Western diet changes cardiac acyl-CoA composition in
obese rats: a potential role for hepatic lipogenesis®
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Abstract The “lipotoxic footprint” of cardiac maladapta-
tion in diet-induced obesity is poorly defined. We investi-
gated how manipulation of dietary lipid and carbohydrate
influenced potential lipotoxic species in the failing heart. In
Wistar rats, contractile dysfunction develops at 48 weeks on
a high-fat/high-carbohydrate “Western” diet, but not on
low-fat/high-carbohydrate or high-fat diets. Cardiac content
of the lipotoxic candidates—diacylglycerol, ceramide, lipid
peroxide, and long-chain acyl-CoA species—was measured
at different time points by high-performance liquid chroma-
tography and biochemical assays, as was lipogenic capacity
in the heart and liver by qRT-PCR and radiometric assays.
Changes in membranes fluidity were also monitored using
fluorescence polarization. We report that Western feeding
induced a 40% decrease in myocardial palmitoleoyl-CoA
content and a similar decrease in the unsaturated-to-satu-
rated fatty acid ratio. These changes were associated with
impaired cardiac mitochondrial membrane fluidity. At the
same time, hepatic lipogenic capacity was increased in ani-
mals fed Western diet (+270% fatty acid elongase activity
compared with high-fat diet), while fatty acid desaturase ac-
tivity decreased over time.Bll Our findings suggest that dys-
regulation of lipogenesis is a significant component of heart
failure in diet-induced obesity.—Harmancey, R., C. R. Wilson,
N. R. Wright, and H. Taegtmeyer. Western diet changes car-
diac acyl-CoA composition in obese rats: a potential role for
hepatic lipogenesis. J. Lipid Res. 2010. 51: 1380-1393.
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Obesity, insulin resistance, and type 2 diabetes mellitus
are recognized as risk factors for development of heart
failure (1, 2). How do these metabolic disorders affect car-
diac function? We have proposed that metabolic derange-
ments associated with obesity and diabetes mellitus
diminish the heart’s capacity to convert chemical to me-
chanical energy, independently from hypertension and
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coronary artery disease (3, 4). An imbalance between myo-
cardial substrate uptake and fatty acid oxidative capacity of
the heart is thought to induce lipotoxicity, namely, an ac-
cumulation of lipid byproducts that give rise to noxious
intermediates in the cardiomyocytes. However, the exact
mechanism for lipotoxicity is still not known. A consistent
finding is that myocardial triglycerides are increased in
hearts of obese or type 2 diabetic patients (5, 6), which is
associated with impaired left-ventricular diastolic function
(7).

Genetically modified rodent models have been used ex-
tensively to investigate the pathophysiology of “lipotoxic
cardiomyopathy” (8). Increased lipid influx in the heart
(9, 10), decreased mobilization of triacylglycerol reserves
(11), or increased fatty acid metabolism (12-14) all are
associated with metabolic alterations that mimic those of
diabetes, including hypertrophy of the heart and contrac-
tile dysfunction. These animal studies have led to the iden-
tification of the lipid molecules that are potential culprits
for impaired cardiac function. Increased reliance of the
heart on B-oxidation of fatty acids leads to increased reac-
tive oxygen species generation, which promotes lipid per-
oxidation and alters mitochondrial function (15, 16). In
addition, intracellular saturated acyl-CoA species, cer-
amide and diacylglycerol, are linked to changes in mem-
brane composition, endoplasmic reticulum stress, altered
lipid signaling, and ultimately, apoptosis (17, 18). These
lipid species may also impair insulin signaling through in-
creased serine phosphorylation of the insulin receptor
and insulin receptor substrate 1 and/or reduced serine
phosphorylation of PKB/Akt (19, 20).

However, there is controversy over whether myocardial
lipids contribute to contractile dysfunction and heart
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TABLE 1.

Macronutrient composition of the diets

Contribution to Total Energy Content of the Diet (% of total)

Fat Carbohydrate Protein
Diet Soybean Oil Lard Corn Starch Maltodextrin Sucrose Casein Total
HCD 6 4 31 4 35 20 100
WD 6 39 8 10 17 20 100
HFD 6 54 — 13 7 20 100

Diets are matched for vitamin and mineral content. Abbreviations: HCD, low-fat/high-carbohydrate diet;

HFD, high-fat diet; WD, Western diet.

failure in patients suffering from metabolic diseases. Data
collected from rodent genetic models of cardiac lipotoxic-
ity are limited as they exaggerate lipid disorders far be-
yond what is usually observed in patients suffering from
obesity and/or diabetes. Only a few studies have investi-
gated the effects of high-fat diets and dietary lipid compo-
sition on cardiac metabolism and function in rodents of a
normal genetic background (21-26). However, most of
these animal studies have been restricted to a short-term
feeding protocol (usually 8-12 weeks) as a single end point
(22-24, 26), and changes in the myocardial content of li-
potoxic candidates were not systematically investigated.
The potential role of long-chain acyl-CoA (LCACoA) es-
ters, the obligate intermediates of fatty acid metabolism, is
particularly disregarded. This is a critical point because
these “active” forms of the long-chain fatty acids affect a
large number of cellular systems and functions, including
ion channels, ion pumps, translocators, enzymes, mem-
brane fusion, and gene regulation (27, 28). Lastly, the tox-
icity of dietary fats has also been questioned because
high-fat diets can either be neutral or even protective for
the heart (22-24). Therefore, we wanted to know how di-
etary composition defines a “lipotoxic footprint” in the
failing heart.

We have previously investigated the heart’s capacity to
adapt to different obesogenic diets by feeding Wistar rats a
low-fat/high-carbohydrate diet, “Western” diet, or high-fat
diet (10%, 45%, or 60% calories from fat, respectively) for
up to 48 weeks. Western and high-fat diets led to a similar
increase in body weight gain (+33%) when compared with
the low-fat/high-carbohydrate diet. Even though ventricu-
lar weights did not differ among groups, we found that
cardiac power significantly decreased (as measured in the
isolated working heart) with long-term feeding of the
Western diet (29). This measure of impaired contractile
function was linked to a limited activation of cardiac fatty
acid oxidation and fatty acid-mediated futile cycling (29).
We propose that such a model of long-term, diet-induced
cardiac failure may be useful to identify mechanisms of
metabolic alterations relevant to humans.

The aim of the present follow-up study was to identify
and to explain the cause(s) for changes in cardiac lipid
composition that are associated with contractile dysfunc-
tion of the heart in our rodent model of diet-induced obe-
sity. In particular, we decided to quantify the myocardial
content of the following lipotoxic candidates throughout
the feeding protocol: diacylglycerol, ceramide, lipid per-
oxide, and LCACoA species. Control animals fed either

the high-fat diet or the low-fat/high-carbohydrate diet al-
lowed discrimination between adaptive and maladaptive
changes. Our results demonstrate that de novo synthesized
fat, rather than dietary fat, may be responsible for cardiac
maladaptation to diet-induced obesity.

MATERIALS AND METHODS
Animals

All the samples analyzed were recovered from the Wistar rats
used in our previously published study (29). Briefly, 6-week-old
male rats were housed under controlled conditions (23 + 1°C;
12-h light/12-h dark cycle). The rats were acclimatized for 2
weeks under standard laboratory chow, containing 13.5% fat,
58% carbohydrate, and 28.5% protein as a percentage of the to-
tal energy (Laboratory Rodent Diet 5001, Labdiet®, Richmond,
IN). Rats were then fed ad libitum a low-fat/high-carbohydrate
diet (10% fat, 70% carbohydrate, 20% protein), Western diet
(45% fat, 35% carbohydrate, 20% protein), or high-fat diet (60%
fat, 20% carbohydrate, 20% protein) (Research Diets, New
Brunswick, NJ; # D12450B, D12451, and D12492). The macronu-
trient compositions and the fatty acid profiles of the diets are
given in Table 1 and Table 2, respectively. Rats were sacrificed
after 1 day and 1 week (acute term; AT); 4 and 8 weeks (short
term; ST); 16 and 24 weeks (intermediate term; IT); or 32 and 48
weeks (long term; LT) on the feeding protocols. Plasma was re-
covered at the time of sacrifice (6 + 1.5 h into the dark phase).
Hearts and livers were removed, rinsed free of blood, and freeze
clamped in liquid nitrogen. All procedures were approved by the
Animal Welfare Committee of the University of Texas Health Sci-
ence Center at Houston.

TABLE 2. Fatty acid profile of the diets

Fatty Acid Content

(mmol /4057 kcal) HCD WD HFD
14:0, Myristic 0.88 7.01 9.63
14:1, Myristoleic 0.44 3.98 5.30
16:0, Palmitic 28.08 168.47 228.92
16:1, Palmitoleic 3.14 26.33 36.55
18:0, Stearic 12.65 86.47 117.76
18:1, Oleic 50.63 279.68 378.11
18:2, Linoleic 53.84 101.98 122.66
18:3, Linolenic 7.90 13.29 15.80
20:4, Arachidonic 0.98 9.85 13.79

Molar Ratio
16:1/16:0° 0.11 0.16 0.16
18:1/18:0" 4.00 3.23 3.21

Abbreviations: HCD, low-fat high/carbohydrate diet; HFD, high-
fat diet; WD, Western diet.

“The molar ratio of palmitoleate to palmitate.

" The molar ratio of oleate to stearate.
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Analysis of plasma parameters

Fed insulin and leptin levels were determined with rat-specific
radioimmunossay kits (Millipore, Billerica, MA). Within and be-
tween assay variation was 3.76% and 10.55% for insulin, and
3.54% and 5.07% for leptin, respectively. Plasma triglycerides
were quantified with L-Type TG H assay (Wako Chemicals, Rich-
mond, VA). Plasma total cholesterol levels were determined with
a cholesterol assay kit (Cayman Chemical, Ann Arbor, MI) ac-
cording to the manufacturer’s instructions. Fed blood glucose
levels, fed plasma nonesterified fatty acid levels, and body weight
curves have been reported previously (29).

Cardiac lipid extraction and analysis of lipid byproducts

Total lipids were extracted from heart tissue according to the
method of Bligh and Dyer (30). The extraction was repeated
three times to ensure the complete recovery of lipids. Myocardial
triacylglycerol content was quantified using the L-Type TG H as-
say (Wako Chemicals). Cholesterol content of tissue lipid extracts
was determined with a cholesterol assay kit (Cayman Chemical).

High-performance liquid chromatography for
quantification of ceramide and diacylglycerol

Ceramide and diacylglycerol levels were determined by HPLC
according to the method of Previati et al. (31) with slight modifi-
cations. Chromatography was carried out on a LC-10ATVP in-
strument (Shimadzu Scientific Instruments, Columbia, MD)
equipped with a Econosphere CN 5U, 250 x 4.6 mm column
(Grace, Deerfield, IL) and a Opti-Guard® 1 mm guard column
(Optimize Technologies, Oregon City, OR). UV absorption was
determined at 230 nm. The mobile phase was delivered at the
flow rate of 1 ml/min. The solvents used for ceramide assay were
(A) hexane and (B) isopropanol. After equilibration of the col-
umn with 100% A, 0% B, the separation was accomplished with a
linear gradient to 6 min to 95% A, 5% B, followed by isocratic
conditions to 16 min. Peak area was used to estimate the amount
of material based on a standard curve realized with authentic bo-
vine brain ceramides. Within and between assay variation was
1.89% and 4.80%, respectively. The solvents used for diacylglyc-

erol assay were (A) hexane and (B) 10% isopropanol in hexane.
The separation was achieved by 2 min of isocratic run with 97.5%
A, 2.5% B, a linear gradient to 8 min to 50% A, 50% B, followed
by isocratic conditions to 12 min. Peak area was used for quanti-
fication based on a standard curve realized with 1,2-Dioleoyl-rac
glycerol. Within and between assay variation was 3.19% and
3.90%, respectively.

Quantitative and qualitative analyses of cardiac
long-chain acyl-CoA species and of plasma fatty
acid species

LCACoAs were extracted and quantified according to the
method developed by Mangino et al. (32). Separation was car-
ried out using an Ultrasphere C18 ODS, 250 x 4.6 mm column
(Beckman Coulter, Fullerton, CA). UV absorption was deter-
mined at 254 nm. The following solvents were delivered at a flow
rate of 1 ml/min: (A) acetonitrile and (B) 10 mM KH,PO,, pH
5.3. The program was started with 24% A, 76% B with linear gra-
dient to 4 min to 34% A, 66% B; a linear gradient to 14 min to
45% A, 55% B; a linear gradient to 23 min to 57% A, 43% B; and
a isocratic run to 70% A, 30% B. After 25 min, the system was re-
equilibrated to the initial time zero solvent composition for 10
min before injecting another sample. The ratio of the peak areas
of LCACoA species to the area obtained from the internal stan-
dard n-heptadecanoyl-CoA was used for quantification based on
curves realized with authentic standards (All from Sigma-Aldrich,
St. Louis, MO). Total plasma fatty acids were analyzed by gas
chromatography using their methyl ester derivatives (FAME) at
the Lipidomic Platform facility of Toulouse, INSERM IFR 30,
Toulouse, France.

Lipid peroxidation assay

Lipid peroxidation was assessed using the thiobarbituric acid
reactive substances (TBARS) assay (33). Briefly, samples extracted
in presence of 100 pg/ml butylated hydroxytoluene were incu-
bated in TBARS reagent (0.4% 2-thiobarbituric acid, 0.5% SDS,
10% acetic acid, pH 3.5) for 60 min at 95°C. The pink chromogene
was then purified with chloroform extraction, and the absorbance

TABLE 3. Blood parameters
Baseline Diet Acute Term Short Term Intermediate Term Long Term
Leptin (ng/ml) 3.78 + 0.50 HFD 17.74 £ 1.03 26.38 +0.73 34.16 + 0.82" 34.79 + 0.91
WD 14.87 £ 1.04 26.25 +0.98 32.97 +0.73" 36.14 + 0.77
HCD 14.32 + 1.37 26.80 + 1.04 30.74 £ 0.75 33.78 + 1.29
Insulin (ng/ml)  0.23 +0.02 HFD 1.60 + 0.25 1.94 +0.27 1.72 £ 0.40 1.74 +0.29
WD 1.86 £ 0.31 2.57 +0.26 2.02 + 0.24 2.46 + 0.40
HCD 3.37+0.48%  5.38+0.67" 3.01 +0.31%/ 3.34 +0.37°
TG (mg/dl) 82+ 12 HFD 143 £ 11 130 + 13 133+ 11 131 + 18
WD 128 +7 158 £ 15 150 £ 13 195 + 31/
HCD 202 + 21 212 + 24°¢ 168 + 12 234 + 27"
CHO (mmol/1) HFD 1.57 £0.14 1.15 £ 0.08 1.55 £ 0.13 1.93£0.17
1.28 £ 0.08 WD 1.45+0.13 1.30 £ 0.34 1.68 + 0.09 2.34 £0.18
HCD 1.45 + 0.09 1.57 £0.14 1.87 £0.13 3.10 +0.4%

Plasma parameters were assayed for 8-week-old rats fed standard rodent chow for 2 weeks (Baseline). The same
parameters were assayed in animals fed either low-fat/high-carbohydrate diet (HCD), high-fat diet (HFD), or
Western diet (WD) for 1 day or 1 week (acute term), 4 or 8 weeks (short term), 16 or 24 weeks (intermediate term),
and 32 or 48 weeks (long term). Data are means = SE of n = 14-18 animals per group per time point (except

baseline; n = 6).

Abbreviations: CHO, cholesterol; TG, triacylglycerol.

“P<0.05 vs. HCD at same age.

" P<0.01 vs. HCD at same age.
“P<0.05 vs. Western diet at same age.
*P<0.01 vs. Western diet at same age.
‘P<0.001 vs. Western diet at same age.
/P<0.05 vs. high-fat diet at same age.
£ P<0.01 vs. high-fat diet at same age.

" P<0.001 vs. high-fat diet at same age.
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was read at 532 nm. The amount of TBARS was quantified using
a standard curve of malondialdehyde.

Glycogen assay

Glycogen was extracted from ethanol precipitation of heart tis-
sue digested in hot 30% potassium hydroxide and measured as
glucose after digestion with amyloglucosidase (34).

RNA extraction and transcript analysis

Total RNA was extracted with TRI Reagent® (Molecular Re-
search Center, Cincinnati, OH) and purified on PureLink™
RNA columns (Invitrogen, Carlsbad, CA). Samples were treated for
genomic DNA contamination with DNA—ﬁeeTM (Applied Biosystems,/
Ambion, Austin, TX). RNA concentration was measured with a
NanoDrop 1000 apparatus. Absolute quantification of transcripts
was based on known amounts of synthetic DNA standard (Inte-
grated DNA Technologies, Coralville, IA). The primers and
probes sequences are given in supplementary Table 1.

Preparation of crude membrane and inner mitochondrial
membrane fractions

Heart tissue (~50 mg) was homogenized in 10 vols of ice-cold
23% sucrose (w/w), 20 mM Hepes, and 1 mM EDTA buffer (pH
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7.7) supplemented with proteases and phosphatases inhibitors. Mi-
tochondria and the microsomal fraction were isolated by differen-
tial centrifugation performed at 4°C. Briefly, the tissue homogenate
was centrifuged twice at 1,000 g for 15 min, and the supernatant
fractions were further centrifuged at 6,000 gfor 15 min. The mito-
chondria pellet was recovered, and the supernatant was centrifuged
at 100,000 gfor 25 min in a Beckman OptimaTM TL micro-ultracen-
trifuge. The microsome pellet was washed with 23% sucrose (w/w),
20 mM Hepes, and 1 mM EDTA buffer (pH 7.7) and then resus-
pended in 400 pl of the same buffer. Mitochondria were deprived
of their outer membrane by a 15 min hypotonic treatment in 10
mM sucrose, 5 mM TrissHCI (pH 7.2) (35). After centrifugation at
9,000 gfor 20 min, the pellet was suspended in 0.3 M sucrose, 5 mM
Tris-HCl (pH 7.2). The protein concentration was determined with
the Bradford method. The samples were snap-frozen in liquid ni-
trogen and stored at —80°C until further analysis.

Enzyme activities

Specific delta-9 desaturase activity was determined from the
production of E)’HQO using [9,10—3H]stearoyl-C0A (Perkin-Elmer,
Waltham, MA) (36, 387). After 20 min incubation at 25°C, the
samples were loaded on a 2 ml column of AG® 1-X8 resin
100-200 mesh, hydroxide form (Bio-Rad, Hercules, CA). The
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High-fat diet and Western diet induce similar changes in myocardial lipid byproducts content. Myocardial triacylglycerol (A), dia-

cylglycerol (B), ceramide (C), and TBARS (D), the latter taken as an index of lipid peroxidation, were quantified in the heart of male
Wistar rats fed either low-fat/high-carbohydrate diet (HCD; open bars), high-fat diet (HFD; hatched bars), or Western diet (WD; black
bars) for short term (ST), intermediate term (IT), or long term (LT). Data are means + SE of n = 13-18 animals per group per time point.
One, two, and three symbols represent P< 0.05, P< 0.01, and P< 0.001, respectively. * = vs. HCD at same age; a = vs. short term; b = vs. in-
termediate term; ¢ = vs. long term. TBARS, thiobarbituric acid reactive substances.
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Fig. 2. Mpyocardial long-chain acyl-CoA profile is more pro-
foundly altered by Western diet. A: Total myocardial long-chain
acyl-CoA content was determined for male Wistar rats fed either
low-fat/high-carbohydrate diet (HCD; open bars), high-fat diet
(HFD; hatched bars), or Western diet (WD; black bars) for short
term (ST), intermediate term (IT), or long term (LT). Results are
expressed in percentage of long-chain acyl-CoA levels determined
for animals fed with low-fat/high-carbohydrate diet. B: Myocardial
levels of myristoyl-CoA (14:0), palmitoyl-CoA (16:0), palmitoleoyl-
CoA (16:1), stearoyl-CoA (18:0), oleoyl-CoA (18:1), and linoleoyl-
CoA (18:2) were also quantified separately in the same animals.
Data are means + SE of n = 13-17 animals per group per time point.
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3HQO was eluted in a scintillation vial with 3.5 ml of double-
distilled HyO mixed with 10 ml of Ultima Gold™ scintillation
cocktail (Perkin-Elmer), and *H radioactivity was quantified by
B-scintillation counting. In vitro fatty acid elongation assay was
performed using palmitoyl-CoA as a substrate according to the
procedures described previously (38, 39).

Fluorescence polarization

Membrane fluidity was assessed by fluorescence polarization
using the lipid fluorophore 2-(6-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)
amino) hexanoyl-1-hexadecanoyl-sn-glycero-3-phosphocholine
(NBD Cg-HPC; Invitrogen). Crude membrane and inner mito-
chondrial membrane aliquots diluted at 50 g protein/ml in 50
mM Tris-HCl buffer (pH 7.6) were incubated for 60 min at 37°C
with 5 pug/ml NBD C4-HPC (final concentration = 6.5 uM). Next,
the membranes were washed with 3 vols of 50 mM Tris-HCl
buffer. Steady-state fluorescence polarization studies were per-
formed at 25°C using a fluorescence spectrophotometer (POLAR-
star OPTIMA, BMG Labtech Inc., Durham, NC) at 485/520 (Ex/
Em) wavelengths. The degree of fluorescence polarization (in
mP units) was calculated from the equation P = (I,—kI;)/
(Iy+kI,), where P = polarization, I is the fluorescence intensity,
the first and second subscripts refer to the plane of polarization
of the excitation and emission beams, respectively (v = vertical,
h = horizontal). The factor k = I, /I;;, compensates for slightly
unequal horizontal and vertical excitation intensities. We cor-
rected for intrinsic fluorescence and light-scattering from the
membrane suspension by subtracting the values obtained with
unlabeled samples.

Data analysis

Data are shown as means + SE. Analyses were performed by
grouping similar time points into a “term” of feeding. The groups
were: 1 day and 1 week (acute term), 4 and 8 weeks (short term),
16 and 24 weeks (intermediate term), and 32 and 48 weeks (long
term). Pairwise comparisons were performed using Student’s
ttest. Multiple pairwise comparisons were performed using one-
way or two-way ANOVA with post hoc Student-Newman-Keuls’s
test. Data were analyzed with SigmaStat v3.0.1 (SPSS, Chicago,
IL). Significance was considered P < 0.05.

RESULTS

Plasma parameters

Leptin levels rose quickly with the three diets during the
first 4 months of the feeding protocol and started to reach
a plateau in the intermediate term (Table 3). The inter-
mediate term is also the only time point where a slight, but
significantly higher, increase in leptin levels occurred with
high-fat and Western diets when compared with low-fat/
high-carbohydrate diet (Table 3). Leptin levels were highly
correlated to body weight (r* = 0.46, P< 0.0001 for low-fat/
high-carbohydrate diet; = 0.72, P < 0.0001 for high-fat
diet; = 0.71, P< 0.0001 for Western diet) and to mesen-
teric fat mass (r2 =0.46, P< 0.0001 for low-fat/high-carbo-
hydrate diet; 2= 0.66, P < 0.0001 for high-fat diet; =
0.68, P < 0.0001 for Western diet) throughout the study.

One, two, and three symbols represent P < 0.05, P< 0.01, and P <
0.001, respectively. * = vs. HCD at same age; # = vs. WD at same age;
$ = vs. HFD at same age; a = vs. short term; ¢ = vs. long term.



Insulin levels were also increased with all three diets and
at all time points investigated. However, the increase was
gradual between the diets, with the high-fat diet inducing
the lowest increase and low-fat/high-carbohydrate diet
inducing the highest raise (Table 3). Triacylglycerol lev-
els followed insulin levels: Plasma triacylglycerol was
higher with the low-fat/high-carbohydrate diet, and the
Western diet induced an intermediate raise that became
significantly higher than high-fat diet in the long term
(Table 3). The increase in total plasma cholesterol was
also greater in rats fed the low-fat/high-carbohydrate
diet (Table 3).

Changes in cardiac lipid content

Cardiac triacylglycerol content was transiently higher
with both high-fat and Western feeding after 16-24 weeks
on the diet compared with animals on the low-fat/high-
carbohydrate diet (Fig. 1A). However, there was no sig-
nificant difference between the high-fat and Western
diets. Cardiac diacylglycerol content was also higher with
the high-fat and Western diets in the intermediate term
(Fig. 1B). Ceramide content was unchanged among the
three diets from the short- to long-term feeding periods
(Fig. 1C). Lipid peroxidation was increased with the high-
fat and Western diets throughout the feeding protocol
(Fig. 1D). Cardiac cholesterol and glycogen contents re-
mained unaffected by all three diets over time (data not
shown).

Changes in cardiac long-chain acyl-CoA content

Total LCACoA cardiac content was decreased with the
high-fat diet in the short term (Fig. 2A), which is mainly
explained by the decrease of the most abundant, 18-car-
bon chain length species stearoyl-CoA and oleoyl-CoA
(Fig. 2B). Conversely, LCACoAs accumulated with both
the high-fat and Western diets in the intermediate term,
therefore mirroring the transient increase observed for
the glycerolipid species triacylglycerol and diacylglycerol
(Fig. 2A). This was due to an increase of all the saturated
and monounsaturated species (Fig. 2B). As observed for
triacylglycerol and diacylglycerol, total LCACoA content
normalized among groups on the long-term feeding (Fig.
2A). However, a closer analysis of LCACoA species re-
vealed striking variations for the Western diet when com-
pared with the other diets. Stearoyl-CoA content tended to
increase at the expense of oleoyl-CoA, and there was a
40% drop of the monounsaturated species palmitoleoyl-
CoA (Fig. 2B). Despite significant quantitative changes,
cardiac unsaturated-to-saturated LCACoA ratios were con-
served among the three diets in the short term and inter-
mediate term (Fig. 3). This was the case not only for the
monounsaturated-to-saturated ratios of 16-carbon and
18-carbon chain length species but also when considering
all the LCACoA species together. However, all ratios were
dramatically decreased (by 32-50%) on the Western diet
in the long term (Fig. 3), thus confirming the loss of
monounsaturated species and a subsequent enrichment in
saturated fat, which could potentially contribute to cardiac
dysfunction in these animals.
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Fig. 3. Western feeding induces a dramatic decrease in myo-
cardial unsaturated-to-saturated fatty acid ratio. Myocardial
palmitoleoyl-CoA—to—palmitoyl-CoA ratio (16:1)/(16:0) (A), oleoyl-
CoA~-to—stearoyl-CoA ratio (18:1)/(18:0) (B), and total unsatu-
rated-to-saturated long-chain acyl-CoA species ratio (C) are given
for rats fed either low-fat/high-carbohydrate diet (HCD; open
bars), high-fat diet (HFD; hatched bars), or Western diet (WD;
black bars) for short term (ST), intermediate term (IT), or long
term (LT). Data are means + SE of n = 13-17 animals per group
per time point. ¥ = P< 0.05; ** = P< 0.01 vs. HCD at same age;
#=P<0.05vs. WD at same age; $ = P< 0.05; $$ = P< 0.01 vs. HFD
at same age; a = P< 0.05 vs. short term.
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Changes in hepatic gene expression and activity of
lipogenic factors and enzymes

The fact that neither the high-fat nor low-fat/high-car-
bohydrate diet modified the cardiac fat ratios implies not
only an excess in dietary fat but also an excess in dietary
sugars. Therefore, we decided to investigate for a possible
involvement of hepatic lipogenesis. The low-fat/high-car-
bohydrate diet induced a massive and sustained upregula-
tion of genes that encode for enzymes involved in de novo
lipogenesis, including fatty acid synthase (fasn; Fig. 4A),
acetyl-CoA carboxylase 1 (accl; Fig. 4B), the elongase that
catalyzes the conversion of palmitate to stearate (elovl6; Fig.
5A), and stearoyl-CoA desaturase 1 (scdl; Fig. 5C). Con-
versely, the high-fat diet induced a sustained repression
of the same genes. In addition, the low-fat/high-carbohy-
drate diet upregulated, while the high-fat diet downregu-
lated the expression of the key lipogenic transcription
factors sterol-regulatory element binding protein 1 (srebpl;
Fig. 4C) and carbohydrate-response element binding pro-
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tein (chrebp; Fig. 4D). The effect of Western diet varied,
depending on the gene and the time point considered. He-
patic acc] mRNA expression remained stable and close to
baseline levels from the acute term to the long term (Fig.
4B). Fatty acid synthase mRNA levels were also unchanged
in the acute and short terms but then started to increase to
be significantly higher in the long term (Fig. 4A). elovio
expression was downregulated in the acute and short terms,
but thereafter became upregulated in the long term (Fig.
5A). Surprisingly the expression of the delta-9 desaturase
SCD1, which catalyzes the monounsaturation of palmitate
and stearate, was not upregulated in the long term (Fig.
5C). The changes in transcript levels matched the activity
of lipogenic enzymes. As expected, acyl-CoA elongation
and delta-9 desaturation processes were more active in the
liver of animals fed the low-fat/high-carbohydrate diet
(Fig. 5B, D). Hepatic lipogenic capacity was also high in
animals fed the Western diet, with a fatty acid elongase ac-
tivity increased by 270% in the long term compared with
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Fig. 4. Hepatic de novo lipogenesis is regulated by diet composition at the transcriptional level. Transcript levels of fatty acid synthase
(fasn; A), acetyl-CoA carboxylase 1 (accl; B), sterol regulatory element-binding proteins 1 (srebpl; C), and carbohydrate response element
binding protein (chrebp; D) were quantified by real-time PCR in the liver of Wistar rats fed either low-fat/high-carbohydrate diet (HCD;
open bars), high-fat diet (HFD; hatched bars), or Western diet (WD; black bars) for acute term (AT), short term (ST), intermediate term
(IT), or long term (LT). Baseline mRNA levels (B; gray bar) were determined from 8-week-old rats fed standard rodent chow for 2 weeks
before the beginning of the feeding protocol. Data are means + SE of n = 13-17 animals per group per time point (except baseline; n = 7).
One, two, and three symbols represent P< 0.05, P< 0.01, and P< 0.001, respectively. # = vs. WD at same age; $ = vs. HFD at same age; a = vs.
baseline; b = vs. acute term; ¢ = vs. short term; d = vs. intermediate term.
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Fig. 5. The activity of lipogenic enzymes is differentially regulated with long-term Western feeding. Transcript levels of the long chain
fatty acid elongase ELOVL family member 6 (elovl6; A) and stearoyl-CoA desaturase 1 (scdl; C) were quantified by real-time PCR in the liver
of Wistar rats fed either low-fat/high-carbohydrate diet (HCD; open bars), high-fat diet (HFD; hatched bars), or Western diet (WD; black
bars) for acute term (AT), short term (ST), intermediate term (IT), or long term (LT). Baseline mRNA levels (B; gray bar) were deter-
mined from 8-week-old rats fed standard rodent chow for 2 weeks before the beginning of the feeding protocol. Data are means + SE of
n = 13-17 animals per group per time point (except baseline; n = 7). To confirm the variations observed at the mRNA level, hepatic acyl-
CoA elongase (B) and delta-9 desaturase (D) activities were also assessed over time. Data are means + SE of n = 6 animals per group per
time point. One, two, and three symbols represent P< 0.05, P< 0.01, and P< 0.001, respectively. # = vs. WD at same age; $ = vs. HFD at same
age; a = vs. baseline; b = vs. acute term; ¢ = vs. short term; d = vs. intermediate term.

the high-fat diet (Fig. 5B). Conversely, delta-9 desaturase
activity dropped to the high-fat diet levels in the long term
(Fig. 5D).

Changes in plasma fatty acid composition

Plasma palmitate levels were higher for rats fed the
low-fat/high-carbohydrate diet (see supplementary Fig.
I). In accordance with enhanced hepatic delta-9 desatu-
rase activity, there was also a 6 to 14-fold increase in pal-
mitoleate levels associated to low-fat/high-carbohydrate
diet consumption at all time points examined (see sup-
plementary Fig. I). This led to a much higher palmitoleate-
to-palmitate ratio compared with animals fed either
high-fat or Western diets (Fig. 6A). Similarly, the oleate-
to-stearate ratio tended to increase over time with low-fat/
high-carbohydrate diet. Interestingly, while the oleate-to-
stearate ratio rose with Western diet in the intermediate term,
the increase was not sustained in the long term, and the ratio
dropped back to high-fat diet levels (Fig. 6B).

Changes of delta-9 desaturase expression in the heart

The expression of fasn, accl and elovl6 was increased with
low-fat/high-carbohydrate diet only in the early phase (Fig.
7A-C), which precludes any major role for cardiac de novo
fatty acid synthesis in the long term. In addition, the expres-
sion of srebp1 or chrebp did not significantly change among the
three diets (Fig. 7F, G). However, scdl mRNA levels were sig-
nificantly increased from acute term to long term with low-
fat/high-carbohydrate diet (Fig. 7D). scd2 mRNA levels
decreased steadily over time with the three diets, still they re-
main higher with low-fat/high-carbohydrate diet when com-
pared with high-fat diet or Western diet (Fig. 7E).

Impact of diets on membrane fluidity in the heart

Crude membrane fraction fluidity was decreased simi-
larly from short-term to long-term feeding with the high-
fat and Western diets compared with the low-fat/
high-carbohydrate diet (Fig. 8A). The fluidity of the inner
mitochondrial membrane was significantly impaired only
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Fig. 6. Plasma monounsaturated-to-saturated fatty acid ratios are

differentially altered by the diets. Plasma palmitoleate-to-palmitate
(16:1)/(16:0) (A) and oleate-to-stearate (18:1)/(18:0) (B) ratios
are given for rats fed either low-fat/high-carbohydrate diet (HCD;
open bars), high-fat diet (HFD; hatched bars), or Western diet
(WD; black bars) for short term (ST), intermediate term (IT), or
long term (LT). Data are means + SE of n =9 animals per group per
time point. ### = P< 0.001 vs. WD at same age; $$$ = P< 0.001 vs.
HFD at same age; aaa = P< 0.001 vs. short term; bbb = P< 0.001 vs.
intermediate term.

with the Western diet after long-term feeding (Fig. 8B). It
is noteworthy that mitochondrial membrane fluidity de-
creased concomitantly to the alteration in the cardiac
LCACOoA profile and the development of cardiac dysfunc-
tion (29).

DISCUSSION

The main findings are that the Western diet induces ro-
bust changes in the fatty acid profile of failing rat hearts,
including a loss in monounsaturates and a subsequent en-
richment in saturated species. The changes in cardiac
LCACoA composition likely result from abnormally high
hepatic de novo lipogenesis coupled to insufficient delta-9
desaturase activity. Among all the commonly described li-
potoxic molecules, we identified LCACoA species as the
main potential contributor for contractile dysfunction in

1388 Journal of Lipid Research Volume 51, 2010

our rat models of diet-induced obesity. These changes in
cardiac lipid composition were associated with a decrease
in inner mitochondrial membrane fluidity.

Obese and diabetic individuals frequently present with
impaired cardiac function that might be due to toxic ef-
fects of lipid metabolites in the myocardium (6, 7). Poten-
tial lipotoxic molecules were quantified in the heart of our
Western diet—fed rats. While glycerolipid and lipid perox-
ide contents increased compared with animals fed the low-
fat/high-carbohydrate diet, the same trend was observed
for rats fed the high-fat diet. Moreover, cardiac ceramide
content, which is increased in several genetic models of
lipotoxic cardiomyopathy (12, 13, 40), was unchanged in
all groups. These observations rule out a putative involve-
ment of these lipid species in the development of cardiac
dysfunction in our model. Unlike mice with genetically in-
creased cardiac lipid uptake (40), cardiac glycogen levels
were unaltered despite the dramatic switches in cardiac
substrate utilization (29). It is also of note that most of the
changes in lipid metabolism induced by the high-fat and
Western diets in the intermediate term, namely the myo-
cardial accumulation of triacylglycerol, diacylglycerol and
LCACoAs, which are concomitant with higher blood lep-
tin levels, were comparable to the low-fat/high-carbohy-
drate diet in the long term. Altogether these results
demonstrate the remarkable ability of the normal heart to
maintain a near-constant metabolic environment even
with excess substrate availability.

However, it is unlikely that the evaluation of total fatty
acid levels is sufficiently informative, as the final outcome
may be influenced by the ratio of unsaturated-to-saturated
species and by the cumulative response to these species
over time. While the Western diet did not exclusively in-
duce quantitative changes in lipid species, it did modify
the nature of LCACoAs present in the heart. More specifi-
cally, we found that the Western feeding induced a 40%
drop in the myocardial palmitoleoyl-CoA content and a
similar decrease in the ratio of cardiac unsaturated-to-
saturated fat. This could not be solely explained by the
composition of the diet, because the molar ratios of
monounsaturated-to-saturated fatty acid species provided
by WD and HFD are identical (Table 2). The fact that nei-
ther the high-fat nor the low-fat/high-carbohydrate diet
modified cardiac fat ratios implies not only an excess in
dietary fat but also an excess in dietary sugars. Therefore,
we decided to investigate for a possible involvement of de
novo lipogenesis. The liver is the major site for de novo
synthesis of long chain fatty acids that are released in the
form of VLDL-bound triglyceride (41). Hepatic de novo
lipogenesis, a process highly regulated at the transcrip-
tional level, is activated by high levels of insulin and carbo-
hydrate and repressed by dietary fat (42). Consequently,
blood levels of insulin and triacylglycerol are higher with
the low-fat/high-carbohydrate diet, while they remain
lower with the high-fat diet. Gene expression analysis con-
firmed a sustained enhancement in the transcription of
genes involved in de novo lipogenesis in the liver of rats
fed the low-fat/high-carbohydrate diet, which was associ-
ated with high plasma levels of palmitate and, mostly,
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Fig. 8. High-fat diet and Western diet induce time-dependent,
organelle-specific impairment in membrane fluidity. Microsomal
(A) and inner mitochondrial (B) membranes fluidity were assessed
for male Wistar rats fed either low-fat high/carbohydrate diet
(HCD; black squares), high-fat diet (HFD; black triangles), or
Western diet (WD; black circles) for short term (ST), intermediate
term (IT), or long term (LT). Results are expressed in millipolar-
ization (mP) units. An increase in mP units means a decrease in
membrane fluidity. Data are means + SE of n =6 (A) orn=5to 6
(B) animals per group per time point. * = P< 0.05; **= P< 0.01 vs.
low-fat/high-carbohydrate diet at same age; a = P < 0.05 vs. short
term; b = P< 0.05 vs. intermediate term.

palmitoleate. Conversely, and as expected, the high-fat
diet led to a repression of these genes. In a typical West-
ern diet there is usually sufficient fat to suppress de novo
lipogenesis (43). However, the expression pattern of FAS
suggests higher lipogenic capacity with the Western diet
in the long term. This is further supported by the finding
that hepatic fatty acid elongase activity was greatly en-
hanced with the Western diet at the same time point. In-
creased lipogenesis will explain the concomitant rise in

circulating triacylglycerol. The loss of the repressive effect
of the Western diet on hepatic de novo lipogenesis over
time could be related to the development of obesity and
insulin resistance. Indeed, obese hyperinsulinemic pa-
tients consuming a Western diet have a 3- to 4-fold higher
lipogenic activity in the liver compared with lean or obese
normoinsulinemic subjects (44). Interestingly, recent in-
vestigations performed in overweight or obese individuals
concluded that consumption of fructose-sweetened bever-
ages promotes dyslipidemia, impairs insulin sensitivity,
and increases visceral adiposity through increased de
novo lipid synthesis (45). All together, these findings
point out that de novo synthesized fat, rather than dietary
fat per se, may be responsible for cardiac maladaptation
to diet-induced obesity.

De novo synthesis of fatty acids is principally a polym-
erization of acetate to form palmitate. Palmitate then en-
ters in an elongation/desaturation process to form very
long-chain fatty acids (46). The fatty acid elongase Elovl-6
catalyzes the elongation of palmitate to stearate, and the
delta-9 desaturase SCD1 (and SCD2 to a lesser extent for
the heart) introduces a double bond between carbons 9
and 10 to form palmitoleate and oleate (46). Therefore,
SCDs have a fundamental role in regulating the balance
between de novo synthesized saturated and monounsatu-
rated fat. While both saturated and monounsaturated fat
are from dietary origin with a high-fat diet, scd expression
has to be higher in animals fed a low-fat/high-carbohy-
drate diet to maintain a normal monounsaturated-to-
saturated fatratio. Concerning Western diet, the long-term
increase of hepatic lipogenic capacity was not accompa-
nied by scd upregulation, neither in the liver nor in the
heart. In addition, delta-9 desaturase activity was even de-
creased in the liver of rats fed the Western diet for 32-48
weeks, a decrease that coincided with a drop in the
plasma oleate-to-stearate ratio. This discrepancy is likely
responsible for the relative enrichment in cardiac-satu-
rated LCACoAs. The regulation of scd expression by nu-
tritional environment is controlled by a very complex
network of cofactors and transcription factors including
SREBPs, ChREBP, liver X receptor (LXR), and peroxi-
some proliferator-activated receptor a (PPAR«a) (46, 47).
A modification in the activity of one or more of these
factors may be respon sible for the deregulation of scd
expression (Fig. 9).

Such alteration in cardiac fatty acid profile can have
dire consequences on cardiomyocyte survival, cardiac in-
sulin sensitivity, and even cardiac metabolic adaptation
to a high-fat diet. Saturated fatty acids are known to pro-
mote apoptosis in a number of cell types, including the

stearoyl-CoA desaturase isoforms 1 and 2 (scdI and scd2; D and E, respectively), sterol regulatory element-binding proteins 1 (srebpl; F), and
carbohydrate response element binding protein (chrebp; G) were quantified by real-time PCR in the heart of Wistar rats fed either low-fat/
high-carbohydrate diet (HCD; open bars), high-fat diet (HFD; hatched bars), or Western diet (WD; black bars) for acute term (AT), short
term (ST), intermediate term (IT), or long term (LT). Baseline mRNA levels (B; gray bar) were determined from 8-week-old rats fed stan-
dard rodent chow for 2 weeks before the beginning of the feeding protocol. Data are means + SE of n = 13-18 animals per group per time
point (except baseline; n = 6). One, two, and three symbols represent P< 0.05, P< 0.01, and P< 0.001, respectively. # = vs. Western diet at
same age; $ = vs. high-fat diet at same age; a = vs. baseline; b = vs. acute term; ¢ = vs. short term.
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Fig. 9. Model for the role of hepatic de novo lipogenesis in West-
ern diet-induced alteration of cardiac LCACoA profile. The con-
sumption of a low-fat/high-carbohydrate diet (HCD; left panel)
and the resulting high plasma carbohydrate and insulin levels in-
duce the transcriptional activation of de novo lipogenesis (DNL) in
the liver. Delta-9 desaturase expression/activity is increased to
supply the heart with a normal amount of monounsaturated fat.
Conversely, dietary fat is the essential provider of saturated and
monounsaturated fatty acids under high-fat diet (HFD; middle
panel) consumption, which consequently, inhibits hepatic de novo
lipogenesis. Western diet (WD; right panel) induces de novo lipo-
genesis in the long term, but significant amounts of dietary fat may
combine to obesity and/or insulin resistance to avoid stearoyl-CoA
desaturases upregulation both in the liver and in the heart. Insuf-
ficient desaturation of de novo synthesized fat thus induces a de-
crease in the cardiac monounsaturated-to-saturated fat ratio, which
could indirectly impair the contractility of the heart. Bar heads
show inhibition of target. 16:0, palmitate; 16:1, palmitoleate; 18:0,
stearate; 18:1, oleate; ACC, acetyl-CoA carboxylase; Elovl-6, long
chain fatty acid elongase ELOVL family member 6; FAS, fatty acid
synthase; SCD, stearoyl-CoA desaturase.

cardiomyocyte, whereas monounsaturated fat is more
protective: Oleate rescues palmitate-induced apoptosis
by channeling palmitate into triacylglycerol pools (48),
and palmitoleate antagonizes palmitate-induced activa-
tion of endoplasmic reticulum stress (49). Palmitoleate
acts in vivo as an endocrine signal, improving muscle in-
sulin sensitivity and decreasing hepatosteatosis (50). We
could not detect any change in the expression of endo-
plasmic reticulum stress markers in the heart of these
animals (see supplementary Fig. II). However, we cur-
rently have strong evidence for increased cardiac apopto-
sis following long-term feeding with the Western diet (K.
Ballal and H. Taegtmeyer, unpublished observations).
Physiological concentrations of acyl-CoA can regulate
the activity of acetyl-CoA carboxylase, AMP-activated
kinase, and several other proteins involved in energy me-
tabolism and Ca®" homeostasis at higher concentrations
(27). LCACoAs are also located in the nuclei where they
can regulate key nuclear receptors for lipid homeostasis
like PPARa and hepatocyte nuclear factor 4o (HNF4a)

(28). A dysregulation of PPAR« activity with a Western
diet is consistent with our report on inadequate induc-
tion of a cassette of fatty acid-responsive genes and im-
paired activation of fatty acid oxidation (29). It is,
however, challenging to address how different composi-
tions of Acyl-CoA can affect metabolic output and car-
diac contractility.

Impaired membrane fluidity could be related to the del-
eterious effect of a Western diet on cardiac function.
Monounsaturated fatty acids are a critical component of
lipids in membranes, which are themselves involved in the
regulation of fundamental mechanisms like receptor/
enzyme activity and membrane fusion/fission (51). In
that sense, decreased fluidity of the inner mitochondrial
membrane negatively affects the activity of lipid-dependent
enzymes and can contribute to an impairment of mito-
chondrial function. Changes in inner mitochondrial
membrane composition, characterized by a decrease in
unsaturated fatty acyls with a reciprocal increase in satu-
rated acyls, have been proposed as a possible mechanism
for heart failure in the aging myocardium (52). Defining
a possible cause-effect relationship among the changes
in cardiac fatty acid composition, mitochondrial mem-
brane fluidity, and cardiac function deserves further
investigation.

A large study like ours has limitations. First, we did not
include age-matched rats fed on standard rodent chow for
all time points examined. This group would have been
useful to discriminate between diet- and age-induced
changes. Second, insulin sensitivity of the different organs
was not assessed. We previously reported that fed blood
glucose levels did not change among the groups over time,
which precludes the development of frank diabetes with
the long-term Western or high-fat feeding (29). However,
the fact that plasma insulin and plasma lipid levels dra-
matically increased with the long-term Western feeding
might indicate that the rats were suffering from selective
insulin resistance, a state known to stimulate lipogenesis
and to predispose to cardiovascular diseases and diabetes
(53). It is noteworthy that the failing heart of patients with
metabolic syndrome, but free of diabetes, displays in-
creased lipid deposition and higher levels of SREBP-1c
(54).

In conclusion, our findings suggest a critical role for al-
terations in the pathway of de novo lipogenesis that cause
cardiac maladaptation to diet-induced obesity. We specu-
late that insufficient fatty acid desaturase activity is a criti-
cal determinant of cardiac failure in diet-induced obesity.
Further experiments are needed to determine whether
obesity and/or insulin resistance are involved in the activa-
tion and dysregulation of the lipogenic program. The ex-
act mechanism by which the observed changes in the
cardiac LCACoA profile impair contractility also still re-
mains to be established B
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