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Abstract: Problem statement: Palmitate is a known cardiac lipotoxin that bluntrdiomyocyte
contractile function and induces apoptosis, likefia accumulation of the lipotoxic ceramide.
Ceramide is a sphingolipid and localizes to caveolehich are lined in the inner membrane leaflet by
caveolin proteins. In this study, we investigatkd effects of palmitate on caveolin proteins and on
endothelial Nitric Oxide Synthase (eNOS), a sigmalnediator that binds to caveolin-3, the muscle-
specific caveolae scaffolding proteifipproach and Results: Mice fed a high palmitate diet for 12
weeks showed pathologically increased coronary flowthe ex vivo Langendorff heart especially at
low extracellular calcium concentrations. In thesearts, eNOS Serll77 phosphorylation was
increased compared to standard or high fat cowfieil hearts. This suggested that eNOS, a potent
vasodilator in the heart, is affected by palmitatevitro experiments showed that exposure of HL-1
cardiomyocytes to palmitate causes translocatiomM®S from the plasma membrane to a peri-
nuclear location and causes an 80% decrease irB3tphosphorylation. This corresponded with a
41% decrease in NO production. To determine thehamd@sm of the loss of plasma membrane bound
eNOS, we investigated the effect of palmitate omeotin-3 and found decreased caveolin-3 protein
levels by 70% compared to control cells. The reimgirB0% of caveolin-3 was localized to a peri-
nuclear location. In contrast to previous studpgmitate did not cause apoptosis in cardiomyocytes
Conclusion: Overall, we show for the first time that a highmitate diet leads to loss of caveolin-3 in
cardiomyocytes and to coronary dysfunction of tlouge heart, via uncoupling of eNOS.

Key words: Endothelial Nitric Oxide Synthase (eNOS), palmitasphingolipids, coronary flow,
caveolin scaffolding domain, lipotoxic ceramidettyacids, cardiomyocytes

INTRODUCTION induces contractile dysfunction and apoptosis (Kong
and Rabkin. 2003; Tsang al., 2004; Miller et al.,
Morbidities associated with obesity such as2005; Fauconnieret al., 2007). Most previously
atherosclerosis, hypertension and diabetes aréysbgi  published studies suggest that accumulation of
correlated to plasma fatty acid content. Cardiaceramide is the mediator of palmitate’s deleterious
lipotoxicity, caused by the accumulation of lipids, effects. Ceramide is a sphingolipid, which is emeid in
observed in rodent models of obesity, hyperlipidemi micro-domains of the plasma membrane called
and diabetes (Zhowt al., 2000; Chiuet al., 2001; caveolae (Anderson, 1998). Caveolae are flask-like
Young et al., 2002; Yagyuet al., 2003; Chiuet al., membrane invaginations, 50-100 pm in size and
2005). To define the role of fatty acids, sevetates function in endocytosis, lipid trafficking and sajn
focused on saturated versus unsaturated fatty ,acidsansduction (Anderson, 1998; Okamatoal., 1998).
cardiac substrate utilization and contractile penance  There are three caveolin isoforms, caveolin-1,n@ a
of isolated cardiomyocytes (Fauconrge al., 2007; 3. Caveolin-1 and -2 are ubiquitously expressed,
Okereet al., 2006). However, the direct effect of a diet whereas caveolin-3 is specific for striated muscle
rich in palmitate (the most dominant fat in the tees  (Williams and Lisanti, 2004). Caveolin-1 and -3 bav
fast food diet) on cardiac caveolin proteins and th conserved Caveolin Scaffolding Domain (CSD), which
consequences for caveolin binding proteins hasyebt is bound by many membrane proteins, for example G-
been established. proteins, the EDG receptors, tyrosine kinase recept
Exposing isolated cardiomyocytes to highErk and eNOS (Grattost al., 2004). Thus, caveolae
concentrations of the saturated fatty acid palmitat play a central role in cellular communication aighal
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transduction, providing tight and efficient regidatof mg g*) and euthanized by cervical dislocation. Hearts
intracellular cascades. were quickly excised and perfused in the Langeridorf
In cardiomyocytes, eNOS localizes to caveolaemode following previously published procedures
(Garcia-Cardenaet al., 1996; Feron and Balligand, (Pinzet al., 2008). After establishing baseline cardiac
2006) binding to caveolin-3. The co-localization of contractile performance, hearts were challenged by
caveolin-3 and eNOS may facilitate both eNOSincreasing extracellular calcium concentration frbr
activation by cell surface receptors and nitricdexi - 4 mM, in 0.5 mM steps, by adding a 50 mM calcium
(NO) release at the cell surface for intercellularsolution to the perfusate at 1, 2 and 3% of corpnar
signaling (Feron and Balligand, 2006). The firstflow with a non-pulsatile pump. Coronary flow was
identified mechanism for membrane association oimeasured with an in-line flow sensor (1PXN, Transon
eNOS was lipid modification: eNOS is the only NOS Systems, Inc.). The calcium challenge will increase
that undergoes both myristoylation and palmitogiati coronary flow in a linear fashion in a normal heart
on glycine 2 and cysteines 15 and 26. This double
acylation is necessary for the targeting of eNOS tcCell culture: The HL-1 cell line is a cardiomyocyte
plasmalemmal caveolae (Feron and Balligand, 2086). line derived from the AT-1 mouse atrial cardiomywcy
cardiac ischemia preconditioning, release of eNOSineage and established and previously described by
from caveolin is a crucial step for normal functioh  Claycombet al. (1998). Prior to culture of cells, dishes
eNOS and the protective release of NO (Beral., were coated with 0.5% bovine fibronectin (Sigma) in
2006). It is unknown whethein vivo exposure to 0.02% gelatin overnight at 37°C. HL-1 cells were
palmitate has an effect on eNOS binding to caveolaeultured in Claycomb’s specific media (SAFC
Therefore, we tested the hypothesis that exposure Biosciences) supplemented with 10% fetal bovine
high palmitate changes the association of eNOS witkerum (SAFC Biosciences), 0.1 mM norepinephrine, 2
caveolin-3 in cardiomyocytes, independent of ingdwct mMm L-glutamine, 100 units mt:penicillin and 10Qg
of apoptosis. We present evidence for the firsettimat 2 streptomycin and grown at 37°C in an atmosphere
a diet high in palmitate leads to increased cardMOS  of 50 CQ and 95% air. Cultures were grown to 75%
activation and pathological changes in cardiacmanp  confluency before treatment and 100% confluency
blood flow in vivo. This is further supported byvitro  pefore being passaged or harvested for analysis.
studies, showing palmitate-induced loss of membrane
localized caveolin-3 and the translocation of eNOScy| treatments: After culture for 24 h (30-50%
away from the plasma membrane, which in tWm is,onfyency) in supplemented Claycomb’s medium,
ass_o_mated with a change in phosphorylation stams cells were washed with serum-free Claycomb’s medium
activity of the enzyme. and cultured in serum-free Claycomb’s medium for 12
24 h prior to treatment with experimental condifion
MATERIALSAND METHODS To simulate the components of Claycomb’s medium,

. . . while maintaining control of BSA-bound palmitatbet
Animals: C57BL/6 mice were purchased from Tacon'cfollowing components were added to Dulbecco’s

Farrr;s. ,fAfter breeding _att MM(;:RI wtear(;edd rlmgecégModified Essential Media (DMEM) creating a basal
weeks of age) were main ained on standard 1ab Chow, ., fee medium: 2 mg mL BSA, 2 mM L-
(6% crude fat) or a customized high palmitate diet o . .
: carnitine, 5 mM creatine, 5 mM taurine, 1mM L-
(palmitate, Harlan Teklad, TD05235, 21% total fét o lutami 100 units mi icillin. 100 ML
which 47% is palmitate) for 12 weeks. As a high fatd utamine, units -mtL.peniciilin, HY
control diet, a customized diet containing no p&dibei streptomycin, 0.1 mM norep|nephr|r_1e (addeo! fresh _da
and only medium chain triglycerides was used (McTOf Use). Control medium was comprised of this meiu
diet, Harlan Teklad, TD05237, 21% of total fat). and contained 5% fatty acid free BSA only, whereas
Experimental protocols and procedures involving€xperimental medium contained 0.4 mM palmitate
animals were approved by the Institutional Animatia Pound to 5% fatty acid free BSA. Culture medium
Use Committee of Maine Medical Center and followedcontaining 0.1 or 0.2 mM palmitate was made by
the recommendations of current National Institusés dilution of 0.4 mM palmitate medium with control
Health and American Physiological Society guidedine medium. Cells were exposed to control, 0.1, 0.D.dr
for the use and care of laboratory animals. mM palmitate medium for 18 h.

| solated, Isovolumic  Cardiac  Langendorff Cedll transfections. After culturing to 80% confluency
perfusion: Mice were anesthetized with Avertin (0.3 in 100 mm culture dishes, HL-1 cells were placed in
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antibiotic free supplemented Claycomb’s medium4or pyrophosphate and protease inhibitor cocktail V
h prior to transfection. Cells were transfectedhwit (Calbiochem). Protein concentration was determined
Lipofectamine 2000 (Invitrogen) following the according to Lowryet al. (1951). Equal amounts of

recommendations of the manufacturer usingigdof  sample proteins were subjected to SDS-PAGE and
plasmid DNA encoding bovine eNOS (a generous giftransferred to nitrocellulose membranes. Primary
from T. Michel at Brigham and Womens Hospital, antibodies used were: anti-eNOS (BD Transduction
Boston, MA). Transiently transfected cells werelLaboratories), anti-peNOSSer1177 (BD Transduction
identified by co-transfection of GFP and to provate Laboratories), anti-peNOS Thr495 (Cell Signaling),

estimate of transfection efficiency. anti-caveolin-3 (BD Transduction Laboratories),i-ant
caspase-3 (Cell Signaling) and anti-GAPDH (Santa
Sucrose gradient centrifugation: Isolation of Cruz). Chemiluminescent HRP antibody detection

caveolae-containing insoluble lipid domains of HL-1reagent was used (Denville Scientific) and blotgeve
cardiomyocytes was performed using sucrose gradiesicanned and analyzed using NIH ImageJ software.
centrifugation as previously described by Sanhal.,
(1996). After centrifugation, ten 1.2 mL fractionere = eNOS activity assay: The Nitric Oxide (NO)
collected from the top of the gradient. Each fiatti producing activity of eNOS was assessed in HL-1
was centrifuged at 10,000xg for 15 min at 4°C dral t cardiomyocytes using the kit available from Oxford
pellet was resuspended in 50 mM Tris, pH 8.8 with 2Biomedical Research Inc. following the manufactisrer
pug mL™? aprotinin. Equal amounts of the resulting recommendations.
samples were dissolved in SDS-Polyacrylamide Gel
Electrophoresis  (PAGE) loading buffer for Data analysis and statistics. Data are presented as
determination of caveolin proteins and eNOS. means + SE. One-way ANOVA or regression
analysis was performed using GraphPad Prism
Confocal microscopy: HL-1 cells were grown on (GraphPad Prism 4.0, GraphPad software, San
fibronectin-gelatin coated glass coverslips anditee Diego, CA) were appropriate.
in the same manner as described above. After tezdfm
cells were washed twice in ice cold PBS and fixéith w RESULTS
4% paraformaldehyde in PBS for 10 min at RT.
Coverslips were washed with ice cold PBS and storegaimitate feeding of mice increases eNOS™’
in PBS with 0.01% sodium azide. Fixed cells Werephosphory|ation and increases coronary flow in
blocked and permeabilized with 5% BSA, 0.1% Triton-adult mice: Feeding C57BL6 mice a high palmitate
X-100, 0.1% Tween20 and 0.1% sodium azide in PBSdiet for 12 weeks leads to persistent increasedneoy
Primary caveolin-3 antibody (BD Transduction flow over a wide range of extracellular calcium
#610420) was diluted in PBS with 1% BSA and 0.3%concentrations (Fig. 1A). Especially at low extihdar
Triton-X-100. Primary antibodies were incubated atcak:ium the patho|ogica| increase to 16 mL ﬁ-ﬁgLV
4°C  overnight followed by incubation with in coronary flow is apparent. This suggests thstrang
fluorescently labeled secondary antibodies. Alek®=  yasodilator, such as the Nitric Oxide Synthases$NO
488 labeled goat anti-mouse IgG (Invitrogen) ands activated by the palmitate diet. NOS produce 6O,
Alexa Fluor 546 goat anti-mouse IgG (Invitrogeny&e potent vasodilator and in the heart endothelial NOS
incubated for 1 hour at RT. Cells were countemstdi  (eNOS) is expressed in the cardiac endotheliumimnd
with the DNA stain TOPRO for 30 min at RT directly cardiomyocytes. To test its involvement in the fitdte
after secondary antibody incubation. Cells weremediated effect in vivo; we measured phosphorytatio
mounted with  ProLong Gold anti-fade reagentof eNOS in standard, MCT and palmitate diet fedemic
(Invitrogen), allowed to cure overnight at RT, sebl Consistent with the hypothesis, the phosphorylatibn
and examined with a Leica TCS SP Il True ConfocaleNosSe'ﬂW, the activating phosphory'ation Site, was
Laser Scanning Microscope and analyzed using thgcreased in mice fed a high palmitate diet (Fi§.ahd
Leica confocal software. C). Phosphorylation at Thr495, the inhibitory sitegs
not detectable in thén vivo samples. To further
Western blot analysis: After experimental treatment, evaluate the mechanism of how palmitate affects @NO
cells were lysed in the presence of a phosphatade aactivity, we investigated its effect on the expiessand
protease inhibitor solution of the following localization of caveolin-3, the striated muscle cifie
composition: 50 mM NaF, 10 mi@-glycerolphosphate, isoform of caveolin and to which eNOS binds at the
1 mM sodium orthovanadate, 10 mM sodiumplasma membrane.
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Fig. 1: Palmitate increases coronary flow
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Palmitate-induced loss of membrane bound eNOSin
18 HL-1 cardiomyocytes. HL-1 cells currently provide
% the only opportunity to utilize an immortalized dec
cell line for in vitro experiments. When eNOS
transfected HL-1 cardiomyocytes (these cells do not
express endogenous eNOS) were treated with varying

Slopes p=0.03
= MCT diet

Coronary flow (mL min '*gy)

0 O Palmitate diet concentrations of palmitate, we observed changésein
'1 5 S " subcellular eNOS localization. Compared to control
Caleium (mM) cells, in cultures treated with 0.4 mM palmitateGS\

moves from the plasma membrane to the peri-nuclear

area (Fig. 2A). Interestingly, when HL-1s are exgubs

to palmitate in the presence of myriocin - a ndtura

mycotoxin that inhibits the first step of the devno

synthesis of ceramide from palmitate (kteal., 2004;

standard  palmitate MCT Johnson et al., 2004)-most cells retain proper
(b) localization of eNOS to the plasma membrane. These
- results suggest that the de novo synthesis of

064 sphingolipids from palmitate is a regulator of
054 subcellular localization of eNOS.

044 In order to determine what subcellular
034 compartments are affected by the changes in eNOS
localization, we subjected lysates of HL-1 cultutes

014 sucrose gradient centrifugation. These results also
0.0 ] confirm the loss of eNOS from the caveolar fraction

eNOS/GAPDH
o
i

- e SRS and its movement to different membrane systembef t
= peNOSSERT? - cell (Fig. 2B). In control treated cells, eNOS lliwas
0s to the higher buoyant fractions (fraction 4)-indicg
P its location in the plasma membrane. Upon treatment
g 03 with palmitate, eNOS has a trend toward moving to
Z; - lower buoyant fractions (Fractions 7 -10)-indicgtiits
o movement to more dense membranes such as nuclear,
00 ER or the Golgi apparatus. In the higher-buyoant
Standard mCT Palmitate fractions, palmitate induces a 6-fold loss of eN&H
() in the lower buoyant fractions, there is a 3-foldrease

andin eNOS levels. These results exhibit high varighil
likely an inherent artifact of transfection as thgads to
2overexpression of the protein.

Concomitant with the translocation of eNOS, the

values are equal to control diet values). HeartdV© Producing activity and the phosphorylation ssatu

from palmitate fed mice had increased coronanfhanges (Fig. 2C and D). eNOS can be phosphorylated
flow, which was particularly distinct at low at two regulatory sites: The inhibitory Thr495 athe

extracellular calcium concentrations. Means +activating Serl177. Palmitate exposure decreases th

SE, n = 4-8, linear regression analysis performed®hosphorylation of eNOS at Thr495 (Fig. 2C),
in GraphPad Prism 4.0. (B) eNOS and suggesting that translocation makes this site
peNOS*™""protein in left ventricular tissue was allosterically available for dephosphorylation by
analyzed by immunoblot. Ventricular lysates Phosphatases. To determine how loss of Thr495
were obtained from heart tissue after 12 weeks ophosphorylation affects NO production in HL-1 cells
standard, MCT or palmitate diet. GAPDH was We determined eNOS activity using a colorimetrit ki
used as loading control. (C) Quantification of that measures nitrate production from NO (Fig. 2D).
immunoblots showing no change of total eNOSNO release was equal between HL-1 cells exposed to
expression (eNOS/GAPDH), but a Sfold increasecontrol, 0.1, 0.2 mM palmitate. In 0.4 mM palmitate
of Serl1177 phosphorylation in heart tissue ofexposed cells NO synthesis was decreased by 41%.
palmitate diet fed mice compared to standard off his suggests that palmitate-induced dephosphaylat
MCT diet fed mice. Means + SE, N = 5-6, * p < at Thr495 leads to uncoupling of eNOS with lower
0.05 one-way ANOVA output of NO in HL-1 cardiomyocytes.
30
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Fig. 2: Palmitate induces translocation of celld&lOS and its differential phosphorylation in Hicdrdiomyocytes.
(A) Representative confocal images of eNOS loctidinan HL-1 cardiomyocytes under control and pada@
(0.4 mM) conditions. In addition, cells were treht@ith an inhibitor of thede novo ceramide synthesis
pathway, myriocin (5 uM). Cells treated with cohtconditions show localization around the cell pkary,
while treatment with palmitate causes movemenhedell’s interior. Green = eNOS, Red = lipid, Blae
DNA, Yellow = areas of eNOS/lipid colocalizatio8)(Quantification of eNOS in sucrose gradients frosH
lysates of control or 0.4 mM palmitate treated scelh palmitate treated cells eNOS localizes lesshe
caveolar fraction 4, but more to the low buoyantlear membrane fractions (fraction 10), similarthe
caveolin-3 distribution. (C) eNOS is phosphoryladiterentially at two phosphorylation sites. Phiogpylation
of Serl177, the activating site, is slightly in@ed with 0.1 mM and 0.2 mM palmitate, but fallsnarmal
levels upon treatment of 0.4 mM palmitate. In casiir phosphorylation at the inhibitory site, Thr4@5
significantly decreased upon treatment with higbedmitate concentrations. Mea#isSE n = 3, p<0.05 one-
factor ANOVA. (D) Activity of eNOS in cells exposetd control or 0.1 mM, 0.2 M or 0.4 mM palmitate
medium. The release of NO decreases with incregshgitate concentration, but reaches significamdg at
0.4 mM palmitate. Means + SE, n = 8, * p<0.02 caetdr ANOVA
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Fig. 3: Palmitate-induces translocalization of caveolinf@nf the plasma membrane to the peri-nuclear grea.
Confocal images of HL-1 cells exposed to controdime or 0.4 mM palmitate medium for 18 h. Under
control conditions, caveolin-3 is associated wilte tplasma membrane. In contrast, palmitate induces
translocalization of caveolin-3 away from the plasmembrane to the peri-nuclear area (arrows). This
translocalization can be prevented by inhibiting first step of the de-novo synthesis of ceramidif w
myriocin. Green = Caveolin-3, Red = DNA. Scalediéint in first panel to show plasma membrane Ipatdin
of caveolin-3 in two adjacent cells. (B) Proteirsolated from the sucrose gradient were analyzed by
immunoblot to detect caveolin-3 in sub-cellularctrans. Palmitate induces movement of caveolin-8yafom
the plasma membrane (the high buoyant caveolatidinag4) to less-buoyant membrane fractions (ibast8-

10) in a concentration dependent manner. (C) Quatingé analysis of the western shown in panel B.
Experiments were repeated three times with simdawlts. (D) Inhibition of protein degradation bya#32 (10
LM) prevents the palmitate-induced decrease ofatiaw® protein

Palmitate-induces trandocation of caveolin-3 from maintained most of their caveolin-3 at the plasma
the plasma membrane to the peri-nuclear area and membrane. This links the palmitate-induced
enhances degradation - Caveolin-1 is a known translocation of caveolin-3 to the palmitate-indidice
important regulator of eNOS function (Ferenh al., accumulation of sphingolipidsinhibition of protein
1998; Feron and Balligand, 2006). In order toubiquitination and proteasomal degradation with the
determine the effect of palmitate on caveolin-3t@ro  inhibitor MG-132 shows that caveolin-3 is degraded
we exposed HL-1 cardiomyocytes to 0.1, 0.2, or 0.4apidly after it loses its plasma membrane locétira
mM palmitate. Figure 3A shows that palmitate (Fig. 3D). Thus, we cannot exclude that at leastesof
exposure changes caveolin-3 localization in HL-1the caveolin-3 protein observed in the nuclearllata
cardiomyocytes. As expected, in control medium-the confocal images is protein in the process of
treated cells the localization of caveolin-3 (gneen translation in the ER.
coincides with the plasma membrane of the
cardiomyocyte. In contrast, treatment with 0.4 mMPalmitate does not induce apoptosis in HL-1
palmitate leads to a loss of membrane bound cawoli cardiomyocytes - It is well known that palmitate
and localization to a peri-nuclear location. Weesged  exposure can induce apoptosis (Kong and Rabkin.
a clear concentration dependence of this procefslas 2003; Kong and Rabkin. 2004; Millet al., 2005). In
0.2 mM palmitate exposed cells show intermediatecontrast to previous studies, palmitate did notugsd
localization to the plasma membrane and the periapoptosis in our experimental conditions. The ceav
nuclear area (data not shown). Interestingly, uporand activation of caspase 3 (MW 17 kDa) was not
treatment with myriocin, palmitate exposed HL-1llxel detected by Western blot analysis (Fig. 4).
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Fig. 4: Palmitate does not induce apoptosis in HL-
cardiomyocytes.
expression of uncleaved caspase 3 in contr

(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 caveoliis3

Western blot showing the.

2001). While we cannot exclude that some of the
palmitate-induced increase in coronary flow is doe
adenosine formation, we were not able to detect
significant increases in adenosine concentratiorthé
heart or loss of ATP (both measured by HPLC, data n
shown). Another strong vasodilator in the heafi@.

It is produced by eNOS and iNOS in the endothelium
Tand 'in cardiomyocytes. We have shown a 5-fold
ncrease in eNOS expression in the hearts of neideaf
igh palmitate diet, with no change in iINOS (datd n
shown). Thus, it is likely thah vivo the palmitate diet-
induced increased coronary flow is caused by irszréa
NO production, despite the decreased NO production
we have observeh 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 endothelialscel

caused Dby the induction of apoptosis and therpg gpserved difference betweamvivo and in vitro

degradation of cellular membrane systems.

DISCUSSION

It is well known that palmitate causes lipotoxic

effects of palmitate may be due to different eect
palmitate on endothelium, fibroblasts, or
cardiomyocytes. It is conceivable that concentmatio
effects also play an important role. We know fromss

changes in the heart (Kong and Rabkin. 2003; Tsang spectrometric analysis that the free palmitate

al., 2004; Milleret al., 2005; Fauconnieet al., 2007).

The accumulation of lipotoxic ceramide from de novo

synthesis is considered one of the main mecharfisms
induction of cardiomyocyte apoptosis (Okeee al.,
2006). Here we present data that suggests a meahan
for lipotoxic changes that are independent of apsipt
This mechanism includes the loss of caveolin-3 fthen
plasma membrane of cardiomyocytes and
concomitant loss of caveolin-3 binding proteins,
particular eNOS, from the plasma membrane.

Diet induced changes in coronary flow: Ourin vivo

th

inIS

concentration in the blood plasma of our high ptdtei
diet fed mice is 0.1 mM (data not shown). This
accounts only for the unbound palmitate, thus ugidg
mM palmitate in ouin vitro experiments approximates
the total concentration present in vivo. We cannot
exclude that cardiomyocytei vivo are exposed to
lower amounts because the endothelium regulates the
éamount of palmitate uptake and thus the amountghwhi
available to the cardiomyocyte. Thus, the
endotheliumin vivo might show deleterious effects,
such as ROS production, earlier than cardiomyocytes
This may also explain the increase in eNOS

mouse model is, to our knowledge, the first to showexpression we have observed in vivo, which could be

early pathological effects of a high saturateddiat on

a compensatory response to declining NO levels. In

coronary flow. Feeding a high palmitate diet for 12addition, increased NO releasae vivo can inhibit

weeks is sufficient to maximize coronary flow atvlo

oxidative mitochondrial respiration (Kanagét al.,

cardiac workloads. We suggest that the diet-induced001), thus energy metabolism has to rely on
increase in coronary flow is possibly due to the upanaerobic metabolism. This could lead to a drop in

regulation of a potent cardiac vasodilator. There a
three potent vasodilators in the heart, adenodi@,
and acidic pH. Adenosine

is produced by the

intracellular pH, another strong factor contribgtito
vasodilation in the heart.
To further define the mechanisms of palmitate-

breakdown of ATP in the presence of increased ATPnduced changes in eNOS, its phosphorylation state

demand but insufficient ATP supply (Ingwall, 2002).

activity, we investigated the link between palmatat

subsequent adenylate kinase reaction utilizes 2 ADPxposure and eNOS activity and phosphorylatiorustat
molecules to generate one ATP and one AMPN aninyvitrosystem using HL-1 cardiomyocytes.
molecule. The AMP is quickly degraded to adenosine,

which exits the cell via its concentration gradielt
binds to G protein coupled adenosine receptorién t
endothelium. This results

Palmitate-induced translocalization of eNOS and
differential phosphorylation - Intracellular eNOS

in vasodilatation andlocalizes to caveolae and binds the CSD domain of

increased coronary flow (Mubagwa and Flamenggcaveolin-1 in endothelial cells (Ferenal., 1998). This
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study suggests that the binding of caveolin inkibit eNOS activity: The plasma membrane contains small
eNOS activity by preventing calmodulin binding teet membrane micro-domains called caveolae. The loss of
calmodulin-binding domain of eNOS (Fercet al., caveolin-3, the structural protein of caveolaepiite
1998). Upon release of caveolin, eNOS moves awainduces cardiomyopathy (Woodmah al., 2002) and
from the plasma membrane, calmodulin binds to eNO$nuscular dystrophy (Minettet al., 1998). Here we
activating production of NO. In contrast, otheragdp  report for the first time, that palmitate expostse
have suggested that the binding of caveolin preteinsufficient to induce the loss of caveolin-3 frometh
stabilizes the membrane localization of eNOS anclasma membranén vitro. With palmitate exposure,
enables eNOS to produce NO where it is needechveolin-3 translocates to a peri-nuclear locasekms
(Liu et al., 1996). In this study, we have found thatlikely that it localizes to the Golgi membrane yst
palmitate exposure of cardiomyocytes translocatés b because it is closely associated with the nucléssa
caveolin-3 and eNOS away from the plasma membranpossible mechanism we suggest that palmitate, as
and both proteins localize to a peri-nuclear lagati reported in the literature, increases cellular
Translocation seems likely, but we cannot excluag t sphingomyelin and ceramide levels and that this
palmitate treatment affects membrane composition osphingolipid accumulation changes the structure of
function. If for example the lipid composition dfed ER  membrane micro-domains. Our data strongly suggest
membrane was changed, protein export may bé¢hat palmitate exposure leads to the loss of cavéol
impaired leading to accumulation of proteins in ERR.  via enhanced protein degradation via the ubiquitin-
The decrease in plasma membrane association @roteasome pathway and that this affects downstream
caveolin-3 and eNOS may then represent normasignaling cascades that localize and bind to caveol
plasma membrane protein turnover that is not replac proteins, as we have shown for eNOS in this stlitlis
due to the defective ER-Golgi protein export in theis a novel finding for the regulation of eNOS aittiv
presence of excess palmitate. Figure 3 indicates that caveolin-3 does not loeatiz
Our results do not indicate whether caveolin-3 ancendosomes or lysosomes, however inhibition of the
eNOS remain bound to each other in the peri-nucleaunbiquitin-proteasome pathway with MG-132 (Fig. 3D)
location. However, because the phosphorylatiorustat suggests that increased protein breakdown accéomts
of eNOS changes upon translocation to the perigaucl the loss of caveolin-3. We cannot exclude that the
area, we suggest that eNOS is not associated wittaveolin-3 found in the peri-nuclear area is in the
caveolin-3. Phosphorylation at Serll77 does noprocess of translation and processing for tramsiato
change, however phosphorylation at Thr495 decreasdéke plasma membrane. The accumulation of
and cellular release of NO from HL-1 cells decrsasesphingolipids as a result of high palmitate mayngea
by 41%. This suggests that binding of caveolin€tks  the lipid composition of the ER-Golgi system in lsuc
access to Thr495 in the calmodulin-binding-doméin oway as to perturb normal protein transport processe
eNOS and protects it from phosphatases. Phosphatase In contrast to other studies, we have not beea abl
access to this site also suggests that calmodahn, to demonstrate increased apoptosis in cells exptmsed
important enhancer of eNOS activity, is not bouad t palmitate (Kong and Rabkin. 2003; 2004; Mikal .,
the protein. Some reports have shown a link betweef005). Even with the highest concentration used (0.
high sphingolipid levels and increased intracetlula mM), the cells did not show activation of caspase 3
calcium concentrations, which could increase(Fig. 4). This strongly suggests that the change in
calmodulin expression and possibly enhance binting translocation of caveolin-3 is not due to apoptotic
eNOS. We did not find increased calmodulinchanges in the cell but rather a direct effectaimitate
expression in hearts of mice fed a high palmitagt d exposure.
(data not shown) and the decrease in releasedrNO

vitro also suggests that calmodulin is not bound tQyifference between in vivo and in vitro effects of
eNOS. Thus, we conclude that vitro exposure of amitate: We have found increased coronary flow in
cardiomyocytes to palmitate leads to release of 8NOyice fed a palmitate diet. Interestingly, éonitro data
and caveolin-3, prevention of calmodulin binding 04y ot show an increased NO release from
eNOS, followed by the uncoupling of eNOS with c5rgiomyocytes in a high palmitate environment. The
decreased synthesis of NO. Whether this leads t0 g§hserved difference betweamvivo andin vitro effects
increase in ROS production remains to be determined ¢ palmitate may be due to different effects ofnpitate

on endothelium and cardiomyocytes. The heart ctnsis
Palmitate-induced loss of plasma membrane to about 20% of cardiomyocytes, but they account fo
caveolin-3 as a novel mechanism for regulation of more than half of the total cellular mass. The riemg
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cells are fibroblasts and endothelial cells. It is fatty acid transport protein 1 in the heart causes
conceivable that concentration effects also play an lipotoxic cardiomyopathy. Circ. Res., 96: 225-233.
important role. We know from mass spectrometric DOI: 10.1161/01.RES.0000154079.20681.B9

analysis that the free palmitate concentratioménlilood Claycomb, W.C., N.A.J. Lanson, B.S. Stallworth,

plasma of high palmitate diet fed mice is 0.1 mMté&d D.B. Egeland and J.B. Delcarpabal., 1998. HL-

not shown). Thus using 0.4 mM palmitate in ouvitro 1 cells: A cardiac muscle cell line that contracts
experiments approximates the total concentratiesgnt and retains phenotypic characteristics of the adult
in vivo. We cannot exclude that cardiomyocyiesivo cardiomyocyte. Proc. Natl. Acad. Sci. 95: 2979-

are exposed to lower amounts because the endatheliu  2984. PMID: 9501201
buffers the amount and takes up most of the availab Der, P., J. Cui and D.K. Das, 2006. Role of li@dts in

palmitate. Thus, the endothelium vivo might show ceramide and nitric oxide signaling in the ischemic
deleterious effects, such as ROS production, edhan and preconditioned hearts. J. Mol. Cell. Cardiol.,
cardiomyocytes and may contribute to the phenotype 40: 313-320. DOI: 10.1016/j.yjmcc.2005.10.005
seen in ex vivo hearts. Fauconnier, J., D.C. Andersson, S.J. Zhang, J.finéa
and R. Wibonet al., 2007. Effects of palmitate on
CONCLUSION Ca(2+) handling in adult control and ob/ob

cardiomyocytes: Impact of mitochondrial reactive

In summary, the finding of palmitate-induced loss oxygen species. Diabetes, 56: 1136-1142. DOI:
of caveolin-3 in cardiomyocytes has significant 10.2337/db06-0739
implications for populations that eat a westernlesty Feron, O. and J.L. Balligand, 2006. Caveolins drel t
high fat diet. The increasing incidence of obesityhe regulation of endothelial nitric oxide synthase in
adult and adolescent population has also incretszd the heart. Cardiovasc Res., 69: 788-7®0I:
co-morbidity of cardiovascular diseases. Our data  10.1016/j.cardiores.2005.12.014
suggest that a high palmitate dietary intake wilero  Feron, O., F. Saldana, J.B. Michel and T. Micheb4.
time lead to changes in the micro-domain structfre The endothelial nitric-oxide synthase-caveolin
the cardiomyocytes plasma membrane and the loss of = regulatory cycle. J. Biol. Chem., 273: 3125-3128.
the structural component of caveolae, the caveolin  pOQI: 10.1074/jbc.273.6.3125
protein(s). This may negatively impact associatedgarcia-Cardena, G., P. Oh, J. Liu, J.E. Schnitzer a
signaling pathways, as we have shown for eNOS and y c. Sessa, 1996. Targeting of nitric oxide

NO production. We suggest that these changes in  gynihase to endothelial cell caveolae via
membrane composition in the long term contribute to palmitoylation: Implications for nitric oxide

the onset of obesity-associated co-morbidities. signaling. Proc. Natl. Acad. Sci., 93: 6448-6453.
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