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Abstract Caveolins form plasmalemnal invaginated caveo-
lae. They also locate around intracellular lipid droplets but
their role in this location remains unclear. By studying pri-
mary adipocytes that highly express caveolin-1, we charac-
terized the impact of caveolin-1 deficiency on lipid droplet
proteome and lipidome. We identified several missing pro-
teins on the lipid droplet surface of caveolin-deficient adi-
pocytes and showed that the caveolin-1 lipid droplet pool is
organized as multi-protein complexes containing cavin-1,
with similar dynamics as those found in caveolae. On the
lipid side, caveolin deficiency did not qualitatively alter neu-
tral lipids in lipid droplet, but significantly reduced the
relative abundance of surface phospholipid species: phos-
phatidylserine and lysophospholipids. Caveolin-deficient
adipocytes can form only small lipid droplets, suggesting
that the caveolin-lipid droplet pool might be involved in
lipid droplet size regulation. Accordingly, we show that ca-
veolin-1 concentration on adipocyte lipid droplets positively
correlated with lipid droplet size in obese rodent models
and human adipocytes. Moreover, rescue experiments by
caveolin- green fluorescent protein in caveolin-deficient
cells exposed to fatty acid overload demonstrated that cave-
olin-coated lipid droplets were able to grow larger than
caveolin-devoid lipid droplets.li Altogether, these data
demonstrate that the lipid droplet-caveolin pool impacts on
phospholipid and protein surface composition of lipid
droplets and suggest a functional role on lipid droplet
expandability.—Blouin, C. M., S. Le Lay, A. Eberl, H. C.
Kofeler, I. C. Guerrera, C. Klein, X. Le Liepvre, F. Lasnier,
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The storage of fatty acids as neutral lipids is essential for
energy homeostasis. As universal organelles dedicated to
this process, lipid droplets can emerge in almost every cell
type. Lipid droplets are made of a neutral lipid core, sur-
rounded by a phospholipid monolayer to which surface
proteins can associate (1). The most abundant lipid drop-
let surface proteins defined as the PAT family, consist
of the adipocyte specific Perilipin, and the ubiquitous
Adipocyte Differentiation-Related Protein (ADRP) and
the Tail-Interacting Protein 47 (TIP47) (2), which actively
participate in the control of lipid storage and mobiliza-
tion. Long considered as inert lipid deposits within the
cytoplasm, lipid droplets are now recognized as dynamic
intracellular organelles, a view that emerged mainly from
the larger-than-expected diversity of the lipid droplet pro-
teome that is comprised not only of enzymes of lipid me-
tabolism, but also of proteins involved in intracellular
trafficking or signaling (3-8). Nevertheless, most lipid
droplet-associated proteins identified by proteomic analy-
sis have not yet been assigned a precise function in the
context of lipid storage, and their roles on the lipid drop-
let surface remain unclear. Consequently, the unexpected
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presence of caveolins [primarily known as coating pro-
teins of plasma membrane caveolae (9)] remains poorly
understood.

At the plasma membrane, caveolins are involved in
multiple cellular functions related to endocytosis, signal-
ing, or lipid trafficking. Adipocytes highly express caveo-
lins, contain numerous plasmalemnal caveolae, and are
specialized in the storage of energy in their prominent
unilocular lipid droplet. In fat cells, multiple aspects of
lipid metabolism linked to plasma membrane function,
such as insulin signaling (10) and fatty acid uptake (11),
appear to be modulated by caveolins. In agreement, mice
with caveolin-1 gene deletion show defective adipose tis-
sue lipid storage and can produce only small adipocytes
with lipid droplets of a reduced size (12). Moreover,
caveolin-1 was recently identified as a new locus for hu-
man congenital lipodystrophy (13), indicating that cave-
olin-1 is required for appropriate adipose lipid storage in
humans.

The direct association of caveolins with the lipid drop-
let surface has been reported by several groups working
on different cultured cell types, including adipocytes
(14-19), but no precise attention has so far been given to
the function of the lipid droplet caveolin pool. Although
itis reasonable to consider that the presence of caveolins
on lipid droplets might directly influence organelle func-
tion, little experimental evidence supporting this is as yet
available. One study reported a role for caveolin in facili-
tating adipocyte lipolysis and fatty acid mobilization from
lipid droplets by hormone sensitive lipase (20). However,
blunted lipolysis is hardly compatible with the lean phe-
notype of caveolin-deficient mice, suggesting that the
adipocyte lipid droplet caveolin pool might serve other
functions.

In the present study, we wished to examine in detail the
role of the adipocyte lipid droplet caveolin pool and its
contribution to the function of lipid droplets. To this aim,
we applied a set of analytic tools to discern alterations in
lipid droplet composition (proteome and lipidome) in ca-
veolin-1 deficient adipocytes. We demonstrated that caveo-
lin-1 regulates the composition of the lipid droplet surface
and provides functional support for a role of the caveo-
lin-1 lipid droplet pool in the regulation of lipid droplet
expandability.

MATERIALS AND METHODS

Materials

Antibodies used in this study were purchased from the follow-
ing sources: anti-caveolin-1, anti-caveolin-2, anti-PTRF (BD Bio-
sciences), anti-Glut4 (Cell Signaling), anti-perilipin (Progen),
anti GRP78 (Santa Cruz), and anti Golgin58 (Sigma). Antibodies
against EHD2, semicarbazide-sensitive amine oxidase (SSAO),
Porin, and Na'/K+ATPase were generously provided by Steve
Caplan (University of Nebraska), Marthe Moldes (Paris, France),
Daniel Ricquier (Paris, France), and Frederic Jaisser (Paris,
France) respectively. Anti-FAS antiserum was described previ-
ously (21). HRP secondary antibodies were from Jackson Immuno-
Research Laboratories.
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Human adipose tissue

Subcutaneous abdominal adipose tissue was obtained from
nondiabetic subjects undergoing abdominal surgery for different
medical reasons at the Department of General Surgery at St.
Louis Hospital (Paris, France). Samples were collected with the
approval of the Saint-Louis Ethics Committee and all subjects
gave their written consent. Subjects on endocrine therapy (e.g.,
steroids, HRT, thyroxine) or antihypertensive therapy and pa-
tients with malignant diseases were excluded.

Animal tissues

Animal studies were conducted according to the French guide-
lines for the care and use of experimental animals. Caveolin-1
null mice were provided by T. Kurzchalia (MPI, Dresden, Ger-
many). Zucker obese (fa/fa) rats and their lean littermates (fa/+)
were obtained from Charles River Laboratories (France). All the
experiments were performed on adipocytes isolated from epididy-
mal or subcutaneous fat pads as mentioned.

Isolation of primary adipocytes and fat cell size
determination

Adipocytes were isolated by collagenase digestion of fat pads
by the method of Rodbell (22). Microscopic images of isolated
adipocyte suspensions were collected (at least 200 individual cells
corresponding to four different observation fields) and served to
estimate mean diameter of adipocytes or isolated lipid droplets
using an image analysis software (Claravision).

Cell culture

3T3-L1 cells (kind gift of Dr J. Pairault, Paris, France) were
maintained in high-glucose DMEM supplemented with 10% new-
born calf serum. Adipocyte differentiation was induced by add-
ing IBMX (100 pM), dexamethasone (0.25 pM), and insulin (1
pg/pl) for 2 days, and cells were then cultured in medium with
10% fetal calf serum and insulin alone for differentiation. Hu-
man fibroblasts deficient for caveolin-1 were kindly provided by J.
Magré (INSERM, France) and cultured in DMEM/HAMF12
(v/v) supplemented with 10% fetal calf serum.

Preparation of whole cell lysates

Adipocytes were lysed as described previously (23), Whole cell
lysates were centrifuged (15,000 g, 4°C for 10 min) and stored at
—80°C.

Isolation of lipid droplets

Lipid droplets were isolated as described previously (19).
Briefly, adipocytes were washed twice with PBS and resuspended
in 3 ml of disruption buffer [25 mM Tris-HCI, 100 mM KCI, 1 mM
EDTA, 5 mM EGTA, pH 7.4, ‘Complete’ protease inhibitor cock-
tail (Roche Diagnostics, GmBH, Product number 11836145001) ].
Cells were disrupted by nitrogen cavitation at 800 psi for 10 min
at 10°C. The lysate was collected and mixed with an equal volume
of disruption buffer containing 1.08 M sucrose. It was then se-
quentially overlaid with 2 ml each of 270 mM sucrose buffer, 135
mM sucrose buffer, and Tris/EDTA/EGTA buffer (25 mM Tris-
HCI, 1 mM EDTA, 1 mM EGTA, pH 7.4). Following centrifuga-
tion at 150,000 gfor 60 min, fractions were collected from the top
of the gradient.

Assessment of caveolar membrane contamination of lipid
droplet fractions

The protocol described in previous studies (24) to isolate
detergentresistant membrane fractions was applied directly to
total membranes or isolated lipid droplet fractions isolated as
described above.



Immunoblotting

Samples were subjected to SDS/PAGE on 10, 12, or 14% poly-
acrylamide gels and were transferred onto nitrocellulose mem-
branes (Amersham Biosciences, NJ), blocked for 2 h at room
temperature in 5% (w/v) skimmed milk/TBS (50 mM Tris-HCl
pH 7.6, 150 mM NaCl) supplemented with 0.1% (v/v) Tween-20)
and probed with various antibodies. Nitrocellulose membranes
were washed three times in TBS/0.1% (v/v) Tween-20 for 5 min
prior to incubation with secondary peroxidase IgGs. Protein
signals were visualized using enhanced chemiluminescence
(Pierce-Perbio Biotechnology, Germany) by exposure to Kodak
autoradiographic film.

Determination of protein concentration

Protein concentrations were determined by the Biorad pro-
tein assay kit using BSA as standard.

In-gel tryptic digestion

After silver staining following the method of Shevchenko (25),
protein bands were excised from 1-dimensional SDS-PAGE, trans-
ferred into a tube containing 1% acetic acid in water, and
destained with the Invitrogen silver staining kit following the
manufacturer’s instructions. Gel pieces were washed twice in wa-
ter, and in 25> mM ammonium bicarbonate in 50% acetonitrile
(ACN), and were finally dehydrated with 100% ACN. Dried gel
was placed at 56°C for 1 h in a reducing solution containing 10
mM DTT and 12.5 mM ammonium bicarbonate for cysteine re-
duction. The supernatant was removed and alkylation of the
cysteines was achieved by incubation for 45 min in the dark with
55 mM iodoacetamide in 25 mM ammonium bicarbonate buffer.
Gel pieces were washed with 25 mM ammonium bicarbonate in
50% ACN and subsequently dehydrated with 100% ACN. Dried
gel pieces were hydrated for 30 min on ice with a solution of 25
mM ammonium bicarbonate and 5 mM CaCl, solution contain-
ing the trypsin (12 ng/pl). After overnight digestion at 37°C with
trypsin, peptides were extracted by successive incubation of the
gel with 1% trifluoroacetic acid (TFA) in 50% ACN and with
pure ACN.

MALDI-MS analysis

Saturated alpha-cyano-4-hydroxycinnamic acid (a-CHCA) ma-
trix was prepared by incubating about 10 mg of matrix with 100
plof 0.1% TFA in 50% ACN. The mixture was sonified for 5 min,
centrifuged for 5 min at 14,000 rpm and diluted 1:3 in 0.1% TFA
in 50% ACN. The sample (0.5pl) was spotted on a steel MALDI
target plate, 0.5 pl of freshly made a-CHCA matrix was added,
and the mixture was left to dry at room temperature. Peptides
were analyzed by MALDI-time of flight (TOF) MS using an Auto-
flex instrument (Bruker Daltonics). Protein identification was
performed by Mass Finger Printing using an in-house Mascot 2.2
engine (26) and the protein database used was SWISSPROT in
the Mus musculus species.

Nanochromatography

Tryptic digest of protein mixtures were acidified with formic
acid (1% final concentration) and separated with an Ultimate3000
(Dionex). Briefly, the sample was injected and trapped using sol-
vent A (0.1% TFA) ata 30 pl/min loading flow for 3 min in a C18
trap column (Dionex). The peptides were then eluted (300nL/
min) into the analytical column (C18pepmapl00 3 plm, 15cm
length, 75 pm i.d., 100A) in 7% solvent B (80% ACN, 20% sol-
vent A). The gradient used was set to reach 60% of solvent B in
38 min. Fractions were spotted on-line on a MALDI target using
a Probot (Dionex) fraction collector. Fractions were mixed
1:9 with 2 mg/ml of a-CHCA (Laser Biolabs) in 70% ACN

(Carlo Erba) 0.1% TFA (Pierce) prior to spotting. A total of 190
fractions were collected and analyzed using a 4800 MALDI TOF
TOF analyzer (ABI).

MALDI TOF TOF MS/MS analysis

Spectra acquisition and processing was performed in positive
reflection mode at fixed LASER fluency with low mass gate and
delayed extraction. For each fraction, steps of 50 MS spectra in
the range of 900 to 7000Da were acquired at a 200Hz LASER shot
frequency for a total of 3,000 spectra per sample. For each MS
spectrum, the eight most abundant peaks were selected for frag-
mentation. Selection of parent candidate ions was made accord-
ing to mass range, signal intensity, s/n ratio, and absence of
neighboring masses in the MS spectrum. Six thousand MS/MS
spectra were summed by increments of 75. Generated and con-
catenated MS/MS peaklists were subsequently submitted to an
in-house mascot search engine (Matrix Science). SwissProt data-
base was used in the Mus musculus species. A filter was applied to
the search in order to reduce false positives and matching redun-
dancies of the same peptide in several hits. All matches above 5%
risks of random matching were eliminated (P < 0.05).

FRAP analysis

Fluorescence recovery after photobleaching (FRAP) experi-
ments were done on a Zeiss LSM510 confocal laser scanning mi-
croscope. 3T3-L1 adipocytes were transfected as described
previously (27) and plated on 30 mm diameter coverslips and
inserted in a mini-poc (Pe-Con) chamber equiped with a heating
insert and an incubator both maintained at 37°C. Experiments
were made with a Zeiss C-apochromat x63, NA 1.3 objective.
Bleaching and image acquisition were done using the 488 nm
line of an argon ion laser (25mW) set to full power. Image acqui-
sition was done with Acousto-Optic Tunable Filters transmission
set to 1% while it was set to 100% for bleaching. A circular region
of 3pm in diameter (25 pixels) was scanned 10 times for bleach-
ing. Five prebleach and 195 images were recorded to monitor the
fluorescence recovery at a frame rate of 0.660 s by frame. Time
series were then analyzed with Image] software. Data from at least
nine fields were averaged, normalized, and the degree of fluores-
cent recovery determined.

Lipid extraction

Isolated lipid droplets (from ~0.5ml packed cell volume) were
used for lipid extraction according to (28). Prior to extraction,
an internal standard mixture containing 5 pM each of 51:0 tri-
acylglycerol (TAG), 24:0 diacylglycerol (DAG), 17:0 cholesterol
ester (CE), 24:0 phosphatidylcholine (PC), 24:0 phosphatidylser-
ine (PS), and 24:0 phosphatidylethanalomine (PE) was added.
Extracts were dried under nitrogen, reconstituted in ACN/2-
propanol 5:2, 1% ammonia acetate, 0.1% formic acid. Chroma-
tography was done by an Accela HPLC (Thermo Scientific, San
Jose, CA) equipped with a Hypersil GOLD CI18 (100 x 1 mm,
1.9pm) column. Solvent A was water with 1% ammonia acetate
and 0.1% formic acid, and solvent B was ACN/2-propanol 5:2
with 1% ammonia acetate and 0.1% formic acid. The gradient
ran from 35% to 70% B in 4 min, then to 100% B in another 16
min where it was held for 10 min. The flow rate was 250 pl/min.

Lipid analysis by mass spectrometry

Data acquisition was done on a LTQ-FT (Thermo Scientific,
San Jose, CA) by FT-MS full scan at a resolution of 100 k and < 2
ppm mass accuracy with external calibration. The spray voltage
was set to 5000 V, capillary voltage to 35 V, and the tube lens
was at 120 V. Capillary temperature was at 250° C. Peak areas
were calculated by QuanBrowser for all lipid species, identified
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previously by exact mass (<2 ppm) and retention time. The calcu-
lated peak areas for each species were expressed as % of internal
standard in the respective lipid class.

Statistical analysis

Statistical analyses were carried out using Student’s #test or
one-way ANOVA. Differences were considered statistically signifi-
cant at pvalues < 0.05 and shown by an asterisk in Figs. 4-6.

RESULTS

Biochemical characterization of lipid droplets isolated
from primary adipocytes

A standard procedure for lipid droplet isolation, previ-
ously used to define lipid droplet proteome, consists of
cell disruption by nitrogen cavitation followed by lipid
droplet purification on sucrose gradient (5-7). As a first
step, we ensured that this process was applicable to pri-
mary mouse adipocytes, in which lipid droplet size range
exceeds by at least one order of magnitude that found in
all other cell types. We observed that the size distribution
of the lipid droplet population obtained after cell disrup-
tion closely matched that of freshly isolated fat cells (Fig.
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1A), indicating that no major structural rearrangements
of large lipid droplets, such as uncontrolled fusion or fis-
sion events, occurred during isolation. Having established
that lipid droplets could be recovered without modifying
their size range, we confirmed that required purity stan-
dards were fulfilled. We analyzed the fractions obtained by
sucrose gradient for presence of several subcellular com-
partment markers to assess potential contaminations of
the lipid droplet fraction (Fig. 1B). As expected, lipid
droplets, characterized by high triglyceride content and
specific presence of the lipid droplet marker perilipin,
were segregated at the top of the gradient, largely in frac-
tion 1. Undetectable contamination with plasma mem-
brane, mitochondria, Golgi, or internal recycling vesicles
was indicated by the absence of the corresponding mark-
ers in fraction 1. Weak signals for the cytosolic FAS and
GRP78, an endoplasmic reticulum resident protein were
detected, indicating minor presence of both cytoplasmic
or endoplasmic reticulum-associated proteins. Notewor-
thy, two caveolin isoforms (caveolin-1 and caveolin-2)
clearly distributed in the top and the bottom fractions
(Fig. 1B, fractions 1 and 7 respectively), which likely repre-
sent isolated lipid droplets well separated from caveolin-
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droplets obtained after cell disruption (dotted lines). Due to individual differences in fat cell size distribu-
tion within individual mice (range 39.97-59.55 pm), a typical experiment representative of five is presented.
B: Purification of lipid droplets by sucrose gradient centrifugation. Following cell disruption by nitrogen
cavitation, cell material was submitted to sucrose gradient from which seven fractions were collected from
top to bottom of the tube. Each fraction was analyzed by SDS-PAGE. Equal volumes were loaded in each lane
for Western blotting with the indicated antibodies. Note that lipid droplets are recovered in fraction 1 with
a high triglyceride content (measured with a commercial kit) and the presence of perilipin. Fraction 7 con-
tains caveolin-enriched membranes (CEM). C: Absence of membrane caveolar contamination in lipid drop-
let fractions. Both fraction 7 (in B) and fraction 1 (in B) were exposed to 1% Triton X-100 at 4°C and
centrifuged on a sucrose gradient designed to separate detergent resistant membranes (recovered in frac-
tions 3 to 6). Equal volumes from each fraction were loaded in each lane. Note that no caveolin-1 or -2 signal
from lipid droplet fractions be could be detected as detergent resistant, demonstrating the absence of caveo-

lar membrane contamination.
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enriched membranes (CEMs). Because we wanted to study
the lipid droplet caveolin pool, it was crucial to be certain
that lipid droplets could be isolated free of caveolar mem-
brane contaminations. We reasoned that the distinctive
property of lipid raft microdomains to resist detergent sol-
ubilization could be used to detect the presence of caveo-
lar membranes possibly contaminating the lipid droplet
fraction. Lipid droplet-containing fraction 1 and CEM-
containing fraction 7 were submitted to Triton X-100 ex-
traction, and the presence of caveolin-1-positive detergent
resistant material was tested on a classical discontinuous
density gradient (24). From the lipid droplet-containing
fraction 1, no caveolin could be detected as detergent re-
sistant, in contrast with what was observed in CEM-contain-
ing fraction 7 (Fig. 1C). This clearly indicates that the
isolation procedure produces pure lipid droplet fractions,
free from caveolar membrane contamination.

Structural organization of the caveolin lipid droplet pool

As a first step to elucidate the role played by the caveolin
lipid droplet pool, we established a differential proteomic
screening that would reveal changes in adipocyte lipid
droplet composition brought about by the presence of ca-
veolins. We compared protein electrophoretic profiles of
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lipid droplets in control or caveolin-1 deficient adipocytes
obtained from caveolin-1 null mice. SDS-PAGE analysis re-
vealed several bands missing in caveolin-deficient lipid
droplets, whereas no additional bands could be clearly
identified (Fig. 2A). Bands with differential electropho-
retic patterns were excised from the gel and the corre-
sponding proteins identified by mass spectrometry by
Mascott software (supplementary Table I). When possible,
the absence of the identified protein from caveolin lipid
droplets was retrospectively confirmed by Western blotting
(Fig. 2B). Most proteins found absent in lipid droplet frac-
tions from caveolin-1 null mice had already been found on
lipid droplets in previous reports (Table 1). Interestingly,
among caveolin-dependent lipid droplet-associated pro-
teins we found seven proteins that were known to partici-
pate or interact with plasmalemnal caveolae structures. As
a salient example, we identified PTRF/cavin, which was
recently reported to physically associate and functionally
cooperate with caveolin-1 in the formation and stabiliza-
tion of membrane caveolae (29, 30). In addition, EHD2, a
GTPase involved in membrane remodeling previously
found in adipocyte caveolar fractions (3), as well as several
cytoskeleton-related proteins (two Actin isotypes and an
actin-binding mechano-chemical protein, Myosin-1) previ-
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Fig. 2. Caveolin-1 dependent proteome of murine adipocyte lipid droplets. A: Identification of caveolin-
dependent lipid droplet associated proteins. Representative SDS-PAGE electrophoretic profiles of isolated
adipocyte lipid droplets obtained from control (WT) and caveolin-1 null mice. Gel portions are shown where
differential band pattern was observed. Swiss Prot IDs of protein(s) identified in each band are indicated on
the right (see also supplementary Table I for Mascott scores). B: Confirmation of the absence of PTREF,
SSAO, and EHD2 on lipid droplets from caveolin-1 null mice. Equal protein loading was checked by
Ponceau red. C: Confirmation of the presence of PTRF, SSAO, and EHD2 on lipid droplets. Adipocytes
were fractionated on sucrose gradients as in Fig. 1B, lipid droplet correspond to fraction 1. D: Oligomeric
organization of adipocyte lipid droplet caveolin-1. Electrophoretic profiles of caveolin-1 in total mem-
brane fractions or lipid droplets. Before loading onto the gel, samples were boiled for 5 min for denatur-
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human adipocytes were resolved and immunoblotted with caveolin-1 antibody.
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TABLE 1.

List of proteins with differential presence on lipid droplets from WT and Caveolin-1 null mice

SwissProt ID

Protein name

Previously found on lipid droplets

Previously found
in caveolae

PTRF_MOUSE

EHD2_MOUSE
MYO1C_MOUSE
ACTB_MOUSE
ACTG_MOUSE
ATPB_MOUSE
AOC3_MOUSE
ALDH2_MOUSE
ENOA_MOUSE

ANXA1_MOUSE

Polymerase I and transcript release factor

EH domain-containing protein 2

Myosin-Ic (Myosin I ) (MMIb)

Actin, cytoplasmic 1 (Beta-actin)

Actin, cytoplasmic 2 (Gamma-actin)

ATP synthase subunit 3, mitochondrial
precursor

Membrane copper amine oxidase (Semicarbazide-sensitive
amine oxidase) (SSAO) (Vascular adhesion protein 1) (VAP-1)

Aldehyde dehydrogenase, mitochondrial precursor
(ALDH class 2) (AHD-M1) (ALDHI) (ALDH-E2)

Alpha-enolase (2-phospho-D-glycerate hydro-lyase)
(Non-neural enolase) (NNE) (Enolase 1)

Annexin Al (Annexin-1) (Annexin I) (Lipocortin I)

Bartz et al. 2007
Brasaemle et al. 2004

Brasaemle et al.2004

Bartz et al.2007

Bartz et al.2007

no

Brasaemle et al.2004
Cermelli et al.2006

Aboulaich et al. 2004
Hill et al.2008

Liu et al.2008
Aboulaich et al.2004
Aboulaich et al.2004
Aboulaich et al.2004
Halayko et al.2005
Wang et al.2006

(Calpactin II) (Chromobindin-9) (p35) (Phospholipase

2 inhibitory protein)
Glutamate dehydrogenase 1, mitochondrial
precursor (GDH)

DHE3_MOUSE

no Souto et al.2003
Liu et al.2004 no
Bartz et al.2007 no
no no
no no

This list was established on the basis of identification of the protein in replicated MS analyses from two independent preparations obtained
from pooled adipose tissues of 5 to 10 individual mice. Differential electrophoretic pattern was looked at when consistently present in the two
independent preparations, and persistent upon overloading of the gels with increasing amounts of LD proteins. Details for statistical significance

of protein identification are provided in supplemental Table I.

ously shown to decorate the striped coat of caveolae (31),
were found. Furthermore, SSAO, an abundant adipocyte
protein located in caveolae was identified on lipid droplets
for the first time, and its localization was confirmed in
Western blots (Fig. 2C). Because caveolin-deficient lipid
droplets are small we wanted to exclude the possibility that
proteins could be missing on lipid droplets due to little
maturation of the lipid storage organelle unrelated to ca-
veolin deficiency. We isolated lipid droplets from termi-
nally differentiated 3T3-L1 adipocytes to which caveolin
can bind (14), despite a small size (average diameter 5-7
microns). We found that in addition to caveolin-1, PTRF,
EHD2, and SSAO could also associate with small lipid
droplets as demonstrated by Western blotting (data not
shown). Thus, they defined a subset of proteins that asso-
ciate to lipid droplets in a caveolin-dependent manner.
The coordinated presence of caveolin-1, cavin-1, and sev-
eral other caveolar proteins at the lipid droplet site sug-
gests thatlipid droplet caveolin is present as a multi-protein
complex with similar composition to those formed on ca-
veolae. These data indicate that despite different contexts
between lipid droplets and caveolae, (membrane bilayer
or monolayer) some resemblance still exists with regard to
caveolin organization in the two locations.

To confirm structural similarities between the lipid drop-
let caveolin pool and plasmalemnal caveolae, we further
examined caveolin-1 molecular organization within the two
compartments. It is well established that caveolins in cave-
olae are organized as SDS-resistant, heat-sensitive, highly
oligomeric structures that can be visualized on SDS-PAGE
as high molecular weight bands provided no heat denatur-
ation of samples was performed before loading onto the gel
(32). Accordingly, total membrane preparations from 3T3-
L1 cells and from rat and human adipocytes showed abun-
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dant high molecular weight caveolin-1 immunoreactive
bands (above 150 kDa) indicative of the presence of caveo-
lin oligomers and very low signal, at 20 kDa, the caveolin
monomer molecular weight (Fig. 2D). Similar to mem-
brane fractions, lipid droplets also revealed the presence of
high molecular weight organized caveolin-1 oligomers,
most abundant in rat and human adipocytes (Fig. 2D).
Caveolin dynamics within plasma membrane is another
well-known unique feature of cell surface caveolin. Indeed,
caveolin oligomers in caveolae have been shown to form
highly immobile domains with reduced lateral diffusion
(33). To test whether lipid droplet-associated caveolins
have similar dynamic properties, we performed FRAP
analysis in transfected 3T3L1 adipocytes using a Cavl-
green fluorescent protein (GFP) construct which induces
the expression of full length caveolin-1 followed by a
C-terminally fused green fluorescent protein. We recently
reported that in 3T3-L1 adipocytes, caveolin-1 was mainly
distributed at the cell surface at early stages of adipocyte
differentiation, and became associated to lipid droplets in
terminally differentiated mature fat cells (14). Thus, 3T3-
L1 adipocytes expressing Cavl-GFP were studied at early
and later stages of adipocyte differentiation correspond-
ing to cell surface (Fig. 3A) and lipid droplet association
(Fig. 3B) of caveolin-1. To study caveolin-1 lateral mobil-
ity, fluorescence recovery after bleaching was monitored
for a 120 s time period as previously described (33), a
scheme that differs from that used by Pol et al. (34), in
which longer times for fluorescence recovery (up to 90
min) were necessary to demonstrate the trafficking of ca-
veolin between lipid bodies and the cell surface. Consis-
tent with the study of Pol et al. (33), our FRAP analysis
indicated that Cavl-GFP mobility on the cell surface was
extremely low, with a mobile fraction of 16.4% (Fig. 3A).
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On lipid droplets, the mobility of Cavl-GFP was also very
limited, and the majority of the Cavl fusion remained as
an immobile pool (Fig. 3B). Such a low mobility at the
lipid droplet surface was a unique property of caveolins
and was not shared by other lipid droplet-associated pro-
teins. Using the transfection of a perilipin-GFP construct,
we observed that perilipin mobility on lipid droplets dif-
fered strikingly from that of caveolin-1 (Fig. 3C), as most
perilipin at the lipid droplet surface distributed in the mo-
bile fraction (75%) with a half-life in fluorescence recov-
ery of 6.07 s. Thus, caveolin-1 dynamics at the lipid droplet
site present properties that strikingly contrast with another
lipid droplet protein, and appears to be mostly related to
caveolin-1 behavior at the cell surface. Altogether, these
data on the organization and dynamics of the lipid droplet
caveolin pool point out for the first time a close resem-
blance with caveolar structures. A striking difference, how-
ever, is that invagination of the lipid droplet surface has
never been reported to date, likely due to the presence of
a neutral lipid core inside the lipid droplet.

Caveolin-1 impacts on phospholipid composition of the
lipid droplet surface

In a previous report, we had observed that caveolin-defi-
cientlipid droplets had decreased free cholesterol contents
(19). To further characterize potential changes in lipid
composition driven by caveolin-1 deficiency on lipid droplets,

we conducted a complete analysis of neutral lipids and sur-
face phospholipids by mass spectrometry, and compared
the relative composition of isolated lipid droplets between
wild-type and caveolin-1 null mouse adipocytes. Impor-
tantly, lipid droplets from Cav-1-null adipocytes are signifi-
cantly smaller than those from wild-type adipocytes,
indicating that they contain less TAG, the major compo-
nent in the adipocyte lipid droplet core. However, after
normalization to lipid droplet protein content, we detected
no changes in the relative amounts of TAGs or DAGs be-
tween wild-type and caveolin-1 deficient lipid droplets (Fig.
4B). Furthermore, among the more than 50 individual
TAG species found, none were affected by caveolin defi-
ciency (supplementary Fig. I). Furthermore, PC, SM, PE,
and plasmalogens were not significantly affected by caveo-
lin-1 deficiency. In contrast, the relative abundance of
phosphatidylserine (PS), and lysophospholipids (mostly
found as PC-derived compounds) was significantly reduced
in caveolin-1-deficient lipid droplets (Fig. 4C). Closer ex-
amination of the molecular profile of lipid droplet-associ-
ated phospholipids revealed only minor changes in PC
composition between controls and caveolin-deficient lipid
droplets (supplementary Fig. I). Within PE species, a trend
toward higher proportions of species with 38-carbons chain
lengths at the expense of longer ones (40 carbons) was
found in lipid droplets lacking caveolin (Fig. 5A). Likewise,
shifted acyl chain length was also observed for PS (Fig. 5B)
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in which the relative abundance of 36 carbon chains was
significantly increased in caveolin-deficient lipid droplets,
with a corresponding 2-fold decrease in the major 40 car-
bon PS species. Sphingomyelin lipid species were similarly
affected with shorter chain species 20-22 carbons (includ-
ing the major 22 carbon SMs) enriched in caveolin-1 null
lipid droplets, at the expense of longer 24 SM species (Fig.
5C). Altogether, these data demonstrate that absence of
caveolin-1 on lipid droplets affects the lipid droplet surface
with regard to phospholipid and protein composition. To
approach the functional consequences of these changes,
we next examined if the lipid droplet caveolin pool could
influence lipid filling and size changes.

The size of lipid droplets is a major determinant of
caveolin-1 association

We thus examined whether the lipid droplet caveo-
lin-1 pool could be modulated in animal models of obe-
sity in which a sustained disequilibrium in energy balance
induced adipocyte lipid droplet size enlargement (35).
We isolated primary adipocytes from adipose tissue of
lean (fa/+) or obese (fa/fa) fatty Zucker rats and sepa-
rated lipid droplets from the bulk of total membranes.
In these experiments, the absence of caveolar contami-
nation in lipid droplet fraction was checked again to as-
certain that lipid droplet recovery was not altered in
obese adipocytes (data not shown). We observed that to-
tal caveolin-1 expression in whole cell lysates was not af-
fected by obesity (Fig. 6A). However, a 4-fold enrichment
in caveolin-1 was found in lipid droplet fractions from
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obese compared with lean rats, contrasting with an unaf-
fected perilipin signal (Fig. 6A). Similar results were ob-
tained in subcutaneous and peri-epidydimal fats,
indicating that caveolin enrichment of lipid droplets was
present in all adipose localizations (data not shown).
These data point out that large lipid droplets engorged
with triglycerides are specifically enriched with caveo-
lin-1 and suggest a connection between lipid droplet size
and caveolin association.

To further explore the relationship between fat cell size
variation and caveolin association, we used adipose tissue
samples collected from healthy human subjects in which
individual variations in adiposity and mean fat cell sizes
are commonly found. Indeed, in six subjects within a body
mass index range of 24 to 36 (supplementary Table II),
mean fat cell diameters varied between subjects from 90 to
120 pm. We observed that, despite comparable total adi-
pocyte caveolin-1 expression between subjects (data not
shown), caveolin-1 concentration on lipid droplets was
positively correlated (P < 0.05) with fat cell size (Fig. 6B).
This noticeably differed from perilipin concentration that
remained constant in lipid droplets of different sizes. Col-
lectively, these data indicate a new link between lipid drop-
let caveolin-1 pool and lipid droplet size, and suggest that
adipocyte lipid droplet expansion might be specifically
linked to caveolin-1 enrichment.

To directly demonstrate that the pool of lipid droplet
caveolin could favor size enlargement, we used fibroblasts
lacking endogenous caveolin-1 and examined the size of
lipid droplets that were formed in the absence of caveo-
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lin-1 or after caveolin-1 rescue by adenovirus gene transfer.
Caveolin-1-deficient fibroblasts were obtained from a pa-
tient with a recently described null mutation in the caveo-
lin-1 gene (13). We used a Cavl-GFP adenovirus previously
shown to fully substitute caveolin-1 functions (36) to moni-
tor intracellular caveolin-1 distribution in living cells.
When placed under conditions of lipid overload, all cells
developed lipid droplets, visualized by Nile red staining
(Fig. 7A), indicating that caveolin-1 is neither required for
lipid droplet formation nor fatty acid uptake. Among lipid
droplets found in rescued fibroblasts, some were coated
with caveolin-1 but others were not (Fig. 7A). Thus, this
experimental setting allowed us to determine lipid droplet
size distributions on a per cell basis and to compare the
size of caveolin-positive versus caveolin-negative lipid drop-
lets. The mean size of caveolin-1 negative lipid droplets
found either in caveolin-negative cells or caveolin-rescued
cells was the same (Fig. 7B). This indicated that caveolin
rescue per se, which is likely to restore membrane caveo-
lae-related events (such as fatty acid uptake) had no effect
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Fig. 6. Caveolin-1 specific abundance in lipid droplets is modu-
lated in obesity and correlates with fat cell size. A: Isolated adipo-
cytes from 16-week-old lean (L) and obese (Ob) Zucker rats were
used as whole cell lysates or fractionated to prepare lipid droplets
or total membranes (pooled fractions 4 to 7 as in Fig. 1B). Samples
were immunoblotted with perilipin and caveolin-1 antibodies. Bars
represent the ratio of caveolin to perilipin signal on lipid droplets,
obtained from densitometric scanning of blots. Signal density in
controls was assigned a value of 1. Four independent preparations
were analyzed in each group. The asterisks signify statistically sig-
nificant changes between lean and obese Zucker rats by Student’s
ttest (P < 0.05). B: Isolated human adipocytes from different sub-
jects [numbered (1) to (6), see supplementary Table II] were used
for lipid droplet isolation. Isolated lipid droplets were resolved by
SDS-PAGE and immunoblotted with caveolin-1 and perilipin anti-
bodies. After densitometric scanning of the blots, lipid droplet ca-
veolin-1 or perilipin abundances were plotted as a function of
adipocyte cell sizes. The numbers in brackets stand for the number
assigned to each individual subject characterized in supplementary
Table II. Linear regression analysis was used to evaluate the correla-
tion between caveolin-1 (filled symbols) or perilipin (open sym-
bols) and fat cell size. Significant correlation was found for
caveolin-1 (R* = 0.779, P = 0.0115) but not perilipin (R? = 0.4256,
P=0.15).

on the size of individual lipid droplets to which caveolin
did not associate. In contrast, within a single cell context
for fatty acids uptake, caveolin-coated lipid droplets were
significantly larger than caveolin-1-devoid lipid droplets
(Fig. 7B). In agreement, the size distribution of the total
pool of caveolin-1-positive lipid droplets was shifted to the
right, indicating an increased proportion of caveolin-
1-positive lipid droplets in the higher diameter classes
(Fig. 7C), Importantly, this experiment at the single cell
level allowed us to discriminate effects of caveolin rescue
due to potential membrane caveolae-related events from
lipid dropletrelated effects. It demonstrates that caveolin-
1-coated lipid droplets can grow larger than caveolin-1-
devoid lipid bodies, indicating that the lipid droplet-caveolin
pool can directly promote the process of lipid droplet size
expansion.
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DISCUSSION

It is now well recognized that caveolins can be found on
lipid droplets, but the functional significance of this asso-
ciation remains poorly understood. This study provides
the first detailed characterization of the impact of caveo-
lins on molecular composition (both proteins and lipids)
of lipid droplets, and reveals several features of the adipo-
cyte lipid droplet caveolin pool indicative of a role in facil-
itating size enlargement in response to lipid filling.

First, this study identifies changes in protein and lipid
composition that are likely to profoundly alter the struc-
tural organization of the lipid droplet surface. We show
here that some proteins require caveolin-1 expression for
lipid droplet association. The fact that several of these pro-
teins are also found in caveolae is likely related to the plas-
malemnal origin of the lipid droplet caveolin pool. Indeed,
targeting of caveolin-1 to adipocyte lipid droplets involves
caveolae internalization and can be blocked by inhibitors of
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the endocytic pathway (19). In agreement, a recent report
indicates that a member of the PTRF family, SRBC/cavin3,
and caveolin-1 traffic together during caveolae vesicle inter-
nalization (37). Some caveolin-dependent lipid droplet
proteins identified in the present study have membrane re-
modeling activity. PTRF plays a structural role in invagi-
nated caveolae formation (29, 30) and EHD2 facilitates
membrane rearrangement during fusion/fission events
(38). This suggests that caveolin and associated proteins
might contribute to surface remodelling on lipid droplets.
This is further supported by the presence of specific alter-
ations in caveolin-1-deficient lipid droplet phospholipids
that form a shell around the neutral lipid core. Most im-
pressive changes involved PS and lysophospholipids, found
with a reduced relative abundance. Because PS is an an-
ionic phospholipid involved in interfacial protein binding
to membranes, and because some of the proteins absent in
caveolin-1-deficient lipid droplets, including PTRF, an-
nexin Al, or caveolin itself, are known to interact with PS



(29, 39, 40), it is not possible from our data to discriminate
between lipids or proteins as primary causes of changes in
lipid droplet composition upon caveolin deficiency. Never-
theless, reduced PS abundance on lipid droplets as well as
caveolin absence is likely to modify the lipid droplet-cyto-
plasmic interface and consequently disturb interactions be-
tween lipid droplets and cellular components.

This study also provides a new link between caveolin
lipid droplet pool and lipid droplet size. We found that
adipocyte total caveolin protein concentrations were not
affected by obesity in rodent models or humans, a find-
ing that may appear contradictory to previous reports on
higher caveolin mRNA expression in adipose tissues of
obese rodents (41). Here, we used isolated adipocytes,
and it is likely that a contribution from endothelial cells
(which express caveolin-1 at the highest level) in overde-
veloped obese adipose tissue but not in isolated adipo-
cytes might account for difference with previous reports.
Rather than total caveolin expression, we show that the
adipocyte lipid droplet caveolin pool is profoundly af-
fected by obesity and we point out a positive correlation
with lipid droplet size. Importantly, caveolins are shown
here to be differentially regulated relative to perilipin,
the most abundant lipid droplet coating protein, whose
relative concentration at the lipid droplet surface does
not change with increasing lipid storage. Finally, a direct
demonstration of the facilitation of lipid droplet expan-
sion by caveolin-1 is provided here by the in vivo observa-
tion that within the same cellular context, individual
lipid droplets coated with caveolin-1 can reach a larger
size than caveolin-devoid ones.

Thus, we propose that the function of the lipid droplet
caveolin pool might be to assist lipid droplet size expan-
sion through protein-protein interaction and phospho-
lipid remodeling of the organelle surface. Such a role for
adipocyte lipid droplet caveolins might be reminiscent of
their implication in mechano-transduction and shear
stress response in endothelial cells (42, 43). As long as fill-
ing of the neutral lipid core of lipid droplets induces
stretching of lipid droplet surface, caveolin presence might
be viewed as an adaptive response to mechanical events.

The importance of surface polar lipids in lipid droplet
biology recently emerged from large scale genomic screens
designed to identify gene clusters involved in lipid regula-
tion. In particular, a subset of genes linked to phospho-
lipid synthesis was identified to control lipid droplet
dynamics in Drosophila (44). Furthermore, the yeast ho-
molog of the human seipin gene, which is a major cause of
Berardinelli Seip congenital lipodystrophy (45), was shown
to control lipid droplet size and morphology, likely
through effects on surface phospholipid composition (46,
47). Our study provides a new link between caveolin and
lipid droplet size enlargement, and indicates that caveo-
lin-1 has now to be considered, like seipin and some phos-
pholipid synthetic genes, as an important regulatory
component of the lipid droplet surface organization. In
agreement, gene invalidation of both seipin and caveo-
lin-1 induces the same Berardinelli-Seip congenital lipo-
dystrophic syndrome in humans (13).

A potential outcome of our observations relates to the
study of metabolic diseases such as obesity and type 2 dia-
betes in which lipid overloading is a major causative factor.
Emerging from rodent models, a well-accepted view is that
favoring lipid storage into well-adapted specialized adipo-
cytes can reduce lipotoxicity by limiting the spilling over of
fatty acids toward other tissues (48). In this regard, caveo-
lin-1 propensity to promote adipocyte lipid droplet ex-
pandability might be an interesting property in the search
for new strategies to fight metabolic syndrome Bl
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