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Lipid droplets (LDs) are independent organelles that are composed of a lipid ester core and a
surface phospholipid monolayer. Recent studies have revealed many new proteins, func-
tions, and phenomena associated with LDs. In addition, a number of diseases related to
LDs are beginning to be understood at the molecular level. It is now clear that LDs are not
an inert store of excess lipids but are dynamically engaged in various cellular functions,
some of which are not directly related to lipid metabolism. Compared to conventional mem-
brane organelles, there are still many uncertainties concerning the molecular architecture of
LDs and how each function is placed in a structural context. Recent findings and remaining
questions are discussed.

Lipid droplets (LDs) were recognized as a
mere deposit of lipid esters for many years.

Recently, LDs have been redefined as authentic
organelles that are actively engaged in multiple
functions, and these have been reviewed in
many recent articles (Murphy 2001; Martin et al.
2006; Ducharme et al. 2008; Fujimoto et al.
2008; Goodman 2008; Olofsson et al. 2008;
Thiele et al. 2008; Murphy et al. 2009; Walther
et al. 2009; Beller et al. 2010). The name, lipid
droplets, implies the opposite: a static and inert
nature. Alternative names have been proposed,
but lipid droplet is now a generally agreed no-
menclature (Martin et al. 2006).

LDs are intimately related to many aspects
of lipid metabolism. The lipid storage function

of LDs is most conspicuous in white adipocytes,
which have a gigantic unilocular LD. The regu-
lation of the process of lipid storage and utiliza-
tion has been the focus of many studies because
of the prevalence of obesity, type II diabetes, and
metabolic syndrome in the modern world.

Besides the canonical lipid-related function,
various new functions have been ascribed to
LDs more recently, including some that do not
appear to be directly related to lipid metabo-
lism. However, both the canonical and non-
canonical functions of LDs, are rooted in the
unique architecture of LDs. In contrast to other
organelles that have aqueous content within a
phospholipid bilayer membrane, the basic struc-
ture of LDs is thought to be a mass of lipid esters
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covered by a phospholipid monolayer (Murphy
et al. 1999; Tauchi-Sato et al. 2002). In this arti-
cle, we first review what is known about LD
structure and then discuss various functions.
We review this information by considering the
extent to which the functions can be under-
stood based on the current structural paradigm.

STRUCTURE OF LIPID DROPLETS

By microscopy, LDs are observed as round
structures (Fig. 1A). Their diameters generally
range from 0.1–5 mm in nonadipocytes, but
they can reach more than 100 mm in the white
adipocyte. The LD surface is not bound with a
conventional unit membrane but delimited by
a phospholipid monolayer (Fig. 1B) (Tauchi-
Sato et al. 2002). LD phospholipids include
phosphatidylcholine (PC), phosphatidyletha-
nolamine (PE), phosphatidylinositol, lysoPC,
and lysoPE, and some of them have unique
properties (Leber et al. 1994; Tauchi-Sato et al.
2002; Bartz et al. 2007). Free cholesterol (FC)
is also likely to be in the LD surface layer (Prattes
et al. 2000), but the possibility that some phos-
pholipids and FC exist in the core cannot be
excluded (Hevonoja et al. 2000).

The LD core is made of lipid esters. In white
adipocytes, triglycerides (TG) are predominant,
but in most cell types, TGs and cholesterol esters

(CE) coexist in various ratios. Conventional
electron microscopy (EM) does not show any
demarcation in the core, but TG and CE may
be segregated from each other at least in some
circumstances (Fig. 2A,B) (Czabany et al. 2008;
Cheng et al. 2009). A similar segregation may
also occur among TGs because they have vastly
different melting temperatures depending on
fattyacidcomposition(Kayeetal.1995).Concen-
tric lines observed by cryoelectron microscopy
(Fig. 2A) (Tauchi-Sato et al. 2002) and onion
skin-like fracture faces in freeze-fracture electron
microscopy (Baba et al. 1995; Tauchi-Sato et al.
2002) might reflect such partitioning among
lipid esters. Membrane-like structures were also
observed in the LD core of some cell types (Fig.
2C) (Wan et al. 2007; Singh et al. 2009).

Proteins are generally thought to be em-
bedded in or adherent to the LD surface. How-
ever, some morphological studies show the
presence of proteins, including soluble ones,
in the LD core (Dvorak et al. 1992; Bozza et al.
1997; Robenek et al. 2004, 2005). It is not plau-
sible that hydrophilic proteins exist alone in the
core, but amphiphilic proteins may complex
with phospholipids to make structures compat-
ible with the hydrophobic environment.

This suggests that the current paradigm of LD
structure, that is, a homogeneous lipid ester core
covered by a phospholipid monolayer studded

Figure 1. The current paradigm of the LD structure. (A) Conventional electron microscopy. LDs are observed as
spherical structures with no internal structure and are not delimited by the conventional unit membrane. Bar,
200 nm. (B) Cryoelectron microscopy of the isolated LD. The LD surface is seen as a single electron-dense line,
which is probably derived from a row of phosphorus atoms in the phospholipid monolayer. Bar, 20 nm.
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with proteins, is thermodynamically sound and
should explain the basic characteristics of LDs.
It must be emphasized, however, that the pres-
ence of additional features cannot be excluded.

BIOGENESIS OF LIPID DROPLETS

Although several hypotheses on the process of
LD formation have been proposed and dis-
cussed (Wanner et al. 1981; Murphy et al. 1999;
Zweytick et al. 2000; Waltermann et al. 2005;
Ploegh 2007) none are sufficiently proven or
refuted by the available experimental data. The
classical model postulates budding of the lipid
ester globule covered by the cytoplasmic leaflet
of the ER membrane and explains the basic
LD structure easily (Murphy et al. 1999). The
“hatching” model hypothesizes a bicellar struc-
ture (Ploegh 2007) and can explain the presence
of transmembrane ER proteins in isolated LDs.
However, it should be noted that both bio-
chemical and light microscopic methods are

insufficient to definitively prove association of
proteins with bona fide LDs rather than associ-
ated membranes. Another viable model is that
lipid esters accumulate in the membrane of small
vesicles and eventually obliterate the lumen
(Walther et al. 2009).

The last steps of TG and CE synthesis are
catalyzed by diacylglycerol acyltransferases
(DGATs) and acyl-CoA:cholesterol acyltranser-
ases (ACATs), respectively, which reside in the
ER (Fig. 3; Yen et al. 2008; Chang et al. 2009).
Hydrophobic lipid esters are likely to be depos-
ited inside the ER membrane, although wax
esters of bacterial LDs are thought to accumu-
late on the membrane surface (Waltermann
et al. 2005). A small amount of lipid esters can
be assimilated in the phospholipid bilayer
(Hamilton et al. 1982; Hamilton 1989), but
when the solubility limit is exceeded, lipid esters
are thought to precipitate out between the two
leaflets. This state, i.e., lipid ester deposits in
the membrane, has been observed only in rare
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Figure 2. Possible structures in the LD core. (A) Concentric lipid ester layers. Cholesterol ester was proposed to
make concentric layers in the LD core. The concentric lines observed by cryoelectron microscopy (shown by
bidirectional arrows) may correspond to the cholesterol ester layer boundaries. Bar, 20 nm. (B) Irregular parti-
tioning of lipid esters. The electron micrograph shows that cholesterol esters (low electron density) and trigly-
cerides (high electron density) are segregated in LDs. In this example, cells were sequentially loaded with
cholesterol and docosahexanoic acid (Cheng et al. 2009). Bar, 200 nm. (C) Internal membrane-like structures
in the core. The membranous structures are occasionally studded with ribosomes suggesting their ER origin.
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instances (Fig. 3B) (Ohsaki et al. 2008), suggest-
ing that the structure is difficult to preserve by
conventional methods and/or that nascent
LDs quickly separate from the ER before they
become large enough to be observed micro-
scopically (Mountford et al. 1988; Hakumaki
et al. 2000).

It is noteworthy that nonpolar lipids are not
always incorporated into LDs but can be stored
elsewhere. A large amount of squalene, for
example, can be stored in the microsomal
membrane of yeast without compromising cell
functionality (Spanova et al. 2010). By deple-
tion of adipocyte differentiation-related protein
(ADRP) or by inhibition of group IVA cytosolic
phospholipase A2, TG levels in LDs decreased
and shifted to the microsome (Chang et al.
2006; Gubern et al. 2008). An in vitro ex-
periment suggested the involvement of phos-
pholipase D in the LD formation process
(Marchesan et al. 2003). The results suggest
that LD formation does not occur spontane-
ously because of lipid ester accumulation but
require some active mechanism.

Whatever the mechanism of LD formation,
new LDs should grow such that their surface

and the volume is coordinated proportionally
(Fujimoto et al. 2008). In fact, suppression of
PC synthesis in Drosophila cells induced mutual
LD fusion to decrease the surface-to-volume
ratio, indicating that PC availability is a critical
regulatory factor in LD growth (Guo et al.
2008). A similar enlargement of LDs was also
reported in mammalian cells deficient in CTP:
phosphocholine cytidylyltransferase-a, the key
regulatory enzyme of the Kennedy pathway for
PC synthesis (Jacobs et al. 2008). The impor-
tance of phospholipids in LD growth was also
highlighted in studies on yeast Fld1p (Szyman-
ski et al. 2007; Fei et al. 2008), which is a func-
tional homolog of mammalian seipin encoded
by the Berardinelli-Seip Congenital Lipodystro-
phy Type 2 gene (Magre et al. 2001). Loss of
Fld1p was shown to enhance LD fusion and
induce supersized LDs, probably by altering
acyl chain compositions of phospholipids (Szy-
manski et al. 2007; Fei et al. 2008).

Mutual fusion catalyzed by the SNARE
proteins, SNAP23, syntaxin-5, and VAMP4, is
a possible mechanism of LD growth (Bostrom
et al. 2007), however, it may not be an exclusive
LD growth mechanism in mammalian cells as
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Figure 3. Possible relationship of LDs and the ER. (A) Close apposition. LDs and the ER (�) are often located
closely and may make membrane contacts. Mitochondria (M) are also frequently adjacent to LDs. Bar,
200 nm. (B) Intercalation. Huh7 cells loaded with docosahexanoic acid show large LDs intercalated in the ER
membrane (arrowheads). The arrows indicate the points in which the ER membrane is continuous with an
LD. Bar, 200 nm. (C) Connection by a membrane stalk. The stalk may be a conduit of lipid esters between
the LD and the ER membrane.
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only a low frequency of fusion was observed by
live imaging (Wolins et al. 2005; Thiele et al.
2008). Repetitive fusion also does not readily
explain the uniform incorporation of newly
formed TG to existing LDs (Cheng et al. 2009).
Other mechanisms such as local lipid ester syn-
thesis in and/or around individual LDs may be
also involved in the growth process (Kuerschner
et al. 2008).

It is likely that at least some LDs remain
tethered to the ER. The bidirectional movement
of some proteins between LDs and the ER mem-
brane suggests a close structural relationship
(Pol et al. 2005; Turro et al. 2006; Zehmer
et al. 2009). However, it has not been shown un-
equivocally that normal LDs retain membrane
continuity with the ER as plastoglobules do
with the thylakoid membrane (Fig. 3C; Austin
et al. 2006).

THE LIPID DROPLET PROTEOME

For the last several years, a large number of pro-
teins have been identified by proteomic analyses
of LDs obtained from a wide variety of organ-
isms. The results are discussed in detail in a
recent review (Hodges et al. 2009). Because of
ample lipid ester content, LDs have exception-
ally high buoyancy and thus can be easily sepa-
rated from other organelles. Nonetheless, LD
preparation cannot be free from “contamina-
tion” for two reasons. First, LDs are often very
closely associated with other organelles (Fig.
3A; Novikoff et al. 1980; Stemberger et al.
1984; Blanchette-Mackie et al. 1995), thus pro-
teins found in isolated LDs may be derived from
adhering structures, especially when they are
found in both LDs and other fractions. Second,
the exposure of lipid esters to an aqueous envi-
ronment by mechanical disruption may cause
artificial adherence of unrelated proteins by
hydrophobic interaction (Fujimoto et al. 2006).
These possibilities need to be carefully exam-
ined for individual proteins.

Methods based on other disciplines may
help resolve these uncertainties. However, the
close proximity of LDs and other organelles
means that light microscopy is not always de-
finitive. Immunoelectron microscopy has the

required spatial resolution, but it is often diffi-
cult to preserve the LD structure because of a
lack of an appropriate chemical fixative for lip-
ids. Therefore, a combination of various cell
biological techniques is required to determine
endogenous protein distribution in a quantita-
tive manner.

LIPID DROPLETS IN ADIPOCYTES

The major function of LDs is lipid storage.
Stored lipid esters are mobilized for b-oxida-
tion, membrane biogenesis, protein modifica-
tion, synthesis of lipoproteins, steroids, and
other lipid mediators, etc. PAT proteins play
critical roles in regulating the storage and uti-
lization of lipids, and their functions in adipo-
cytes have been reviewed extensively in many
recent articles (Brasaemle 2007; Bickel et al.
2009). Therefore, in this article adipocyte LDs
will be discussed briefly and only as a prototype
to discuss general LD function in later sections.

PAT was named after perilipin, ADRP (also
called adipophilin, ADFP), and tail-interacting
protein of 47 kDa (TIP47), which were pro-
posed to be renamed as PLIN1, PLIN2, and
PLIN3 (Kimmel et al. 2010). Together with
S3-12 (PLIN4) and OXPAT/MLDP/LSDP5
(PLIN5), they constitute the PAT protein family.
Perilipin was found as the first LD protein and is
expressed in adipocytes and steroidogenic cells
(Greenberg et al. 1991). S3-12 is also largely
restricted to adipocytes, whereas ADRP and
TIP47 are found ubiquitously, and OXPAT/
MLDP/LSDP5 is mainly expressed in organs
engaged in active fatty acid oxidation, such as
liver, muscle, and brown adipose tissue.

Perilipin A, a perilipin isoform, is the major
regulatory factor of lipolysis in white adipo-
cytes. Lipolysis is catalyzed by adipose triglycer-
ide lipase (ATGL) and hormone-sensitive lipase
(HSL) enzymes that effectively hydrolyze TG
and diacylglycerol (DG), respectively (Zimmer-
mann et al. 2009). On lipolytic stimulation,
perilipin A is phosphorylated by cAMP-depen-
dent protein kinase and releases CGI-58, which
then activates ATGL (Subramanian et al.
2004; Lass et al. 2006; Granneman et al. 2007).
Perilipin A also assists HSL translocation and
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activation at the LD surface (Sztalryd et al.
2003).

Under resting conditions, perilipin A is
thought to function as a barrier to protect lipid
esters from lipases, but it is assumed to cover a
relatively small area of the LD surface (Londos
et al. 1999). Moreover, even when perilipin is
absent, lipases may not be able to hydrolyze
lipid esters effectively as far as they are covered
by a continuous phospholipid monolayer. In
this respect, it is notable that TIP47 has apolipo-
protein-like properties and can reorganize lipo-
somes into small lipid discs (Bulankina et al.
2009). PAT proteins may regulate lipolysis by
modulating the LD surface structure and chang-
ing the accessibility of lipid esters to the lipases.

Another phenomenon that is ascribed to
perilipin A is the appearance of microsized
LDs after lipolytic stimulation (Marcinkiewicz
et al. 2006). Disruption of a sphere into many
small spheres may be a mechanism to facilitate
lipolysis by increasing the surface-to-volume
ratio, but microsized LD formation has not
been shown to correlate closely to release of lip-
olytic products (Bickel et al. 2009), and seem to
be generated in a region distant from the origi-
nal LD (Yamaguchi et al. 2007; Nagayama et al.
2010). Additionally, the origin of the mechani-
cal force needed to fragment a viscous lipid ester
mass is not evident. The possibility that micro-
sized LDs were made by reesterification of lipo-
lytic products rather than by fragmentation of
large LDs cannot be excluded.

Cell death-inducing DNA fragmentation
factor-45-like effector (Cide) proteins, i.e.,
Cidea, Cideb, and fat-specific protein 27 (Fsp27
also known as Cidec in humans), play impor-
tant roles in lipid metabolism and are at least
partially distributed in LDs (Gong et al. 2009).
Mice deficient in Cidea, Cideb, or Fsp27 show
high-energy consumption, are resistant to high
fat diet-induced obesity, and show a decrease of
LDs in white adipocytes. In addition, Fsp27
deletion caused transformation of the large
unilocular LD into small multilocular LDs
(Nishino et al. 2008). Although lipolysis was in-
duced similarly when either Fsp27 or perilipin
was lacking, LD morphology changed signifi-
cantly only when Fsp27 was deleted (Nishino

et al. 2008), suggesting that Fsp27 influences
lipid metabolism by changing the surface-to-
volume ratio of LDs.

GENERAL LIPID DROPLET FUNCTIONS

Storage of Lipid Esters

LDs in nonadipocytes also store lipids, but the
function of PAT proteins is less understood
than in adipocytes. Overexpression of ADRP in-
creases lipid ester storage in LDs, and this effect
is thought to occur by limiting ATGL access to
the esters (Listenberger et al. 2007). TIP47
appears to substitute the function of ADRP at
least partially, and when both ADRP and
TIP47 are deficient, incorporated fatty acids
are used to make phospholipids rather than
TG (Sztalryd et al. 2006). OXPAT/MLDP/
LSDP5 enhances lipid storage by curbing lipol-
ysis (Dalen et al. 2007) and it also increases
b-oxidation by recruiting CGI-58 to LDs and
thereby enhancing the ATGL activity (Gran-
neman et al. 2009). Microsomal TG content
is increased or decreased by deletion or over-
expression of ADRP, respectively, suggesting
that ADRP promotes LD formation at the ex-
pense of microsomal storage (Chang et al.
2006; Listenberger et al. 2007). This result sug-
gests that ADRP not only protects lipid esters
from lipases, but it is also intimately related to
the process of LD formation. It is intriguing
that the ER membrane proteins FIT1 and FIT2
also appear to facilitate LD formation without
enhancing TG synthesis or inhibiting lipolysis
(Kadereit et al. 2008). PAT proteins, as well as
FIT1 and FIT2, are likely to constitute an active
molecular mechanism making LDs from lipid
ester in the membrane.

Synthesis of lipid esters is not only for later
lipid utilization but also an important defense
mechanism against lipotoxicity (Schaffer 2003).
Unsaturated fatty acids help cells to circum-
vent the toxicity of saturated fatty acid in mam-
malian cells by promoting TG production
(Listenberger et al. 2003). This function is also
important in cardiomyocytes that are exposed
to ischemia and reperfusion (Barba et al. 2009),
neurons during nutrient deprivation (Du et al.
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2009), and cells under various stresses (Gubern
et al. 2009). In Saccharomyces cerevisiae, a mu-
tant lacking all lipid ester synthesis is viable
under the normal conditions (Sandager et al.
2002), but excess unsaturated fatty acids causes
massive membrane proliferation and cell death
(Petschnigg et al. 2009). This result suggests
that lipid ester synthesis is critical for proper
handling of fatty acids and maintaining mem-
brane homeostasis in the cell.

Additionally, production of CE directly reg-
ulates FC content of the ER membrane and the
nuclear envelope. Elevation of the FC content in
the membrane may lead to an increase in mem-
brane order, which then decreases the confor-
mational freedom of membrane proteins and
disrupts seemingly unrelated functions such as
nuclear pore complex formation (Li et al.
2004; Hodge et al. 2010).

Utilization of Stored Lipids

In nonadipocytes, ATGL is likely to mediate
most of the lipolytic activity even in the pres-
ence of HSL. ATGL homologs are also expressed
in nonmammalian organisms and the pheno-
types that arise from their manipulation shows
the physiological importance of this enzyme
and lipid storage in LDs. In S. cerevisiae, the
ATGL homolog Tgl4 localizes almost exclusively
in LDs and is activated through phosphoryla-
tion by the cyclin-dependent kinase (Kurat
et al. 2009). Deletion of Tgl4 along with another
lipase, Tgl3, caused a delay in cell-cycle entry by
membrane deficiency and a resultant defect
in secretion (Kurat et al. 2009). In Drosophila
melanogaster, loss of the ATGL ortholog, or
Brummer lipase, induced lethality in embryos
(Gronke et al. 2005). Because these mutant cells
retain de novo fatty acid synthetic pathways and
may also take up fatty acids from exogenous
sources, the results suggest that fatty acids liber-
ated by hydrolysis of LD-stored lipid esters may
be used for some critical pathways more ef-
ficiently than those from other sources. It is
also possible that other metabolites are pro-
duced simultaneously, such as diacylglycerol
and monoacylglycerol, play pivotal signaling
roles. A similar preference for LD-derived lipids

was also shown for very low-density lipoprotein
(VLDL) production in hepatocytes (Gibbons
et al. 2000), for efficient phagocytosis in macro-
phages (Chandak et al. 2010), and for arylcera-
mide synthesis in keratinocytes (Gruber et al.
2010).

Another hydrolyzing enzyme, triglyceride
hydrolase (TGH), has been shown to be crucial
for VLDL synthesis in liver (Gilham et al. 2004).
Notably, TGH is a soluble ER luminal protein,
and how TGH functions to mobilize lipids in
LDs is enigmatic. Very recently, TGH was shown
to facilitate incorporation of newly synthesized
TG to existing LDs, but the mechanism behind
this phenomenon or its relationship to VLDL
synthesis is not known (Wang et al. 2010).

In addition to cytosolic lipases, macroau-
tophagy of LDs was shown to participate in lipid
ester metabolism (Singh et al. 2009). The proc-
ess was termed lipophagy, and cells deficient in
this process accumulated excessive LDs. In
autophagosome formation, proteolytic proc-
essing of soluble protein LC3-I and its conjuga-
tion to PE are indispensable. Surprisingly, LC3-I
was found constitutively in LDs, and autopha-
gosomes appeared to form in and around LDs
(Singh et al. 2009). This result suggested that
LDs are not just a client of target-specific
autophagy like mitophagy and pexophagy (Ish-
ihara et al. 2009), but may play an essential role
in the autophagic process. However, another
group reported that autophagy-deficient cells
have scarce LDs and concluded that LC3-II is
crucial for LD formation (Shibata et al. 2009).
The effects of autophagy deficiency on LDs as
reported in the two papers are contradictory,
and it is not clear how they can be reconciled.
It also remains to be clarified whether lipids
processed by lipophagy have any functional
preference that is different from those obtained
by hydrolysis by cytosolic lipases.

Lipid Synthesis and Metabolism

Enzymes involved in various lipid metabolic
pathways including fatty acid and steroid syn-
thesis and fatty acid activation are recovered in
LD and membrane fraction (Goodman 2009).
Combined with other studies, this result suggests
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that some metabolic reactions occur in LDs, but
many of those enzyme molecules are thought to
be multispanning membrane proteins and are
not likely to reside in the phospholipid mono-
layer of the LD surface. A simple assumption
is that the enzymes are in the ER membrane
adjacent to LDs and are recovered in the LD
fraction as contaminants. However, the activity
of some enzymes is different depending on the
existing fraction (Goodman 2009), suggesting
that the dichotomous partitioning has physio-
logical relevance. It is possible, for example,
that the ER membrane is separated into the lipid
ester-poor and -rich domains, and that the lat-
ter is recovered in the LD fraction because of its
relatively high buoyancy.

The presence of several enzymes for eicosa-
noid synthesis in LDs has been shown in leuko-
cytes (Bozza et al. 2009). An endocannabinoid
monoacylglycerol, 2-arachidonoylglycerol, may
also be synthesized from TG in LDs by the
action of ATGL and HSL (Zechner et al. 2009).
More recently, one of the two fatty acid amide
hydrolases, which hydrolyze N-acylethanol-
amines, was shown to reside in LDs (Kaczocha
et al. 2010). These results indicate that LDs are
a site in which signaling lipids are formed and
metabolized.

Nonconventional Functions

Apart from the canonical functions, LDs appear
to be involved in other phenomena that are not
directly related to lipid storage or metabolism.
In hepatocytes, lipidated apolipoprotein B-100
(ApoB) accumulates in LDs when either the
proteasome or autophagy is inhibited (Ohsaki
et al. 2006, 2008). The retention of ApoB on
LDs is favorable for the cell because hydropho-
bic proteins like ApoB may form aggregates
when left free in the aqueous milieu. Another
hydrophobic protein, a-synuclein, is degraded
by the proteasome and autophagy, and also
shows a prominent accumulation in LDs (Cole
et al. 2002; Webb et al. 2003). We speculate
that LDs may function as a temporal storage site
for hydrophobic proteins and serve as a plat-
form for their degradation (Fujimoto et al.
2006). It is not known, however, how the large

mass of lipidated ApoB can egress from the
ER lumen to the cytoplasm in which degrada-
tion machinery exists, but LDs may be also in-
volved in the retrotranslocation process (Ploegh
2007).

Proteins that are not destined for degrada-
tion may also reside in LDs under some circum-
stances (Welte 2007). Histones are sequestered
in the LD of the Drosophila embryo at one stage,
and are then released to enter the nucleus later
in development (Cermelli et al. 2006). In con-
trast to ApoB and a-synuclein, which bind to
LDs by hydrophobic interaction with lipid
esters, the binding of histone may be electro-
static and lipid esters may not be involved in
the interaction. This raises the question of why
LDs are used for such sequestration because
the number of LDs, and thus available surface
area, may fluctuate widely depending on the cel-
lular lipid content. Conventional membranes
would appear to provide a greater surface area
than LDs that invariably take a spherical shape.
The molecular mechanisms that regulate LD
binding of proteins should illuminate why LDs
are used for such seemingly remote purposes.

LIPID DROPLETS IN THE CELLULAR
CONTEXT

Interactions with Other Organelles

Lipid droplets are often associated with other
organelles in the cell (Fig. 3A) (Fujimoto et al.
2008; Murphy et al. 2009). The association with
the ER may occur because the ER is the site of
LD formation, but closer apposition is formed
when Rab18 is overexpressed or ADRP is de-
creased (Ozeki et al. 2005). Because the ER is
suggested to function as a conduit for intra-
cellular lipid trafficking, LD-ER interaction
may represent a mechanism by which lipids
stored in LDs are mobilized for use in other cel-
lular sites (Levine 2004). LDs are also in close
proximity to mitochondria and peroxisomes,
in which fatty acids liberated by lipolysis are
used for b-oxidation. LDs and the associated
organelles may form close membrane contacts
as shown by Förster Resonance Energy Transfer
(FRET) (Sturmey et al. 2006). In S. cerevisiae
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cultured with oleic acid, LDs are stably coupled
with peroxisomes making a hemi-fusion struc-
ture (Binns et al. 2006).

In addition to the above associations, LDs
make a kiss-and-run type contact with phago-
somes (van Manen et al. 2005). This transient
encounter in neutrophils was speculated to
supply phagosomes with arachidonic acid for
NADPH oxidase activation. A recent study
showed that the LD-phagosome association in
dendritic cells may be related to cross-presenta-
tion (Bougneres et al. 2009), in which peptides
processed in phagosomes are transported to
the ER lumen, and loaded on MHC class I
molecules. Both knockdown of Irgm3, an LD-
resident GTPase that binds to ADRP, and
inhibition of DGAT separately impaired cross-
presentation of phagocytosed antigens to CD8
(þ) T lymphocytes (Bougneres et al. 2009).
Dissection of the molecular mechanism of tran-
sient contact is important to understand its
functional significance.

Several studies show that down-regulation
of the ARF1-COPI pathway induces LD en-
largement (Beller et al. 2008; Guo et al. 2008;
Soni et al. 2009). It was conjectured that the
ARF1-COPI pathway might increase lipolysis
at LDs by modulating PAT protein composition
in LDs and/or targeting ATGL to LDs. More
recently, ARF-related protein 1 (ARFRP1) defi-
ciency in brown adipocytes was shown to de-
crease SNAP23 and increase ATGL in LDs,
thereby causing defective LD growth (Hommel
et al. 2010). It is not likely, however, that vesic-
ular transports are necessary for LD targeting
of ATGL and PAT proteins. In one study, the
disruption of the SAR1-COPII pathway in
S. cerevisiae was also shown to give a similar
result (Soni et al. 2009); a defect in the secretory
pathway at the plasma membrane as well as
Sec13 mutation enlarged LDs by decreasing
phospholipids and increasing TG synthesis
(Gaspar et al. 2008). This suggests that the ob-
served change in LDs may not be a direct conse-
quence of aberrant vesicular trafficking. The
effects of ARF1 and ARFRP1 on LDs may be
mediated by direct binding of ARF1 and ADRP
and the concomitant modification of ADRP
functions (Nakamura et al. 2004).

Interactions with Caveolae, Caveolins,
and Cavins

Caveolins are integral membrane proteins that
form the framework of caveolae by making
high molecular weight oligomers. Caveolins
associate with LDs in fatty acid-loaded cultured
cells (Pol et al. 2005) and in regenerating he-
patocytes in vivo (Fernandez et al. 2006). In
3T3-L1 adipocytes, cholesterol addition in-
duces budding of caveolae and caveolin-1
transport to LDs (Le Lay et al. 2006). How
caveolin-1 is translocated to LDs is not known,
but hemi-fusion between the vesicular mem-
brane and LDs is a possible mechanism (Mur-
phy et al. 2009). Intriguingly, caveolae in
adipocytes were suggested to produce TG (Ost
et al. 2005), which may also be transferred to
LDs through the hemi-fusion channel. The
functions of caveolins are closely linked to a
family of cytoplasmic proteins termed cavins
(Hill et al. 2008; Bastiani et al. 2009; Hansen
et al. 2009; McMahon et al. 2009). PTRF/
cavin-1 is essential for the formation of caveolae
(Hill et al. 2008; Liu et al. 2008) and, like caveo-
lin, has been shown to be associated with LD
function and lipid storage in cultured adipo-
cytes (Aboulaich et al. 2006), mice (Liu et al.
2008), and human patients (Hayashi et al.
2009; Rajab et al. 2010).

Lipid Droplet Motility

The motility of LDs is important to regulate
their intracellular distribution and interactions
with other organelles. LDs show both random
short-distance and microtubule-based direc-
tional long-distance movements (Welte 2009).
Dynein (Gross et al. 2000; Bostrom et al. 2005)
and kinesin-1 (Shubeita et al. 2008) (minus-
end and plus-end motors, respectively) were
found to associate with LDs. In Drosophila
melanogaster, a PAT protein homolog, LSD2,
regulates bidirectional LD movement by coor-
dinating opposite-polarity motor proteins
(Welte et al. 2005). Overexpression and defi-
ciency of LSD2 leads to obese and lean flies,
respectively, indicating that LSD2 is required
for normal lipid storage (Gronke et al. 2003).
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This result suggests an intriguing possibility
that LD motility and lipid metabolism is func-
tionally integrated through LSD2. It is possible
that active movement along microtubules
increases the chance of mutual fusion, thereby
promoting the formation of larger LDs, which
are presumably more resistant to lipolysis than
smaller LDs.

LIPID DROPLETS AND DISEASE

Diseases Related to Lipid Storage

Perilipin expression is an important factor asso-
ciated with obesity (Tai et al. 2007). Curiously
the effect is more robust in females than in
males, in both humans and mice (Qi et al.
2004; Miyoshi et al. 2010), but the reason for
the gender difference is not known. It is also
noteworthy that not only perilipin-null mice
but also perilipin transgenic mice are resistant
to diet-induced obesity (Qi et al. 2004; Miyoshi
et al. 2010). These results reflect the multi-
faceted nature of perilipin function and suggest
that obesity is a systemic disease caused by a
combination of environmental and genetic
factors.

Neutral lipid storage disease (NLSD) is
characterized by TG accumulation in multiple
tissues (Schweiger et al. 2009). Loss-of-function
mutations of CGI-58 cause NLSD with icthyo-
sis, also called Chanarin-Dorfman syndrome,
whereas ATGL mutations cause NLSD with
myopathy (Fischer et al. 2007). Abnormal lipid
storage can be explained by the decrease of
ATGL activity, although NLSD patients are not
obese (Igal et al. 1997). This contrasts with the
obese phenotype of ATGL-null mice (Haem-
merle et al. 2006), which implies that ATGL is
less critical in human adipose tissue than in
mouse tissue.

Lipodystrophies are disorders characterized
by the loss of adipose tissue. Genetic mutation
of LD-related proteins such as, seipin (Magre
et al. 2001), caveolin-1 (Kim et al. 2008),
PTRF/cavin1 (Hayashi et al. 2009; Rajab et al.
2010), and 1-acylglycerol-3-phosphate-O-acyl-
transferase 2 (Agarwal et al. 2002), which is a crit-
ical enzyme in TG and phospholipid synthesis,

has been shown to cause lipodystrophies. The
mechanism that seipin mutation leads to lipo-
dystrophy may not be directly related to its
effect on LD formation because it also affects
a transcriptional cascade that drives adipogene-
sis (Payne et al. 2008; Chen et al. 2009).

Motor Neuron Diseases

Mutation of several LD proteins is linked to
motor neuron diseases. One such protein is
Spartin/SPG20. Spartin/SPG20 is an LD pro-
tein that binds to TIP47 (Eastman et al. 2009).
Both Spartin/SPG20 and TIP47 compete with
ADRP for LD association, and either knock-
down or overexpression of Spartin/SPG20 leads
to an increase in the number and size of LDs. A
Spartin/SPG20 mutant that cannot compete
with ADRP causes a motor neuron disease
called Troyer syndrome (Patel et al. 2002). In
normal cells, an E3 ligase, WWP1, appears to
regulate the amount of Spartin/SPG20 and
thereby adjust lipolysis by changing the TIP47-
to-ADRP ratio (Eastman et al. 2009; see Hooper
et al. 2010 for an alternative view). Thus, the
defect in Troyer syndrome is assumed to be
aberrant turnover of LD lipids.

In contrast to the diseases that are explicitly
related to LDs, motor neuron diseases appear to
be quite remote from LD functionality, espe-
cially considering that LDs are not abundantly
present in neurons. In fact, Troyer syndrome
patients do not show obvious defects in general
lipid metabolism. This tissue specificity may
arise because motor neurons are especially sus-
ceptible to abnormal lipid turnover because of
their long, myelinated axons. A similar neuro-
logical symptom is observed in the mutation
or organophosphorus-induced inhibition of
neuropathy target esterase (Rainier et al. 2008).
This result also highlights that lipids stored in
LDs are used for some specialized functions
much more efficiently then lipids derived from
other sources.

Loss-of-function mutations of seipin lead to
lipodystrophy, whereas gain-of-toxic-function
mutations of seipin cause motor neuron dis-
eases, such as Silver syndrome/spastic paraple-
gia 17 and distal hereditary motor neuropathy
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type V (Windpassinger et al. 2004). The latter
diseases are thought to be conformational dis-
eases that are caused by accumulation of mis-
folded proteins in the ER and are not directly
related to LD function (Ito et al. 2009).

Infectious Agents

Several pathogens take advantage of LDs for
their proliferation and survival. Chlamydia tri-
chomatis is an obligate intracellular pathogen
that replicates in the vacuole called “inclusion”
and uses host-derived lipids for its growth.
Chlamydia secretes a protein, Lda3, that binds
to LDs (Kumar et al. 2006) and causes their
translocation from the cytoplasm to the in-
clusion lumen (Cocchiaro et al. 2008). Lda3
was found to dissociate ADRP from LDs, but
the mechanism of LD translocation across the
membrane remains enigmatic.

Hepatitis C virus (HCV) exploits LDs for
proliferation in several different ways (Miyanari
et al. 2007; McLauchlan 2009). First, a capsid
Core protein and a noncapsid NS5A protein
are both targeted to LDs (Barba et al. 1997;
Shi et al. 2002) and the interaction between
the two proteins is important for recruiting
the replication complex to the vicinity of LDs
(McLauchlan 2009). Second, Core induces LD
aggregation near the microtubule-organizing
center in a microtubule-dependent manner, in
which redistribution is thought to play an
important role for efficient virus production
(Boulant et al. 2008). Third, HCV uses the lip-
oprotein synthesis pathway for its own assembly
and secretion as a lipoviroparticle (Syed et al.
2010). All of these processes may disturb cellu-
lar lipid metabolism and culminate in steatosis
and other liver diseases. Dengue virus has also
been shown to exploit LDs for particle forma-
tion (Samsa et al. 2009).

In response to HCV infection, cells produce
an interferon-induced antiviral protein, vi-
perin, which inhibits HCV replication (Helbig
et al. 2005). Viperin is targeted to both LDs
and the ER membrane via its amino-terminal
amphipathic a-helix (Hinson et al. 2009). The
HCV NS5A protein also localizes to LDs by an
amphipathic a-helix. It is postulated that part

of the antiviral function of viperin is mediated
by sharing the LD localization mechanism
with NS5A (Hinson et al. 2009).

FUTURE CHALLENGES

Many new proteins and phenomena concerning
LDs have been uncovered during the past few
years and we are beginning to understand the
physiology and pathology of LDs in molecular
terms. However, many mysteries remain in the
field, specifically concerning how each LD func-
tion is placed in its unique structural context.
This is in contrast to conventional vesicular
organelles that can be regarded as having a com-
mon structure.

Questions about LD structure may be reiter-
ated as follows: Membranes and proteins may be
present in the LD core, but how do they exist in a
highly hydrophobic environment? If the LD
surface is covered by a phospholipid monolayer,
how do lipases get access to lipid esters? Are
lipid esters interspersed within the phospholi-
pid monolayer, or do lipids make any other
structure locally and/or temporarily so that
lipid esters are exposed to the cytoplasm? LDs
are supposed to meet with conventional vesicles
and exchange materials, but do bilayer mem-
branes fuse (or hemi-fuse) with the monolayer?
Sophisticated model systems that mimic natural
LDs may help resolve these questions in the way
that artificial liposomes have performed for
membrane studies (Small et al. 2009).

Functionally we would like to know why
fatty acids generated in LDs are used more effec-
tively than those from other sources in many
reactions (Gibbons et al. 2000; Kurat et al.
2009; Chandak et al. 2010; Gruber et al. 2010).
The difference may be attributed to other me-
tabolites made in LDs and/or the dynamic
hydrolysis-reacylation cycle in LDs. The ability
to dispatch lipids to necessary locations may
also be important. We should also examine
whether simple physical competition at the
LD surface, e.g., ADRP vs. ATGL, can explain
various functional consequences.

Although we have progressed a long way
from the image of the lipid droplet as an inert
fat deposit, these questions clearly reveal how
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far we are from a complete understanding of
this complex organelle. Future studies on the
basic biological properties of LDs should help
us understand many more diseases and provide
new molecular targets for therapeutic inter-
vention.
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