expression, the main adipocyte-derived hormone that regulates long-
term energy homeostasis (e.g., by regulating food intake) (137).

Brown adipocytes in mammals catabolize lipids in mitochondria that are uncoupled from
oxidative phosphorylation to generate heat. LDs are prominent but smaller and more
numerous than those in white adipocytes. The study of brown adipocytes is likely to shed
light on interactions among LDs, mitochondria, and FA oxidation.

11.1.2. Liver—Next to adipose tissue, liver has the greatest capacity to store lipids in LDs.
At basal conditions, the fraction of the cytoplasm occupied by LDs in hepatocytes is smaller
than in adipoctyes, but they can hold massive amounts of TG, as illustrated by foie gras. In
humans, abnormal LD accumulation is called hepatic steatosis.

LDs in hepatocytes are typically multilocular, and their formation and consumption are
dynamic in normal physiology. For example, during overnight fasting in mice, large
amounts of FAs are mobilized from TG stores in white adipose tissue and taken up by the
liver to form LDs, generating a fatty liver. Hepatocytes express DGATs and ACATs, and the
lipid composition of LDs partly reflects substrate availability. The liver also has large
numbers of stellate cells that store retinol (vitamin A) as retinyl esters in LDs (17).

11.1.3. Small intestine—LDs are dynamic, prominent organelles in intestinal enterocytes
(138). They reflect the enormous capacity of small intestine to absorb fat from a meal.
Enterocytes have a large surface area and significant ability to synthesize and store TGs. The
intestine absorbs over 95% of the TG in a typical meal, leading to rapid formation of LDs in
enterocytes until TGs are exported from the cell as part of chylomicrons. This process
typically takes minutes to hours after a meal. Many aspects of this process remain unclear.

11.1.4. Yolk sac—During embryonic development in many animals, the yolk sac
endoderm functions like the liver and intestine to hold lipids from the mother that are
destined for the developing embryo (139). As in the intestinal or liver cells, similar
processes of fat uptake, storage in LDs, and export on apoB-containing lipoproteins occur in
the yolk sac (139).

11.1.5. Skeletal muscle—Oxidative (type I, slow-twitch) muscles have a high rate of
oxidative metabolism and are rich in mitochondria and LDs. In obese individuals,
intramyocellular TG accumulation in type I muscles is associated with insulin resistance.
However, in highly trained athletes, TG stores in LDs in oxidative muscle are increased
without negative consequences. This “athlete’s paradox” has been linked to DGAT1
function (140, 141). LDs in oxidative muscle are often close to mitochondria (111, 142).
Maintaining coupling of lipid storage with consumption of lipids for fuel appears to be
important for efficient energy utilization.

11.1.6. Adrenal cortex—LDs are prominent in the adrenal cortex. They store large
amounts of SEs, presumably as cholesterol for steroid hormone synthesis. In fact, the yellow
color of adrenal glands is due to lipid storage, and mice lacking ACAT1, and thus
cholesterol esters and LDs, have pale-colored adrenal glands. Surprisingly, adrenocortical
hormone synthesis in ACAT1 knockout mice is normal. Like adrenocortical cells, other
steroidogenic cells, such as Leydig cells of the testes, often have prominent LDs.
Additionally, LDs are found in oocytes.

11.1.7. Macrophages—Macrophages store lipids in LDs (e.g., after phagocytosis of
modified lipoproteins in the arterial wall) until they are exported. Macrophages express
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ACAT and DGAT enzymes, and the content of their LDs reflects their exposure to
substrates. Macrophage foam cells store large amounts of cholesterol from lipoproteins, such
as low-density lipoproteins. Macrophages utilize LDs to store arachidonic acid, the
precursor for bioactive lipids (e.g., prostaglandins and leukotrienes) in inflammation.

11.2. Excessive Lipid Droplet Storage and Disease
Many metabolic diseases are characterized by excessive lipid storage in LDs. In these
diseases, lipids may exceed the cellular capacity to store them and to buffer against their
toxic effects. Unesterified lipids, such as cholesterol or FAs and their derivatives, can trigger
inflammatory responses that result in tissue damage, fibrosis, scarring, and potentially organ
failure.

11.2.1. Obesity and diabetes as diseases of excessive lipid droplets—Obesity is
a state of excess lipid storage and LDs in the adipose tissue, often accompanied by lipid
deposition and excessive LDs in nonadipose tissue, which cause lipotoxicity or tissue
dysfunction. Whether obesity results in complications, such as type 2 diabetes mellitus, may
relate to the capacity of LDs in adipocytes or macrophages to store lipids. In transgenic
mice, increasing adipocyte capacity to store TG results in obesity without diabetes (143,
144), thereby uncoupling the two. Similarly, increasing DGAT1 expression selectively in
macrophages avoids many metabolic consequences of obesity (145). The LD capacity of
macrophages to store neutral lipids therefore might profoundly influence pathophysiology.
Taken together, LD-targeted strategies for therapies for pathologies associated with obesity
can be aimed at blocking lipid absorption and LD formation in the small intestine,
preventing influx into the system; catabolizing, rather than storing, excess lipids through
oxidation; and increasing LD capacity in adipocytes or macrophages to store toxic lipids and
prevent associated inflammation and tissue damage.

Obesity is often accompanied by hepatic steatosis or LD accumulation in the liver, affecting
millions of people. Many individuals progress to hepatic inflammation (called nonalcoholic
steatohepatitis), and some go on to develop fibrosis and liver failure. Possibly, the capacity
of hepatocytes to store lipids in LDs is exceeded, promoting inflammation. Hepatic steatosis
is also strongly associated with hepatic insulin resistance, although the causative mechanism
is unclear. Proposed contributing mechanisms include alterations in insulin signaling
pathways mediated by bioactive lipids, ER stress, and activation of inflammation signaling
(146). A common theme, however, relates to limited hepatocyte capacity to secrete or store
lipids, thereby leading to lipid excess and liver dysfunction.

11.2.2. Atherosclerosis and macrophage lipid droplets—Like obesity,
atherosclerosis is associated with excessive deposition of lipids in tissues, in this instance
cholesterol, derived from apo B-containing lipoproteins in arterial walls. Excess cholesterol
is taken up and esterified by macrophages. Cholesterol esters in turn are stored in LDs until
they can be mobilized and effluxed to high-density lipoproteins, which are transported to the
liver for clearance of cholesterol in bile. Macrophages full of cholesterol ester–containing
LDs are called foam cells. LDs protect macrophage foam cells from toxicity because of
excess free cholesterol. Deletion of ACAT1, the primary enzyme responsible for esterifying
cholesterol in macrophages, in mice does not prevent atherosclerosis and even exacerbates it
(147). Additionally, lack of cholesterol esterification in macrophages results in deposition of
large amounts of free cholesterol in the skin and brains of ACAT1 knockout mice that were
crossed into a hyperlipidemic genetic background (147). These studies highlight the lipid-
buffering function of LDs and how storage of potentially toxic lipids prevents lipotoxicity.
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11.2.3. The heart and lipid droplets—Although FAs are a fuel for heart muscle, few
large LDs are normally present in cardiac myocytes. With lipid overload, however, LDs
accumulate and heart dysfunction may occur. In murine models, overexpression of ACSL1
in the heart results in cardiomyopathy and severe heart dysfunction (148). Interestingly, this
can be rescued by targeting DGAT1 overexpression to the heart, which esterifies the excess
fatty acyl-CoAs to store them as TG in LDs (149). In contrast, ATGL deletion causes lipid
accumulation in the heart and severe cardiomyopathy, which results in death of mice (150).
Intriguingly, this phenotype can be rescued by treatment with a PPARα agonist (134), which
likely increases fat oxidation in the tissue.

11.3. Lipodystrophies and Too Few Lipid Droplets
Absence or deficiency of white adipose tissue, or lipodystrophy (reviewed in Reference
151), results in an LD deficiency. Genetic causes for lipodystrophy include mutations in
genes that encode for an acylglycerol-phosphate acyltransferase (AGPAT2), seipin
(BCSL2), caveolin (CAV1) for generalized lipodystrophy, and lamin A/C (LMNA),
peroxisome proliferator-activated receptor-γ (PPARG), Akt2/protein kinase B (AKT2), and
endoprotease Face-1 (ZMPSTE24) for partial lipodystrophy. The pathogenesis of
lipodystrophies is not understood for all causes but can relate to impairments in the
development of white adipose tissue; reduced ability to synthesize glycerolipids and TGs; or
an apparent deficiency in LD formation, as in lipodystrophy related to the absence of seipin
(BSCL2). When LDs of white adipose tissue are insufficient to store TGs, the liver assumes
this role, and massive hepatic steatosis often results. Associated leptin deficiency results in
many metabolic abnormalities, including lipid deposition in nonadipose tissue and insulin
resistance. As a consequence, leptin replacement has emerged as a therapy for some
lipodystrohies.

11.4. Lipid Droplets and Cancer
Metabolism in cancer cells, including lipid metabolism (11), has received increased interest
for therapeutic interventions. Most cancer cells upregulate FA synthesis, presumably to
provide FAs for membrane proliferation. Some tumor cells and associated inflammatory
cells have prominent LDs (11). The mechanism for LD accumulation in cancer cells is
unclear but could relate to increased FA synthesis or impairments in FA oxidation.

11.5. Lipid Droplets and Lactation
LDs are prominent in mammary epithelial cells of lactating mammary glands, where they
essentially serve as a secreted organelle, transferring lipid nutrients and energy from mother
to child. In this process, LDs are secreted from the apical side of epithelial cells (reviewed in
Reference 152), and at least three proteins are involved. Butyrophilin, a transmembrane
protein, localizes to the apical plasma membrane. Xanthine oxidoreductase, an enzyme
oxidizing purines and other molecules, has a role in the envelopment of LDs by the plasma
membrane (153). Perilipin2/ADRP may act as a LD-specific anchor. The disruptions of
butyrophilin and xanthine oxidoreductase genes resulted in impaired lactation (153, 154).
Interestingly, the lactation defect in perilipin2/ADRP gene disruption was not severe, most
likely because a truncated protein was still produced from the allele (155). Disruption of
DGAT1 also impairs lactation in homozygous females (156), which relates to impaired
development of the mammary gland and lack of LDs for milk production (157).

12. LIPID DROPLETS ARE TARGETS OF INDUSTRIAL OIL PRODUCTION
Like other organisms, plants store TG. In particular, seeds store oil, and different species
store varying amounts of oil in LDs (often referred to as oil bodies) in different parts of the
seed. Most plants, including soybean (Glycine max), sunflower (Helianthus annuus),
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safflower (Carthamus tinctorius), and Brasicaceae, store oil in the embryo itself. In other
plants, such as castor bean (Ricinus communis), oil accumulates mostly in the triploid
endosperm surrounding the embryonic tissue. In most of these species, the TG provides
metabolic energy for the seedling upon germination. Some species, such as oat grains, fuse
large numbers of LDs in the endosperm, and this oil attracts fruit predators that disperse
seeds. The FA composition of TG in seeds differs widely with various chain length and
levels of desaturation and is genetically controlled. The synthesis of TG is mediated by
enzymes analogous to those in mammalian cells, including GPATs, AGPATs, lipin (PA
hydrolase), and DGATs. In addition to DGAT1 and DGAT2, an additional DGAT enzyme
was recently purified from the cytosol of peanuts (Arachis hypogaea) (158). A
polymorphism of DGAT in maize (Zea mays) increases oil content substantially (159). As
an additional complextiy in plants, TG generation involves cross talk between four different
compartments: the cytosol for glycerol production, plastids for the production of FAs,
mitochondria for the production of very-long-chain FAs in some plants, and the ER for LD
(oil body) formation.

LD production in plants is part of a highly regulated differentiation program, and many TG
synthetic enzymes are under combinatorial control of several transcription factors, including
activators and repressors (160). Most likely from this highly integrated process, attempts to
increase oil production in seeds by overexpressing TG synthesis enzymes have been
disappointing. However, overexpression of Arabidposis thaliana DGAT in tobacco plants
increased TG content of leaves 20-fold, providing a potential strategy for biofuel production
(161).

When seeds germinate, they mobilize TG in oil bodies, using a lipase (Sdp1) similar to
ATGL (162). Additional proteins, such as steroleosins, regulate lipolysis and β-oxidation
during germination (163). In EMs, plant LDs appear to contact glyoxisomes, where FAs
may be transported for β-oxidation (164).

Similar to animal LDs, plant oil bodies are decorated with specific proteins. Most notably,
oleosins prevent the coalescence of oil bodies and shield them from lipolysis (165), with the
latter function similar to that of mammalian perilipins.

Industries have targeted biodiesel production from crops, such as palm or oilseed rape.
However, increasing production of these plants in which only a fraction is used for oil
presents challenges because it puts them in competition for arable land with food crops.
Thus, TG production in algae, or other microorganisms, for biofuel has received increasing
attention. To generate biofuels, algae must be grown and harvested, and the lipids extracted
and processed. Considerable effort has gone into identifying suitable species for cultivation
in open ponds or photobioreactors and into optimizing other production steps. To be
economcially and environmentally viable, biofuel production from algae must have a
positive life-cycle analysis, meaning a positive balance of energy yield compared with the
energy required for biofuel generation. This is challenging, and thus efforts to optimize
growth systems and conditions are underway. Nevertheless, engineering of metabolism in
algae toward oil production (e.g., by overexpressing DGAT or acetyl-CoA carboxylase
enzymes) is promising.
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Figure 1.
Examples of lipid droplets (LDs). Shown are a schematic overview of LD structure, LDs in
Drosophila S2 cells (middle panel), and in murine adipocytes. Images courtesy of Natalie
Krahmer and Caroline Mrejen.
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Figure 2.
Models of lipid droplet (LD) formation and expansion. For formation, the budding model is
shown, with the LD either remaining attached to the endoplasmic reticulum (ER) or
detached. The neutral lipid synthesis enzymes, ACAT or DGAT, catalyze the formation of
lipids that fill the core. For lipid droplet expansion, the models of local synthesis of
triacylglycerol (TG) at the LD and of LD fusion (coalescence) are shown. Abbreviations:
DAG, diacylglycerol; FA-CoA, fatty acyl-coenzyme A; SE, sterol ester; PC,
phosphatidylcholine.
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Figure 3.
Models of proteins that target lipid droplets (LDs) and the pathways for their targeting. (a)
Some examples of the types of proteins that target the phospholipid monolayer of a LD
surface are shown. (b) Several mechanisms by which proteins may target the surfaces of
LDs or adjacent membranes are shown. Abbreviation: ER, endoplasmic reticulum.
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