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Abstract: Problem statement: Palmitate is a known cardiac lipotoxin that blunts cardiomyocyte
contractile function and induces apoptosis, likely via accumulation of the lipotoxic ceramide.
Ceramide is a sphingolipid and localizes to caveolae, which are lined in the inner membrane leaflet by
caveolin proteins. In this study, we investigated the effects of palmitate on caveolin proteins and on
endothelial Nitric Oxide Synthase (eNOS), a signaling mediator that binds to caveolin-3, the musclespecific caveolae scaffolding protein. Approach and Results: Mice fed a high palmitate diet for 12
weeks showed pathologically increased coronary flow in the ex vivo Langendorff heart especially at
low extracellular calcium concentrations. In these hearts, eNOS Ser1177 phosphorylation was
increased compared to standard or high fat control diet hearts. This suggested that eNOS, a potent
vasodilator in the heart, is affected by palmitate. In vitro experiments showed that exposure of HL-1
cardiomyocytes to palmitate causes translocation of eNOS from the plasma membrane to a perinuclear location and causes an 80% decrease in Thr495 phosphorylation. This corresponded with a
41% decrease in NO production. To determine the mechanism of the loss of plasma membrane bound
eNOS, we investigated the effect of palmitate on caveolin-3 and found decreased caveolin-3 protein
levels by 70% compared to control cells. The remaining 30% of caveolin-3 was localized to a perinuclear location. In contrast to previous studies, palmitate did not cause apoptosis in cardiomyocytes.
Conclusion: Overall, we show for the first time that a high palmitate diet leads to loss of caveolin-3 in
cardiomyocytes and to coronary dysfunction of the mouse heart, via uncoupling of eNOS.
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induces contractile dysfunction and apoptosis (Kong
and Rabkin. 2003; Tsang et al., 2004; Miller et al.,
2005; Fauconnier et al., 2007). Most previously
published studies suggest that accumulation of
ceramide is the mediator of palmitate’s deleterious
effects. Ceramide is a sphingolipid, which is enriched in
micro-domains of the plasma membrane called
caveolae (Anderson, 1998). Caveolae are flask-like
membrane invaginations, 50-100 µm in size and
function in endocytosis, lipid trafficking and signal
transduction (Anderson, 1998; Okamoto et al., 1998).
There are three caveolin isoforms, caveolin-1, -2 and 3. Caveolin-1 and -2 are ubiquitously expressed,
whereas caveolin-3 is specific for striated muscle
(Williams and Lisanti, 2004). Caveolin-1 and -3 have a
conserved Caveolin Scaffolding Domain (CSD), which
is bound by many membrane proteins, for example Gproteins, the EDG receptors, tyrosine kinase receptors,
Erk and eNOS (Gratton et al., 2004). Thus, caveolae
play a central role in cellular communication and signal

INTRODUCTION
Morbidities associated with obesity such as
atherosclerosis, hypertension and diabetes are positively
correlated to plasma fatty acid content. Cardiac
lipotoxicity, caused by the accumulation of lipids, is
observed in rodent models of obesity, hyperlipidemia
and diabetes (Zhou et al., 2000; Chiu et al., 2001;
Young et al., 2002; Yagyu et al., 2003; Chiu et al.,
2005). To define the role of fatty acids, several studies
focused on saturated versus unsaturated fatty acids,
cardiac substrate utilization and contractile performance
of isolated cardiomyocytes (Fauconnie et al., 2007;
Okere et al., 2006). However, the direct effect of a diet
rich in palmitate (the most dominant fat in the western
fast food diet) on cardiac caveolin proteins and the
consequences for caveolin binding proteins has not yet
been established.
Exposing isolated cardiomyocytes to high
concentrations of the saturated fatty acid palmitate
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mg g−1) and euthanized by cervical dislocation. Hearts
were quickly excised and perfused in the Langendorff
mode following previously published procedures
(Pinz et al., 2008). After establishing baseline cardiac
contractile performance, hearts were challenged by
increasing extracellular calcium concentration from 1.5
- 4 mM, in 0.5 mM steps, by adding a 50 mM calcium
solution to the perfusate at 1, 2 and 3% of coronary
flow with a non-pulsatile pump. Coronary flow was
measured with an in-line flow sensor (1PXN, Transonic
Systems, Inc.). The calcium challenge will increase
coronary flow in a linear fashion in a normal heart.

transduction, providing tight and efficient regulation of
intracellular cascades.
In cardiomyocytes, eNOS localizes to caveolae
(Garcia-Cardena et al., 1996; Feron and Balligand,
2006) binding to caveolin-3. The co-localization of
caveolin-3 and eNOS may facilitate both eNOS
activation by cell surface receptors and nitric oxide
(NO) release at the cell surface for intercellular
signaling (Feron and Balligand, 2006). The first
identified mechanism for membrane association of
eNOS was lipid modification: eNOS is the only NOS
that undergoes both myristoylation and palmitoylation
on glycine 2 and cysteines 15 and 26. This double
acylation is necessary for the targeting of eNOS to
plasmalemmal caveolae (Feron and Balligand, 2006). In
cardiac ischemia preconditioning, release of eNOS
from caveolin is a crucial step for normal function of
eNOS and the protective release of NO (Der et al.,
2006). It is unknown whether in vivo exposure to
palmitate has an effect on eNOS binding to caveolae.
Therefore, we tested the hypothesis that exposure to
high palmitate changes the association of eNOS with
caveolin-3 in cardiomyocytes, independent of induction
of apoptosis. We present evidence for the first time that
a diet high in palmitate leads to increased cardiac eNOS
activation and pathological changes in cardiac coronary
blood flow in vivo. This is further supported by in vitro
studies, showing palmitate-induced loss of membrane
localized caveolin-3 and the translocation of eNOS
away from the plasma membrane, which in turn is
associated with a change in phosphorylation status and
activity of the enzyme.

Cell culture: The HL-1 cell line is a cardiomyocyte
line derived from the AT-1 mouse atrial cardiomyocyte
lineage and established and previously described by
Claycomb et al. (1998). Prior to culture of cells, dishes
were coated with 0.5% bovine fibronectin (Sigma) in
0.02% gelatin overnight at 37°C. HL-1 cells were
cultured in Claycomb’s specific media (SAFC
Biosciences) supplemented with 10% fetal bovine
serum (SAFC Biosciences), 0.1 mM norepinephrine, 2
mM L-glutamine, 100 units mL−1 penicillin and 100µg
mL−1 streptomycin and grown at 37°C in an atmosphere
of 5% CO2 and 95% air. Cultures were grown to 75%
confluency before treatment and 100% confluency
before being passaged or harvested for analysis.

Animals: C57BL/6 mice were purchased from Taconic
Farms. After breeding at MMCRI weaned mice (3
weeks of age) were maintained on standard lab chow
(6% crude fat) or a customized high palmitate diet
(palmitate, Harlan Teklad, TD05235, 21% total fat of
which 47% is palmitate) for 12 weeks. As a high fat
control diet, a customized diet containing no palmitate
and only medium chain triglycerides was used (MCT
diet, Harlan Teklad, TD05237, 21% of total fat).
Experimental protocols and procedures involving
animals were approved by the Institutional Animal and
Use Committee of Maine Medical Center and followed
the recommendations of current National Institutes of
Health and American Physiological Society guidelines
for the use and care of laboratory animals.

Cell treatments: After culture for 24 h (30-50%
confluency) in supplemented Claycomb’s medium,
cells were washed with serum-free Claycomb’s medium
and cultured in serum-free Claycomb’s medium for 1224 h prior to treatment with experimental conditions.
To simulate the components of Claycomb’s medium,
while maintaining control of BSA-bound palmitate, the
following components were added to Dulbecco’s
Modified Essential Media (DMEM) creating a basal
serum-free medium: 2 mg mL−1 BSA, 2 mM Lcarnitine, 5 mM creatine, 5 mM taurine, 1mM Lglutamine, 100 units mL−1 penicillin, 100 µg mL−1
streptomycin, 0.1 mM norepinephrine (added fresh day
of use). Control medium was comprised of this medium
and contained 5% fatty acid free BSA only, whereas
experimental medium contained 0.4 mM palmitate
bound to 5% fatty acid free BSA. Culture medium
containing 0.1 or 0.2 mM palmitate was made by
dilution of 0.4 mM palmitate medium with control
medium. Cells were exposed to control, 0.1, 0.2 or 0.4
mM palmitate medium for 18 h.

Isolated,
Isovolumic
Cardiac
Langendorff
perfusion: Mice were anesthetized with Avertin (0.3

Cell transfections: After culturing to 80% confluency
in 100 mm culture dishes, HL-1 cells were placed in
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antibiotic free supplemented Claycomb’s medium for 4
h prior to transfection. Cells were transfected with
Lipofectamine 2000 (Invitrogen) following the
recommendations of the manufacturer using 4 µg of
plasmid DNA encoding bovine eNOS (a generous gift
from T. Michel at Brigham and Womens Hospital,
Boston, MA). Transiently transfected cells were
identified by co-transfection of GFP and to provide an
estimate of transfection efficiency.

pyrophosphate and protease inhibitor cocktail V
(Calbiochem). Protein concentration was determined
according to Lowry et al. (1951). Equal amounts of
sample proteins were subjected to SDS-PAGE and
transferred to nitrocellulose membranes. Primary
antibodies used were: anti-eNOS (BD Transduction
Laboratories), anti-peNOSSer1177 (BD Transduction
Laboratories), anti-peNOS Thr495 (Cell Signaling),
anti-caveolin-3 (BD Transduction Laboratories), anticaspase-3 (Cell Signaling) and anti-GAPDH (Santa
Cruz). Chemiluminescent HRP antibody detection
reagent was used (Denville Scientific) and blots were
scanned and analyzed using NIH ImageJ software.

Sucrose gradient centrifugation:
Isolation of
caveolae-containing insoluble lipid domains of HL-1
cardiomyocytes was performed using sucrose gradient
centrifugation as previously described by Song et al.,
(1996). After centrifugation, ten 1.2 mL fractions were
collected from the top of the gradient. Each fraction
was centrifuged at 10,000×g for 15 min at 4°C and the
pellet was resuspended in 50 mM Tris, pH 8.8 with 2
µg mL−1 aprotinin. Equal amounts of the resulting
samples were dissolved in SDS-Polyacrylamide Gel
Electrophoresis
(PAGE)
loading
buffer
for
determination of caveolin proteins and eNOS.

eNOS activity assay: The Nitric Oxide (NO)
producing activity of eNOS was assessed in HL-1
cardiomyocytes using the kit available from Oxford
Biomedical Research Inc. following the manufacturer’s
recommendations.
Data analysis and statistics: Data are presented as
means ± SE. One-way ANOVA or regression
analysis was performed using GraphPad Prism
(GraphPad Prism 4.0, GraphPad software, San
Diego, CA) were appropriate.

Confocal microscopy: HL-1 cells were grown on
fibronectin-gelatin coated glass coverslips and treated
in the same manner as described above. After treatment,
cells were washed twice in ice cold PBS and fixed with
4% paraformaldehyde in PBS for 10 min at RT.
Coverslips were washed with ice cold PBS and stored
in PBS with 0.01% sodium azide. Fixed cells were
blocked and permeabilized with 5% BSA, 0.1% TritonX-100, 0.1% Tween20 and 0.1% sodium azide in PBS.
Primary caveolin-3 antibody (BD Transduction
#610420) was diluted in PBS with 1% BSA and 0.3%
Triton-X-100. Primary antibodies were incubated at
4°C overnight followed by incubation with
fluorescently labeled secondary antibodies. Alexa Fluor
488 labeled goat anti-mouse IgG (Invitrogen) and
Alexa Fluor 546 goat anti-mouse IgG (Invitrogen) were
incubated for 1 hour at RT. Cells were counter stained
with the DNA stain TOPRO for 30 min at RT directly
after secondary antibody incubation. Cells were
mounted with ProLong Gold anti-fade reagent
(Invitrogen), allowed to cure overnight at RT, sealed
and examined with a Leica TCS SP II True Confocal
Laser Scanning Microscope and analyzed using the
Leica confocal software.

RESULTS
Palmitate feeding of mice increases eNOSSer1177
phosphorylation and increases coronary flow in
adult mice: Feeding C57BL6 mice a high palmitate
diet for 12 weeks leads to persistent increased coronary
flow over a wide range of extracellular calcium
concentrations (Fig. 1A). Especially at low extracellular
calcium the pathological increase to 16 mL min−1*gLV
in coronary flow is apparent. This suggests that a strong
vasodilator, such as the Nitric Oxide Synthases (NOS),
is activated by the palmitate diet. NOS produce NO, a
potent vasodilator and in the heart endothelial NOS
(eNOS) is expressed in the cardiac endothelium and in
cardiomyocytes. To test its involvement in the palmitate
mediated effect in vivo; we measured phosphorylation
of eNOS in standard, MCT and palmitate diet fed mice.
Consistent with the hypothesis, the phosphorylation of
eNOSSer1177, the activating phosphorylation site, was
increased in mice fed a high palmitate diet (Fig. 1B and
C). Phosphorylation at Thr495, the inhibitory site, was
not detectable in the in vivo samples. To further
evaluate the mechanism of how palmitate affects eNOS
activity, we investigated its effect on the expression and
localization of caveolin-3, the striated muscle specific
isoform of caveolin and to which eNOS binds at the
plasma membrane.

Western blot analysis: After experimental treatment,
cells were lysed in the presence of a phosphatase and
protease inhibitor solution of the following
composition: 50 mM NaF, 10 mM β-glycerolphosphate,
1 mM sodium orthovanadate, 10 mM sodium
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Palmitate-induced loss of membrane bound eNOS in
HL-1 cardiomyocytes: HL-1 cells currently provide
the only opportunity to utilize an immortalized cardiac
cell line for in vitro experiments. When eNOS
transfected HL-1 cardiomyocytes (these cells do not
express endogenous eNOS) were treated with varying
concentrations of palmitate, we observed changes in the
subcellular eNOS localization. Compared to control
cells, in cultures treated with 0.4 mM palmitate eNOS
moves from the plasma membrane to the peri-nuclear
area (Fig. 2A). Interestingly, when HL-1s are exposed
to palmitate in the presence of myriocin - a natural
mycotoxin that inhibits the first step of the de-novo
synthesis of ceramide from palmitate (He et al., 2004;
Johnson et al., 2004)-most cells retain proper
localization of eNOS to the plasma membrane. These
results suggest that the de novo synthesis of
sphingolipids from palmitate is a regulator of
subcellular localization of eNOS.
In order to determine what subcellular
compartments are affected by the changes in eNOS
localization, we subjected lysates of HL-1 cultures to
sucrose gradient centrifugation. These results also
confirm the loss of eNOS from the caveolar fraction
and its movement to different membrane systems of the
cell (Fig. 2B). In control treated cells, eNOS localizes
to the higher buoyant fractions (fraction 4)-indicating
its location in the plasma membrane. Upon treatment
with palmitate, eNOS has a trend toward moving to
lower buoyant fractions (Fractions 7 -10)-indicating its
movement to more dense membranes such as nuclear,
ER or the Golgi apparatus. In the higher-buyoant
fractions, palmitate induces a 6-fold loss of eNOS and
in the lower buoyant fractions, there is a 3-fold increase
in eNOS levels. These results exhibit high variability,
likely an inherent artifact of transfection as this leads to
overexpression of the protein.
Concomitant with the translocation of eNOS, the
NO producing activity and the phosphorylation status
changes (Fig. 2C and D). eNOS can be phosphorylated
at two regulatory sites: The inhibitory Thr495 and the
activating Ser1177. Palmitate exposure decreases the
phosphorylation of eNOS at Thr495 (Fig. 2C),
suggesting that translocation makes this site
allosterically available for dephosphorylation by
phosphatases. To determine how loss of Thr495
phosphorylation affects NO production in HL-1 cells,
we determined eNOS activity using a colorimetric kit
that measures nitrate production from NO (Fig. 2D).
NO release was equal between HL-1 cells exposed to
control, 0.1, 0.2 mM palmitate. In 0.4 mM palmitate
exposed cells NO synthesis was decreased by 41%.
This suggests that palmitate-induced dephosphorylation
at Thr495 leads to uncoupling of eNOS with lower
output
of
NO
in
HL-1
cardiomyocytes.

(a)

(b)

(c)

Fig. 1: Palmitate increases coronary flow and
peNOSSer1177 levels in vivo. (A) Coronary flow in
isolated Langendorff perfused hearts after 12
weeks on control or palmitate diet (standard diet
values are equal to control diet values). Hearts
from palmitate fed mice had increased coronary
flow, which was particularly distinct at low
extracellular calcium concentrations. Means ±
SE, n = 4-8, linear regression analysis performed
in GraphPad Prism 4.0. (B) eNOS and
peNOSSer1177 protein in left ventricular tissue was
analyzed by immunoblot. Ventricular lysates
were obtained from heart tissue after 12 weeks of
standard, MCT or palmitate diet. GAPDH was
used as loading control. (C) Quantification of
immunoblots showing no change of total eNOS
expression (eNOS/GAPDH), but a 5fold increase
of Ser1177 phosphorylation in heart tissue of
palmitate diet fed mice compared to standard or
MCT diet fed mice. Means ± SE, N = 5-6, * p <
0.05 one-way ANOVA
30

OnLine J. Biol. Sci., 11 (2): 27-36, 2011

(a)
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(c)

(d)

Fig. 2: Palmitate induces translocation of cellular eNOS and its differential phosphorylation in HL-1 cardiomyocytes.
(A) Representative confocal images of eNOS localization in HL-1 cardiomyocytes under control and palmitate
(0.4 mM) conditions. In addition, cells were treated with an inhibitor of the de novo ceramide synthesis
pathway, myriocin (5 µM). Cells treated with control conditions show localization around the cell periphery,
while treatment with palmitate causes movement to the cell’s interior. Green = eNOS, Red = lipid, Blue =
DNA, Yellow = areas of eNOS/lipid colocalization. (B) Quantification of eNOS in sucrose gradients from cell
lysates of control or 0.4 mM palmitate treated cells. In palmitate treated cells eNOS localizes less to the
caveolar fraction 4, but more to the low buoyant nuclear membrane fractions (fraction 10), similar to the
caveolin-3 distribution. (C) eNOS is phosphorylated differentially at two phosphorylation sites. Phosphorylation
of Ser1177, the activating site, is slightly increased with 0.1 mM and 0.2 mM palmitate, but falls to normal
levels upon treatment of 0.4 mM palmitate. In contrast, phosphorylation at the inhibitory site, Thr495, is
significantly decreased upon treatment with higher palmitate concentrations. Means ± SE n = 3, p<0.05 onefactor ANOVA. (D) Activity of eNOS in cells exposed to control or 0.1 mM, 0.2 M or 0.4 mM palmitate
medium. The release of NO decreases with increasing palmitate concentration, but reaches significance only at
0.4 mM palmitate. Means ± SE, n = 8, * p<0.02 one-factor ANOVA
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(a)

(b)

Fig. 3: Palmitate-induces translocalization of caveolin-3 from the plasma membrane to the peri-nuclear area. (A)
Confocal images of HL-1 cells exposed to control medium or 0.4 mM palmitate medium for 18 h. Under
control conditions, caveolin-3 is associated with the plasma membrane. In contrast, palmitate induces
translocalization of caveolin-3 away from the plasma membrane to the peri-nuclear area (arrows). This
translocalization can be prevented by inhibiting the first step of the de-novo synthesis of ceramide with
myriocin. Green = Caveolin-3, Red = DNA. Scale different in first panel to show plasma membrane localization
of caveolin-3 in two adjacent cells. (B) Proteins isolated from the sucrose gradient were analyzed by
immunoblot to detect caveolin-3 in sub-cellular fractions. Palmitate induces movement of caveolin-3 away from
the plasma membrane (the high buoyant caveolae fractions (4) to less-buoyant membrane fractions (fractions 810) in a concentration dependent manner. (C) Quantitative analysis of the western shown in panel B.
Experiments were repeated three times with similar results. (D) Inhibition of protein degradation by MG132 (10
µM) prevents the palmitate-induced decrease of caveolin-3 protein
maintained most of their caveolin-3 at the plasma
membrane. This links the palmitate-induced
translocation of caveolin-3 to the palmitate-induced
accumulation of sphingolipidsInhibition of protein
ubiquitination and proteasomal degradation with the
inhibitor MG-132 shows that caveolin-3 is degraded
rapidly after it loses its plasma membrane localization
(Fig. 3D). Thus, we cannot exclude that at least some of
the caveolin-3 protein observed in the nuclear local in
the confocal images is protein in the process of
translation in the ER.

Palmitate-induces translocation of caveolin-3 from
the plasma membrane to the peri-nuclear area and
enhances degradation - Caveolin-1 is a known
important regulator of eNOS function (Feron et al.,
1998; Feron and
Balligand, 2006). In order to
determine the effect of palmitate on caveolin-3 protein
we exposed HL-1 cardiomyocytes to 0.1, 0.2, or 0.4
mM palmitate. Figure 3A shows that palmitate
exposure changes caveolin-3 localization in HL-1
cardiomyocytes. As expected, in control mediumtreated cells the localization of caveolin-3 (green)
coincides with the plasma membrane of the
cardiomyocyte. In contrast, treatment with 0.4 mM
palmitate leads to a loss of membrane bound caveolin-3
and localization to a peri-nuclear location. We observed
a clear concentration dependence of this process as 0.1,
0.2 mM palmitate exposed cells show intermediate
localization to the plasma membrane and the perinuclear area (data not shown). Interestingly, upon
treatment with myriocin, palmitate exposed HL-1 cells

Palmitate does not induce apoptosis in HL-1
cardiomyocytes - It is well known that palmitate
exposure can induce apoptosis (Kong and Rabkin.
2003; Kong and Rabkin. 2004; Miller et al., 2005). In
contrast to previous studies, palmitate did not induce
apoptosis in our experimental conditions. The cleavage
and activation of caspase 3 (MW 17 kDa) was not
detected by Western blot analysis (Fig. 4).
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2001). While we cannot exclude that some of the
palmitate-induced increase in coronary flow is due to
adenosine formation, we were not able to detect
significant increases in adenosine concentrations in the
heart or loss of ATP (both measured by HPLC, data not
shown). Another strong vasodilator in the heart is NO.
It is produced by eNOS and iNOS in the endothelium
and in cardiomyocytes. We have shown a 5-fold
increase in eNOS expression in the hearts of mice fed a
high palmitate diet, with no change in iNOS (data not
shown). Thus, it is likely that in vivo the palmitate dietinduced increased coronary flow is caused by increased
NO production, despite the decreased NO production
we have observed in vitro. The heart consists of about
20% cardiomyocytes, but they account for more than
half of the total cellular mass of the heart. The
remaining cells are fibroblasts and endothelial cells.
The observed difference between in vivo and in vitro
effects of palmitate may be due to different effects of
palmitate
on
endothelium,
fibroblasts,
or
cardiomyocytes. It is conceivable that concentration
effects also play an important role. We know from mass
spectrometric analysis that the free palmitate
concentration in the blood plasma of our high palmitate
diet fed mice is 0.1 mM (data not shown). This
accounts only for the unbound palmitate, thus using 0.4
mM palmitate in our in vitro experiments approximates
the total concentration present in vivo. We cannot
exclude that cardiomyocytes in vivo are exposed to
lower amounts because the endothelium regulates the
amount of palmitate uptake and thus the amount, which
is available to the cardiomyocyte. Thus, the
endothelium in vivo might show deleterious effects,
such as ROS production, earlier than cardiomyocytes.
This may also explain the increase in eNOS
expression we have observed in vivo, which could be
a compensatory response to declining NO levels. In
addition, increased NO release in vivo can inhibit
oxidative mitochondrial respiration (Kanai et al.,
2001), thus energy metabolism has to rely on
anaerobic metabolism. This could lead to a drop in
intracellular pH, another strong factor contributing to
vasodilation in the heart.
To further define the mechanisms of palmitateinduced changes in eNOS, its phosphorylation state and
activity, we investigated the link between palmitate
exposure and eNOS activity and phosphorylation status
in an in vitro system using HL-1 cardiomyocytes.

Fig. 4: Palmitate does not induce apoptosis in HL-1
cardiomyocytes. Western blot showing the
expression of uncleaved caspase 3 in control
(C) and 0.4 mM, 0.2 mM and 0.1 mM palmitate
exposed HL-1 cells. Arrow points to positive
control (pos). GAPDH is shown as loading
control. Experiment was repeated 4 times with
the same result
This excludes that the translocation of caveolin-3 is
caused by the induction of apoptosis and the
degradation of cellular membrane systems.
DISCUSSION
It is well known that palmitate causes lipotoxic
changes in the heart (Kong and Rabkin. 2003; Tsang et
al., 2004; Miller et al., 2005; Fauconnier et al., 2007).
The accumulation of lipotoxic ceramide from de novo
synthesis is considered one of the main mechanisms for
induction of cardiomyocyte apoptosis (Okere et al.,
2006). Here we present data that suggests a mechanism
for lipotoxic changes that are independent of apoptosis.
This mechanism includes the loss of caveolin-3 from the
plasma membrane of cardiomyocytes and the
concomitant loss of caveolin-3 binding proteins, in
particular eNOS, from the plasma membrane.
Diet induced changes in coronary flow: Our in vivo
mouse model is, to our knowledge, the first to show
early pathological effects of a high saturated fat diet on
coronary flow. Feeding a high palmitate diet for 12
weeks is sufficient to maximize coronary flow at low
cardiac workloads. We suggest that the diet-induced
increase in coronary flow is possibly due to the up
regulation of a potent cardiac vasodilator. There are
three potent vasodilators in the heart, adenosine, NO
and acidic pH. Adenosine is produced by the
breakdown of ATP in the presence of increased ATP
demand but insufficient ATP supply (Ingwall, 2002). A
subsequent adenylate kinase reaction utilizes 2 ADP
molecules to generate one ATP and one AMP
molecule. The AMP is quickly degraded to adenosine,
which exits the cell via its concentration gradient. It
binds to G protein coupled adenosine receptors in the
endothelium. This results in vasodilatation and
increased coronary flow (Mubagwa and Flameng,

Palmitate-induced translocalization of eNOS and
differential phosphorylation - Intracellular eNOS
localizes to caveolae and binds the CSD domain of
caveolin-1 in endothelial cells (Feron et al., 1998). This
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study suggests that the binding of caveolin inhibits
eNOS activity by preventing calmodulin binding to the
calmodulin-binding domain of eNOS (Feron et al.,
1998). Upon release of caveolin, eNOS moves away
from the plasma membrane, calmodulin binds to eNOS
activating production of NO. In contrast, other reports
have suggested that the binding of caveolin proteins
stabilizes the membrane localization of eNOS and
enables eNOS to produce NO where it is needed
(Liu et al., 1996). In this study, we have found that
palmitate exposure of cardiomyocytes translocates both
caveolin-3 and eNOS away from the plasma membrane
and both proteins localize to a peri-nuclear location.
Translocation seems likely, but we cannot exclude that
palmitate treatment affects membrane composition or
function. If for example the lipid composition of the ER
membrane was changed, protein export may be
impaired leading to accumulation of proteins in the ER.
The decrease in plasma membrane association of
caveolin-3 and eNOS may then represent normal
plasma membrane protein turnover that is not replaced
due to the defective ER-Golgi protein export in the
presence of excess palmitate.
Our results do not indicate whether caveolin-3 and
eNOS remain bound to each other in the peri-nuclear
location. However, because the phosphorylation status
of eNOS changes upon translocation to the peri-nuclear
area, we suggest that eNOS is not associated with
caveolin-3. Phosphorylation at Ser1177 does not
change, however phosphorylation at Thr495 decreases
and cellular release of NO from HL-1 cells decreases
by 41%. This suggests that binding of caveolin-3 blocks
access to Thr495 in the calmodulin-binding-domain of
eNOS and protects it from phosphatases. Phosphatase
access to this site also suggests that calmodulin, an
important enhancer of eNOS activity, is not bound to
the protein. Some reports have shown a link between
high sphingolipid levels and increased intracellular
calcium concentrations, which could increase
calmodulin expression and possibly enhance binding to
eNOS. We did not find increased calmodulin
expression in hearts of mice fed a high palmitate diet
(data not shown) and the decrease in released NO in
vitro also suggests that calmodulin is not bound to
eNOS. Thus, we conclude that in vitro exposure of
cardiomyocytes to palmitate leads to release of eNOS
and caveolin-3, prevention of calmodulin binding to
eNOS, followed by the uncoupling of eNOS with
decreased synthesis of NO. Whether this leads to an
increase in ROS production remains to be determined.

eNOS activity: The plasma membrane contains small
membrane micro-domains called caveolae. The loss of
caveolin-3, the structural protein of caveolae, in mice
induces cardiomyopathy (Woodman et al., 2002) and
muscular dystrophy (Minetti et al., 1998). Here we
report for the first time, that palmitate exposure is
sufficient to induce the loss of caveolin-3 from the
plasma membrane in vitro. With palmitate exposure,
caveolin-3 translocates to a peri-nuclear local. It seems
likely that it localizes to the Golgi membrane system,
because it is closely associated with the nucleus. As a
possible mechanism we suggest that palmitate, as
reported in the literature, increases cellular
sphingomyelin and ceramide levels and that this
sphingolipid accumulation changes the structure of
membrane micro-domains. Our data strongly suggest
that palmitate exposure leads to the loss of caveolin-3,
via enhanced protein degradation via the ubiquitinproteasome pathway and that this affects downstream
signaling cascades that localize and bind to caveolin
proteins, as we have shown for eNOS in this study. This
is a novel finding for the regulation of eNOS activity.
Figure 3 indicates that caveolin-3 does not localize to
endosomes or lysosomes, however inhibition of the
ubiquitin-proteasome pathway with MG-132 (Fig. 3D)
suggests that increased protein breakdown accounts for
the loss of caveolin-3. We cannot exclude that the
caveolin-3 found in the peri-nuclear area is in the
process of translation and processing for translation to
the plasma membrane. The accumulation of
sphingolipids as a result of high palmitate may change
the lipid composition of the ER-Golgi system in such a
way as to perturb normal protein transport processes.
In contrast to other studies, we have not been able
to demonstrate increased apoptosis in cells exposed to
palmitate (Kong and Rabkin. 2003; 2004; Miller et al.,
2005). Even with the highest concentration used (0.4
mM), the cells did not show activation of caspase 3
(Fig. 4). This strongly suggests that the change in
translocation of caveolin-3 is not due to apoptotic
changes in the cell but rather a direct effect of palmitate
exposure.
Difference between in vivo and in vitro effects of
palmitate: We have found increased coronary flow in
mice fed a palmitate diet. Interestingly, our in vitro data
do not show an increased NO release from
cardiomyocytes in a high palmitate environment. The
observed difference between in vivo and in vitro effects
of palmitate may be due to different effects of palmitate
on endothelium and cardiomyocytes. The heart consists
to about 20% of cardiomyocytes, but they account for
more than half of the total cellular mass. The remaining
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cells are fibroblasts and endothelial cells. It is
conceivable that concentration effects also play an
important role. We know from mass spectrometric
analysis that the free palmitate concentration in the blood
plasma of high palmitate diet fed mice is 0.1 mM (data
not shown). Thus using 0.4 mM palmitate in our in vitro
experiments approximates the total concentration present
in vivo. We cannot exclude that cardiomyocytes in vivo
are exposed to lower amounts because the endothelium
buffers the amount and takes up most of the available
palmitate. Thus, the endothelium in vivo might show
deleterious effects, such as ROS production, earlier than
cardiomyocytes and may contribute to the phenotype
seen in ex vivo hearts.
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CONCLUSION
In summary, the finding of palmitate-induced loss
of caveolin-3 in cardiomyocytes has significant
implications for populations that eat a western style
high fat diet. The increasing incidence of obesity in the
adult and adolescent population has also increased the
co-morbidity of cardiovascular diseases. Our data
suggest that a high palmitate dietary intake will over
time lead to changes in the micro-domain structure of
the cardiomyocytes plasma membrane and the loss of
the structural component of caveolae, the caveolin
protein(s). This may negatively impact associated
signaling pathways, as we have shown for eNOS and
NO production. We suggest that these changes in
membrane composition in the long term contribute to
the onset of obesity-associated co-morbidities.
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