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A role for lipid droplets in inter-membrane
lipid traffic
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All cells have the capacity to accumulate neutral lipids and package them into lipid droplets.
Recent proteomic analyses indicate that lipid droplets are not simple lipid storage depots, but
rather complex organelles that have multiple cellular functions. One of these proposed functions
is to distribute neutral lipids as well as phospholipids to various membrane-bound organelles
within the cell. Here, we summarize the lipid droplet-associated membrane-trafficking proteins
and review the evidence that lipid droplets interact with endoplasmic reticulum, endosomes,
peroxisomes, and mitochondria. Based on this evidence, we present a model for how lipid droplets can distribute lipids to specific membrane compartments.
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Introduction

Dysregulation in neutral lipid storage has been linked to a
variety of metabolic diseases. Excessive storage is associated with obesity, type II diabetes, hepatic steatosis, and
atherosclerosis while lack of neutral lipid storage is associated with lipodystrophies. Understanding the molecular
mechanisms that regulate neutral lipid storage holds the
key to developing therapeutic treatments for these metabolic diseases.
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Abbreviations: ADRP, adipocyte differentiation related protein;
CHO, Chinese hamster ovary; EEA1, early endosome antigen 1;
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© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Virtually all bacterial and eukaryotic cells are able to accumulate neutral lipids and store them in lipid droplets that
generally have a spherical appearance, contain various species
of neutral lipids and are surrounded by a monolayer of phospholipid with embedded integral as well as peripheral proteins [1, 2]. Similar structures are also found to be secreted by
some cells in the form of lipoproteins and milk fat globules.
Lipid droplets were among the earliest intracellular structures
observed using microscope. As a result, morphologists have
assigned many names to these structures, some of which
portray a misleading if not inaccurate picture of their structure and function. This morphologic discord is made worse by
the fact that lipoproteins also belong to this class of cellular
structures [1]. Now there appears to be some degree of agreement that cytoplasmic lipid droplets are organelles and not
static inclusions [2]. We have argued there needs to be a unifying hypothesis that embraces all of these names and, at the
same time, focuses research on the fundamental issue in lipid
storage: how are these containers synthesized and what is the
range of their cellular function [3]. For this reason, we presented for consideration the adiposome hypothesis. This hypothesis proposes that cells contain cellular machinery (the
adiposome) that produces cytoplasmic lipid storage containwww.proteomics-journal.com
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ers (adiposome droplets) as well as lipid export containers
(adiposome lipoproteins). Thus, adiposome droplets are lipidstoring organelles that move around in cells on microtubule
tracks and distribute lipids to various membrane systems
using specific docking and undocking machinery. However,
as most researchers in the field prefer the term lipid droplet,
we will conform to this practice for the remainder of the
review. Outlined below is some of the evidence in the literature that supports the hypothesis that lipid droplets transport
lipids to other cellular organelles by the interaction between
lipid droplets and these organelles. Other aspects of lipid
droplet biology, including biogenesis, lipid biosynthesis and
catabolism, signal transduction, energy and cholesterol
homeostasis and protein storage/degradation have previously
been reviewed [4–14].

mammal proteomes, nearly all the studies found various
isoforms of Rab GTPase (e.g. eight studies found Rab7 and
seven found Rab5), VAT1 and TIP47. More impressive, perhaps, is that proteins like Sar1 and Rab1 were found in lipid
droplet proteomes from all three groups of cells. The fact that
the same proteins often appear in multiple studies across
species supports the view that membrane-traffic proteins are
functionally associated with lipid droplets. This conclusion is
further supported by yeast genetics. Szymanski et al. [29]
carried out a detailed screen for genes that were essential for
normal lipid droplet morphology in Saccharomyces cerevisiae.
They identified 58 essential genes, 16 of which were genes
coding for proteins involved in endosomal-lysosomal traffic.
A recent functional genomic screen also showed that Arf1
and its coatomer COPI regulate lipid droplet formation [30].

2

3

Lipid droplet proteome and genome are
rich in membrane traffic proteins

Several different families of abundant lipid droplet proteins
have been identified during the past 20 years. The best studied are the PAT [Perilipin, adipocyte differentiation related
protein (ADRP) or Adipophilin, tail-interacting protein of
47 kDa (TIP47)] family of proteins found in mammals [9]
and insects [10] and the oleosins found in plants [12]. The
availability of these marker proteins has been critical for
developing protocols to purify lipid droplets from yeast,
plant, insect, and mammalian cells, and further analyze
them using proteomics [3, 15–28]. These studies resulted in a
variety of proteins that regulate membrane traffic (Table 1).
There are five groups of these proteins: (i) small GTPases
that regulate vesicle formation, motility, targeting, and
tethering; (ii) motor proteins such as kinesin and myosin
that move vesicles on the cytoskeleton; (iii) soluble NSF
attachment receptor (SNARE) [a-soluble NSF attachment
protein (SNAP) and SNAP29]) and N-ethylmaleimide-sensitive factor (NSF) that drive membrane docking and fusion;
(iv) vesicular traffic proteins (Arf1, membrin, Sar1, Sec21,
COPs, and Sec22) that regulate cargo sorting and vesicle
budding; and (v) membrane traffic proteins of unknown
function (VAT1, Rap1, P22, and TIP47). In several studies,
enrichment of this class of proteins was further documented
by immunoblotting [3, 27]. The presence of membrane-traffic proteins in lipid droplets supports the view that they are
dynamic organelles specialized for bi-directional, intermembrane lipid transport.
The interpretation of proteomic data can be complicated
by contaminating proteins that accumulate during purification. Furthermore, proteins may have distinct functions on
different organelles, which can be misleading. One approach
to addressing these problems is to compare all published
lipid droplet proteomes and see if any of the proteins of
interest show up in more than one study. Table 1 lists the
membrane traffic proteins identified in lipid droplet proteomes from yeast, Drosophila and mammals. Among the
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Cytoskeleton-dependent lipid droplet
traffic

Lipid droplets are capable of rapid, microtubule-dependent
movement as shown with live-cell imaging of the Drosophila
embryo [31] and mammalian HuH-7 cells [32]. As with vesicles, the movement is driven by the plus-end and minus-end
microtubule motor proteins, kinesin and dynein [33]. The
localization of these motor proteins on lipid droplets was
determined both by co-immunoprecipitation (IP) with the
lipid droplet protein ADRP [34] and by immunofluorescence
[33]. Furthermore, Erk-mediated phosphorylation of dynein
[35] increases the association of this motor protein with lipid
droplets as does the phosphatase inhibitor, vanadate. Interestingly, the ability of lipid droplets to form and grow in size
is dependent on motor proteins and microtubules. Dynein
neutralizing antibodies reduce lipid droplet formation [35]
and depolymerization of microtubules with nocodazole inhibits homotypic fusion of lipid droplets. Lipid droplets may
also engage other cytoskeleton systems since recent proteomic studies identified additional cytoskeleton proteins such
as actin and plectin on purified droplets as well as the motor
protein myosin [20, 27]. Importantly, GTP regulates the association of cytoskeleton proteins with lipid droplets (see
Section 4).

4

Targeting of lipid droplets to membranebound organelles

The ability of lipid droplets to move bi-directional on microtubules must be important because genetic disruption of
lipid storage droplet (LSD)2, a Drosophila PAT family member protein that regulates microtubule motor proteins [36],
reduces lipid accumulation [37]. Most likely lipid droplet
movement is part of a system that delivers lipid droplets to
various membrane organelles in the cell for lipid exchange.
The evidence that lipid droplets interact with various organelles is extensive and compelling.
www.proteomics-journal.com
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Table 1. Lipid droplet-associated membrane traffic proteins identified by proteomic analysesa)

Rab1
Rab2
Rab3
Rab3 GEF
Rab5
Rab6
Rab7
Rab8
Rab10
Rab11
Rab14
Rab18
Rab19
Rab21
Rab24
Rab33
Rab34
Rab35
Rab39
Rab41
Sec21
Sec22
a-SNAP
SNAP29
Arf1
ArfGAP1
ARL10C
Membrin
aCop
bCop
gCop
PLD
Sar1
VAT-1
Rap1
TIP47
P22
Myosin
Kinesin
Transmembrane
Trafficking
protein
NSF
Vesicle
Transportrelated
Protein
VPS20
VPS26
RER1 Protein
b-Adaptin
Clathrin Heavy
Chain

CHOK2-1[3]

CHOK2-2[27]

1
1

1
1

1
1
1
1
1
1

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

3T3L1[18]

A431[19]

U937[26] HuH7[17]

1

1

1
1

1
1
1
1

1
1

1

1

Liver[20]

1
1
1
1

1
1
1
1

HepG2[21]

Drob)[24] Yeast[23]

1

1

1

1

1
1
1
1

1
1

1

1

1

1

1
1
1

1
1
1
1
1
1
1
1
1
1

1

1
1
1
1
1
1

1
1

1
1

1
1

1

1

1

1

1

1
1
1

1

1
1

1
1
1
1
1

a) Note: The proteins in Supporting Information of these papers are not included.
b) Drosophila.
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4.1 Endoplasmic reticulum
An interaction between lipid droplets and ER has been
observed by electron microscope (EM) in studies from yeast
to mammals [29, 38, 39]. Some might disregard the ER as a
lipid droplet target because there is considerable evidence
that the lipid droplet biogenesis machinery resides in this
organelle. Numerous studies suggest, however, there are
regulated interactions between lipid droplets and ER that are
independent of lipid droplet formation. One of the clearest
morphologic examples of ER-lipid droplet interactions is in
macrophages loaded with cholesterol and cholesterol esters
[40]. Embedded in these lipid droplets are whorls of smooth
ER that are continuous with elements of rough ER. Moreover, the ER whorls appear to be the location of esterases that
de-esterify cholesterol esters, thereby creating a pool of free
cholesterol in the lipid droplet. Perhaps more compelling
evidence of lipid droplet-ER interaction is the studies showing that the GTP/GDP state of Rab18 regulates the interaction between the two organelles [41, 42]. Finally, hepatitis C
virus appears to replicate in regions of ER that are juxtaposed
to lipid droplets [43]. These observations suggest that regions
of lipid droplet-ER interaction create a microenvironment
favorable for virus replication. Perhaps this environment is
needed for bi-directional movement of lipids between the
two organelles during virus replication.
4.2 Endosomes
Several lines of research suggest that a functional interaction
between lipid droplets and endosomes is an important aspect
of normal membrane traffic. Electron microscopy has found
that the endosomes of cells taking up high-density lipoprotein (HDL) form a close association with lipid droplets [44].
Moreover, immunofluorescence detects an association between the HDL receptor (SRB1) and lipid droplets after HDL
internalization [45]. This interaction is consistent with the
fact that the lipid droplet proteome contains a number of
proteins involved in mediating and regulating endosomal
membrane traffic (Table 1). In addition, immunogold labeling has localized Rab5 and Rab11 on the surface of isolated
lipid droplets [46]. This suggests that Rab GTPases regulate
the interaction between lipid droplets and endosomes.
Indeed, purified lipid droplets are able to recruit the Rab5
effector, early endosome antigen 1 (EEA1), in vitro, and when
Rab proteins are removed from both purified lipid droplets
and early endosomes using RabGDI, lipid droplets are no
longer able to tightly associate with purified endosomes [46].
These results provide direct evidence that Rab5 as well as
other members of the Rab family regulate lipid dropletendosome interactions.
Lipid droplets also contain proteins known to mediate
SNARE-dependent membrane-membrane fusion (Table 1).
Indeed, Bostrom et al. [47] recently reported that SNAREs
mediate homotypic fusion between droplets. By contrast,
lipid droplet-endosome interaction in vitro does not appear to
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

result in fusion between the two organelles. To the contrary,
ATP causes dissociation of bound endosomes from isolated
lipid droplets [46], suggesting that lipid droplets have the
ability to dock but not fuse with endosomes. Another membrane traffic regulator on lipid droplets is the GTPase Arf1. It
both recruits phospholipase D (PLD) [48, 49] and regulates
ADRP binding. GTP Arf1 facilitates ADRP binding while
GDP-bound Arf1 dissociates ADRP from lipid droplets [50].
Lipid droplets are also able to recruit Arf1 in vitro, as well as
coatomers and EEA1 [27, 46].
4.3 Peroxisomes
One of the earliest observations of an interaction between
lipid droplets and peroxisomes was in EM images of 3T3 L1
adipocytes by Novikoff [38]. EM studies have also documented an interaction between lipid droplets and peroxisomes following stimulation of steroidogenic luteal cells
with luteinizing hormone (LH) [51]. Live-cell imaging has
confirmed that the interaction between peroxisomes and
lipid droplets is extremely dynamic [52]. The relative lack of
quantification as well as the low resolution of these studies,
however, cannot rule out that these observations were fortuitous and not representative of the in situ behavior of these
organelles. Nevertheless, in a recent study using the yeast
Saccharomyces cerevisiae Binns et al. [23] provide clear evidence that peroxisomes interact with lipid droplets. A
mutant yeast strain with peroxisomes that are unable to oxidize fatty acids was found to make intimate contact with lipid
droplets. In some cases, peroxisomes were found in contact
with lipid droplets that had formed processes called “gnarls”
that extended into the core of the lipid droplet. Thus, in wild
type cells lipid droplet-peroxisome contacts may facilitate the
coupling of lipolysis on the lipid droplet to fatty acid oxidation in the peroxisome [23].
4.4 Mitochondria
Several lipid droplet proteomic studies found proteins typically associated with the mitochondria. While we cannot rule
out the possibility that these are contaminants, interaction
between these two organelles is expected because in mammalian cells fatty acid oxidation occurs in mitochondria. In
fact, an association between lipid droplets and mitochondria
has been reported in EM studies of adipocytes [38, 53], liver
cells [54], lactating cells from mice and rats [39]. In developing porcine oocytes fluorescence resonance energy transfer
found that mitochondria and lipid droplets are within 6–
10 nm of each other [55]. Lipid droplets and mitochondria colocalize in skeletal muscle cells [56] where most lipids are
utilized for energy production and this interaction is
enhanced when energy requirements are increased [57].
Finally, deletion studies suggest that caveolae protein caveolin-1 plays a role in maintaining the interaction between lipid
droplets and mitochondria [58].
www.proteomics-journal.com
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Although the molecular mechanisms governing the
interactions between lipid droplets and various cellular
organelles are not known, the evidence for these interactions
is compelling. Future studies need to focus on identifying
the molecular machinery that mediates these interactions,
the regulatory machinery that controls these processes, and
the various external and internal cues that promote these
interactions.
4.5 Lipid droplet-mediated intracellular lipid traffic
The reported instances of lipid droplets interacting with various cellular organelles are numerous and widespread, but
the nature and purpose of these interactions remain unclear.
We have argued that one function is inter-membrane lipid
delivery and processing [46]. The lipid composition of lipid
droplets is complex. In Chinese hamster ovary (CHO) K2
cells, for example, the lipid droplet contains more than 160
species of phospholipid (including lyso and ether-linked species), 100 species of neutral lipid as well as special lipids such
as monoalk(en)yl diacylglycerol (MADAG) [59]. This diversity
implies lipid droplets play a central role in managing membrane lipids. They also provide clues about which lipids are
linked to these interactions. For example, the lipid composition of CHO cell lipid droplet suggests a role in ether lipid
metabolism. The first three enzymes in ether lipid biosynthesis are in peroxisomes and lipid droplets in cells defective
in peroxisome biogenesis do not contain MADAG [59]. This
implies that MADAG precursors are transferred to lipid
droplets through a direct interaction with peroxisome. Most
likely, the 1-alkyl-2-acyl-glycerol is converted to MADAG
(possibly by a 1,2-diacylglycerol acyltransferase) and then
stored in lipid droplets. Lipid droplets may function as a
supply depot for ether phospholipid biosynthesis as well as a
recovery organelle for storage, much like the inter-conversion of phospholipids and triglyceride. The significant
amount of lysophospholipids in lipid droplets [59, 60] also
indicates a role in phospholipid recycling.
We have proposed that each Rab species on lipid droplets
regulates interaction with a specific membrane system [46]. For
example, Rab5 controls interaction with early endosomes and
Rab18 with ER. Mitochondria and peroxisomes may use Rab
species specific for these two compartments. In support of this
hypothesis, recent proteomic studies have determined that both
purified synaptic vesicles [61] and purified secretory membranes [62] contain multiple Rab species. We think these interactions necessarily lead to the formation of transient inter-compartmental contact sites (TICCS) that transfer lipids, small
molecules and ions without membrane fusion (reviewed in
[46]). TICCS may be involved in the interaction of ER subdomains with mitochondria and the transfer of phosphatidylserine (PtdSer) for conversion to phosphatidylethanolamine
(PtdEtn) [63]. A similar interaction occurs between ER and
plasma membrane that appears to be important for lipid transfer [64, 65]. TICCS may also mediate interaction between lipid
droplets and peroxisomes. Recent studies suggest how TICCS
© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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might work (Fig. 1). Sterols can move from the cell surface
(Fig. 1, yellow line) through endosomal (Fig. 1, blue circle)
membranes to lipid droplets (Fig. 1, yellow circle) by an ATPindependent pathway [66]. The binding of early endosomes to
lipid droplets also does not require ATP [46], which raises the
possibility that a series of TICCS, which can connect together
multiple endosomal compartments through recognition sites
(Fig. 1, red squares), allows the passage of sterols from the cell
surface to the lipid droplet without energy expenditure. Such a
mechanism could mediate bi-directional, regulated movement
of cholesterol between HDL (and other lipoproteins) in endosomes and internal compartments.
Identifying the molecular basis of TICCS formation is an
important future goal in understanding how lipid droplets
interact with other organelles. Except mediating homotypic
fusion between lipid droplets, the presence of SNARE proteins
and NSF in purified lipid droplets suggests these proteins may
have docking activity to drive the formation of TICCS. Arf1 and
its coatamers may also play a novel role in regulating certain
aspect of TICCS that are involved in lipid droplet formation. Of
course, it is possible that multiple mechanisms are involved in
lipid droplet-mediated intracellular lipid trafficking. Lipid
droplet-associated SNARE proteins may also drive fusion between lipid droplets and certain cellular organelles.

Figure 1. Transient Inter-Compartmental Contact Sites (TICCS)
mediate lipid traffic between various membrane compartments and
lipid droplets. The figure represents TICCS hypothesis. The top blue
area is extracellular compartment. Cargo lipids (yellow line for lipids
on membrane and yellow circle for lipids in lipid droplets) move
between the cell surface and lipid droplets using endosomal intermediates (blue circular compartment). Migration is bi-directional
and depends on the formation endosome–endosome as well as
endosome-lipid droplet TICCS. Recognition sites (red square) for
each organelle contain the molecular machinery necessary for the
formation of TICCS. Compartmental specificity of TICCS formation
is regulated by Rab-GTP (from [46] with permission).

5

Concluding remarks

Recent studies have revealed that lipid droplets, previously
considered static storage depots of cellular neutral lipids, are
organelles actively engaged in lipid metabolism, lipid storwww.proteomics-journal.com
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age, membrane traffic, protein degradation and cellular signaling. Lipid transportation may be the central function of
this organelle by delivering and acquiring lipids via TICCS.
Knowledge and tools are being developed that will enable us
to learn more about the function of this organelle in health
and disease. This new perspective offers a fresh new understanding of how to develop cellular strategies for treating
lipid storage diseases.
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