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During obesity, a hypoxic state develops within the adipose tissue, resulting in insulin resistance.
To understand the underlying mechanism, we analyzed the involvement of caveolae because they
play a crucial role in the activation of insulin receptors. In the present study, we demonstrate that
in 3T3-L1 adipocytes, hypoxia induces the disappearance of caveolae and inhibits the expression
of Cavin-1 and Cavin-2, two proteins necessary for the formation of caveolae. In mice, hypoxia
induced by the ligature of the spermatic artery results in the decrease of cavin-1 and cavin-2
expression in the epididymal adipose tissue. Down-regulation of the expression of cavins in re-
sponse to hypoxia is dependent on hypoxia-inducible factor-1. Indeed, the inhibition of hypoxia-
inducible factor-1 restores the expression of cavins and caveolae formation. Expression of cavins
regulates insulin signaling because the silencing of cavin-1 and cavin-2 impairs insulin signaling
pathway. In human, cavin-1 and cavin-2 are decreased in the sc adipose tissue of obese diabetic
patients compared with lean subjects. Moreover, the expression of cavin-2 correlates negatively
with the homeostatic model assessment index of insulin resistance and glycated hemoglobin level.
In conclusion, we propose a new mechanism in which hypoxia inhibits cavin-1 and cavin-2 expres-
sion, resulting in the disappearance of caveolae. This leads to the inhibition of insulin signaling and
the establishment of insulin resistance. (Endocrinology 156: 789–801, 2015)

Oxygen homeostasis is required for normal cell and
tissue function. During hypoxia, cells establish cellular

and metabolic responses to limit their oxygen consumption.
Hypoxia decreases cell proliferation, switches metabolism

from oxidative phosphorylation to glycolysis, switches from
oxidative glucose metabolism to reductive glutamine metab-
olism to promote fatty acid synthesis, and promotes angio-
genesis to increase oxygen supply to cells (1–6).
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Hypoxia also plays an important role in the dysfunction
of the adipose tissue during obesity and the development of
insulin resistance. Indeed, the expansionof theadipose tissue
duringobesity is associatedwith thedevelopmentofhypoxic
areas in obese mice (ob/ob mice and dietary induced obesity)
and in overweight/obese patients (7–12).

Adipose tissue hypoxia, mainly through the activation
of its master transcription factor, hypoxia-inducible fac-
tor (HIF)-1, induces a dysregulation of adipokines secre-
tion, (7, 9, 13, 14), and contributes to the development of
inflammation, by promoting macrophages and T lympho-
cytes accumulation and by inducing inflammatory phe-
notype in macrophages (9–11, 13, 15, 16). Modulation of
HIF-1� expression has an impact on the development of
obesity and insulin resistance. Overexpression of HIF-1�

in adipocytes leads to the development of adipose tissue
inflammation associated with fibrosis and insulin resis-
tance in mice (17). Inhibition of HIF-1� or HIF-1� ex-
pression protects mice from obesity-induced glucose in-
tolerance and insulin resistance and ameliorates adipose
tissue dysfunction (18–22).

At the cellular level, hypoxia inhibits insulin-induced
signaling pathways and induces insulin resistance in
adipocytes through an HIF-1-dependent mechanism
(23, 24). However, the precise molecular mechanisms
by which hypoxia induces insulin resistance remains to
be identified.

The insulin receptor is mainly localized within caveolae
at the plasma membrane (25–27). Caveolae are small in-
vaginations of the plasma membrane localized in lipid raft
area and are particularly abundant in adipocytes in which
they can represent up to 50% of the plasma membrane
surface (28–30). Caveolae are involved in protein endo-
cytosis, intracellular trafficking, lipid homeostasis, and
signal transduction (30). Caveolae formation depends on
the presence of specific proteins, such as the structural
proteins caveolins and peripheral proteins cavins (28, 31).
Caveolins 1–3 are essential for the formation of caveolae,
and the absence of caveolin-1 expression leads to the dis-
appearance of caveolae structures (32, 33). However,
caveolins are not the sole proteins implicated in caveolae
formation, and multiple proteins ensure the formation of
caveolae. Among these proteins, cavins (PTRF/cavin-1,
SDPR/cavin-2, SRBC/cavin-3 and MURC/cavin-4) are
crucial for caveolaeprocessing.Cavin complex is recruited
to caveolin at the plasma membrane through membrane
lipids and proteins interactions. Cavin-1 is required for
caveolae formation, whereas cavin-2 is involved in the
generation of caveolar membrane curvature (31, 34–37).
Cavin-3 regulates caveolae endocytosis, whereas the ex-
pression of cavin-4 is restricted to the muscle (29, 38). The
expression levels and cellular localizations of each protein

are tightly regulated and are required for the correct forma-
tion of caveolae. The absence of caveolin-1 or cavins leads to
the loss of caveolae (39, 40). This absence of caveolae results
in a variety of disease such as lipodystrophy, muscular dys-
trophy, cardiovascular disease, and cancer (41–43).

Some studies have shown that insulin receptor is localized
within caveolae (26, 44, 45). A functional role of caveolae in
insulin signaling is suggested by the observation that some
lipodystrophic patients with severe insulin resistance present
mutations in caveolin-1 or Cavin-1 (41, 42) and that the
caveolar localization of the insulin receptor is necessary for
its activation in adipocytes because caveolin-1-deficient cells
have impaired insulin signaling (46).

To identify mechanisms implicated in the development
of insulin resistance in response to hypoxia, we have in-
vestigated the effect of hypoxia on caveolae formation. We
show that in vivo and in intact cells, hypoxia decreases
cavin-1 and cavin-2 expression in adipocytes, associated
with a loss of caveolae. Cavin expression is also decreased
in adipose tissue from obese diabetic patients and its
down-regulation in mouse adipocytes inhibits insulin sig-
naling. Together, these observations suggest that hypoxia
participates in the establishment of insulin resistance in
adipose tissue through a down-regulation of caveolae that
leads to a decrease in insulin signaling pathway.

Materials and Methods

Materials
Insulin was obtained from Life Technologies. Antibodies

were obtained from the following companies: regulated in de-
velopment and DNA damage responses (REDD1) and cavin-2
from Proteintech; phosphotyrosine from Cell Signaling Tech-
nology; insulin receptor (IR) and ERK2 from Santa Cruz Bio-
technology; tubulin from Sigma-Aldrich; cavin-1 and flotillin
from BD Biosciences; and glucose transporter (Glut)-1 from Ab-
cam. Control small interfering RNA (siRNA) and siRNA di-
rected against cavin-1, cavin-2, or HIF-1� were purchased from
Thermo Scientific. The primer sets for real-time PCR were pur-
chased from Eurogentec. Culture media were obtained from Life
Technologies. Inhibitors were obtained from Calbiochem.

Cell culture
3T3-L1 fibroblasts were obtained from the American Type Cul-

ture Collection (CL-173) and grown and induced to differentiate in
adipocytes as previously described (23). Briefly, 3 days after con-
fluence, 3T3-L1 fibroblasts were treated for 2 days with DMEM
and 10% fetal calf serum (vol/vol) supplemented with isobutyl
methylxanthine (250 nmol/L), dexamethasone (250 nmol/L),
rosiglitazone (10 �mol/L), and insulin (800 nmol/L) and then for
two additional days with DMEM and 10% fetal calf serum con-
taining800nmol/L insulin.Theadipocyteswereusedbetweendays
2 and 7 after the end of the differentiation protocol when the adi-
pocyte phenotype appeared in more than 90% of the cells.

790 Regazzetti et al Hypoxia Inhibits Caveolae Formation Endocrinology, March 2015, 156(3):789–801

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/156/3/789/2422814 by guest on 24 April 2024



The isolation and properties of hMADS cells have been de-
scribed by Plaisant et al (47). Adipocyte differentiation was per-
formed as described previously (48). Confluent cells were cultured
in DMEM/Ham’s F12 media supplemented with transferrin (10
�g/mL), insulin (0.86 �M), T3 (0.2 nmol/L), dexamethasone (1
�mol/L), isobutyl-methylxanthine (100 �mol/L), and rosiglitazone
(500 nmol/L). Three days later, the medium was changed (dexa-
methasone and isobutylmethylxanthine were omitted).

Hypoxia treatment
For hypoxic treatment, the medium was replaced by DMEM

containing 0.5% BSA and incubated within hypoxystation H35
(AESChemunex)calibratedat1%O2,94%nitrogen,and5%CO2

for 16 hours.

Cell fractionation
Plasma membranes were prepared as previously described

(49). OptiPrep fractionation (Sigma-Aldrich) was realized as fol-

lows: 3T3-L1 adipocytes were lysed with lysis buffer [50 mmol/L
HEPES (pH 7.4), 150 mmol/L NaCl, 10 mmol/L EDTA, 10
mmol/L Na4P2O7, 100 mmol/L NaF, 2 mmol/L vanadate, pro-
tease inhibitor cocktail (Complete; Roche)] containing Triton
X-100 (1 �L per 10 mg protein) for 1 hour at 4°C. After shaking,
the lysate was centrifuged 10 minutes at 110 � g. Six hundred
microliters of supernatant mixed with 400 �L of OptiPrep den-
sity gradient medium (Sigma-Aldrich) were placed at the bottom
of an ultracentrifuge tube and overlaid with 2 mL of 30% sucrose
and 1 mL of lysis buffer. The gradient was formed after 2 hours
of ultracentrifugation at 33 000 rpm in a TLS50 rotor. The mix-
ture was divided into 10 fractions collected from the top of the
tube and analyzed by Western blot.

Transfection of siRNA
3T3-L1 adipocytes were used for reverse transfection 7 days

after the induction of differentiation. 3T3-L1 adipocytes were
trypsinized, and control siRNA, or siRNA directed against HIF-

1�, cavin-1, or cavin-2 (40 pmol) were
transfected using INTERFERin (Polyplus
Transfection) according the protocol of Kil-
roy et al (50). Briefly, siRNA complexes (80
nmol/L final concentration) were incubated
with INTERFERin and lay onto the wells.
3T3-L1 adipocytes were trypsinized and
added to the siRNA/INTERFERin complex
solution. The adipocyte phenotype after
transfection was assessed by visualization of
lipid droplets, staining with oil red O, and
expression of peroxisomal proliferator-acti-
vated receptor-� protein (Regazzetti, C., K.
Dumas, unpublished data).

Western blot analysis
Serum-starved cells were treated with

ligands, chilled to 4°C, and washed with
ice-cold PBS (6 mmol/L Na2HPO4; 1
mmol/L KH2PO4, pH 7.4; 140 mmol/L
NaCl; 3 mmol/L KCl) and solubilized
with RIPA buffer [50 mmol/L Tris, pH
7.5; 150 mmol/L NaCl; 1% Nonidet P40;
0.1% sodium dodecyl sulfate; 0.5% Na
deoxycholate; 1 mmol/L orthovanadate; 5
mmol/L NaF; 2.5 mmol/L Na4P2O7; and
Complete protease inhibitor cocktail
(Roche Diagnostics)] for 30 minutes at
4°C.

Epididymal fat pads were frozen in
liquid nitrogen and stored at �80°C un-
til they were used. Tissues were solubi-
lized by sonification in ice-cold buffer
containing 20 mmol/L Tris (pH 7.5), 150
mmol/L NaCl, 2 mmol/L orthovanadate,
100 mmol/L NaF, 10 mmol/L Na4P2O7,
and completed with 1% Triton X-100
and Complete protease inhibitor cocktail
(Roche Diagnostics).

Lysates were centrifuged (14 000
rpm) for 10 minutes at 4°C, and the pro-
tein concentration was determined using
BCA protein assay reagent (Thermo

Figure 1. Hypoxia-induced delocalization of IR and caveolar proteins. A, 3T3-L1 adipocytes were
incubated for 16 hours in normoxia or in hypoxia (1% O2) before being stimulated with insulin
(100 nM) for 5 minutes. Plasma membranes were analyzed by immunoblots with indicated
antibodies. B, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O2).
C, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O2) before
being stimulated with insulin (100 nM) for 5 minutes. Cell lysates were separated into 10
fractions from the lightest (fraction 1) to the heaviest (fraction 10) using OptiPrep density
gradient fractionation (Sigma-Aldrich) and analyzed by Western blots with indicated antibodies. D,
Quantification of IR of three experiments is shown. *, P � .05. Hypo, hypoxia; Norm, normoxia.
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Fisher Scientific). Cell lysates were analyzed by Western blot.
Immunoblots were revealed using a Fujifilm LAS-3000 imaging
system. Quantifications were realized using Fujifilm MultiGauge
or ImageJ softwares (National Institutes of Health, Bethesda,
Maryland).

Hypoxia of epididymal adipose tissue by ligature
of spermatic artery

C57BL6/J mice were exposed to a 12-hour light, 12-hour dark
schedule and had free access to water and standard chow diet.
Mice were anesthetized, and the left spermatic artery was ligatured
to induce hypoxia on the fat pad for indicated periods of time. The
right spermatic artery was not ligatured, and the fat pad was used
as an internal control. Mice woke up from the surgery and were
kept for indicated periods of time before being killed by cervical
dislocation. Epididymal adipose tissues were removed, freeze
clamped in liquid nitrogen, and stored at �80°C until used. The
Principles of Laboratory Animal Care (National Institutes of Heal
publication number 85–23, revised 1985 (http://grants1.nih.gov/
grants/olaw/references/phspol.htm) as well the European Union
guidelines on animal laboratory care (http://ec.europa.eu/

environment/chemicals/lab_animals/legislation_en.htm) were
followed. All procedures were approved by the Animal Care Com-
mittee of the Faculty of Medicine of the Nice-Sophia Antipolis
University (Nice, France).

Obese patients
Morbidly obese patients (n � 8 obese and n � 7 obese dia-

betic)) were recruited through the Department of Digestive Sur-
gery and Liver Transplantation (Nice hospital) where they un-
derwent bariatric surgery for their morbid obesity. Bariatric
surgery was indicated for these patients in accordance with
French guidelines. Exclusion criteria were the presence of a hep-
atitis B or hepatitis C infection, excessive alcohol consumption
(�20 g/d) or another cause of chronic liver disease as previously
described (51–53). The characteristics of the study groups are
described in Supplemental Table 1. Before surgery, fasting blood
samples were obtained and used to measure alanine amino trans-
ferase, aspartate aminotransaminase, glucose, and insulin. Insu-
lin resistance was calculated using the homeostatic model
assessment index for insulin resistance (HOMA-IR) (54). Ab-
dominal sc adipose tissue was obtained during surgery. Control

Figure 2. Hypoxia induced the loss of caveolae in 3T3-L1 adipocytes. 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia
(1% O2) (A) or reoxygenated (B) for 1 hour. Caveolae structure were identified by transmission EM. Quantification is performed after counting the
number of caveolae and are expressed as number of caveolae per micrometer of plasma membrane (PM). ***, P � .0001; **, P � .01. Number of
caveolae counted is as follows: normoxia: 1938, hypoxia: 1597 (A); normoxia: 1105, hypoxia: 1125, reox: 731 (B). Reox, reoxygenated.
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sc adipose tissue was obtained from four lean subjects (two fe-
males and two males; aged 37.3 � 11.5 y; body mass index of
20.9 � 0.5 kg/m2) undergoing lipectomy for cosmetic purposes.
Informed written consent was obtained from all subjects for this
study, which was set up in accordance with French legislation
regarding ethics and human research (Huriet-Serusclat). The Co-
mité Consultatif de Protection des Personnes dans la Recherche
Biomédicale de Nice approved the study (protocol 07/04:2003,
number 03.017).

Real-time quantitative PCR analysis

Cells and murine tissues
RNA was isolated from adipocytes or epididymal fad pads

(TRIZOL; Invitrogen), and cDNA was synthesized using Tran-

scriptor first-strand cDNA synthesis kit (Roche Diagnostics).
Real-time quantitative PCR was performed with sequence de-
tection systems (StepOne; Applied Biosystems) and SYBR Green
dye. Gene expression values were calculated based on the com-
parative cycle threshold (Ct) method (2���Ct). The levels of
mRNA were normalized to the expression value of the house-
keeping gene 36B4 and expressed relative to the mean of the
group of normoxic controls. The primer sequence can be ob-
tained upon request.

Human tissues
Total RNA was extracted from human tissues using RNeasy

minikit (QIAGEN) and treated with Turbo DNA-free (Applied
Biosystems) following the manufacturer’s protocol. The quan-
tity and quality of the RNA were determined using the Agilent

2100 Bioanalyzer with an RNA 6000
Nano kit (Agilent Technologies). Total
RNA (1 �g) was reverse transcribed with
a high-capacity cDNA reverse transcrip-
tion kit (Applied Biosystems). Real-time
quantitative PCR was performed in du-
plicate for each sample using the
StepOne real-time PCR system (Applied
Biosystems). The TaqMan gene expres-
sion assays were purchased from Applied
Biosystems: Cavin-2 (serum deprivation
response, cavin-2) (Hs00190538_
m1); Cavin-1 (polymerase I and transcript
release factor, cavin-1) (Hs00396859_
m1); Glut4 (SLC2A4) (Hs00168966_
m1); HIF-1A (hypoxia inducible fac-
tor-1) (Hs00153153_m1); and RPLP0
(ribosomal phosphoprotein large P0)
(Hs99999902_m1). Gene expression
values were normalized to the expression
value of the housekeeping gene RPLP0
and calculated based on the comparative
Ct method (2���Ct) as described by the
manufacturer’s protocols.

Electron microscopy
For ultrastructural analysis, cells

were fixed in 1.6% glutaraldehyde in 0.1
M phosphate buffer (pH 7.4) at 4°C,
rinsed in 0.1 mol/L cacodylate buffer,
and postfixed for 1 hour in 1% osmium
tetroxide and 1% potassium ferrocya-
nide in 0.1 mol/L cacodylate buffer to
enhance the staining of membranes.
Cells were rinsed in cold distilled water,
quickly dehydrated in cold ethanol, and
lastly embedded in epoxy resin. Con-
trasted ultrathin sections (70 nm) were
analyzed under a JEOL 1400 transmis-
sion electron microscope (EM) mounted
with a Morada Olympus charge-coupled
device camera.

Statistical analysis
The statistical significance of the dif-

ferential gene expression between two

Figure 3. Hypoxia decreased cavin-1 and cavin-2 expression. A, 3T3-L1 adipocytes and hMADS
adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O2), and mRNA
expression was determined by quantitative RT-PCR. B, 3T3-L1 adipocytes were incubated for 16
hours in normoxia or in hypoxia (1% O2) and protein expression was analyzed by specific
immunoblots. Quantification of relative expression of cavin-1, cavin-2, and caveolin-1
(normalized to tubulin protein level) is shown (n � 8). C, 3T3-L1 adipocytes were incubated for
16 hours in normoxia or in hypoxia (1% O2), or reoxygenated for 1 or 2 hours, and protein
expression was analyzed by specific immunoblots. Quantification of relative expression of cavin-1
and cavin-2 is shown (n � 3). Ponceau S is used as a loading control. ***, P � .0001; **, P �
.01; *, P � .05. HSP, heat shot protein; Hypo, hypoxia; Norm, normoxia.
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groups was determined using the nonparametric Mann-Whitney
test with the �Ct of each group. Correlations were analyzed using
the Spearman’s rank correlation test. P � .05 is considered as
significant.

Results

Hypoxia-modulated insulin receptor localization in
3T3-L1 adipocytes

Hypoxia inhibitedinsulin-tyrosinephosphorylationof in-
sulin receptor in adipocytes (23). Because the localization of

insulin receptor in caveolae microdomains in plasma mem-
brane is required for its activation, we first evaluated its cel-
lular localization and phosphorylation in normoxia and in
response to hypoxia. 3T3-L1 adipocytes were stimulated
with insulin, plasma membranes were extracted, and insulin
receptor within this fraction was analyzed by Western blots.
Hypoxia inhibited insulin receptor tyrosinephosphorylation
without significantly modifying its amount at the plasma
membrane (Figure 1A). The distribution of the IR was then
evaluated by cellular fractionation [using the Opti-Prep den-
sity gradient method (Sigma-Aldrich)] in normoxia or in

Figure 4. Ligature of spermatic artery induced hypoxia of epidydimal adipose tissue and decreased cavin-1 and cavin-2 expression. Spermatic
artery of mice were ligatured as described in Materials and Methods. Epidydimal adipose tissues were removed and used to analyze mRNA
expression after 2 and 16 hours (A) or protein expression after 16 hours (B). A, Results are expressed in a relative expression, with the control value
taken as 1 and are the means � SE of eight mice in each group. B, Quantification of the relative expression of cavin-1, cavin-2, Glut-1, and REDD1
(normalized to ERK2) is shown (each point represents one mouse, n � 7). Ponceau S is shown as loading control. *, P � .05; **, P � .01;
***, P � .001.
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hypoxia.Cell lysateswere resolved into10fractions fromthe
lightest (fraction1) to theheaviest (fraction10)andanalyzed
by Western blots (Figure 1B). Detergent-resistant membrane
(DRM) fractions were identified by immunoblotting of flo-
tillin-1. Flotillins were initially discovered as caveolae-asso-
ciated integralproteins (55),but theystill localize to lipid-raft
membranes in the absence of caveolins (56, 57). Therefore,
although they are not exclusively located in caveolar do-
mains, flotillins are considered as a good marker for total
lipid rafts,biochemicallypreserved,andrecovered inDRMs.
In normoxia, IR was mainly located within the DRM frac-
tions. Hypoxia induced a shift of the IR from DRM fractions
(3 and 4) to heavier fractions (Figure 1B). In Figure 1C,
3T3-L1 adipocytes were stimulated with insulin prior to cel-
lular fractionation. In normoxia, insulin stimulated the ty-
rosine phosphorylation of its receptor located in DRM frac-
tions. In hypoxia, the IR in fractions 3 and 4 was no longer
phosphorylated in response to insulin.

Hypoxia induced the disappearance of caveolae in
3T3-L1 adipocytes

Because hypoxia inhibited IR phosphorylation and dis-
tribution at the plasma membrane, we evaluated the effect of

hypoxia on the integrity of caveolae. We evaluated the dis-
tribution of cavins proteins, cavin-1 and cavin-2, in response
to hypoxia by cell fractionation (Figure 1B). In normoxia,
cavin-1 and cavin-2 were mainly detected in fractions 3 and
4and in feweramount inheavier fractions.Hypoxia induced
a change in the distribution of these proteins. Indeed, cavin-1
and cavin-2 amounts shifted from lightest fractions to
heavier fractions (fractions 9 and 10). This modification of
protein distribution suggests that hypoxia could affect the
formation of caveolae in adipocytes.

The integrity of caveolae in 3T3-L1 adipocytes incu-
bated in normoxia or hypoxia was determined by trans-
mission EM. In Figure 2A, caveolae were detected near the
plasma membrane in 3T3-L1 adipocytes. Hypoxia incu-
bation induced the disappearance of caveoale in this re-
gion. We have previously demonstrated that the inhibition
of the insulin signaling pathway by hypoxia can be re-
versed after cell reoxygenation (23). Accordingly, the re-
oxygenation of adipocytes restored the presence of cave-
olae at the cell surface (Figure 2B).

Hypoxia decreased expression of cavin-1 and
cavin-2

Cell fractionation is not a reflec-
tion of the quantity of proteins
within the cell, but it rather reflects
their cellular localization. Because a
decrease in cavins and caveolin has
been shown to alter caveolae struc-
ture (39, 40, 58), we investigated
whether the expression of these pro-
teins was modified by hypoxia in
murine (3T3-L1) and human
(hMADS) adipocytes. In 3T3-L1 and
hMADS adipocytes, hypoxia inhib-
ited the expression of mRNA of
cavin-1 and cavin-2 (Figure 3A). In
3T3-L1 adipocytes, hypoxia de-
creased significantly the protein ex-
pression of cavin-1 and cavin-2 (Fig-
ure 3B). In contrast, the expression
of caveolin-1 was not modified after
hypoxia treatment (Figure 3B). Be-
cause reoxygenation restored cave-
olae at the cell surface, we have de-
termined the effect of reoxygenation
on cavin-1 and cavin-2 expression in
3T3-L1 adipocytes. As shown in Fig-
ure 3C, reoxygenation restored
cavin-2 expression without any sig-
nificant effect on cavin-1 protein
expression.

Figure 5. Inhibition of cavin-1 and cavin-2 expression inhibited insulin receptor phosphorylation.
3T3-L1 adipocytes were transfected with control or siRNA against cavin-1 or cavin-2. Forty-eight
hours after transfection, 3T3-L1 adipocytes were stimulated with insulin (100 nM) for 5 minutes.
Proteins were analyzed by immunoblots using indicated antibodies. Phosphorylation of insulin
receptor is normalized using insulin receptor, and quantification of three independent
experiments in duplicate is shown. ***, P � .001. Ins, insulin.
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To study the effect of hypoxia on protein expression in
mice, we have set up a protocol to induce hypoxia in ep-
ididymal adipose tissue by the ligature of spermatic artery.
The left spermatic artery of C57BL6/J mice was ligatured
to induce hypoxia on the fat pad for the indicated periods
of time. The right spermatic artery was not ligatured, and
the fat pad was used as an internal control. Ligature of
spermatic artery induced hypoxia of the epididymal adi-
pose tissue, detected by the increase of HIF-1� and Glut-1
mRNA expression (Figure 4A). Hypoxia decreased
cavin-1 and cavin-2 mRNA expression in epidydimal fat
pads as soon as after 2 hours of ligature. Protein expres-
sion was also studied, and we observed that hypoxia in-
hibited cavin-1 and cavin-2 expression in hypoxic fat pads
(Figure 4B). As control, the expression of REDD1, a hy-
poxia-induced protein (59, 60), and Glut-1 was increased.
ERK2 and Ponceau S are shown as loading control.

Decrease in expression of cavin-1 and cavin-2
inhibited insulin signaling pathway in adipocytes

Because cavins are key components of caveolae, we in-
vestigated the outcome of the decrease in expression of
cavin-1 and cavin-2 on insulin receptor activity. 3T3-L1
adipocytes were transfected with siRNA against cavin-1
or cavin-2 and stimulated with insulin (Figure 5). Trans-
fection of cavins siRNA decreases the expression of cavins
to a level similar to hypoxia treatment. Down-regulation

of the expression of cavin-1 or cavin-2 inhibited IR ty-
rosine phosphorylation (respectively, 43% � 8% and
40% � 5% of inhibition).

Hypoxia decreased the expression of cavin-1 and
cavin-2 through a HIF-1� dependent mechanism

Because the expression of cavin-1 and cavin-2 is reg-
ulated by hypoxia, we investigated the implication of
HIF-1 transcription factor in this mechanism. Indeed,
we previously reported that HIF-1 is implicated in the
inhibition of insulin signaling in response to hypoxia
(23). 3T3-L1 adipocytes were transfected with siRNA
against HIF-1� or treated with echinomycin, a HIF-1�

inhibitor, prior to being exposed to hypoxia for 16
hours (Figure 6).

The decrease of expression of cavin-1 and cavin-2
induced by hypoxia was reversed after inhibition
of HIF-1. Efficiency of echinomycin and silencing of
HIF-1� was evaluated by the down-regulation of
REDD1 at the protein level (Figure 6) as previously
reported (61). These results demonstrate that the ex-
pression of cavin-1 and cavin-2 was regulated by HIF-1
dependent mechanisms.

We then determined the involvement of HIF-1 in cave-
olae formation (Figure 7). Inhibition of HIF-1� by siRNA
restored the number of cavoelae at the cell surface in hyp-
oxia (Figure 7A). In parallel, the activation of HIF-1 by

Figure 6. Inhibition of HIF-1� restored cavin-1 and cavin-2 expression in hypoxia in 3T3-L1 adipocytes. 3T3-L1 adipocytes were transfected with
control or HIF-1� siRNA. Forty-eight hours after transfection, 3T3-L1 adipocytes were treated without or with echinomycin (20 nM) for 16 hours
and incubated in normoxia or in hypoxia (1% O2). Proteins were analyzed by immunoblots using the indicated antibodies. Quantification of
expression of proteins is normalized using tubulin (n � 3 independent experiments in duplicate). *, P � .05; **, P � .01; ***, P � .001.
cont, control.
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CoCl2 inhibited the caveolae at the cell surface (Figure 7B).
Taken together, these observations suggest that hypoxia
decreased caveolae formation through a HIF-1-dependent
pathway.

Insulin resistance is associated with a decreased in
the expression of cavin-1 and 2 in adipose tissue
of obese patients

Because obesity is associated with the hypoxia of the ad-
ipose tissue and insulin resistance, we evaluated the expres-
sion of HIF-1�, cavin-1, and cavin-2 in sc adipose tissue of
lean subjects and obese patients without or with type 2 dia-
betes. As shown in Figure 8A, HIF-1� mRNA expression
was increased in the adipose tissues of obese and obese dia-
betic patients. In contrast, cavin-1 and cavin-2 were de-
creased only in sc adipose tissue of obese diabetic patients
compared with lean subjects (Figure 8A). Furthermore,
cavin-2 correlated positively with cavin-1 level and nega-
tively with HOMA-IR (index used to evaluate insulin resis-
tance) andglycatedhemoglobin level (evaluating theaverage
plasma glucose concentration over prolonged periods of
time), which reflect the risk of developing diabetes-related
complications.

This indicates that the decreased
expression of cavin in adipose tissue
could be associated with insulin
resistance.

Discussion
Hypoxia promotes inflammation, im-
pairs adipose tissue endocrine func-
tion, and contributes to insulin resis-
tance (7–10, 12, 13, 62). We and
others (23, 24) have demonstrated
thathypoxia induces insulinresistance
inadipocytes through the inhibitionof
the insulin receptor autophosphoryla-
tion and signaling pathway. In the at-
tempt to understand the mechanisms
implicated, we demonstrate that hyp-
oxia inhibits the expression of caveo-
larproteins cavin-1andcavin-2 inadi-
pocytes, which is accompanied by the
loss of caveolae at the plasma mem-
brane. Moreover, cavin-1 and cavin-2
expression is decreased in adipose tis-
sue from obese diabetic patients.
These observations prompt us to pro-
pose that hypoxia induces insulin re-
sistance through the down-regulation
ofcaveolae, leading to the impaired in-

sulin signaling pathway.
Caveolae are abundant in adipocytes in which they play

a major role in insulin signaling (27, 44). IRs are mainly
localized at the plasma membrane in caveolae, with little
insulin receptors found outside from the caveolae (26, 44,
45, 63). Caveolar localization of insulin receptor is re-
quired for its activation. Indeed, the modulation of caveo-
lin-1 expression and caveolae structures affects insulin sig-
naling pathway (27, 45, 63). Moreover, the absence of
cavin-1 and cavin-2 in 3T3-L1 adipocytes inhibits insulin-
induced activation of its receptor. This is in accordance
with the observation that the deficiency of cavin-1 gener-
ates mice without caveoale and resistant to diet-induced
obesity with an abnormal lipid metabolism and insulin
signaling pathway (39). Hypoxia regulates only cavins ex-
pression but not the expression of caveolin-1. The expres-
sion and distribution of cavins might be affected, whereas
the caveolin-1 distribution or expression seems unaltered
but still leads to caveolae disassembly. Briand et al (64)
have recently reported that during extreme fat cell shrink-
age in adipocytes, caveolin-1 expression was unaffected,
whereas cavins were targeted to degradation, resulting in
caveolae disassembly. The deletion of cavin-2 in endothe-

Figure 7. Hypoxia induced the loss of caveolae through HIF-1 activity in 3T3-L1 adipocytes. A, 3T3-L1
adipocytes were transfected with control or HIF-1� siRNA before being incubated in normoxia or in
hypoxia for 16 hours. B, 3T3-L1 adipocytes were incubated for 16 hours in normoxia or in hypoxia (1% O2)
or treated with CoCl2 (200 �M). Caveolae structures were identified by transmission EM. Quantification is
performed after counting the number of caveolae and are expressed as the number of caveolae per
micrometer of plasma membrane (PM). ***, P � .0001; *, P � .05. Numbers of caveolae counted are as
follows: control siRNA normoxia, 431; hypoxia, 245; HIF-1 siRNA normoxia, 614; hypoxia, 728 (A);
normoxia, 401; hypoxia, 226; CoCl2, 1241 (B). Hypo, hypoxia; Norm, normoxia.
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lial cells causes flattening of caveolae perturbing neither
caveolin-1 expression nor oligomerization (65). There-
fore, cavins can be viewed as critical caveolar organizers
whose distribution or expression would influence cave-
olae integrity. In this regard, cavins appear as early sensors
of physiological events of caveolae dynamics. Moreover,
our observations clearly demonstrate that insulin receptor
localization within caveolae is mandatory for its
activation.

During obesity, adipose tissue oxygen tension is de-
creased to reach 2% (8–11). Hypoxia regulates inflam-
mation and angiogenesis but also general cellular metab-
olism including glucose use. In the present study, we
demonstrate that hypoxia can regulate caveolae forma-
tion through the regulation of cavin proteins expression.
Indeed, hypoxia decreases the expression of cavin-1 and
cavin-2, in murine and human adipocytes, and also in a
model of ligature of the spermatic artery to induce hypoxia
of the epidydimal adipose tissue. Moreover, this inhibition
of the expression of cavins is accompanied by the loss of
caveolae at the surface of 3T3-L1 adipocytes. Cavins con-

tribute to the stability of caveolae because the down-reg-
ulation of cavin-1 shortens the half-life of caveolin-1,
likely targeting caveolin-1 for lysosomal degradation (36,
37). Cavin proteins might also serve as a bridge for other
caveolar proteins such as EH domain containing 2 (66)
and organize cytoskeleton connection (39). Cavin redis-
tribution to cytosolic compartments might be linked to
cavin degradation, an event reported in adipocytes and in
others cells to signal caveolae disassembly (40, 64).

Hypoxia has been shown to regulate gene expression in
human adipocytes. Among 1346 genes differently regu-
lated by hypoxia, cavin-2 expression is decreased (3.76-
fold change) comparedwith thenormoxic conditions (67).
Inhibition of cavin-1 and cavin-2 expression is dependent
on the HIF-1 transcription factor. The molecular mecha-
nisms implicated in the regulation of cavin-1 and cavin-2
expression remain unknown. A sequence analysis reveals
that cavin-2 promoter contains HRE sequences, but we
cannot rule out that other transcription factors could par-
ticipate in the regulation of the expression of cavins. For
instance, Krüppel-like factor-7, activating transcription

Figure 8. Cavin-1 and cavin-2 expression was decreased in adipose tissue of obese diabetic patients. A, Biopsies of sc adipose tissues from lean
(n � 4), obese without (n � 8), or obese with diabetes (n � 7) were collected. Total RNAs were extracted and the relative amount of cavin-1,
cavin-2, and HIF-1� were determined by real-time quantitative PCR. Results are expressed in arbitrary units with the control value (lean subjects)
taken as 1 and are the means � SE of the number of subjects in each group. *, P � .05; ***, P � .0001. B, Correlations between cavin-2 and
cavin-1 expression levels, cavin-2 and HOMA-IR, and HbA1c were analyzed using a Spearman’s rank correlation test (white triangle, obese
patients; black square, obese diabetic patients). HbA1c, glycated hemoglobin.
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factor, Fos-like antigen 2, and Jun transcription factors are
involved in the regulation of gene expression in response
to hypoxia in adipocytes, and this activation requires
HIF-1� (68).

Insulin resistance and type 2 diabetes are linked to obe-
sity. Hypoxia has been proposed to play a crucial role in
the establishment of adipose tissue insulin resistance, and
we found that HIF-1� expression is increased in adipose
tissue during obesity. This is in agreement with previous
studies showing an up-regulation of the expression of
HIF-1� mRNA in adipose tissue during obesity in mice
(genetic obesity or high fat diet) (10, 11, 24, 69) and in
humans (70). Because the expression of HIF-1� is not dif-
ferent between obese and obese diabetic patients, we can-
not rule out that the activity of HIF-1 will be modified
between obese and obese diabetic patients because HIF-1�

regulation mainly requires posttranslational mechanisms
(3). The expression of cavin-1 and cavin-2 is significantly
inhibited in adipose tissue of obese patients with type 2
diabetes. The decrease in cavin-2 expression correlated
with insulin resistance as evaluated by HOMA-IR. Dys-
functional caveolae results in insulin resistance because
patients with mutations of caveolin-1 or cavin-1 display
lipodystrophy phenotype characterized by insulin resis-
tance development (41, 42, 71, 72). Caveolae dysfunction
is also implicated in several pathologies, such as muscular
dystrophies, pulmonary hypertension in chronic obstruc-
tive pulmonary disease, bladder smooth muscle hypertro-
phy, and cancer (73, 74). Even if the role of caveolae in
cancer development remains unclear, expression of
cavin-1, cavin-2, and cavin-3 is down-regulated in breast
cancer (75, 76). Because no correlation between HIF-1�

and cavin-2 has been revealed, this suggest that others
factors, in addition to HIF-1, could participate the regu-
lation of the expression of cavins during diabetes.

In conclusion, we propose that during obesity, hypoxia
induces insulin resistance through the regulation of cavins
expression. Inhibition of cavin-1 and cavin-2 expression
induces the disappearance of caveolae leading to the in-
hibition of insulin signaling and establishment of insulin
resistance.
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