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This series of Thematic Review articles concerns the bi-
ology of lipid droplets. Lipid droplets have been described
in diverse cell types in histological and morphological
studies for more than a century and a half. It is likely that
structures referred to historically in the literature as “lipid
bodies”, “lipid globules”, “lipid particles”, and “oil bodies”
all represent lipid droplets. But the recognition that lipid
droplets represent a bona fide organelle containing spe-
cialized proteins and having a dynamic itinerary in cells
has occurred much more recently. At present, lipid droplets
are under intensive study due to the increasing recogni-
tion that they have significant roles in many aspects of
health and disease. A search of the scientific literature
from 1965 to the present using the term “lipid droplet”
yields 1,000 publications. Notably, nearly 35% of these
have appeared in 2009-2011 (Fig. 1).

Due to exciting research in the lipid droplet field, sev-
eral excellent reviews on lipid droplets have appeared in the
last few years (1-11). In the current review series, we will
presentarticles on lipid droplet biology and metabolism from
an evolutionary point of view, in organisms ranging from
yeast to invertebrates, plants, and mammals. In prepara-
tion for these interesting and informative articles, we pres-
ent here a brief introduction to lipid droplet structure and
function in mammalian physiology and pathophysiology.

LIPID DROPLET CHARACTERISTICS IN
ADIPOCYTES AND OTHER CELL TYPES

The mammalian adipocyte is considered the “profes-
sional” lipid droplet-storing cell, but cytosolic lipid drop-
lets occur universally in the many cell types that make up
eukaryotic organisms as well as in prokaryotes (12). Lipid
droplets typically consist of neutral lipids in the form of
triacylglycerols, cholesteryl esters, or retinyl esters surrounded
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by a phospholipid monolayer. The surface of lipid drop-
lets is adorned with proteins that serve structural and met-
abolic functions. The first lipid droplet-associated proteins
identified were the perilipins and related proteins, which
have important metabolic roles in the control of triacylg-
lycerol storage and release from lipid droplets (2, 13). The
specific repertoire of proteins varies for lipid droplets in
different cell types and even among different droplets
within a cell (14). Some of the most frequently associated
proteins include enzymes involved in triacylglycerol and
phospholipid biosynthesis (acyl-CoA:diacylglycerol acyltrans-
ferase 2, acyl-CoA synthetase; CTP:phosphocholine cytidylyl-
transferase), membrane-trafficking proteins (ARF1, Rab5,
Rab18), and the adipose tissue triacylglycerol lipase (ATGL)
(15-17). Large-scale proteomics studies have identified
dozens of additional lipid droplet-associated proteins
(18-20). The constellation of proteins present is likely to
be a key determinant of individual lipid droplet function,
but the roles of most of these proteins remain poorly
understood.

Lipid droplets in mammalian white adipocytes are per-
haps the most extensively characterized type of lipid drop-
let, and they have a defined role as the body’s major stored
energy supply. Unlike most cell types, white adipocytes
typically contain a single, large lipid droplet ranging up to
100 pm in diameter. In most other cell types, lipid droplets
are usually less than 1 pm in size, although in hepatic ste-
atosis, lipid droplets may reach 10 pm (10). White adipo-
cytes appear to have unique properties in the localization,
mobility, and fate of lipids stored within the droplet. White
adipocyte lipid droplets typically occupy the majority of
the cytosol, are localized a short distance from the plasma
membrane, are associated with intermediate filaments,
and have very limited mobility within the cell. By contrast,
the multiple, small lipid droplets present in nonadipocytes
are often observed juxtaposed next to the endoplasmic re-
ticulum, mitochondria, and peroxisomes. These small
lipid droplets exhibit directional movement across long dis-
tances within the cell through interaction of lipid droplet-
associated proteins with microtubules (21).
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Fig. 1. PubMed citations containing the compound search term
“lipid droplet” for each year from 1965 to September 2011.

SIGNIFICANCE OF LIPID DROPLETS IN
MAMMALIAN PHYSIOLOGY

Lipid droplets play significant biological roles in many
cell types in addition to white adipocytes [reviewed in
(12)]. In hepatocytes, triacylglycerol and cholesteryl esters
are stored in lipid droplets. Hepatic lipid droplet pools
provide up to 70% of the triacylglycerol substrate for the
assembly of very low density lipoproteins with the remain-
der coming from de novo synthesis (22). Lipid droplets
within retinoid stellate cells in the liver contain the major-
ity of the body’s vitamin A and its metabolites (23). In ad-
dition to retinyl esters, these lipid droplets also contain
substantial triacylglycerol and cholesteryl esters, but the
number and size of these lipid droplets is influenced
chiefly by the amount of dietary retinoid intake. Lipid
droplets in secretory epithelial cells of the mammary gland
contribute to the nutritional composition of breast milk
(24). Lipid droplets appear to have important functions in
several cell types of the immune system. Lipid droplets in
macrophages and other leukocytes participate in inflam-
mation and the immune response (25). Interestingly, during
macrophage phagocytosis, the lipid droplets tend to move
to a position surrounding the phagolysosomes, suggesting
an active role in this basic macrophage function (26).

Lipid droplet components are a source of substrates for
hormones and other factors (12). For example, small cho-
lesteryl ester-rich lipid droplets in adrenal cortex, testes,
and ovaries are utilized in steroid hormone synthesis. Lipid
droplets also provide substrates for pulmonary surfactant
synthesis in maturation of the lungs. In macrophages and
leukocytes, lipid droplets are involved in arachidonic acid
metabolism. Lipids stored within lipid droplets may also
serve as signaling molecules or ligands for transcription
factors. An example is the role of lipid droplets in cardiac
mitochondrial function. Triacylglycerol-rich lipid droplets
in cardiomyocytes are hydrolyzed to generate lipid ligands
to activate the nuclear receptor peroxisome proliferator-
activated receptor o and mitochondrial function (27).

Lipid droplets have been implicated in some unex-
pected roles. It has been proposed that lipid droplets serve
as a temporary storage site for hydrophobic proteins,
which may prevent their aggregation or perhaps promote
their degradation (4, 28). One example is the accumulation
of apolipoprotein B on the surface of lipid droplets in he-
patocytes in which degradation by proteasomes or autophagy
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is inhibited (29). The hydrophobic protein o-synuclein,
dysfunction of which is associated with neurodegenerative
disorders such as Parkinson’s disease, also accumulates on
lipid droplets (30). The association of these proteins with
lipid droplets is thought to occur via hydrophobic inter-
action with lipid esters and may serve a protective role by
preventing their aggregation or interactions with other
proteins. Histones in the Drosophila embryo become associ-
ated with lipid droplets through electrostatic interactions
during a particular stage of development, to be released
for entry into the nucleus at a later point (31). Thus, it ap-
pears that lipid droplets can serve as a ‘holding cell’ for
proteins with various subsequent fates.

LIPID DROPLETS AND HUMAN DISEASE

As described above, lipid droplets have important func-
tional roles in cellular lipid homeostasis and energy me-
tabolism. However, excessive or defective lipid droplet
accumulation is a prominent feature of common diseases
including diabetes, atherosclerosis, and the metabolic syn-
drome [reviewed in (8, 32)]. The accumulation of choles-
teryl ester-rich lipid droplets has long been known as a
hallmark feature of macrophage foam cell formation in
atherosclerosis. The accumulation of triacylglycerol-rich
lipid droplets in tissues such as liver, pancreatic B cells,
and skeletal muscle—often referred to as lipotoxicity—is
central to the pathogenesis of metabolic dysregulation in
obesity, insulin resistance, and nonalcoholic steatohepati-
tis (33). Interestingly, rare mutations in PLINI, encoding
perilipin 1, or in CIDEC (also known as fat specific protein
27) cause partial lipodystrophy and insulin resistance in
human patients (34, 35), illustrating the importance of
normal lipid droplet function in metabolic homeostasis.

Mutations in proteins that regulate lipid droplet hydrolysis
cause diseases associated with triacylglycerol accumulation
in skeletal and cardiac muscle. Thus, ATGL mutations
cause a form of neutral lipid disease with myopathy,
whereas mutations in the ATGL activator CGI-58 cause
Chanarin-Dorfman syndrome, which resembles the condi-
tion caused by ATGL deficiency with the added symptom
of ichthyosis due to the accumulation of triacylglycerol-
rich lipid droplets in skin (36, 37). Interestingly, mice de-
ficient in ATGL, which are unable to hydrolyze stored
adipose tissue lipid droplets, are protected from cachexia
in cancer because failure to break down lipid droplets pre-
vents the wasting of adipose tissue and muscle (38).

Finally, lipid droplets in host cells play a role in the
pathogenesis of viruses and bacteria. For example, the
hepatitis C virus, which infects about 3% of the world’s
population and contributes to liver damage and hepato-
cellular carcinoma, relies upon an intimate relationship
with liver cell lipid droplets for replication and assembly of
virus particles (39). After replication, the viral RNA ge-
nome is recruited to endoplasmic reticulum membranes
surrounding lipid droplets and encapsulated by the viral
nucleocapsid core to produce progeny virions. Dengue
virus, an arthropod-borne pathogen that still causes human



epidemics, and rotaviruses, which are a major cause of gas-
troenteritis in children, also carry out part of their life cycle
in lipid droplet structures (40, 41). Importantly, inhibition
of lipid droplet formation greatly reduces dengue virus
replication, raising the possibility of lipid droplet-targeted
therapies for these viral pathogens. Intracellular bacterial
pathogens such Chlamydia also exploit cytoplasmic lipid
droplets within host cells. Chlamydia proteins injected into
a host cell become established within a membrane-bound
inclusion that interacts with cellular organelles, including
lipid droplets, which provide components for viral replica-
tion (42). Thus, the processes that govern the formation,
composition, movement, and turnover of lipid droplets
have major significance in both basic biology and in the
development of metabolic and infectious diseases.

WHY STUDY LIPID DROPLETS IN
DIVERSE ORGANISMS?

This introduction focuses primarily on characteristics of
lipid droplets in various cell types of mammals. However, it is
clear that many aspects of lipid droplet structure and func-
tion are evolutionarily conserved in single-celled organisms,
invertebrates, and plants. The study of lipid droplets in sim-
pler organisms and comparison with findings in mouse and
humans will reveal both common and specialized properties
and contribute to answering many outstanding questions
regarding lipid droplet biogenesis, storage, trafficking, lipol-
ysis, and metabolism. Experimental models such as Saccharo-
myces cerevisiae, Caenorhabditis elegans, and Drosophila also offer
tractable systems for large-scale genetic screens to identify
novel genes and proteins with roles in lipid droplet biology
[see, for example (15, 43—47)]. The mouse and mammalian
cell systems are similarly invaluable for physiological studies
of novel proteins and modeling human disease.

In line with this philosophy, this review series includes
contributions describing recent work on various aspects of
lipid droplet biology in a range of organisms. In this issue,
Stephen G. Young (University of California, Los Angeles)
describes the current understanding of the protein
GPIHBPI and the delivery of lipids from triglyceride-rich
lipoproteins to cells for metabolism and storage. In subse-
quent articles, Andrew S. Greenberg (Tufts University) will
focus on the mammalian lipid droplet proteins and the
pathways that lead to lipid droplet formation and metabo-
lism. Additional contributions will take an evolutionary step
back to describe current studies of lipid droplet biology in
key experimental systems. Joel M. Goodman (University of
Texas Southwestern Medical Center) will provide insight
into lipid droplet biology in yeast and new lessons in lipid
droplet biogenesis. Ho Yi Mak (Stowers Institute for Medi-
cal Research) will describe lipid droplets in C. elegans and
inroads to answering questions about their regulation and
connections to whole animal energy homeostasis, feeding
behavior, and lifespan. Ronald P. Kuhnlein (Max Planck
Institute for Biophysical Chemistry) will provide a current
view of lipometabolism in the fruit fly Drosophila. And finally,

Kent Chapman (University of North Texas) will enlighten us
about lipid droplets in plants, where understanding neu-
tral lipid storage is of both scientific and economic inter-
est, due to the potential for influencing biofuel production
and the nutritional content of crop plants. Bl
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