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Abstract A high-lipid diet is one of the main risk factors in
atherosclerosis and can induce changes in the composition of
plasma membrane microdomains. In response, important
functions such as vesicle trafficking, protein docking, sig-
naling and receptor recognition are significantly altered. In
particular, interactions of heat-shock proteins (Hsps), acting
as danger signals, with components of the membrane
microdomains can influence signaling pathways and the
inflammatory response of cells. Our study focuses on the
composition of detergent-resistant membrane (DRM) isolat-
ed from ApoE−/− mice fed a standard or high-fat diet with
and without fluvastatin treatment versus appropriate con-
trols. Biochemical studies, immunoblotting and liquid chro-
matography mass spectrometric analysis were performed to
investigate whether the structural components (such as
caveolin and cavin) of the detergent-resistant microdomains
were correlated with the expression and secretion of stress-
inducible Hsps (Hsp70 and Hsp90) and AKT phosphoryla-
tion in experimental atherosclerosis. ApoE-/− mice

challenged with a high-fat diet developed extensive athero-
sclerotic plaques in lesion-prone areas. DRM harvested from
hyperlipidemic animals showed a modified biochemical
composition with cholesterol, glycerolipids, caveolin-1 and
phospho-AKT being up-regulated, whereas cavin-1 and
dynamin were down-regulated. The data also demonstrated
the co-fractionation of Hsps with caveolin-1 in isolated
DRM, expression being positively correlated with their se-
cretion into blood serum. Statin therapy significantly atten-
uated the processes induced by the development of athero-
sclerosis in ApoE−/− mice under a high-fat diet. Thus, high-
lipid stress induces profound changes in DRM biochemistry
and modifies the cellular response, supporting the systemic
inflammatory onset of atherosclerosis.

Keywords Hyperlipidemia . DRM proteomics . Heat-shock
proteins . Caveolin-1 . Cavin-1

Introduction

Atherosclerosis is now considered a multifactor disease char-
acterized by inflammatory pathways and by specific cellular
and humoral immune reactions. Data accumulated in the last
few years support the hypothesis that the term “vulnerable
patient”might be appropriate to identify subjects with a high
potential of developing cardiovascular events with a fatal
ending (Naghavi et al. 2003).

A large variety of signaling macromolecules are located
in specialized membrane microdomains enriched in choles-
terol and sphingolipids, are known as lipid rafts. Caveolae
are specialized lipid rafts that form flask-shaped invagina-
tions of the plasma membrane stabilized by the interaction
between coat proteins (caveolins; Kurzchalia and Parton
1996; Drab et al. 2001) and adapter proteins (cavins).
Membrane microdomains are involved in cell signaling
and the transport of macromolecules and have been shown
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to regulate vascular reactivity and blood pressure (Durante
et al. 1997). Caveolae have been implicated in chronic
inflammatory conditions and other pathologies including
atherosclerosis, pulmonary dysfunctions, inflammatory bow-
el disease, muscular dystrophy and generalized dyslipidemia
(Simionescu and Simionescu 1991; Simionescu and Antohe
2006; Chidlow and Sessa 2010; Uyy et al. 2010). Recently,
published data have shown that the function of caveolae
can be modulated by nutrition, such as dietary lipids
and plant-derived polyphenols, with profound changes
in the caveolae-associated signaling pathways (Majkova
et al. 2010). Because of their specific composition and
detergent resistance, enriched fractions of these struc-
tures, called detergent-resistant membranes (DRMs) can
be easily isolated (Sargiacomo et al. 1993).

Several antigens have been implicated in immune-
mediated processes related to atherosclerotic plaques (Wick
et al. 2004) and in particular, a role has been hypothesized for
several heat-shock proteins (Hsps; Pockley and Frostegard
2005; Wick 2006). In addition to being present in cells under
physiological conditions, Hsp expression increases in re-
sponse to many environmental stresses, including oxidative
stress, chemicals, viruses and ischemia-reperfusion injury
(Mehta et al. 2005). Published data support the hypothesis
that intracellular Hsps have cytoprotective functions, where-
as extracellular located or membrane-bound Hsps mediate
immunological functions (Tsan and Gao 2004). However,
the mechanism by which Hsps are released into the extracel-
lular space or secreted into the plasma and the specific role
played in signal transduction have not yet been identified. In
atherosclerotic lesions, human Hsps together with bacterial
pathogen appear to stimulate an immune response leading to
the development and progression of atherosclerosis (Pockley
2002; Businaro et al. 2009). Hsps are known to be associated
with a number of signaling molecules, including v-Src, Raf1,
AKT and steroid receptors, suggesting an important role for
these proteins in signal transduction (Nollen and Morimoto
2002; Pratt and Toft 2003). One of the important areas of
current research is to investigate the role of Hsps in athero-
sclerosis. Whether Hsps are protective or destructive for the
organism, with the role of Hsps in atherosclerosis most
probably being multifaceted, remains unclear.

ApoE-deficient (ApoE−/−) mice challenged with a high-
fat diet developed extensive atherosclerotic plaques in the
lesion-prone area with similar patterns to those in human
patients. Accumulated results support the concept that the
progression of the disease is closely associated with long-
term systemic vascular dysfunction that leads, in the final
stages, to plaque rupture and mortality. Given the widespread
acceptance of the ApoE−/− mouse (Zhang et al. 1992;
Nakashima et al. 1994; Smith and Breslow 1997; Kanwar
et al. 2001) as a model of human atherosclerosis, the present
study aims to determine whether atherogenesis in ApoE−/−

mice correlates with the modified composition of isolated
DRM and secretion of Hsps (Hsp70 and Hsp90). The effect
of lipid-lowering therapy with statin, which inhibits 3-
hydroxy-3 methylglutaryl coenzyme A reductase, has been
used to evaluate the potential of the drug to prevent the
progression of atherosclerotic disease.

The DRM content of the angiotensin-converting enzyme
(ACE) as a key enzyme in cardiovascular pathophysiology
(Bernstein et al. 2005) has been evaluated. ACE is critically
involved in endothelial homeostasis by controlling the cir-
culating levels of bradykinin and angiotensin II and thereby
affects vascular development, tone and permeability, partic-
ularly in the lung, the organ with the highest level of endo-
thelial cell ACE expression. ACE activity in lung endothelial
cells is also a sensitive marker of endothelial dysfunction,
including lung vascular injury (Muzykantov and Danilov
1991; Orfanos et al. 2000).

Since diet-induced hyperlipidemia might affect the compo-
sition of macromolecules located in lipid raft/caveolae, a
platform for pro-inflammatory signaling associated with vas-
cular diseases such as atherosclerosis, we designed experi-
ments on DRM isolated from ApoE−/− mice exposed to a
standard or hyperlipidemic diet with and without fluvastatin
treatment versus control C57 Black mice. Biochemical stud-
ies, immunoblotting and high-sensitivity liquid chromatogra-
phy mass spectrometric (LC-MS/MS) analysis were
performed to investigate: (1) the total protein, glycerolipids,
cholesterol concentration and ACE activity in DRM after a
high-fat diet; (2) the caveolin-1, cavin-1 (PTRF [polymerase I
and transcript-release factor]), filamin A and dynamin expres-
sion in microvascular DRM isolated from the lung tissue of
ApoE−/− mice versus appropriate controls; (3) whether the
expression and secretion of stress-inducible forms of Hsps
(Hsp70 and Hsp90) were correlated with the caveolin intra-
cellular distribution and activated AKT in experimental ath-
erosclerosis; and (4) the effect of fluvastatin on the expression
of Hsps and other DRM-located proteins in ApoE−/− mice.

Materials and methods

Antibodies and reagents

Antibodies and their sources were as follows: mouse anti-
caveolin-1 monoclonal antibody clone C060 (from BD
Transduction Laboratories, Lexington, Ky., USA); primary
capture antibodies against Hsps (Hsp70 clone BRM-22 and
Hsp90 clone AC-16) and anti-mouse and anti-rabbit IgG
peroxidase conjugate (from Sigma, Mo., USA); biotinylated
monoclonal antibodies against Hsps (Hsp70 clone 5A5 and
Hsp90 clone AC88), AKT1, phosphorylated AKT1
(pAKT1), PTRF and β-actin clone AC-15 (from Abcam,
Cambridge, UK). The enhanced chemiluminescence (ECL)
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plus Western blotting detection reagent kit was supplied by
GE Healthcare (Little Chalfont, UK). All other reagents were
purchased from BIO-RAD or Sigma, except when otherwise
specified.

Animals

Healthy male 8-week-old ApoE−/− (n=20) and wild–type
C57 BL (n=10) mice, selected to have a body weight of
20±2 g, were divided into three experimental groups of 10
animals each. The control group (WT) was represented by
wild–type C57 BL mice. The atherosclerotic group (A) of
ApoE−/− mice was fed for 4 weeks with a hyperlipidemic
diet (standard diet supplemented with 1 % cholesterol and
15 % butter). In parallel, another atherosclerotic group (At)
was fed the same hyperlipidemic diet and after 4 weeks
received fluvastatin (10 mg/kg/day) by oral gavages for other
2 weeks (Nakamura et al. 2009).

The animals were evaluated for general physical aspects
and plasma biochemical values of cholesterol and triglycer-
ides; when plasma cholesterol reached the pathological level
of 300–470 mg/dl, the animals were anesthetized and then
killed and their blood, hearts, aortas and lungs were
harvested and kept frozen at −80 °C until use. During the
experiment, animals had free access to fresh water. The
experiments were conducted in accordance with the
Principles of Laboratory Animal Care (NIH Publication no.
83–25, revised in 1985), regulations of the Ethics Committee
of ICBP N. Simionescu and Romanian Law no. 471/2002.

Cryosections

Tissue fragments from the aortic arch and heart valve were
collected from each experimental group and processed for
microscopy. Aorta and cardiac valves were carefully excised
and all segments were fixed in 4 % formaldehyde in
phosphate-buffered saline (PBS) for 90 min at room temper-
ature. The tissue fragments were then immersed in OCT
embedding medium and flash-frozen in liquid nitrogen and
cryosections were collected. The frozen sections were stained
with Oil Red O (Mancini et al. 1995) and hematoxylin-eosin
or Hoechst, mounted in 90 % glycerol in water and examined
by fluorescent microscopy by using a Zeiss AXIOVert A1
microscope (Zeiss LD-Plan-Neofluar 20×/0.4 Ph2 Korr ob-
jective lens) at room temperature. Images were captured with
a Zeiss AXIOcam MRc5 Camera by using ZEN imaging
software. The post-processing of images was performed with
Adobe PhotoshopCS5.

Enzyme-linked immunosorbent assay

Levels of Hsps (Hsp70 and Hsp90) in serum samples were
detected in 96-well plates coated with 2 μg/ml anti-Hsps

capture antibody diluted in coating buffer, overnight at
4 °C. The following day, the wells were blocked with 1 %
bovine serum albumin (BSA) in PBS (200 μl/well) for 2 h at
room temperature. Before the addition of the samples, the
plates were washed three times with washing buffer (PBS
containing 0.05 % Tween 20). Standard and serum samples
(diluted 1:2 in PBS) were added to each well (100 μl/well) in
duplicate. Following overnight incubation, the plates were
washed (three times) and 100 μl biotinylated anti-Hsps anti-
body (1 μg/ml diluted in 1 % BSA in PBS) was added and
incubated in the plates for 2 h. Afterwards, 100 μl/well
streptavidin-horseradish peroxidase (HRP) was added and in-
cubated for 1 h at room temperature. After a washing step,
100 μl/well working substrate solutions (containing 0.1M citric
acid, 0.2 M disodium hydrogen phosphate, 0.08 % o-
phenylenediamine and 0.01%H2O2) were added and the plates
were incubated for 15 min in the dark at room temperature.
Finally, 8MH2SO4 (25 μl/well) was added to stop the reaction.
Absorbance was measured at 492 nm with a Multiskan MS 3.0
(Labsystems) micro-plate spectrophotometer.

Preparation of DRM

Lung tissue fragments (200 mg) were homogenized in 2 ml
cold buffer with 1 % Triton X-100, adjusted to a final
concentration of 40 % sucrose and bottom-loaded in an
ultracentrifuge tube. DRM fractions were purified as previ-
ously described (Sargiacomo et al. 1993). A discontinuous
gradient consisting of 30 % and 5 % sucrose was formed on
top of the sample and the gradient was centrifuged for 18 h at
200,000 g. Buoyant lipid raft and caveolae material floated
up to the 30 % to 5 % sucrose interface (DRM fractions 4 and
5), whereas the rest of the cellular material remained in the
40 % sucrose layer. The gradient was collected in aliquots of
1 ml starting from the top. For all fractions, protein, choles-
terol and glycerolipid concentrations were determined by
using the Precision Red protein assay (Cytoskeleton,
Denver, Colo., USA), the cholesterol assay kit (CHOD-
PAP method) and the triglycerides assay kit (GPO-PAP
method; Dialab, Austria), respectively. ACE activity was
quantified by using Hip-L-His-L-Leu substrate (Erman
et al. 1993).

Immunoblot assay

Fractions 4 and 5 (enriched in cholesterol and protein) were
pooled together and equal amounts of protein from each
sample were loaded and run on 12.5 % sodium dodecyl
sulfate/polyacrylamide gels. The separated proteins were
then transferred to nitrocellulose membrane and analyzed
by Western blot assay. The blots were blocked with 5 %
BSA in TRIS-buffered saline (TBS) with 0.05 % Tween 20,
pH 7.6 and exposed for 2 h to the primary anti-caveolin-1
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and anti-PTRF antibodies in TBS with 1 % BSA followed by
the appropriate IgG–HRP secondary antibodies for 1 h. The
reaction product was detected with the Super signal chemi-
luminescence substrate and quantified by densitometry with
computerized image analysis Scion Image software.

DRM preparation for mass spectrometric analysis

DRM fractions were diluted in MES-buffered saline and
ultra-centrifuged for 4 h (100,000 g) and the resulting pellets
were subsequently prepared for mass spectrometry analysis.
The procedure included solubilization in 8 M urea and 1 %
sodium deoxycolate denaturant buffer, purification
(delipidation by using methanol/chloroform/water precipita-
tion), reduction for 1 h at room temperature by using 20 mM
dithiotreitol solution and alkylation of cysteine residues for
1 h 30 min at room temperature by using 80 mM
iodoacetamide solution. Urea dilution was performed with
ammonium bicarbonate (50 mM), which was also used to
buffer the solution (pH ∼8). Overnight proteolysis was
performed at 37 °C by using sequencing-grade modified
trypsin (Enzyme: Substrate=1:20; Promega, Madison, Wis.,
USA) under agitation. The resulting peptide solution was
acidified with 1 % formic acid (pH ∼3) and then
desalting through solid-phase extraction of the peptides
by using 100 mg sorbent Sep-Pak C18 cartridges (Waters,
Milford, Mass., USA) was performed. Peptides were
eluted with 50 % acetonitril, 0.1 % formic acid solution,
dried by using the Concentrator Plus (Eppendorf) and
suspended in 5 % acetonitril with 0.1 % formic acid
solution.

Nano LC-MS/MS analysis

The peptide mixtures (0.5 μg) were separated by using the
Ultimate 3000 RSLC nano system (Dionex, now part of
Thermo Fisher Scientific, San Jose, Calif., USA). For each
analysis, the sample was loaded into an Acclaim PepMap
2 cm×75 μm i.d., C18, 3 μm, 100 A, trap column (Dionex).
The trap column was connected to the Acclaim PepMap
RSLC 15 cm×75 μm i.d., C18, 2 μm, 100 A, analytical
column (Dionex). The aqueous mobile phase was 0.1 %
formic acid in high-pressure LC (HPLC) grade water (sol-
vent A), whereas the organic mobile phase contained 0.1 %
formic acid in HPLC grade acetonitril (solvent B). After
3 min of washing the trap column, peptides were eluted
with a gradient of 2–35 % solvent B over 48 min at a
flow rate of 300 nl/min. Dynamic nano-electrospray
source housing was utilized with uncoated SilicaTips,
12 cm length, 360 μm outer diameter, 10 μm tip inner
diameter. For the ionization process, 1,500 V liquid
junction voltage and 250 °C capillary temperature were
used. The mass spectrometer was operated in a top 6

data-dependent configuration at 60 k resolving power (at
m/z=400) for a full scan with monoisotopic precursor
selection enabled and mass correction by using lock
mass, in the 300–2,000 m/z domain. The dynamic ex-
clusion mode was enabled over a duration of 90 s, with
an exclusion mass width relative to the precursor of
±7 ppm. The analyses were carried out with CID frag-
mentation mode. The instrument operating software was
Xcalibur 2.1.0 QF03489 build 1140 and LTQ Orbitrap
Velos MS 2.6.0 build 1050. The samples were injected
in triplicate (see Electronic Supplementary Material,
Table S1).

Protein database inference and label-free quantification

The identification process was performed by using Proteome
Discoverer 1.3 (Thermo Fisher Scientific) and Scaffold 3.0
(Proteome Software, Portland, Ore., USA). Only one missed
cleavage was allowed. A mouse database (UniProtKB/Swiss-
Prot, build 28.11.2012) was used for the identification search.
Moreover, Mascot Score (Matrix Science, London, UK; ver-
sion 1.2.0.207) was cross-correlated with X!Tandem (The
GPM, thegpm.org; version 2007.01.01.1) for better identifi-
cation significance. Mascot and X!Tandem were searched
with a fragment ion mass tolerance of 0.80 Da and a parent
ion tolerance of 10.0 ppm. Oxidation of methionine and
carbamidomethylation of the cysteine residues were specified
in Mascot and X!Tandem as variable modifications. Peptide
identifications were accepted if they could be established at
greater than 95 % probability as specified by the Peptide
Prophet algorithm (Keller et al. 2002). Protein identifications
were accepted if they could be established at greater than 99%
probability and contained at least two identified peptides.
Protein probabilities were assigned by the Protein
Prophet algorithm (Nesvizhskii et al. 2003). Label-free rela-
tive quantification was performed by using the spectral
counting method within Scaffold (version Scaffold_3.0.9.1,
Proteome Software).

Spectral counting is an often-used label-free quantitative
strategy in which the number of spectra matched to peptides
from a protein is taken as a surrogate measure of protein
abundance. Although conceptually simple, various studies
have demonstrated that spectral counting can be as sensitive
as ion peak intensities in terms of detection range, while
retaining linearity (Ishihama et al. 2005; Fu et al. 2008).
Scaffold calculates the spectrum count quantitative value
by normalizing spectral counts across an experiment. The
process of calculating normalized spectral counts is as fol-
lows: Scaffold takes the sum of all the un-weighted spectrum
counts for each MS sample; these sums are then scaled so
that they are all the same; Scaffold applies the scaling factor
for each sample to each protein group and outputs a normal-
ized quantitative value.
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Statistical analysis

All results were expressed as means ± SEM. All statistical
comparisons were performed by using a one-way analysis of
variance test. A probability value of P<0.05 was considered
statistically significant.

Results

Characterization of the experimental model

ApoE−/− mice from the A group received a hyperlipidemic
diet in order to accelerate the development of atherosclerotic
plaques. Whereas the body weight remained almost constant,
the onset and development of hyperlipidemia was assessed
by the significant increase of serum cholesterol and triglyc-
erides concentrations under the hyperlipidemic diet when
compared with the control (WT) group (Table 1). After
receiving a standard diet, the control animals had a plasma
cholesterol level of 65.6±1.7 mg/dl, whereas under a hyper-
lipidemic diet, the A group animals presented a significantly
higher plasma cholesterol level of 472.5±79.9 mg/dl.
Additionally, the triglyceride level was also increased to
130.8±39.6 mg/dl in the A group animals compared with
46.1±2.1 mg/dl in the control animals. Notably, the hyper-
lipidemic diet effect was significantly attenuated when the
serum levels of cholesterol (100 mg/dl) and triglycerides
(50.3 mg/dl) were evaluated after treating the At group
animals with fluvastatin (Table 1).

All ApoE−/− mice challenged with the hyperlipidemic
diet developed substantial atherosclerotic lesions in the prox-
imal aorta and valves. Lipid deposits were detected on serial
sections of heart valves by staining with the lipid-soluble dye
Oil Red O, which stained hydrophobic lipids, including
cholesterol esters (Fig. 1b, c, e, f). In contrast, none of the
controls showed the development of typical atherosclerotic

lesions (Fig. 1a, d). Lesion areas were characterized by a
heterogeneous structure enriched in cells loaded with fat
droplets intensely stained with Oil Red O and hematoxylin-
eosin (Fig. 1b, c). The double-staining with Hoechst and Oil
Red O clearly demonstrated the close association of lipid
deposits with cellular structures of the plaques (Fig. 1e, f).
Control mice showed no abnormalities in any of the stained
sections examined, whereas ApoE−/− mice developed ath-
erosclerotic plaques in several locations. Markedly, in corre-
lation with the serum lipid detected (Table 1), statin therapy
delayed the growth of atherosclerotic plaques, which were
still present as fatty streaks in the tissue fragments harvested
from group At animals (Fig. 1c, f).

Characterization of isolated DRM

DRMs were prepared from lung tissue, the organ with the
largest surface of endothelial cells endowed with character-
istic caveolae structures and often used as a source to isolate
endothelium enriched samples. The maximum protein ex-
pression of caveolar marker caveolin-1 was found in frac-
tions 4 and 5 of the Triton-X-100-resistant membrane extrac-
tion and in fractions 9–12 of non-raft origin in a similar
pattern as previously reported (Razani and Lisanti 2001; data
not shown). Fractions of raft origin were pooled together and
further named DRMs.

ACE-assayed activity was found to be higher in DRM
isolated from all animal groups (Fig. 2a). These increased
values of ACE (marker of endothelial cell plasma mem-
brane) activity showed the significant enrichment of our
extract in endothelial cells plasma membranes. Notably, the
ACE activity was even higher in groups A and At,
suggesting the activation of endothelial cells under hyperlip-
idemic stress.

Protein, cholesterol and glycerolipids concentration in-
creased in DRM in all experimental groups (Fig. 2b–d).
The concentration of cholesterol in DRM was ∼2 times

Table 1 Biochemical parameters of the atherosclerotic model. Charac-
teristics of control (WT) and hyperlipidemic untreated (A) and statin-
treated (At) animals. Assays of blood serum cholesterol, triglycerides,

Hsp70, Hsp90 and measurements of body weight were performed for
each group. Data are expressed as means ± SEM (a.u. arbitrary units)

Parameter measured Experimental group

WT A At

Body weight (g) 20.2±0.7 20.6±0.5 20.3±0.4

Cholesterol (mg/dl) 65.6±1.7 472.5±79.9*** 100.4±20.1***(vs. A)

Triglycerides (mg/dl) 46.1±2.1 130.8±39.6* 50.3±2.2

Hsp 70 (a.u.) 81.57±3.4 118.43±6.5*** 79.43±3.9***(vs. A)

Hsp 90 (a.u.) 49.71±5.8 13.28±3.6* 36.28±8.5*(vs. A)

*P<0.05

***P<0.001
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greater in both A and At animals than in WT controls. The
mass spectrometry analysis also demonstrated different
amounts of identified proteins in the three experimental
groups, namely: 465±14 in WT, 477±6 in A and 456±18
in At. This variable protein composition and the increase in
cholesterol and glycerolipids concentration in DRM isolated
from animals receiving a high-fat diet (Fig. 2c, d) indicated
the modified biochemical composition of the cell membrane.
Elevated membrane contents in cholesterol and glycerolipids
might significantly affect the plasma membrane fluidity and
permeability in atherosclerosis and in tissues that do not
usually develop atherosclerosic plaques.

Hyperlipidemia induces the up-regulation of caveolin-1
protein expression in DRM

We investigated whether the expression of caveolin-1 in
DRM isolated from lung tissue could be influenced by a
hyperlipidemic diet. Caveolin-1 was specifically detected
byWestern blot as a 22-kDa band in all experimental groups.
The densitometry measurements of individual bands showed
that caveolin-1 expression was 2.5-fold higher in the A
group animals and 2.3-fold higher in the At group animals
compared with probes from WT animals (Fig. 2e).

Expression of caveolin-1 was also evaluated by compara-
tive spectral counting LC-MS/MS proteomics. The data
showed that caveolin-1 was over-expressed in the DRM iso-
lated from the A andAt groups than in theWT group (Fig. 3a),
which supported the immunoblotting detection results.

Extraction with Triton X-100 detergent followed by den-
sity gradient centrifugation generated a mixture of mem-
branes from several organelles (Rizzo et al. 1998; Everson
and Smart 2006) rich in cholesterol and sphingolipids but

also in ACE, indicating the endothelial origin of the proteins
concentrated in DRM. Increased expression of caveolin-1
protein induced by hyperlipidemia in DRM supported the
hypothesis of the redistribution of caveolin-1 between the
intracellular and plasma membranes, an event that might
generate the over-expression of caveolin-1 in the isolated
DRM.

Hyperlipidemia induces the down-regulation of PTRF
protein expression in DRM

Because the presence of cavin-1 (PTRF) in membranes has
an important role in caveolae formation at the plasma mem-
brane level, PTRF protein expression was evaluated by
Western blotting and mass spectrometry in DRM (Figs. 2e,
3a). As shown in Fig. 2e, the densitometry revealed that
PTRF expression was significantly decreased in
membrane-enriched fractions isolated from the A group
and was not affected by the fluvastatin treatment when
compared with the WT group.

This study showed a decrease in the protein expression of
PTRF and an increased expression of caveolin-1 in DRM
from hyperlipidemic (A) compared with control (WT) ani-
mals. The AKT1 level in group A was comparable with the
basal level of AKT1 in the control group (WT), whereas a
significant increase (2.4-fold) of pAKT was observed in the
lung homogenate from the A group animals. The hyperlip-
idemic stress could be a determining factor for increased
phosphorylation of AKT1 at Thr308. Interestingly the
pAKT level was significantly reduced (2.5-fold) by the
fluvastatin treatment (Fig. 2f).

As PTRF selectively associates with mature caveolae at
the plasma membrane but not with Golgi-localized caveolin

Fig. 1 Atherosclerotic plaques
developed on cardiac valves.
Cryosections of cardiac tissue
harvested from wild-type (WT)
control C57 Black (a, d) and
hyperlipidemic untreated (A) and
statin-treated (At) ApoE−/− mice
(b, e, c, f). Hematoxylin-eosin
and Oil Red O phase-contrast
images (a, b, c) showing the lipid
deposits in A (b) and At (c)
groups. Fluorescence
microscopy of similar sections
double-stained with Hoechst and
Oil Red O (d, e, f) demonstrated
the presence of lipid-loaded cells
within the atherosclerotic
plaques in the A (e) and At (f)
groups. Note the reduced
atherosclerotic lesion under
statin administration (c, f). Bars
200 μm
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(Hill et al. 2008; Nabi 2009), our experimental data support
the hypothesis that the lower protein expression of PTRF
leads to a reduction in the number of caveolae attached to the
plasma membrane of pulmonary endothelial cells present in
DRM under high-fat stress.

Expression of some co-fractionated proteins
(Filamin A, dynamin) with caveolin-1

Dynamin is a 96-kDa GTPase shown to be essential for
many cellular processes, including the budding of endocytic
(Herskovits et al. 1993) and secretor-transport (Cao et al.

2000) vesicles, podosome formation (McNiven et al. 2004),
actin rearrangements (Lee and De Camilli 2002; Schafer
et al. 2002) and cytokinesis (Thompson et al. 2002). This
protein is also involved in the fission of some endocytic
vesicles from the plasma membrane (Henley et al. 1998)
and their subsequent internalization (Oh et al. 1998).

To explore whether caveolae budding from the plasma
membrane was affected by the down-regulation of PTRF, we
investigated, by mass spectrometry, the protein expression of
dynamin in DRM. Figure 3a reveals a decrease of protein
expression of dynamin in the hyperlipidemic group (∼1.7-
fold for the A group) comparative with physiological

Fig. 2 Characterization of
detergent-resistant membrane
(DRM). Lung tissue from
hyperlipidemic animal models
and their controls (WTwild-
types, A hyperlipidemic
untreated animals, At statin-
treated animals) was
homogenized in buffer
containing 1 % Triton X-100.
The mixture was overlaid on a
discontinuous sucrose gradient
and subjected to
ultracentrifugation to obtain
DRM (fractions 4 and 5).
Angiotensin-converting enzyme
(ACE) activity (a), protein (b),
cholesterol (c) and glycerolipid
(d) concentrations were detected
in all 12 fractions collected.
Protein expression of caveolin-1
(CAV1) and cavin-1 (PTRF,
polymerase I and transcript-
release factor) was identified in
DRM (e) and protein expression
of AKT1 and phosphorylated
AKT1 (pAKT1) was assayed (f)
in the cytosolic fractions 9–12 by
Western blotting. The protein
expression of caveolin-1, PTRF,
AKT1 and pAKT1 was reported
in comparison with β actin,
which was arbitrarily assigned to
100 in the wild-type (WT) case
(a.u. arbitrary units). The
experiment was repeated three
times. Data are expressed as
means ± SEM. *P<0.05,
**P<0.01 respectively
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conditions revealed by the WTcontrols. We hypothesise that
the reduction in the number of caveolae attached to the
plasma membrane is supported by a decreased protein ex-
pression of both PTRF and dynamin (Figs. 2e, 3a), which
might be involved in the budding step of caveolae located on
plasma membrane. Previously published data supporting our
observations provide evidence that caveolae are associated
with the cytoskeleton and other structural proteins including
actin, annexin II, Filamin A and dynamin, which are thought
to be important in regulating caveolae budding and transport
function (Stahlhut and van Deurs 2000).

Another notable finding in our study is the Filamin A
association with caveolin-1, showed by co-fractionation of
these proteins in the DRM (Fig. 3b). These results correlate
well with previous studies that demonstrated that Filamin A
association with caveolin-1 in endothelial cells is involved in
the mobility of both intracellular caveolin-1 and membrane-
associated vesicles (Sverdlov et al. 2009).

Correlation of released serum Hsps and their location
in DRM

The accumulation of Hsps is seen not only in stressful
conditions but also in many patho-physiological conditions
and tumors. These chaperones help the cell to recover by
refolding partially damaged functional proteins and also by
increasing the association of the cell with survival factors
(Sreedhar et al. 2004). Interestingly, Hsps, which are nor-
mally located intracellularly, have also been found in soluble
form in serum together with specific anti-Hsp antibodies and
some data suggest a close correlation between the levels of
these antibodies and the severity of atherosclerosis (Pockley
et al. 1998).

Using the capture enzme-linked immunosorbent assay,
we determined the concentration of secreted Hsps in

hyperlipidemic serum (Table 1). With respect to the Hsp70
proteins, a real boost occurred to their secretion in the hy-
perlipidemic A group animals, compared with theWTand At
groups. However, the Hsp90 detected in serum decreased in
the A group animals compared with that of the WT group.

Statin therapy (group At) significantly reversed the pro-
cesses induced by hyperlipidemia, reducing the secretion of
Hsp70 while raising the secretion of Hsp90 compared with A
group, together with a decline in the serum lipids (Table 1).

The co-fractionation of Hsp70 and Hsp90 (Fig. 3c) to-
gether with caveolin-1 in DRM suggests that lipid rafts
and/or caveolae have a positive effect on the secretion of
these Hsps. Mass spectrometry results documented that
Hsp90 (Fig. 3c) was significantly lower in DRM isolated
from hyperlipidemic animals (group A) compared with that
in the WT group. On the contrary, Hsp70 protein expression
(Fig. 3c) was found to be significantly higher in DRM
isolated from the A group when compared with that of the
WT group.

Mass spectrometry revealed, for the first time, the in-
creased expression of Hsp70 protein in DRM isolated from
the lung tissue of hyperlipidemic animals (Fig. 3c). The
expression of Hsp70 and Hsp90 was strongly regulated in
the ApoE knockout mice and these Hsps co-fractionated
with caveolar and cytoskeletal proteins. An understanding
of the role of Hsps in atherogenesis might help in the design
of strategies that target these proteins in early diagnosis or in
the treatment of disease.

Discussion

The systemic vascular dysfunction associated with athero-
sclerosis and the new concept of the “vulnerable patient”
need to be supported by novel quantitative data and variables

Fig. 3 Mass spectrometry proteomic analysis of DRM. Histogram
showing normalized spectrum count in arbitrary units (a.u.; relative
abundance of protein across the various samples) of (a) caveolin-1
(CAV), PTRF, dynamin (DYN), (b) Filamin A, (c) heat-shock proteins
70 and 90 (Hsp70, Hsp90) in DRM (fractions 4 and 5) by comparative
spectral counting LC-MS/MS (liquid chromatography mass

spectrometric analysis). The experiment was repeated three times.
DRM were collected from each experimental group (WTwild-types, A
hyperlipidemic untreated animals, At statin-treated animals), concen-
trated by ultracentrifugation and subjected to triplicate LC-MS/MS
analysis. Data are expressed as means ± SEM. *P<0.05, **P<0.01
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to be measured. Valuable information regarding the high-
lipid stress induced in vasculature, even in tissue that does
not usually develop atherosclerotic plaques could allow the
early assessment of high risk patients.

In this paper, we have aimed to demonstrate the effect of a
high-lipid diet on biochemical changes of DRMmicrodomains
isolated from the lung of ApoE−/− mice with atherosclerosis.
Although the lung is not a target for atherosclerotic lesions,
pulmonary dysfunctions and severe cardiopulmonary effects
are common events associated with cardiovascular diseases.
The experimental model designed by using a hyperlipidemic
diet in ApoE knockout mice has demonstrated the rapid de-
velopment of atherosclerotic lesions and occurrence of pathol-
ogy (Fig. 1, Table 1). As previously hypothesized, the presence
of a mechanism by which inflammation is maintained and
enhanced under hyperlipidemic conditions leads to the devel-
opment of chronic patho-physiological symptoms and, in the
end, to atherosclerosis (Haraba et al. 2011). In addition, in-
creased expression of caveolin-1, an elevated cholesterol con-
centration and increased ACE enzymatic activity (Figs. 2a–e,
3a) might cause the inhibition of endothelial nitric oxide
synthase located on the internal face of the membrane, follow-
ed by the reduced production of nitric oxide, which ultimately
leads to the dysfunction of endothelial cells. Increased choles-
terol and glycerolipids in DRM induced by a high-fat diet
demonstrates an enrichment of the cell membrane with lipid
rafts of modified biochemical composition (Fig. 2c, d), which
might significantly affect the fluidity and permeability of the
cell membrane. The diet-induced changes are also supported
by the high-sensitivity mass spectrometry analysis that has
evidenced various pools of identified proteins in control
(WT: 465±14) versus the hyperlipidemic (A: 477±6) or
statin-treated group (At: 456±18).

Previously reported data have shown that PTRF expres-
sion occurs strictly in parallel to that of caveolin-1 in mice
tissues, with its highest expression being found in fat and
lung, predicting a functional link between the two proteins
(Hasegawa et al. 2000). PTRF is recruited by caveolins to
plasma membrane caveolar domains and is necessary for
caveolae formation according to Liu and Pilch (2008).
Indeed, the latter authors have claimed that the absence of
PTRF leads to the loss of morphologically identifiable
caveolae and reduced protein expression of all three caveolin
isoforms, whereas no alterations at the level of mRNA of
caveolins have been observed. Previous data (Hill et al.
2008) showing that PTRF down-regulation is also accompa-
nied by an increase of caveolin-1 mobility, which is released
from the cell surface and rapidly internalized and degraded,
support our observations.

When a non-ionic detergent extraction such as Triton X-
100 is performed and complemented by density gradient
centrifugation to isolate DRM, the buoyant fractions have
been shown to be a mixture of membranes from multiple

organelles (Everson and Smart 2006). In our case, the hy-
perlipidemic diet induces changes in the DRM-associated
proteins that co-fractionate with caveolin-1 as PTRF,
dynamin, Hsp70 and Hsp90 and also of the major lipid
components in ApoE−/− mice (Figs. 2 and 3). The low
expression of PTRF is consistent with a reduced number of
caveolae attached to the plasma membrane, whereas the high
expression of caveolin-1 suggests the redistribution of
caveolin-1 toward the non-raft domains of the cellular
membranes.

Published data demonstrate that dynamin plays an essen-
tial role in receptor-mediated endocytosis via clathrin-coated
pits or caveolae (Herskovits et al. 1993). In our model, a
high-fat diet induces the over-expression of caveolin-1 and
decreases dynamin protein expression co-fractionated with
caveolin-1 in DRM. The correlated changes induced by a
hyperlipidemic diet in lipids and proteins that co-fractionate
with caveolin-1 (i.e., PTRF, dynamin, Filamin A) in DRM
might be an indirect response of the increased internalization
of macromolecules via various mechanisms and diverse
dynamin-dependent pathways at the expense of the caveolar
pathway in pathological conditions induced by atherosclero-
sis in pulmonary microvasculature (Fig. 3a, b).

Our results support the concept that membrane-associated
caveolae respond to the high-lipid stress by the rapid disas-
sembly and redistribution of caveolin-1 in non-caveolae
domains at the plasma membrane level or in intracellular
membranes, accompanied by the down-regulation of PTRF
and dynamin protein and the up-regulation of caveolin-1
(Figs. 2e, 3a).

In addition, the data show an over-expression of Hsp70
and a down-regulation of Hsp90, both of which co-
fractionate with caveolin-1 in DRM isolated from lung tissue
(Fig. 3c). The cellular stress factors responsible for the in-
duction of the Hsp70 boost in ApoE−/− mice are not known
but the initial cause is likely to be lipid deposition. ApoE−/−
mice lack ApoE, a glycoprotein that mediates the low-
density lipoprotein (LDL) receptor clearance of serum lipo-
proteins (Plump and Breslow 1995) and spontaneously de-
velop hyperlipidemia, as in humans expressing dysfunction-
al ApoE (Walden and Hegele 1994). Oxidized LDL in the
arterial wall is chemotactic and enhances the adhesiveness of
monocytes inducing the expression of Hsp60 and Hsp70 in
several cell types (Johnson 1999; Frostegard et al. 1996).
The present results are consistent with the concept that
caveolae function as vehicles by which Hsps are transported
to the cell membrane for externalization (Broquet et al.
2003). Hsp70 localized in caveolae possibly functions to
prevent oxidative damage to proteins and lipids, whereas
extracellular Hsp70 acts as a danger signal to the innate
immune system (Vega et al. 2008).

Indeed, the hyperlipidemic condition induces a change in
the distribution of Hsp70 and Hsp90 that co-fractionate with
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caveolin-1 in DRM; this is correlated with the amount se-
creted into serum isolated from the same experimental group.
These data lead us to consider the possible active regulatory
role of caveolin-1-positive DRM in Hsp secretion (Fig. 3c,
Table 1).

Since the present results show notable similarities with
human pathology, the data obtained might be relevant to the
modulation of molecular processes in patients with athero-
sclerosis. Future studies should investigate the cardiopulmo-
nary effects of in vivo modulation of caveolin expression,
since the accumulated data support the systemic inflamma-
tory character of atherosclerosis.
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