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Lipid droplets (LDs) are the major
cellular organelles for the storage of
neutral lipids. Excessive lipid storage in
LDs is central to the pathogenesis of
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prevalent metabolic diseases, such as
obesity, diabetes and atherosclerosis; LDs
are, therefore, crucial in the development
of these diseases. Long considered to be
inert, LDs have recently attracted great
interest as dynamic structures at the hub
of lipid and energy metabolism. Major
findings that highlight the diversity
and dynamics of LDs include the
identification of key proteins that are
involved in LD biology, the discovery of
differences in protein and lipid
compositions of LDs in different cell
types and physiological states, and the
demonstration of interactions between
LDs and other organelles [e.g.
peroxisomes, endosomes, endoplasmic
reticulum (ER), plasma membrane and
mitochondria].

Despite the acceleration of progress in LD
research and in determining the many links
of LDs with prominent diseases, most
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fundamental questions are not yet resolved.
How and where are LDs formed? How are
proteins and lipids recruited to LDs? How
do they interact with other organelles?
How are their number, size and distribution
regulated? In addition, new and unexpected
connections with other cellular processes
and pathologies are being found. Examples
include the discovery that LDs play a role
in histone storage in early Drosophila
melanogaster development, and that LDs
are required for efficient replication of
intracellular pathogens, such as Chlamydia
trachomatis and hepatitis C virus. Further
research into LDs has also been sparked by
the increased interest in biofuels; because
these are mainly oils that are stored in LDs,
efforts to manipulate systems to store more
triglycerides in these organelles are also
likely to benefit from a better understanding
of the basic biology of fat storage. These
and other questions pose many fascinating
biological problems to be solved.
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This article highlights emerging topics in
LD biology and summarizes our current
understanding of LD cellular functions. In
the accompanying poster, the architecture
of LDs is explained, and the biochemical
pathways leading to fat storage are
illustrated in a cellular context. In addition,
we portray current models for LD
formation and highlight the interactions of
LDs with other organelles.

Lipid-droplet composition

LDs consist of an organic core comprising
neutral lipids (mainly triacylglycerols and
sterol esters) that is bounded by a
monolayer of phospholipids (Bartz et al.,
2007a). This structure provides a unique
separation of the aqueous and organic
phases of the cell. Several types of proteins
decorate LDs (Bartz et al., 2007b; Brown,
2001), including structural proteins
(e.g. proteins of the perilipin family)
(Brasaemle, 2007), lipid-synthesis
enzymes [e.g. acetyl coenzyme A (CoA)
carboxylase, acyl-CoA synthetase and
acyl-CoA:diacylglycerol acyltransferase 2
(DGAT2)] (Kuerschner et al., 2008; Stone
et al., 2009), lipases [e.g. adipose tissue
triacylglycerol  lipase (ATGL)] and
membrane-trafficking proteins (e.g. Rab$,
Rab18 and ARFI1). Adding to the
complexity, different LDs in a cell can
contain different proteins (Ducharme and
Bickel, 2008) and have different rates of
acquiring triacylglycerol  (Kuerschner
et al., 2008). This suggests that cells
contain distinct types of LDs with
specialized functions.

Considering the composition of LDs, it is
not well understood how proteins target to
LDs and how this localization is regulated.
Conceptually, proteins that contain
transmembrane-spanning domains with
hydrophilic domains on either side of a
membrane bilayer cannot target to the
monolayer surface of an LD; instead, there
are at least two probable alternative
mechanisms. First, proteins might use long
membrane-embedded domains that enter
and exit the membrane on the same side of
the lipid monolayer. This mechanism was
postulated for caveolins, which target to
specialized domains of the plasma
membrane and LDs (Martin and Parton,
2006), and for the lipid-synthesis enzyme
DGAT2 (Kuerschner et al., 2008; Stone
et al., 2006). Second, proteins might bind
LD surfaces as peripheral membrane
proteins by embedding an amphipathic
helix. Examples include members of the

perilipin family of proteins [e.g. perilipin,
adipophilin, S3-12 and tail-interacting
protein of 47 kDa (TIP47)] (Brasaemle,
2007). Whether a recently identified
N-terminal hydrophobic sequence shared
between several LD proteins [e.g. the
putative  methyltransferases ~AAM-B
(methyltransferase-like protein 7A) and
ALDI (associated with lipid droplet protein
1)] uses a similar targeting mechanism
remains to be determined (Zehmer et al.,
2008). Surprisingly, a variety of proteins
have been detected in the hydrophobic core
of LDs (Robenek et al., 2005), including
the perilipin family of proteins. How such
proteins are transported in and out of LDs,
however, and whether they are natively
folded in the LD are not clear.

Lipid-droplet formation

The life cycle of LDs begins when fatty
acids that are carried extracellularly by
albumin and lipoproteins enter cells. Fatty
acids are released from triacylglycerols in
lipoproteins by lipoprotein lipase, and
enter cells by passive diffusion facilitated
by fatty-acid transport proteins or fatty-
acid translocase (Ehehalt et al., 2006;
Schaffer and Lodish, 1994). Fatty acids can
also be synthesized de novo from
carbohydrates in many cell types.

Next, fatty acids enter a bioactive pool
through conjugation to CoA, forming fatty
acyl-CoA, in an energy-requiring reaction.
Fatty acyl-CoA is used by glycerolipid-
synthesis enzymes (glycerol-3-phosphate
acyltransferase and sn-1-acylglycerol-3-
phosphate acyltransferase) in the ER to
ultimately  generate  diacylglycerols.
Diacylglycerols are either converted
to neutral lipids (triacylglycerols) by
DGAT enzymes or enter phospholipid-
synthesis pathways. How the flux between
these pathways is regulated is unknown.

In contrast to fatty acids, sterols are
primarily taken up into cells through
endocytosis and lysosomal degradation of
lipoproteins. Most cells can also synthesize
sterols. Excess sterols are converted to
sterol esters through conjugation with fatty
acyl-CoA in a reaction that is catalyzed
by sterol-O-acyltransferases (e.g. acyl-
CoA:cholesterol acyltransferase) in the ER.

Thus, neutral lipids that are found in LD
cores are synthesized in the ER. How these
lipids accumulate and form LDs is mostly
unknown. The canonical model posits that
neutral lipids form a lens of oil in the ER

bilayer that subsequently ‘buds’ from the
membrane (the ER-budding model), taking
with it phospholipids from the cytosolic
leaflet. Although the model has substantial
support, this process has not been observed
directly. In a variant of this model, the ER-
domain model, LDs remain connected to
the ER and are lipid-containing protrusions
of the ER membrane, forming a specialized
ER domain.

Alternative models for LD formation have
been proposed. In the bicelle model
(Ploegh, 2007), neutral lipids accumulate
between the leaflets of the ER membrane
but, instead of budding, nascent LDs are
excised from the membrane, taking with
them phospholipids from both the
cytosolic and luminal leaflets. This model
was suggested to explain how large
unfolded proteins or viruses might escape
from the ER lumen into the cytosol. In the
vesicular-budding model (Walther and
Farese, 2008), small bilayer vesicles that
remain tethered to the ER membrane
are used as a platform for making LDs.
Newly synthesized neutral lipids are
pumped into the vesicle bilayer and fill
the intermembrane space, eventually
squeezing the vesicular lumen so that it
becomes a small inclusion inside the LDs.
Clues that help to decipher how LDs are
formed might be provided by studying
seipin, an ER protein that is integral to LD
formation (Fei et al., 2008; Szymanski
et al., 2007).

In lipoprotein-producing cells, such as
intestinal enterocytes or hepatocytes,
neutral lipids can also be directed from the
ER bilayer into the ER lumen to associate
with apolipoprotein B for secretion
(Fujimoto et al., 2008). How the amount of
neutral lipids entering the storage versus
the secretion pathway is determined is
mostly unknown.

Lipid-droplet growth

The size of LDs varies tremendously, with
diameters ranging from as small as
20-40 nm (Stobart et al., 1986) to 100 um
(in white adipocytes), and, clearly, LDs can
grow in size. How do LDs grow so
dramatically?

One possibility is that LDs, like balloons,
expand as single organelles. If LDs remain
attached to the ER, proteins and newly
synthesized lipids could diffuse laterally to
the LDs. If LDs are detached from the ER,
these proteins and lipids must be
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transported to the LDs, perhaps via
vesicular transport. This would pose a
problem of topology, as a vesicular bilayer
membrane would have to fuse with a
monolayer  surface at the LD.
Alternatively, neutral lipids in the core
could be produced locally by enzymes,
such as DGATSs, that are targeted to the LD
surface. In either scenario, the increase in
volume of neutral lipids would need to
be matched by a corresponding increase
of phospholipids at the surface. In
agreement with this notion, a key
enzyme of phospholipid synthesis,
CTP:phosphocholine cytidylyltransferase
(CCT), is localized to LD surfaces during
their growth (Guo et al., 2008).

Fusion of smaller LDs to form larger LDs
is also likely to contribute to LD growth
(e.g. Guo et al., 2008), and models that
implicate  SNARE proteins and motor
proteins in LD fusion have been proposed
(Bostrom et al.,, 2007; Olofsson et al.,
2008). A fusion mechanism would
alleviate the requirement for phospholipid
synthesis during the growth of LDs,
because the surface:volume ratio decreases
with fusion.

Lipid-droplet mobilization

Neutral lipids in LDs are mobilized by
lipases to provide metabolic energy
(through the oxidation of fatty acids) and
lipids for membrane synthesis (Brasaemle,
2007; Ducharme and Bickel, 2008;
Zechner et al., 2005). In adipocytes, this
lipolysis is triggered by hormonal,
nutritional or inflammatory (such as tumor
necrosis factor-or) signals. For example,
catecholamines bind to [B-adrenergic
G-protein-coupled receptors at the plasma
membrane and activate adenylyl cyclase,
generating cAMP. This second messenger
activates protein kinase A, which directly
phosphorylates perilipin and hormone-
sensitive  lipase  (HSL). Hormone-
stimulated phosphorylation of perilipin
releases CGI-58 from the CGI-58—perilipin
complex, freeing CGI-58 to activate ATGL
(Yamaguchi et al.,, 2007), and recruits
phosphorylated HSL to the LD surfaces.
Together, ATGL and HSL hydrolyze
triacylglycerols to fatty acids and
monoacylglycerols, which are further
catabolized to yield glycerol and fatty
acids. The  partially  hydrolyzed
intermediates (diacylglycerols and
monoacylglycerols) can also be used to
synthesize phospholipids. Mutations in
CGI-58 impair lipolysis (Igal and

Coleman, 1998; Lass et al, 2006),
implicating it as a key cofactor. CGI-58
also has lysophosphatidic-acid-specific
acyltransferase activity (Ghosh et al.,
2008) of unclear significance. The fatty
acids that are liberated from lipolysis may
be activated to acyl-CoA and transported to
mitochondria for B-oxidation to provide
cellular ATP, may enter the nucleus, where
they act as ligands for nuclear hormone
receptors and regulate gene transcription,
or may be released from the cells to
provide fuel or signaling molecules for
other cells or tissues.

During lipolysis, LDs might undergo
fission, which would dramatically increase
the surface area of LDs and enable lipases
to better access the neutral-lipid cores.
Fission of LDs has been observed in
adipocytes  after massive lipolytic
stimulation (Marcinkiewicz et al., 2006).
As the surface area of LDs expands with
fission, more surface phospholipids would
be required. This requirement might
explain why a reduction in phospholipid
synthesis through the knockdown of CCT
leads to a defect in lipolysis (Guo et al.,
2008).

Lipid droplets interact with other
cellular organelles

There is increasing evidence that LDs
dynamically interact with other cellular
organelles. In particular, LDs are often
found in close approximation with the ER,
mitochondria, endosomes, peroxisomes
and the plasma membrane (Goodman,
2008; Murphy et al., 2008). The functions
of these interactions are still largely
unknown. These organelle associations
might facilitate the exchange of lipids,
either for anabolic growth of LDs or for
their catabolic breakdown. Alternatively,
LDs might provide a means of transporting
lipids between organelles within the cell,
much like lipoproteins transport lipids
between tissues via the blood. Some of the
interactions between LDs and other
organelles might be mediated and
regulated by Rab GTPases, which have
been found on LDs (Liu et al., 2008).

Unexpected functions for lipid
droplets

Besides storing key lipids, recent studies
suggest that LDs might have other functions
in cellular physiology or pathology. For
example, LDs might act as the protective
reservoir for unfolded proteins or other
compounds (that are sequestered in the

organic phase) to prevent harmful
interactions with other cellular components
(Ohsaki et al., 2006; Welte, 2007).

The intracellular pathogen C. trachomatis
induces the accumulation of LDs around
the bacteria-replication vacuole and
appears to use LD components for
replication (Cacchiaro et al., 2008; Kumar
et al., 2006). Similarly, the hepatitis C
virus appears to use LDs as the platform
for viral assembly, and blocking the
association of the hepatitis C core protein
with LDs impairs viral replication
(Miyanari et al., 2007). A better
understanding of these LD-pathogen
interactions might provide new avenues
for therapeutic interventions.

Perspectives

The past several years have witnessed a
boom in research on the cellular biology of
LDs. However, almost all mechanistic
details concerning LDs are unclear. How
exactly are LDs formed? How are proteins
targeted to LDs? How is fusion and fission
of LDs regulated? Do LDs traffic between
organelles? During lipolysis, how do
lipases access neutral lipids in the LD
core? Answers to these exciting questions
will reveal much about the basic
mechanisms of cellular lipid and energy
metabolism, and might provide useful
knowledge for therapeutic and
biotechnological applications.
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