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Adipocytes specialized in the storage of energy as fat
are among the most caveolae-enriched cell types. Loss
of caveolae produces lipodystrophic diabetes in humans,
which cannot be reversed by endothelial rescue of
caveolin expression in mice, indicating major impor-
tance of adipocyte caveolae. However, how caveolae
participate in fat cell functions is poorly understood.
We investigated dynamic conditions of lipid store
fluctuations and demonstrate reciprocal regulation of
caveolae density and fat cell lipid droplet storage. We
identified caveolin-1 expression as a crucial step in
adipose cell lines and in mice to raise the density of
caveolae, to increase adipocyte ability to accommodate
larger lipid droplets, and to promote cell expansion
by increased glucose utilization. In human subjects
enrolled in a trial of 8 weeks of overfeeding to promote
fattening, adipocyte expansion response correlated
with initial caveolin-1 expression. Conversely, lipid
mobilization in cultured adipocytes to induce lipid droplet
shrinkage led to biphasic response of cavin-1 with ultimate
loss of expression of cavin-1 and -3 and EHD2 by protein
degradation, coincident with caveolae disassembly. We
have identified the key steps in cavin/caveolin interplay
regulating adipocyte caveolae dynamics. Our data es-
tablish that caveolae participate in a unique cell response
connected to lipid store fluctuation, suggesting lipid-
induced mechanotension in adipocytes.

Caveolae are small flask-shaped invaginations of the plasma
membrane (1) that are found with remarkable abundance in
endothelial cells, myotubes, and adipocytes. They are consid-
ered a subset of the so-called lipid raft domains and segregate
a number of membrane-related processes (2). An accepted
paradigm is that caveolae formation is primarily driven by
the assembly of a cytoplasmic coat consisting of oligomeric
caveolins (3), a protein family with 3 highly-related members
(caveolin-1 through -3). Invalidation of individual caveolin
genes led to the generation of mice models lacking caveolae
in all cell types or in a tissue-restricted manner (4). Caveolin-
1-null mice, which also lack caveolin-2, suffer from severe
vascular dysfunction and pulmonary defects (5,6) and de-
velop lipodystrophy (7), a metabolic phenotype that cannot
be reversed by endothelial caveolin reexpression, pointing to
an important function of adipocyte caveolae (8). Closely re-
lated lipodystrophic diabetes is also present in patients with
nonsense mutations for caveolin-1 (9).

Despite early evidence for defective mechanotransduction
in blood vessels of caveolin-deficient mice (10), the physio-
logical function of caveolae remained debated until recent
discovery of a unifying caveolar function as mechanosen-
sors, revealed by their property to respond to membrane
tension by flattening into the plasma membrane (11). An-
other recent breakthrough came from the identification
of novel caveolae adaptors named cavins, such as polymer-
ase I and transcript release factor (PTRF)/cavin-1 required
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for caveolae formation (12,13). Specifically enriched in
caveolae preparations from human adipocytes (14), PTREF/
cavin-1 gene invalidation in mice led to absence of caveolae
and lipodystrophic phenotype comparable with the one
observed for caveolin-1 knockout mice (7,15). Similarly,
PTRF/cavin-1 mutations were identified in human patients
suffering lipodystrophic syndromes coupled with muscular
dystrophy (16-18), states for which caveolin mutations
have also been reported (9,19). Three other cavin homologs
were identified (14) and have all been linked to caveolae
dynamics (20-23). Despite major importance in regulating
caveolae (24), their precise role in mechanosensing still
remains unknown.

As caveolae are being recognized as specialized struc-
tures responding to plasma membrane tension, it makes
sense that a high density of caveolae is found in cells that
are physiologically submitted to mechanical stress. These
include vascular endothelium in which shear stress is
applied by blood circulation, as well as skeletal muscdle
through contraction-induced stretching. Despite remark-
able enrichment in caveolae, estimated to cover ~30-50%
of their cell surface (25), adipocytes are not generally con-
sidered particularly exposed to external mechanical forces,
as they mostly participate in lipid metabolism and energy
storage. Indeed, adipocyte morphology is dominated by
a central unilocular lipid droplet that fills almost the entire
fat cell volume, leaving other organelles including the nu-
cleus at cell periphery. Close apposition of adipocyte lipid
droplet to plasma membrane is obvious by electron micros-
copy, with cytoplasmic thickness as low as 300 nm. An-
other consequence of the storage compartment being the
most prominent intracellular organelle with unusually large
dimensions (up to 100 pm diameter in obese patients), the
lipid droplet size also resolves overall fat cell volume. As
a mirror of highly variable energy status, the adipocyte
lipid droplet can be subjected to drastic fluctuations, as
well as fat cell size. For example, adipose cell diameter,
an easily accessible parameter on adipose tissue histological
sections, can vary over a twofold range, which translates
into an eightfold change in cell volume. In this context, we
reasoned that the lipid droplet organelle might be a driving
force for mechanical constrains exerted on the adipocyte
plasma membrane, to which caveolae might respond. To
examine this possibility, we have designed in vitro cell
conditions and in vivo experimental settings in mice and
humans, in which caveolae dynamics and/or lipid stores
could be manipulated. Our data establish a mutual link
between caveolae density and adipocyte lipid stores and
reveal that lipid droplet to membrane signaling mecha-
nisms can sense lipid store variations via caveolae. These
results therefore suggest that lipid droplets might be
viewed as mechano-active organelles in adipocytes.

RESEARCH DESIGN AND METHODS

Materials
Antibodies against caveolin-1, PTRF, and B-actin were
from BD Biosciences; EHD2 from Abcam; SDPR/cavin-2
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from R&D Systems. Horseradish peroxidase anti-rabbit,
-mouse, and -goat IgGs were from Jackson ImmunoResearch
Laboratories.

Cell Culture

3T3-L1 cells (J. Pairault, CNRS, Paris, France) maintained
in high-glucose DMEM with 10% FCS were induced to
differentiate by adding isobutylmethylxanthine (100 pmol/L),
dexamethasone (0.25 pmol/L), and insulin (1 wg/wL) for
2 days and then cultured with insulin alone. Differentiated
adipocytes were transduced with an adenovirus encoding
canine Cavl. Growing 3T3-L1 cells were transduced with
retroviral supernatants from Phoenix packaging cells
(Indiana University National Gene Vector Biorepository,
Indianapolis, IN) expressing Cavl-RFP, PTRF-eGFP, or
SRBC-eGFP in pBabe vectors, followed by selection for
puromycin resistance (6 pg/mL). Populations of antibiotic-
resistant 3T3-L1 fibroblasts were allowed to differentiate
into adipocytes as described above.

De Novo Fat Pad Formation in Nude Mice and
Immunohistochemistry

Animal studies were approved by the Ethics Committee in
Animal Experiment Charles Darwin (agreement no. Ce5/
2011/015). 3T3-F442A preadipocytes were grown to near
confluence and trypsinized, and cells in PBS were injected
subcutaneously (3 X 107 cells per site) in 6-week-old
BALB/C NU/NU athymic mice (Charles River Laborato-
ries). Four weeks after implantation, mice on a standard
diet received drinking water containing 30% sucrose. At
14 weeks, mice were killed by cervical dislocation and fat
pads were excised. Small pieces of adipose tissues were
either fixed with paraformaldehyde 4% or homogenized in
lysis buffer for Western blotting. Adipose tissues were
processed for immunohistochemistry as previously de-
scribed (8). Adipocyte diameters were measured using
ImageJ software.

Overfeeding Study

Thirty-five participants (29 male, 6 female; 20 Caucasian,
14 African American, and 1 other race; with mean = SD for
age 26.7 * 5.3 years and BMI 25.5 *+ 2.2 kg/m?) were
recruited into the overfeeding study. All were provided writ-
ten informed consent, all study parameters were approved
by the institutional review board, and procedures were fol-
lowed with regard to the Declaration of Helsinki and re-
gistered as a clinical trial. Participants consumed a diet of
44% fat, 15% protein, and 41% carbohydrate, where the
total daily intake equated to 140% of their normal caloric
intake for 8 weeks. Body composition was assessed by DEXA
(QDR 4500A; Hologics, Bedford, MA). Under fasting con-
ditions, subcutaneous adipose tissue was collected by
Bergstrom needle biopsy for the measurement of fat cell
size according to the methodology of Hirsch and Gallian
(26) and determination of caveolin-1 protein content.

Glucose Uptake
2-Deoxyglucose uptake was measured in differentiated
3T3-L1 adipocytes as previously described (27).
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Lipolysis

Differentiated adipocytes were treated as previously de-
scribed (28), and glycerol release into the medium was
measured using a commercial kit (glycerol, GY105; Ran-
dox Laboratories).

Detergent-Resistant Membrane Preparation

3T3-L1 differentiated cells were washed three times with
ice-cold PBS and homogenized into 25 mmol/L Mes (pH
6.0), 150 mmol/L NaCl, and 1% (w/v) Triton X-100
containing complete protease inhibitor cocktail (Roche).
Detergent-resistant membrane preparations were isolated
as previously described (29).

Western Blotting

Samples were lysed (in 50 mmol/L Tris, pH 7.4; 0.27 mol/L
sucrose; 1 mmol/L Na-orthovanadate, pH 10; 1 mmol/L
EDTA; 1 mmol/L EGTA; 10 mmol/L Na-B-glycerophosphate;
50 mmol/L NaF; 5 mmol/L Na-pyrophosphate; 1% [w/v]
Triton X-100; 0.1% [v/v] 2B-mercaptoethanol; and pro-
tease inhibitors), centrifuged (15,000g, 4°C, 10 min), and
stored at —20°C. Protein concentrations were determined
by a Bio-Rad kit, and samples were subjected to SDS-PAGE
and blotted according to standard procedures. Protein sig-
nals were visualized using enhanced chemiluminescence
(Perbio Science; Thermo Scientific).

Fluorescence Imaging

3T3-L1 on coverslips were fixed as previously described
(30), stained with 0.1 pg/mL LD540 (C. Thiele, University
of Bonn, Bonn, Germany), and visualized by confocal laser
fluorescence (Zeiss LSM 710). Fluorescence quantification
was performed using ImageJ software.

Electron Microscopy

3T3-L1 adipocytes were fixed by 2.5% glutaraldehyde in
0.1 mol/L cacodylate (pH 7.4) and processed as previously
described (31). Ultra-thin sections were observed with a
JEOL JEM-1400 microscope equipped with a digital camera.

Statistical Analysis

Statistical analysis used Student t test, variance analysis,
or Spearman regressions for correlations. Data were con-
sidered statistically significant at P values <0.05.

RESULTS

Caveolin-1 Overexpression Increases Caveolae
Density and Promotes Adipocyte Insulin Response
Indirect evidence for a link between adipocyte lipid droplet
expansion and caveolae dynamics is provided by defective
lipid storage phenotype of caveolin/caveolae-deficient adi-
pocytes in mice or humans. To examine whether a reciprocal
relationship could be demonstrated in gain-of-function
experiments, we overexpressed caveolin-1 in fat cells.
Because adipocytes already express substantial levels of
caveolins, we used a strong cytomegalovirus promoter
to drive stable expression of a Caveolin-RFP (Cavl-REP)
fusion in 3T3-L1 adipocytes from retroviral vectors (Fig.
1A). Exogenous Cavl-RFP, as well as endogenous cavl,
mainly distributed in detergent-resistant membranes after
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triton X100 extraction indicating targeting in lipid rafts
domains (Fig. 1B). By probing with caveolin-1 antibody,
we estimated that exogenous Cav1-RFP represented approx-
imately half of the endogenous cavl cell content, indicating
significant (1.5-2.0-fold) but moderate overexpression (Fig.
1B). Cav1-RFP distributed to the cell surface of terminally
differentiated 3T3-L1 adipocytes consistent with caveolae
distribution, even if some punctuate labeling evoking intra-
cellular vesicles could also be observed (Fig. 1C), consistent
with lipid raft formation and recydling in Golgi membranes
(32). Forced expression of Cavl-RFP had no impact on en-
dogenous expression of caveolin-2 or cavin mRNA (Fig.
1D) but increased PTRF/cavin-1 protein by 1.5-fold (Fig.
1E and Supplementary Fig. 1A). Adipose differentiation
program was not affected as judged by unaltered levels
of key adipogenic transcription factors, lipogenic mRNAs
(Fig. 1F), and protein expression in a differentiation
time course (Supplementary Fig. 1B). We next examined
whether forced caveolin-1 expression could increase cav-
eolae density at the cell surface, evaluated as the number
of caveolae invaginations found in a linear plasma mem-
brane stretch on electron microscopy images (Fig. 1G).
We observed comparable caveolae density in 3T3-L1 cells
and tissue sections of mice adipose tissue, validating
relevance of the 3T3-L1 model. Compared with control
cell lines (stably transduced with an empty retroviral
vector), caveolae density was increased significantly in
Cav1-RFP cell lines and approached values found in en-
dothelial cells evenly identified in adipose tissue sections
(Fig. 1H). We also observed slight enrichment of PTRE/
cavin-1 in detergent-resistant membrane fractions of
Cav1-RFP cell lines (Supplementary Fig. 1C). These data
are consistent with previous studies in mice (15) indicating
that caveolae structures depend on cavin-to-caveolin ratios.
Thus, in the absence of overt effects on fat cell differen-
tiation, moderate caveolin overexpression in 3T3-L1 pro-
duced surface caveolae-enriched adipocytes, providing
a suitable system to investigate relationships with lipid
droplet dynamics. Because caveolin-deficient adipocytes
are severely insulin resistant (7), caveolae are viewed as
positive regulators in insulin signaling. We therefore ex-
amined whether ameliorated insulin response associated
with elevated caveolae density in Cavl-RFP adipocytes.
Contrary to chronic caveolin-1 deficiency in which loss of
adipocyte insulin receptors has been reported (31), we
detected no change in insulin receptor, insulin receptor
substrate (IRS)-1, or extracellular signal-related kinase
(Erk)-1/2 expression, but slightly increased protein ki-
nase B (PKB) mRNA and protein contents were present
in Cav1-RFP adipocytes (Fig. 2A and B). In dose-response
experiments, Cavl-RFP cell lines exhibited increased
basal phosphorylation of IRS-1, PKB, and Erk-1/2 (Fig.
2C-E and Supplementary Fig. 2A), which translated into
elevated phosphorylation upon insulin stimulation.
Basal and insulin-stimulated glucose transport was also
higher in Cavl-RFP compared with control adipocytes
(Fig. 2F). Subsequent glycolytic-dependent lactate production
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Figure 1—Caveolin-1 overexpression in 3T3-L1 increases adipocyte caveolae density. A: Cav1-RFP transgene expression in cells trans-
duced with retroviral constructs containing empty vector (pBabe) or a caveolin-1 cDNA fused to RFP. Membranes were immunoblotted (IB)
with an anti-RFP antibody or B-actin. B: Endogenous caveolin-1 and exogenous Cav1-RFP distribution into detergent-resistant membrane
fractions. Cells stably expressing an empty pBabe vector or Cav1-RFP were lysed in the presence of cold Triton X-100. Detergent-resistant
(fraction 1-5) or detergent-soluble (fraction 7-12) fractions were obtained after gradient centrifugation. C: Fluorescent imaging of Cav1-RFP
cell lines by confocal microscopy. Bar scale is 20 um. D and F: Relative mRNA expression in Cav1-RFP versus control cell lines. Indicated
mRNA levels were measured by RT-QPCR and normalized to 18S or 36B4 mRNA. Values are means = SEM obtained in three independent
pools of antibiotic-selected clones. E: Relative protein expression in Cav1-RFP versus control cell lines. Indicated proteins were assessed
by Western blotting and normalized to B-actin. According to cavin nomenclature, PTRF is cavin-1, SRBC is cavin-2, and SDPR is cavin-3.
G: Electron microscopy images of 3T3-L1 adipocytes transduced with an empty vector (upper panel) stably expressing Cav1-RFP (middle
panel) or adipocytes of subcutaneous adipose tissue of mice (lower panel). Bar scale: 300 nm. H: Quantification of caveolae density from
electron microscopy images. A total of 40-pm membrane stretches were used for caveolae quantification in each group using ImageJ
software. Caveolae density is expressed as the number of invaginated caveolae per micrometer membrane length, and values are means +
SEM of 6-10 image sections. Significant differences between groups by Student t test are indicated as follows: **P < 0.001, *P < 0.05.
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Figure 2—Caveolin-1 overexpression increases adipocyte basal metabolic activity. A: Expression of insulin receptor (Ins Rec) and PKB
mRNA in control or Cav1-RFP differentiated adipocytes. 36B4 mRNA was used for normalization. B: Protein expression of IRS-1, PKB, and
Erk1 in Cav1-RFP adipocytes. B-Actin normalization was used in Western blots. C-E: Insulin-dependent phosphorylation of PKB (phospho-
Ser*’3; Cell Signaling) or IRS-1 (phospho-Tyr®'%; Upstate) and Erk1/2 (phospho-Thr?%%/Tyr?%*; Cell Signaling) was evaluated by Western
blotting with phospho-specific antibodies, and signals were normalized to total protein (Tot). Incubation with indicated insulin concen-
trations was for 30 min, and total cell lysates were immediately frozen. Values are means = SEM of four experiments in independent
transfectants pools, expressed relative to values of maximally insulin-stimulated control cells. A log scale is used for dose-response curves.
F: 2-Deoxyglucose (2-DG) transport was measured after overnight insulin deprivation. 2-DG (0.2 mmol/L) was added for 8 min, and reaction
was stopped by addition of ice-cold buffer. Values are means = SEM obtained in three independent experiments. G: Lactate production by
control or Cav1-RFP adipocytes. Cells were exposed to insulin (100 nmol/L) for 6 h in fresh DMEM. Extracellular lactate concentration was
measured using a commercial kit. *Significant differences by paired t test. prot, protein.

was increased both in basal and in insulin-stimulated states
in Cav1-RFP (Fig. 2G), suggesting active metabolic activity by
cavl overexpression.

Caveolin Overexpression Increases Adipocyte Ability
to Accommodate Larger Lipid Droplets in Cultured
Cells and Mice

Metabolic changes in Cavl-RFP adipocytes suggest that
they might deposit more lipids. Compared with control
fat cells, size distribution of Oil Red O-stained lipid

droplets from Cav1l-RFP adipocytes was right shifted, in-
dicating bigger lipid droplets in Cavl-RFP-caveolae-
enriched cell lines (Fig. 3A and B). We also transduced
parental 3T3-L1 adipocytes with an adenovirus encoding
untagged caveolin-1, which almost doubled cavl protein
expression (Fig. 3C) and right shifted lipid droplet size
distribution (Fig. 3D), further indicating that lipid drop-
let expansion by caveolin-1 overexpression was indepen-
dent of the presence of the RFP tag. The extent of lipid
droplet size enlargement in adenoviral experiments was
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Figure 3—Caveolin-1 overexpression increases adipocyte lipid storage in cell culture and mice adipose tissue. A: Images of Oil Red
O-stained cultured adipocytes transduced with an empty vector (pBabe) of stably expressing Cav1-RFP. B: Lipid droplet (LD) size distribution
in control or Cav1-RFP stable 3T3-L1 clones. Lipid droplet size was measured on microscope images using ImagedJ software. Mean
distributions were calculated from values collected in four independent pools of stable 3T3-L1 clones and represent ~500 individual lipid
droplets in each group. C: Untagged caveolin-1 overexpression in 3T3-L1 adipocytes by adenoviral vector encoding caveolin-1 (Ad Cav1)
or GFP (Ad Null GFP). Two independent experiments are shown. D: Lipid droplet size distribution in adipocytes infected with Ad Cav1 or
Ad Null GFP. E: 3T3-F442A preadipocytes (30 X 10° cells) were injected subcutaneously in the dorsal (upper panel) or the ventral (lower
panel) region of 6-week-old nude mice. After 2 months with ad libitum feeding, mice were given access to 30% sucrose in drinking water for
2 weeks and killed. Newly formed fat pads are shown. F and G: Histological sections were prepared from newly formed fat pads, and mean
adipocyte area was determined with ImagedJ software. Values are mean of fat cell surface of individual mice receiving matched injections
of control preadipocytes in the dorsal and ventral regions. H: Mean adipocyte area in newly formed fat pads from mice injected twice with
control (pBabe) and Cav1-RFP-expressing preadipocytes. Data collected on eight individual mice are shown. I: Mean values for relative
adipocyte area in control (pBabe) versus Cav1-RFP-derived fat pads. Paired Student t test indicated significant changes (**P < 0.001).
AU, arbitrary units.
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lower than that seen with stable retrovirus-based over-
expression, likely because of limited duration of trans-
gene expression (2 days versus 10 days).

To determine whether lipid droplet—promoting effects
of caveolae enrichment was limited to cultured cells or
could also be observed in vivo, we compared adipocytes
generated in nude mice from control or Cavl-REP stable
transfectants injected subcutaneously according to an
established protocol (33). In preliminary experiments,
single mice received two separate injections with parental
cell line in the dorsal and ventral regions, which generated
fat pads with similar morphology and fat cell size in the
two locations (Fig. 3E), indicating independent size of
newly formed fat cells on the injection site (Fig. 3F).
Then, stable transfectants (control empty vector and
Cav1-RFP preadipocytes) were injected in eight mice, in-
dividually receiving the two different cell lines in the
dorsal or ventral region to generate Cavl-RFP or control
adipocytes in the same animal. Cav1-RFP expression could
be recovered in newly formed fad pads confirming their
exogenous origin (Supplementary Fig. 2B). Interindividual
variability was found in ultimate fat cell size of newly
formed fat pads (Fig. 3G), but within a single mouse we
consistently found bigger fat cells in pads originating
from Cavl-RFP preadipocytes (Fig. 3G and H), with
a significant 1.5-fold increase in mean fat cell area in
Cavl-RFP (Fig. 3I). All together, these data indicate
that caveolae density of adipocyte membrane can mod-
ulate the ability of fat cells to accommodate lipids in
vitro and in vivo.

Caveolin-1 Expression Correlates With Fat Cell
Hypertrophic Response to Overfeeding in Healthy
Humans

These data strongly suggest that caveolin-1 expression
participates in the setting of adipocyte expandability, a key
parameter in physiological response to nutrient overload.
To address this, we assessed caveolin expression in adipose
tissue frozen biopsies obtained from healthy human
subjects enrolled in a trial designed to investigate metabolic
effects of overfeeding. Thirty-five young subjects (6 females
and 29 males) participated in the 8-week overfeeding
protocol, and caveolin-1 protein expression showed no
significant correlation with fat cell size at baseline (data not
shown). During overfeeding, all the subjects gained weight
(from 4.4 to 10.7 kg, mean value 7.5 kg) and increased fat
mass as well as nonfat mass (Fig. 4A). Fat-cell size measure-
ments at baseline and after overfeeding in each subject
revealed two different patterns in the overfeeding re-
sponse: 15 subjects increased the size of their fat cells
(Fig. 4B), whereas it remained unchanged or even de-
creased in 20 subjects (Fig. 4C). Since total fat mass simi-
larly increased in the two groups during the overfeeding
period, this was indicative of different patterns of adipose
tissue response dominated either by hyperplastic (increase
in adipocyte number) or hypertrophic (increase in adipo-
cyte lipid droplet size) expansion. In subjects responding to
overfeeding by adipocyte enlargement, we found that
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caveolin-1 protein expression at baseline positively corre-
lated with the change in fat cell size (Fig. 4D), whereas no
association was observed in hyperplastic responders. Thus,
in healthy humans, adipocyte caveolin-1 is positively asso-
ciated with the ability to expand fat cells in the face of
nutrient overload.

Lipid Droplet Shrinkage Induces Caveolae
Disassembly by Targeting Cavin Protein Stability

We established high expansion capacity in adipocytes
with dense caveolae membranes and next investigated
reciprocal relation associated with lipid droplet reduction.
We used an experimental setting in which acute lipid
droplet shrinkage was induced by prolonged stimulation
of lipolysis by cAMP/protein kinase A activation. 3T3-L1
fully differentiated adipocytes were treated with lipolytic
agents, 8Br-cAMP (a stable cAMP analog) or forskolin
(FSK) (an adenylate cyclase activator), combined with
methylisobutylxantine (MIX) (a cAMP-degrading phos-
phodiesterase inhibitor). Prolonged treatment (30 h) did
not affected cell density or viability (Supplementary Fig.
3) but resulted in robust lipolytic stimulation (six- to
eightfold) as judged by the release of triacylglycerol-
derived glycerol (Fig. 5A). In this setting, almost con-
stant lipolytic rates were observed (Fig. 5A), which led
to markedly smaller lipid droplets by staining with LD540,
a fluorescent neutral lipid probe (Fig. 5B). Striking reshap-
ing of the plasma membrane was evident in adipocytes
treated for 30 h with 8Br-cAMP, which almost completely
lacked invaginated caveolae, whereas they were normally
found in control cells (Fig. 5C). Quantitative analysis of
electron microscopy images confirmed drastic reduction
of caveolae density by 8Br-cAMP treatment (Fig. 5D). Re-
duction of caveolae number was also observed in adipose
tissue electron microscopy sections of mice induced for
adipose tissue mobilization by 48-h fasting (Fig. 5E).

To investigate the mechanism of caveolae disassembly,
we focused on the main caveolar coat component, caveolin-
1, and observed no sign of decline upon prolonged lipolytic
stimulation (Fig. 6A). Instead, total caveolin protein accu-
mulated in 8Br-cAMP-treated cells from 18 h onwards,
resulting in a two- to threefold higher content at end point
(Fig. 6B). A similar response was observed using FSK and
MIX suggesting a cAMP-mediated event (Fig. 6C). This is in
agreement with increased caveolin contents already
reported in adipose tissue of rodents during fasting (34).
Therefore, loss of caveolin protein is unlikely to explain
disappearance of caveolae after prolonged lipid mobiliza-
tion. As caveolae structures are dependent on cholesterol
and caveolins are cholesterol-binding proteins (3), we next
compared free cholesterol content in 8Br-cAMP- or ESK/
MIX-treated adipocytes and found no change, suggesting
a process independent of membrane cholesterol reduction
(Fig. 6D). However, immunofluorescence revealed marked
changes in caveolin-1 distribution, which evolved from
a thin continuous labeling at cell periphery in control
cells to a broken irregular pattern in 8Br-cAMP-treated
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Figure 4—Caveolin expression and adipose tissue expansion during overfeeding in healthy subjects. A: Clinical parameters of subjects
participating in the 8-week overfeeding protocol are described in RESEARCH DESIGN AND METHODS. The rational for group assignment is from the
analysis of fat cell size change from preoverfeeding (baseline) to postoverfeeding, which defines hypertrophic (B) or hyperplastic (C)
responses in individual patients. D: Spearman correlation of caveolin adipose tissue content to change in fat cell size in patients with
hypertrophic response to overfeeding. Caveolin-1 content was assessed by Western blotting from total protein lysates (15 pg). B-Actin was

used for normalization. AU, arbitrary units.

adipocytes, consistent with disappearance of surface
caveolae structures (Fig. 6E). Therefore, we next examined
the possibility that cavin adaptors, which are required for
caveolae assembly, might be targeted during lipid droplet
shrinkage. In time course experiments, PTRF/cavin-1 and
SDPR/cavin-2 markedly changed upon 8Br-cAMP treatment
(Fig. 7A). PTRF/cavin-1 showed a biphasic response to 8Br-
cAMP with a transient increase within the first 12 h, fol-
lowed by a rapid decline at later time points (Fig. 7B). SDPR/
cavin-2 also markedly declined after 12 h with 8Br-cAMP
but did not increase at shorter times (Fig. 7C). We also
noticed a similar response of another noncavin protein,
EHD?2, which also drastically decreased with 8Br-cAMP
(Fig. 7D). EHD2? is a dynamin-related ATPase (35) in-
volved in many aspects of membrane dynamics (36). It
colocalizes with caveolin-1 (37), interacts with cavin-1
(38), associates with caveolae (14), and links caveolae
to actin filaments (39). FSK/MIX fully mimicked the
8Br-cAMP effect in reducing PTRF/cavin-1, SDPR/cavin-2,
and EHD2 contents at end points (Fig. 7E). To test for

decreased cavin protein stability, we used cavin-GFP
reporters stably expressed in 3T3-L1. In this setting, fluo-
rescent cavins are transcribed from a constitutive strong
promoter, and changes in cell fluorescence intensity reflect
protein stability. In 8Br-cAMP-treated adipocytes, lipid
droplet shrinkage (see the information on LD540 staining)
coincided with a drop in fluorescence intensity of PTRF-
GFP (Fig. 7F) and SRBC-GFP (Fig. 7G), whereas caveolin-1-
RFP remained unaltered (Fig. 6H and I). We also observed
that PTRF/cavin-1 loss could be prevented by addition of
a proteasome inhibitor MG132 (Supplementary Fig. 4A).
These data demonstrate posttranslational regulation of
PTRF/cavin-1 and SRBC/cavin-2 by 8Br-cAMP and identify
cavin protein degradation, likely through proteasome, as
a key process for cavin loss and caveolae disassembly upon
adipocyte lipid mobilization. We also noticed significant re-
duction in SDPR/cavin-3 and EHD2 mRNA in 8Br-cAMP-
treated cells (Supplementary Fig. 4B), indicating that
transcriptional regulation might additionally contribute
to the loss of some caveolar proteins.
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Figure 5—Lipid droplet shrinkage in 3T3-L1 adipocytes coincides with caveolae disassembly. A: Terminally differentiated 3T3-L1 adipo-
cytes were cultured in DMEM supplemented with 10% FBS and treated with 1 mmol/L 8Br-cAMP or a combination of 10 pmol/L FSK and
500 pmol/L MIX. Rates of glycerol release to the extracellular medium (expressed per hour and per milligram cell protein) were measured for
2 h at indicated times over a 30-h period. Values are means = SEM from four independent experiments. B: LD540 staining of neutral lipids
in 3T3-L1 control adipocytes or cells treated for 30 h with 8Br-cAMP. Smaller lipid droplets after 8Br-cAMP denote effective lipid
mobilization. Bar scale: 20 pm. C: Electron microscopy images of control or 8Br-cAMP-treated 3T3-L1 adipocytes. Note the presence
of abundant caveolae on the surface of control cells only. Bar scale: 200 nm. D: Quantification of caveolae density from electron
microscopy images. Caveolae invaginations were counted on linear membrane stretches representing a total of 30 wm membrane length
in 6-10 images from different sections using Imaged. Data represent means + SEM (P < 0.001). E: Caveolae quantification on electron
microscopy adipose tissue sections of mice fasted for 48 h or fed (three mice per group). Caveolae number was compared on a per-cell

basis (expressed as 100 caveolae/length of membrane perimeter). Data are means + SEM. *P < 0.05.

DISCUSSION

Our data establish reciprocal relationship linking caveolae
dynamics and lipid store fluctuations in adipocytes and
define the key steps in cavin/caveolin balance for adaptive
maintenance of fat cell caveolae. We demonstrate that
caveolar density can be raised by enforced adipocyte
caveolin-1 expression, which promotes fat cell expandabil-
ity through ameliorated insulin response. Furthermore, we
found that adipose tissue caveolin-1 expression specifically
associated with hypertrophic (and not hyperplastic) fat
tissue expansion in healthy human subjects challenged by
overfeeding. Conversely, lipid droplet shrinkage by sus-
tained mobilization is shown here to ultimately produce
the disassembly of caveolae through cavin-dependent pro-
tein degradation. Therefore, our findings highlight bi-
directional lipid droplet to membrane cross-talk for the
maintenance of fat cell metabolic flexibility and adaptation
to highly variable metabolic conditions primarily impacting
lipid droplet volume to ultimately resolve fat cell size. They
indicate membrane dynamic response to fat storage, in
which continuous caveolae formation (through caveolin-1-
regulated expression) is required for fat cell membrane
expansion, whereas lipid droplet shrinking associates

with intensive remodeling (driven by cavin protein target-
ing) and caveolae disassembly needed to adapt membrane
excess. Our observations fit with a prevailing role of caveolae
as sensors of cell membrane tension and also suggest a new
aspect of lipid droplets as mechano-active organelles driving
membrane stretching, at least when of sufficient size as
found in adipocytes. In line, a vimentin network tightly
enwrapping adipocyte lipid droplets was identified in early
morphological studies (40), and recent proteomic analysis
of lipid droplets revealed association with cytoskeleton
and molecular motors components (29,41-43). All together,
these observations contribute to expand the fast-growing
list of lipid droplet-related processes related to cell architec-
ture (rev. in 44).

Our study underlines the importance of caveolae
density to promote fat cell expandability, a question with
physio-pathological relevance in the context of epidemic
development of metabolic diseases worldwide. As a hall-
mark of obesity, lipid droplet expansion defines adipocyte
hypertrophy, and a prevailing view is that saturation of
adipose tissue storage leads to the spillover and dissemi-
nation of fatty acids to contribute to multiorgan metabolic
complications. Therefore, identification of cellular effectors
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Figure 6—Effect of prolonged lipid mobilization by 8Br-cAMP on caveolin-1. A: Time course of 8Br-cAMP exposure on caveolin-1 protein
contents in 3T3-L1 adipocytes. B-Actin is used as a loading control for Western blot analysis. B and C: Quantitative analysis of caveolin-1
protein expression in control adipocytes or cells treated with 1 mmol/L 8Br-cAMP for 30 h (B) or at end point (C). Values are obtained by
densitometric scanning of immunoblots and expressed relative to initial protein signals. Means = SEM from 3-5 independent experiments
are shown. *Significant difference by Student t test (P < 0.05). D: Adipocyte lysates were used to determine free cholesterol content. Mean
values = SEM were obtained from three independent experiments. E: Immunofluorescence labeling of endogenous caveolin-1 in differ-
entiated 3T3-L1 adipocytes untreated (upper panel) or treated with 8Br-cAMP for 30 h (lower panel). Bar scale is 5 pm.

participating in the control of adipocyte lipid storage is
of interest to target fatty acid lipotoxic effects. Although
it was recognized for long that lack of caveolae severely
compromises fat cell expansion as seen in lipoatrophic
diabetic caveolin-deficient patients (9,17), caveolar protein
expression is not generally associated with obesity, sug-
gesting that steady-state caveolae is globally maintained
in obese animals or humans. In agreement, a recent study
of caveolin-1 and cavin-1 expression in single adipocytes
established a close correlation with their cell surface area
(45). Here, we bring evidence that adipocyte caveolae,
rather, serve in the adaptation to lipid store fluctuations
contributing to fat cell flexibility and provide a scheme for

adipocyte caveolin/cavin protein interplay in this adaptive
response. During fat storage, membrane surface growth is
required for adipocyte expansion, and caveolin-1 expression
is rate limiting for additional caveolae formation whereas
cavin-1 can be recruited from noncaveolar pools. Note-
worthy, adipocyte PTRE/cavin-1 is not restricted to caveolae
but also associates with nonraft membranes (Supplementary
Fig. 1C) as well as lipid droplets (29), which likely provide
reservoirs. During extreme fat cell shrinkage, cavins are tar-
geted to degradation, an event reported in other cell types
and conditions as instrumental to signal caveolae disassem-
bly (23). Lipid mobilization is shown here to induce a com-
plex biphasic response of cavin-1. Acutely, PTRF/cavin-1
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7202 Yo1en 90 uo 3sanb Aq 4pd ze0t/529601/2€0Y/2 L/€9/Pd-aloe/sa)eqelp/Bio’seuinolsajagelp//:diy wouy papeojumoq



diabetes.diabetesjournals.org

protein content increases, as well as caveolin-1, in agreement
with that reported in fasting mice adipose tissue (34,46).
Only in later phases, when lipid store shrinks, do cavin
proteins and caveolin-1 become differentially regulated
and caveolae ultimately disassemble. Whether PTRF/cavin-1
biphasic response is linked to phosphorylation on serine
residues, recently demonstrated upon acute cAMP/PKA
activation (46), or can be induced after PKG stimulation,
another lipolytic pathway in adipocytes (47) remains to
be established. Furthermore, we cannot exclude that the
loss of EHD2, which is observed within a similar time
frame, may also be an upstream molecular event in caveolae
disassembly by lipid droplet shrinkage. Indeed, depletion
of EHD2 was recently shown to result in more dynamic
and short-lived caveolae (38).

Lastly, this study provides evidence that raising
caveolae density can ameliorate adipocyte metabolic re-
sponse and provides indications that this is achieved
through raising basal as well as insulin-stimulated effects.
This is in line with previous observations with caveolin-1
modulation by miRNAs (48), mirroring a state of meta-
bolic inflexibility in caveolae-deficient mice models by ei-
ther caveolin-1 or cavin-1 knockout (49,50). In line, one
study also reported that mice hepatocytes, which nor-
mally express very low caveolin, could be sensitized for
insulin action by exogenous caveolin-3 expression (51).

To conclude, our present data establish fat cell caveolae
function in a unique cell response to lipid store variation
suggesting lipid-induced mechanotension. Even if caveo-
lae response to mechanotension has been described to
occur within minutes, kinetics of lipid-induced mechano-
tension in adipocytes may be somewhat slower but might
involve similar end point responses. On the whole, interven-
tion on caveolin/cavin protein balance might be metabolically
beneficial to optimize fat storage into adipocytes.
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