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Abstract
Lipid droplets are the least characterized of cellular organelles. Long considered simple lipid storage
depots, these dynamic and remarkable organelles have recently been implicated in many biological
processes, and we are only now beginning to gain insights into their fascinating lives in cells. Here
we examine what we know of the life of lipid droplets. We review emerging data concerning their
cellular biology and present our thoughts on some of the most salient questions for investigation.
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The compartmentalization of biochemical reactions is fundamental to living organisms. At the
cellular level, this is achieved by separating different functions, such as gene regulation, protein
secretion and degradation, energy generation, and storage of macromolecules, into organelles.
Most organelles comprise one or more aqueous compartments that are bounded by a lipid
bilayer, which defines biochemically distinct spaces.

Notable exceptions to this paradigm are lipid droplets (also called lipid bodies, fat bodies, or
adiposomes). Lipid droplets have a unique physical structure: they are delimited by a single
phospholipid monolayer that separates the aqueous and hydrophobic phases within the cell.
The hydrophobic core contains neutral lipids, most notably triacylglycerols (TG) and sterol
esters. These are crucial substances for cells. TG is the major form of energy storage, and both
TG and sterol esters serve as reservoirs of membrane lipid components.

Most eukaryotic cells have lipid droplets (examples in Fig. 1). Indeed, in many cells they
occupy a considerable portion of cell volume and mass. In plants and microorganisms such as
algae, lipid droplets contain oils that are of great importance for the food and energy industries.
Lipid droplets are also prominent in many types of mammalian cells, with adipocytes being
the most highly specialized for lipid and energy storage. In fact, white adipocytes are so filled
with one or more lipid droplets that other organelles are not easily seen in micrographs. Obesity,
in which the number and size of adipocytes are excessive, is essentially a disease of lipid droplet
excess. In addition, hepatocytes, heart and skeletal myocytes, adrenocortical cells, enterocytes,
and macrophages all may contain large amounts of lipid droplets. Lipid droplets are found in

Corresponding authors. T.C. Walther is to be contacted at Organelle Architecture and Dynamics, Max Planck Institute of Biochemistry,
Martinsried, Germany. Tel.: +49 89 8578 3440; fax: +49 89 8578 3430. R.V. Farese, Jr., Gladstone Institute of Cardiovascular Disease,
Departments of Medicine and Biochemistry & Biophysics, University of California San Francisco, 1650 Owens Street, San Francosco,
CA 94159, USA. Tel.: +1 415 734 2714; fax: +1 415 355 096.

NIH Public Access
Author Manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 25.

Published in final edited form as:
Biochim Biophys Acta. 2009 June ; 1791(6): 459–466. doi:10.1016/j.bbalip.2008.10.009.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cells from yeast to humans, and the molecular processes that govern droplet biology are likely
to be conserved.

Despite their importance in energy metabolism and disease, lipid droplets have been grossly
understudied and are probably the least understood cellular organelle. This reflects in part an
assumption that they are relatively inert organelles, serving simply as lipid storage depots. This
notion has been reinforced by the term lipid droplet, which suggests a static and passive
collection of oil in the aqueous cellular environment. Interestingly, for many years these
organelles were called “liposomes,” a more dynamic name that was usurped by artificial
liposomes in 1968 [1]. Recent functional analyses of droplets [2], [3] and [4] and detailed
analyses of their protein composition [summarized in [5]] suggest a radically different view.
Indeed, lipid droplets are emerging as highly dynamic organelles that play crucial roles in
cellular energy homeostasis and lipid metabolism. Here we examine the life of lipid droplets,
focusing on their newly discovered properties and highlighting fundamental unanswered
questions about their biology.

1. Vital statistics
1.1. Lipid composition

Lipid droplets are bounded by a protein-decorated phospholipid monolayer that envelopes a
neutral lipid core. In mammalian cells, phosphatidylcholine is the most abundant phospholipid,
followed by phosphatidylethanolamine and phosphatidylinositol [6]. Compared with total
membranes, droplet phospholipids contain more lysophospholipids but less sphingomyelin and
phosphatidic acid. The fatty acid composition of phospholipids in lipid droplets of human
hepatoma cells differs from those of the endoplasmic reticulum (ER), and they contain
relatively more free cholesterol [7]. Lipid droplets vary dramatically in size, from a diameter
of 0.1 μm in yeast to over 100 μm in a white adipocyte. This translates to a staggering range
of nine orders of magnitude in volume of neutral lipids that can occupy the core. The
hydrophobic interior of lipid droplets comprises mainly TG and sterol esters, although in some
cell types retinyl esters, waxes, or diacylglycerols are found. Lipid droplets in yeast contain
50% TG and 50% sterol esters, whereas adipocytes contain primarily TG, and macrophage
“foam cells” contain mostly sterol esters. Ether lipids, such as monoalk(en)yl diacylglycerol,
make up 10–20% of lipids in some mammalian cells [6].

1.2. Protein composition
The unique structure–an organic lipid phase surrounded by a single layer of polar lipids–poses
many interesting and so far unanswered questions concerning lipid droplet-associated proteins.
For example, how are proteins, such as those that maintain droplet structure, traffic lipids, or
regulate lipolysis, targeted to the surfaces of droplets? The normal conformation of
transmembrane proteins, with water-soluble domains on both sides of a membrane bilayer,
should not allow targeting of these proteins to the monolayer droplet surface. One solution to
this problem is suggested by the multifunctional caveolin protein, which has been localized to
both the plasma membrane and lipid droplets (for reviews, see [8], [9], [10] and [11]). Caveolin
possesses an unusually long central hydrophobic membrane helix that is embedded in the
membrane, with both of its termini exposed to the cytoplasm [12] and [13]. Acyl
CoA:diacylglycerol acyltransferase 2 (DGAT2), the major enzyme catalyzing TG synthesis,
also localizes to both the ER membrane and lipid droplets [14] and has a similar topology as
caveolin [15]. This type of structure (i.e., a long internal hydrophobic stretch) may enable such
proteins to be embedded in either bilayers or monolayers.
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1.3. PAT proteins
The PAT proteins (perilipin, adipophilin/adipose differentiation-related protein, TIP47, and
other related proteins) [16], which have structural and regulatory functions, also target to lipid
droplets, likely through different mechanisms. Some PAT proteins localize exclusively to
droplets (e.g., adipophilin). Others are found both in the cytosol and on lipid droplets. Clues
to the mechanism of this complex targeting come from a recent crystal structure of the C-
terminal half of TIP47 [17]. This structure revealed a four-helix bundle with great similarity
to the N-terminal domain of apolipoprotein (apo) E [18]. Upon binding to lipids, the apoE four-
helix bundle opens to expose amphipathic helixes that can bind the monolayer surfaces of
lipoproteins [19]. In an analogous manner, PAT proteins may bind to lipid droplets by
embedding hydrophobic helices into the droplet surface. PAT proteins also share a common
structural element: N-terminal 11-mer repeats that have an amphipathic helical structure [17].
Although the structure of these domains has not been determined, they likely also bind to lipids
at the surfaces of lipid droplets. In adipocytes, TIP47 and S3-12 are found on smaller droplets,
and adipophilin and perilipin are found on larger droplets [20]. It is not clear why different
PAT proteins distribute to different sized lipid droplets. Possible explanations include that
different PAT proteins are best suited to different degrees of membrane curvature (i.e.,
corresponding to droplet size) or that they bind to different droplet-associated proteins or to
different polar head groups of monolayer phospholipids.

The structural properties underlying the binding of PAT proteins to lipid droplets offer many
possibilities for regulating this localization. Indeed, the localization of several proteins, such
as TIP47, to lipid droplets is highly regulated and can be induced by adding fatty acids to the
medium to trigger droplet formation (reviewed in [21]). The mechanism of this regulation
remains largely unclear. One possibility is that a posttranslational modification alters the
conformation of a lipid-binding domain. Indeed, the targeting of Nir2, a peripheral Golgi
protein, to lipid droplets appears to be regulated by phosphorylation [22].

In addition to the few lipid droplet-specific proteins, such as the PAT proteins, many cellular
proteins with known functions have been identified in lipid droplet fractions by proteomic
studies [21], [23], [24] and [25]. Some of these are involved in dynamic cellular processes,
suggesting that they play similar roles in lipid droplet biology. However, both the localization
of most of these proteins to droplets and their functional roles remain to be validated.

2. Birth of a lipid droplet
Relatively little is known about the most basic biological features of lipid droplets. The
molecular processes that govern their formation, growth, movement, fusion, fission,
interactions with other organelles, and utilization are mostly unclear. First, we consider the
birth of lipid droplets.

2.1. Clues to lipid-droplet origins
Where do lipid droplets come from? Are they autonomously replicating organelles (like
mitochondria) or are they derived from another organelle? In prokaryotes, lipid droplets appear
to be formed from the plasma membrane [26]. In eukaryotes, evidence suggests that lipid
droplets originate from the ER. Electron micrographs from a variety of cell types show that
lipid droplets are often tightly associated and sometimes appear to be connected with the ER.
In some instances, sheets of ER membrane even partially surround the droplet, cradling it like
an eggcup [27]. In addition, the enzymes [28] that catalyze the synthesis of neutral lipids in
the droplet core are localized predominantly to the ER. In fact, DGAT2, the major enzyme
catalyzing TG synthesis [29] and [30], localizes to areas where droplets are tightly associated
with ER under conditions that promote droplet formation [14]. This suggests that the ER–lipid
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droplet association facilitates the transfer of TG and other newly synthesized lipids to the
droplet core. Consistent with the notion that such contact zones are sites of active lipid
synthesis, mitochondria are often localized near lipid droplets (for examples see [3], [31] and
[32]), as are specialized compartments of the ER called mitochondria-associated membranes
(MAM), which are thought to be centers of lipid synthesis [4]. MAM and mitochondria may
provide energy and NADPH that facilitate TG synthesis and lipid droplet biogenesis. Thus,
although the bulk of evidence suggests that the ER gives birth to droplets, other organelles may
contribute to their maturation.

2.2. Theories of lipid-droplet biogenesis
If we assume that droplets are derived from the ER or a similar bilayer, an obvious question
arises: how do bilayers give rise to organelles enclosed by monolayers? The answer is
unknown, but several models for the formation of lipid droplets have been proposed (Fig. 2).

The most widely cited model posits that lipid droplets form in the ER membrane as a result of
an accumulation of neutral lipids within the bilayer that drives a “budding” of a nascent droplet
from the cytosolic leaflet of the membrane (Fig. 2, Model 1). This process may be driven by
neutral lipids that accumulate and bulge out of the membrane or by cytosolic factors that bind
to the ER leaflet and facilitate the budding reaction by acting as coatamer-like proteins. Such
factors may be PAT proteins [16], which could mediate budding in specialized domains of the
ER. How the neutral lipid molecules are channeled into the droplet and prevented from
diffusing through the hydrophobic phase in the membrane bilayer and the mechanism of
budding is unclear. In a variation of this model, the droplets may never be completely severed
from the ER but might remain connected to the outer leaflet of the ER membrane [33].

An alternative model was recently put forth in which lipid droplets are excised from both
leaflets of the ER membrane bilayer as a bicelle (Fig. 2, Model 2) [34]. An attractive feature
of this model is that the excision process could mediate the extrusion of proteins destined for
ER-associated degradation (ERAD) of proteins by the proteosome [34], implicating a
functional link between lipid-droplet formation and protein degradation. An excision
mechanism could also help to explain how viruses, such as polyoma and simian virus 40, escape
from the ER lumen to the cytosol as large assembled particles. A caveat of this model is that
the droplet-excision process would violate the integrity of the ER membrane, effectively
creating a transient hole during droplet formation. In this case, calcium ions otherwise used as
second messengers could leak out of the ER lumen and the unique redox environment of the
ER could locally collapse. It is also unclear how excised droplets would be directed toward the
cytosol rather than the ER lumen.

In a third model that we call vesicular budding (Fig. 2, Model 3), droplets are initially formed
within small bilayer vesicles, utilizing the machinery of vesicle formation of the secretory
pathway. This might occur in a specialized domain of ER that is distinct from vesicular
transport and dedicated to lipid synthesis. In this scenario, a nascent vesicle is formed and
remains tethered in close apposition to the ER membrane. Neutral lipids could fill the vesicle
while it is still continuous with the ER membrane or after vesicle budding, via a shuttling
mechanism to a vesicle that is tethered to the cytoplasmic side of the ER. Either process would
gradually fill the intermembrane space to the point where the vesicular lumen is either
obliterated or only makes up a small part of the lipid droplet. Any remaining lumen of the
vesicle could then either fuse with the outer leaflet of the droplet or remain as an inclusion of
aqueous material within the droplet. The latter possibility could explain why hydrophilic
proteins within the lipid droplet core have been identified by electron microscopy and freeze-
facture techniques [35]. Indeed, to explain such findings, a model that posits a similar manner
of lipid filling has been proposed [36]. The transfer of lipids to growing droplets is likely, since
at least DGAT2 is localized to zones near droplets, and triglycerides synthesized by DGAT2

Walther and Farese Page 4

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



can directly be incorporated into droplets [14]. As the droplets enlarge, coatamer proteins
would presumably dissociate from the droplet surface, possibly being replaced by PAT
proteins, which would afford structural stability.

The involvement of coatamer proteins in this model is speculative, but there is evidence to
support their role in droplet formation. Knockdown of the COPI/Arf1 vesicular transport
machinery by siRNAi interferes with droplet formation [2], and prolonged incubation of cells
with brefeldin A, which inhibits Arf1 GTPases, eventually depletes Drosophila cells of lipid
droplets (Guo Y, Walther T, Farese R, unpublished observations) and inhibits droplet formation
in NIH 3T3-L1 adipocytes [37]. Also, the vesicular budding model predicts features of lipid-
droplet dynamics that could be variations of ER dynamics. For example, lipid-droplet fusion
could occur through an ER fusion-like reaction. According to the most accepted model, when
two bilayer membranes fuse, SNARE proteins bring the two bilayers in close proximity,
leading to mixing of the two outer leaflets of the membranes. This results in a hemifusion
intermediate, which is resolved for bilayers by generation of a pore through the fusion of the
inner leaflets. For monolayer-bound droplets, the first step in this process, perhaps mediated
by similar SNARE machinery, would theoretically suffice to mediate the fusion of lipid
droplets. This model of droplet fusion is supported by the large overlap in the machinery
required for lipid droplet fusion and the ER fusion machinery [38].

2.3. Growth of lipid droplets involvement of multiple organelles?
Once droplets are formed, how do they accumulate more neutral lipids in their cores and
phospholipids at their surfaces? Evidence supports a role for the ER, as well as additional
organelles, in this process.

2.3.1. Endoplasmic reticulum—As the presumed major location for neutral lipid
synthesis, the ER almost certainly plays a role in droplet growth. The enzymes that catalyze
this synthesis are integral membrane proteins, which presumably encounter the substrates for
TG synthesis, such as diacylglycerol and fatty acyl CoA, at the cytosolic surface of the ER.
These enzymes are members of two families of proteins. One is the membrane-bound O-
acyltransferases [39], which include DGAT1 and the acyl CoA:cholesterol acyltransferases.
The latter enzymes catalyze the synthesis of TG and cholesterol esters, respectively [40]. The
yeast orthologs of these enzymes, Are1 and Are2, catalyze the synthesis of ergosterol esters
[41]. These enzymes have multiple hydrophobic regions and are localized primarily to the ER.
The other family of enzymes is related to DGAT2 [29] and [30] and includes acyl
CoA:monoacylglycerol acyltransferases (MGAT) and wax synthases. These proteins are less
hydrophobic. DGAT2 has one long hydrophobic domain that appears to mediate embedding
of the protein in the ER bilayer [15]. DGAT2 localizes primarily to the ER but, when cells are
treated with oleic acid, also localizes to the surfaces of lipid droplets [[14]; Stone S, Farese R,
unpublished data]. Similarly, activity for the yeast ortholog of DGAT2, Dga1, has been found
in both the ER and lipid droplets [42]. Intriguingly, overexpression of DGAT2 in cultured
mammalian cells yields droplets that are much larger and closer to the nucleus than those
obtained by overexpression of DGAT1 [30]. A possible explanation for larger droplets is that
the substantial increase in TG mass catalyzed by DGAT2 diverts diacylglycerol toward neutral
lipids and away from phospholipid synthesis. This would favor an increase in core lipids
(volume) over surface lipids and possibly promote the fusion of droplets [2].

A major question is how lipids are transferred from the site of synthesis to lipid droplets. In
the simplest model, the droplets remain tethered to the ER, and the monolayer surrounding
them is continuous with the ER bilayer. In this case, lipids could diffuse laterally into the
droplet. However, if lipid droplets accumulate neutral lipids after detaching from the ER, these
lipids must either be synthesized at the droplet surface or be transferred to droplets by a
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dedicated mechanism that might involve specific transfer proteins, analogous to ceramide
transfer proteins, glycerolipid transfer proteins, or oxysterol binding proteins [43], [44], [45]
and [46]. Proteins mediating the cytosolic transfer of neutral lipids have not been reported,
although the microsomal triglyceride transfer protein mediates transfer of neutral lipids within
the ER lumen. Notably, neither lipid-transfer proteins nor enzymes that synthesize neutral
lipids have been detected in lipid-droplet proteomes. Another possibility is that, after detaching,
lipid droplets grow exclusively through fusion.

ER involvement in lipid-droplet maturation is also supported by recent evidence from screens
for genes that regulate lipid droplets in yeast [47] and [48]. Two independent screens of the
yeast deletion collection identified numerous genes involved in droplet biology, and both found
that the ER protein seipin (also called FLD1) plays a role in droplet formation; in seipin-
deficient cells, droplets are abnormal, appearing “immature” and clustered.

2.3.2. Plasma membrane—Other data suggest that lipid-droplet biogenesis or growth
might occur at the plasma membrane. In macrophages, for example, the PAT proteins are
integral to the plasma membrane and form specialized domains that are associated with lipid
droplets [27]. Similarly, a subclass of caveolae, flask-shaped invaginations of the plasma
membrane that are involved in endocytosis, has been implicated in the synthesis of TG and
lipid-droplet formation in adipocytes [49]. Moreover, both caveolins and the related flotillins/
reggie-proteins that are involved in plasma membrane organization and endocytosis, have been
detected on lipid droplets [23], [50] and [51]. This localization of caveolin is likely to be
functionally important because embryonic fibroblasts from caveolin knockout mice show
impaired lipid droplet formation [3]. In addition, these knockout mice exhibit defects in
lipolysis [3] and greatly reduced lipid storage in hepatocytes during liver regeneration [52].
How caveolin participates in droplet formation is unknown. One possibility is by coupling the
uptake of fatty acids with their storage in lipid droplets, since either expression of a dominant
negative mutant of caveolin-3 or disassembly of caveolae by incubation with the sterol-binding
drug β-cyclodextrin inhibits uptake of long chain fatty acids into cells [53].

A connection between lipid droplets and the plasma membrane might be an ancient feature of
lipid-droplet biology. Bacteria lack an ER, and in certain bacteria that accumulate neutral lipids,
lipid droplets appear to form at the plasma membrane [26]. What purpose would lipid-droplet
formation at mammalian plasma membranes serve? One possibility is to deal with large
amounts of exogenous fatty acids that many cells take up from the extracellular space. These
fatty acids must be rapidly converted to their CoA forms, esterified, and stored to prevent
lipotoxic effects.

3. A dynamic life
3.1. Trafficking and interactions with other organelles

Recent discoveries indicate that the dynamics of lipid droplets are complex (Fig. 3). For
example, endosomes [54] and peroxisomes [55] apparently interact with lipid droplets. At least
for endosomes, Rab GTPases may be important for these interactions. Nine “tethering” Rab
GTPases were identified in the lipid-droplet proteome [23]. Of these, Rab5 mediates
interactions with endosomes and early endosome effectors such as EEA1; Rab11 establishes
the identity of recycling endosomes and modulates cholesterol transport [56], and Rab18 may
regulate the interaction of lipid droplets with the ER [57]. Whether Rab-mediated interactions
are crucial for lipid-droplet trafficking or formation is so far unclear.

A role for Arf1-type GTPases in lipid-droplet dynamics is also emerging. Arf1 was identified
in a lipid droplet proteome [5] and localizes in part to the surfaces of lipid droplets in
Drosophila cells [2]. RNAi-mediated knockdown of the Arf1-COPI machinery, which forms
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coated vesicles at Golgi and endosomal membranes but not of other transport machinery
proteins, leads to larger and more dispersed lipid droplets and a defect in lipolysis [2]. It is
tempting to speculate that active Arf1-GTP is recruited to the surfaces of lipid droplets and,
via recruitment of COPI machinery, mediates budding of smaller lipid droplets with increased
surface area, thereby facilitating hydrolysis of lipids by lipases. Impairing this mechanism
through knockdowns would diminish lipolysis and shift the equilibrium between lipid
deposition and mobilization such that individual droplets would grow larger. Activated Arf
proteins recruit phospholipase D (PLD) [37], which generates phosphatidic acid from
phospholipids that could alter membrane curvature. Studies of lipid droplets in a cell-free
system suggest that PLD is important in droplet formation [58]. Another report suggested that
PLD is activated by Arf1-GDP at lipid droplets [37]. However, knockdown of PLD has no
effect on lipid droplets in Drosophila cells (Guo Y, Walther T, unpublished observations), and
activity of the GDP-bound form of a small GTPase is unprecedented.

Two important points emerge from these early glimpses into droplet dynamics. First, it is
crucial to make a clear distinction between de novo formation of lipid droplets and lipid-droplet
dynamics and trafficking. Assays that enable the separate study of these processes would be
highly valuable. Second, lipid droplets are likely to be heterogeneous in composition and
function in different cell types and within individual cells. This point is underscored by the
observation of differential localization of PAT proteins to oleate-loaded 3T3-L1 adipocytes,
with Tip47 and S3-12 localized to the smallest droplets, adipophilin to intermediate size
droplets, and perilipin to the largest droplets [20]. To better analyze the composition and
function of different droplets, a purification protocol that separates droplets into different
classes, similar to that used for plasma lipoproteins, is needed.

3.2. Movement
Imaging of droplets in living cells often shows them as relatively immobile organelles that
move rapidly within small areas. However, in some instances, their movements are clearly
regulated. For example, in Drosophila embryos, droplets move coordinately to and from the
periphery of the embryo in a manner that is dependent on microtubules and dynein [59]. This
transport is regulated by the phosphorylation of Lsd2, a Drosophila ortholog of perilipin
[60]. The loading of Drosophila cells with oleic acid provides another example of droplet
movement [2]. In this paradigm, droplets initially proliferate, grow larger, and then move to
grape-like clusters, which are often located near the nucleus. The basis for this movement of
droplets is not understood. However, knockdowns of the Arf1/COPI machinery components
prevent this clustering, and dynein appears to be required for droplet growth. Finally, regulated
droplet movement was reported in axons of cultured giant cortical neurons of the sea slug
Aplysia californica [61]. Droplets formed within axons, often in tandem arrays of 3–15
droplets, and moved unidirectionally in a retrograde manner toward the cell body. Since lipid
droplet transport occurs in a variety of organisms, it may be a universal feature in the regulation
of lipid-droplet biogenesis and utilization.

3.3. Fusion and fission
Lipid droplets not only interact dynamically with other organelles but also appear to undergo
fusion and fission with other droplets. Reports suggest that droplet fusion is dependent on
microtubules, the motor protein dynein, and the SNARE fusion machinery [38] and [62]. In
an in vitro system, ERK2-mediated phosphorylation of dynein was implicated in droplet fusion
[58] and [63]. Under specific conditions, up to 15% of droplets might be involved in fusion at
any given time [62]. Fusion of lipid droplets was also observed in Drosophila cells with a
knockdown of a phospholipid synthesis gene CCT1 [2] and in yeast lacking seipin [48].
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Other data indicate that droplets undergo fission. The induction of lipolysis in 3T3-L1
adipocytes causes dramatic fission of lipid droplets [64]. Such fragmentation increases the
surface area of droplets available for lipolysis and is predicted to require an increase in
phospholipid availability to coat the surfaces of the droplets. Whether droplets participate in
complex, regulated fusion and fission events, similar to those for mitochondria, remains to be
determined. If so, the Arf1/COPI machinery may participate [2], as discussed above.

3.4. Lipid mobilization and utilization
The balance of lipids stored within lipid droplets is controlled by the net cycle of neutral lipid
synthesis and degradation. Neutral lipids in the core of the droplet are hydrolyzed by
intracellular lipases [65], yielding fatty acids for energy generation and anabolism of membrane
phospholipids. The liberated fatty acids may be oxidized in mitochondria in mammalian cells
or in peroxisomes in yeast [55] to generate ATP. Cycles of esterification and lipolysis are likely
to be continuously active in smaller droplets of most cells. The PAT proteins on smaller droplets
may afford some protection from lipolysis [66], but basal levels of lipolysis are usually
detectable. On the other hand, droplets in adipose tissue or in the fat bodies of flies are major
energy reserves for the organism. Therefore, the storage and utilization of lipids likely involve
more complex regulation.

For hydrolysis of TG in lipid droplets of adipocytes, this regulation and the molecular processes
of lipolysis are becoming clearer. Although lipolysis proceeds at basal levels, the rate can be
dramatically stimulated by adrenergic hormones by activation of PKA. PKA phosphorylates
perilipin and hormone-sensitive lipase (HSL) and causes a complex set of events leading to
TG hydrolysis. Adipose tissue TG lipase first acts on TG to hydrolyze a fatty acyl chain [67].
Then HSL hydrolyzes a second acyl side chain of diacylglycerol. Finally, monoacylglycerol
lipase hydrolyzes the last acyl side chain. The net result is that fatty acids and glycerol are
liberated and released from the cell. During this process, significant portions of the
diacylglycerol and monoacylglycerol intermediates are likely re-esterified by DGAT and
MGAT enzymes, respectively [68].

How lipases access neutral lipids within droplets is unknown but presents a fascinating
biophysical problem. The lipase must gain access to substrates by extending a portion of the
protein through the phospholipid monolayer, or a microenvironment must be created that
allows a neutral lipid to “pop up” through the monolayer to gain access to the lipase. The access
of lipases to the droplet core is regulated in part by PAT proteins, and indeed, the
phosphorylation of perilipin may be crucial for allowing HSL to gain access to its substrates
[69]. Initial models suggested that PAT proteins cover the lipid droplet, thereby sterically
hindering the access of lipases. However, these proteins are estimated to only cover roughly
15–20% of the droplet surface [70].

The hydrolysis and mobilization of sterol esters is less well understood. In Saccharomyces
cerevisiae, sterol esters are hydrolyzed by Yehl, Yeh2, and Tgl1 [71], and TG is hydrolyzed
by Tgl3, Tgl4, and Tgl5 [72]. These enzymes localize to the surfaces of lipid droplets, but little
is known about how their localization and activities are regulated. In mammalian cells,
cholesterol esters are hydrolyzed by HSL and neutral cholesterol esterases [65].

4. Renaissance organelles of many talents?
4.1. Assisted replication of intracellular pathogens

A novel function for lipid droplets emerged with the discovery that the core protein of the
hepatitis C virus is associated with droplets [73] and [74]. Lipid droplets function in the
assembly of the virus, and the efficiency of that process correlated with the ability of the core
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protein D2 to bind to lipid droplets [75]. These findings raise the intriguing possibility that
treatments that diminish droplets might interfere with replication of the hepatitis C virus.

More recently, lipid droplets have been linked to the intracellular replication of Chlamydia
trachomatis [76]. Intriguingly, the bacteria-containing vacuole where replication occurs
appears to interact in a highly specific manner with lipid droplets, perhaps to provide lipids for
replication of the microorganisms.

4.2. Safe haven for proteins?
The protein composition of lipid droplets suggests that they perform functions besides the
storage of neutral lipids. Particularly surprising is the identification of histones as major lipid-
droplet proteins in Drosophila embryos. High concentrations of these highly basic proteins
were associated with lipid droplets of Drosophila oocytes [25]. This pool appears to serve an
important storage function, since the histones are subsequently incorporated into chromatin
during development, and this process requires large amounts of histones for the rapid cell
divisions that occur during early embryogenesis. How these highly basic proteins are localized
to and released from lipid droplets is not known.

In addition to histones, other proteins have unexpectedly been found as components of droplets.
Prp19, a component of the NineTeen complex that has a canonical role in the activation of the
spliceosome was found on lipid droplets, and its knockdown decreased lipid-droplet formation
in cultured adipocytes [77]. Consistent with this finding, spliceosomal factors were prominent
among genes involved in lipid-droplet formation that were identified by knockdown studies
in Drosophila cells [2]. An important question is whether the splicing machinery participates
directly in lipid-droplet formation or is indirectly involved, perhaps through regulated splicing
of mRNAs encoding proteins required for droplet formation.

Finding diverse classes of proteins that interact with lipid droplets has led to the hypothesis
that these organelles provide a depot for proteins, either to store them for future use or to
sequester them until they can be degraded [21]. Intriguingly, in overexpression studies, α-
synuclein increases the number of lipid droplets in yeast [78] and localizes to the droplet surface
in mammalian cells [79], perhaps as a means of detoxifying the overexpressed protein.

5. Integration into the larger, multicellular world
5.1. Obesity and diseases of lipid storage

An understanding of the cell biology of lipid droplets is likely to have implications for other
related fields of biology. Several human diseases are particularly relevant. The excessive
accumulation of lipids in droplets is a hallmark of obesity, type 2 diabetes, hepatic steatosis,
atherosclerosis, and other metabolic diseases that are prevalent worldwide. As pathways and
functions of key molecules in lipid-droplet biology are identified, some will emerge as
therapeutic targets. Promising examples include the DGAT enzymes [80] and [81], which
catalyze triglyceride synthesis, and perilipin [82], the key structural protein in adipocytes. Also,
as seen for hepatitis C virus and Chlamydia, some intracellular pathogens may require lipid
droplets for replication, and elucidations of related mechanisms may suggest novel therapeutic
strategies.

5.2. Oil production and biofuels
Lipid-droplet biology is also relevant to the industrial production of oils for food consumption
and biofuels. In the agricultural industry, there is great interest in boosting oil production or
altering the fatty acid composition of seed oils. An understanding of the molecular processes
governing oil storage in lipid droplets promises novel approaches to engineering crops for this
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purpose. In fact, a polymorphism in DGAT was recently identified as the cause of a quantitative
trait locus for controlling high levels of oil production in maize [83]. In this species, a single
amino-acid substitution boosts oil content by up to 41% and oleic-acid content to 107%. DGAT
polymorphisms are also determinants of milk-fat content [84] and [85], which originates
through a poorly understood process in which lipid droplets are extruded from mammary
epithelial cells into ducts of the mammary glands [86]. There is also great interest in
maximizing oil production in unicellular organisms, such as yeast or algae, and plants for the
generation of biofuels, including biodiesel. Like fossil-derived hydrocarbons, TG oils are
highly concentrated stores of saturated hydrocarbons that can be oxidized for energy
production. One can imagine using a toolbox of genetic manipulations to engineer these
organisms to maximize cellular lipid storage and therefore oil production per cell.

6. An evolving biography
We see from this brief examination that the lives of lipid droplets are rich and complex.
Mysteries remain concerning their birth, dynamic functions in cells, and connections with a
multitude of intracellular processes. After languishing in relative obscurity for many years,
lipid droplets have emerged as a fascinating and important field of study, and knowledge of
their functions will undoubtedly grow rapidly in coming years. Future reviews will therefore
be rich with new insights into the biology of lipid droplets and establish their rightful place as
key cellular organelles.
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Fig. 1.
Examples of lipid droplets in eukaryotic cells. Lipid droplets stained with BODIPY (green) in
(a) S. cerevisiae, (b) Drosophila S2 cells [nuclei are stained blue with 4′,6-diamidino-2-
phenylindole (DAPI)], and (c) murine adipocytes derived from embryonic fibroblasts (image
courtesy of R. Streeper). (d) Lipid droplets (bright round organelles) in a single adipocyte
derived from OP9 cells (phase contrast, image courtesy of C. Harris). (e) Lipid droplets stained
with osmium tetroxide in intestinal enterocytes (arrow indicates an enterocyte that is filled with
numerous dark-stained lipid droplets). (f) Electron micrograph of macrophage foam cells in a
murine atherosclerotic lesion. Lipid droplets appear as round, empty objects. (g) Section of
murine white adipose tissue showing large unilocular lipid droplets (empty spaces) that occupy
most of the cytoplasm in white adipocytes. (h) High magnification electron micrograph of a
single lipid droplet (large amorphous sphere) in a rat hepatoma cell (image courtesy of S. Stone
and J. Wong).
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Fig. 2.
Models of lipid-droplet biogenesis. (Left) Model 1: Lipid droplet biogenesis by ER budding.
Neutral lipids (orange) are synthesized by neutral lipid-synthesizing enzymes (NLSE) and
bulge from the outer leaflet of the ER membrane (red). The nascent droplet may be coated by
proteins (dark blue) that facilitate the budding process. (Middle) Model 2: Bilayer excision.
Newly synthesized neutral lipids accumulate between the inner (blue) and outer (red) leaflets
of the ER membrane and cause bulging. This entire lipid lens is then excised from the ER,
leaving a transient hole in the membrane. ER contents (yellow) might leak through this hole
into the cytosol. (Right) Model 3: Vesicular budding. A vesicle containing both leaflets of the
ER membrane (red and blue) and a lumen (yellow) is formed by the vesicular budding
machinery (green) at the ER membrane. The vesicle is subsequently tethered to the ER, where
NLSEs (grey) fill the intramembranous space with neutral lipids (orange). The luminal space
(yellow) is compressed, and its contents may leak into the cytosol. This process may trap
luminal proteins within a compartment of the lipid droplet.
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Fig. 3.
Dynamic processes linked to lipid-droplet biology. Different events in the dynamic life of a
lipid droplet (orange interior representing the neutral lipids and a red line indicating the
bounding monolayer of phospholipids) are shown in the four panels. In the “fusion” panel,
blue and purple protein complexes represent SNARE proteins and tethering complexes,
respectively. In the “fragmentation” panel, green proteins covering the lipid droplet during
fragmentation indicate COPI/Arf1 coat proteins. During lipid droplet transport, motor proteins
(blue) mediate the movement of droplets along microtubules (red).
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