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Obesity and diabetes are associated with increased fatty acid
availability in excess of muscle fatty acid oxidation capacity. This
mismatch is implicated in the pathogenesis of cardiac contractile
dysfunction and also in the development of skeletal-muscle insulin
resistance. We tested the hypothesis that ‘Western’ and high fat
diets differentially cause maladaptation of cardiac- and skeletal-
muscle fatty acid oxidation, resulting in cardiac contractile
dysfunction. Wistar rats were fed on low fat, ‘Western’ or high
fat (10, 45 or 60% calories from fat respectively) diet for acute
(1 day to 1 week), short (4–8 weeks), intermediate (16–24 weeks)
or long (32–48 weeks) term. Oleate oxidation in heart muscle ex
vivo increased with high fat diet at all time points investigated. In
contrast, cardiac oleate oxidation increased with Western diet in
the acute, short and intermediate term, but not in the long term.

Consistent with fatty acid oxidation maladaptation, cardiac power
decreased with long-term Western diet only. In contrast, soleus
muscle oleate oxidation (ex vivo) increased only in the acute and
short term with either Western or high fat feeding. Fatty acid-
responsive genes, including PDHK4 (pyruvate dehydrogenase
kinase 4) and CTE1 (cytosolic thioesterase 1), increased in heart
and soleus muscle to a greater extent with feeding a high fat
diet compared with a Western diet. In conclusion, we implicate
inadequate induction of a cassette of fatty acid-responsive genes,
and impaired activation of fatty acid oxidation, in the development
of cardiac dysfunction with Western diet.

Key words: cardiac function, cardiac metabolism, diet-induced
obesity, futile cycling, gene expression, triacylglycerol.

INTRODUCTION

Metabolic adaptation to changes in the physiological environment
is a requisite for normal muscle function. The contractile
dysfunction of the heart in obesity and diabetes is inextricably
linked to dysfunction of cardiac metabolism [1]. With the growing
prevalence of obesity [2] and reports of cardiac dysfunction
with obesity in humans and animal models [3–5], it should be
of interest to characterize metabolic derangement within the
cardiomyocyte in response to dietary lipid challenge, which
may be responsible for cardiac dysfunction. Adaptations in lipid
metabolism in response to specific lipid components of the diet
(e.g. the composition of saturated and unsaturated fatty acids) are
important in the maintenance of normal cardiac function [6,7].
However, the importance of the source of excess calories in the
diet is in need of further investigation.

The main mechanism by which heart and skeletal muscle
adapt to a high fat environment is ligand activation of
the PPARα (peroxisome-proliferator-activated receptor α)
transcription factor [8]. PPARα activation leads to transcriptional
activation of multiple enzymes in the pathways of fatty acid
utilization. PPARα activation increases fatty acid oxidation and
protects the heart from substrate-induced contractile dysfunction
when there is an oversupply of fatty acids and triacylglycerols.
Conversely, evidence also exists suggesting that inappropriate
activation of distinct end-processes of PPARα activation in the
heart (e.g. fatty acid storage) can be detrimental in the face of
specific fatty acid challenges, such as consumption of a diet rich in
saturated long-chain fatty acids [9]. Previously published studies
strongly suggest the necessity of tight regulation of multiple
PPARα-regulated processes in the high fat environment, such

as mitochondrial uncoupling [10–13]. The differential activation
of PPARα-mediated processes in the heart in the presence of
long-term exposure to a high fat environment is not entirely
known. It remains unclear which of the processes of fatty acid
utilization (e.g. intramyocardial storage compared with fatty acid-
mediated uncoupling of oxidative phosphorylation) are protective
and which of them are detrimental to cardiac function.

Understanding the regulation of glucose utilization in the heart
and skeletal muscle of obese or diabetic individuals is linked
to understanding fat utilization. In the normal heart, a high
fat environment promotes fatty acid oxidation, which, in turn,
inhibits glucose oxidation [14]. This condition may be detrimental
in the face of acute or prolonged stress. Substantial evidence
suggests that glucose utilization is critical to maintain contractile
function when the heart is stressed [15,16]. At the same time,
the importance of dietary carbohydrates in the development of
glucotoxicity in tissues needs to be considered, particularly when
it is related to states of high fat supply such as diabetes and obesity.

Skeletal muscle also adapts and maladapts to a high calorie
environment. A major role of skeletal muscle is the disposal of
glucose. Previous work in a rat model of diet-induced obesity
demonstrates that skeletal muscle becomes insulin-resistant with
long term (up to 30 weeks) high fat feeding, while insulin
signalling was preserved in the short term (8 weeks) [17].
Recent work in C57BL/6 mice has demonstrated that high fat
feeding causes cardiac muscle to develop insulin resistance before
skeletal-muscle insulin resistance, and both these maladaptive
events antedate the development of cardiac dysfunction [18].

The present study focused on a diet-induced obesity model
in the Wistar rat. While there are multiple genetic models of
cardiac lipotoxicity in rats (e.g. Zucker diabetic fatty rat [5] and
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Table 1 Calorie composition of the diets used in the present study

Calorie composition (%)

Low fat diet Western diet High fat diet

Protein 20 20 20
Carbohydrate 70 35 20
Fat 10 45 60

Saturated fat 2.5 16 22
Monounsaturated fat 3.5 20 28
Polyunsaturated fat 4.0 8.6 10

Zucker obese rat [19]) and mice (e.g. ob/ob [20] and db/db mice
[21]), we decided to characterize the adaptiveness of substrate
oxidation and PPARα activation in Wistar rats fed on a ‘Western’
or high fat diet (45 or 60% calories from fat respectively) for
up to 48 weeks. We reasoned this approach is most akin to the
primary cause of obesity observed in the Western world today. We
have addressed three main objectives: (i) to characterize cardiac
function and cardiac metabolic flexibility in response to both a
chronic high fat environment and with an acute stress [adrenaline
(epinephrine) stimulation in the isolated working heart]; (ii) to
determine the transcriptional regulation of key PPARα-regulated
genes in response to either ‘Western’ or high fat diets; and (iii) to
determine the relationship between cardiac- and skeletal-muscle
metabolic adaptation, both at the transcriptional and substrate
oxidation levels, to Western or high fat diets over the course of
48 weeks. Here, we report a decrease in cardiac contractile
function with Western diet (but not with high fat diet), which
occurs in a state of submaximal induction of both fatty acid
oxidation and a cassette of fatty acid-responsive genes.

EXPERIMENTAL

Rats and feeding

All procedures were approved by the Animal Welfare Committee
of the University of Texas Health Science Center at Houston.
Male Wistar rats (6 weeks old, 150 g) were obtained from Harlan
(Indianapolis, IN, U.S.A.) and were housed at the Animal Care
Center of the University of Texas Medical School at Houston
under controlled conditions. Briefly, rats were housed in pairs at
23 +− 1 ◦C with a 12 h light/12 h dark cycle. The rats were allowed
to acclimatize for 2 weeks prior to initiation of ‘low fat’ [10%
calories from fat, Research Diets no. D12450B (Research Diets,
New Brunswick, NJ, U.S.A.)], ‘Western’ (45% calories from fat,
Research Diets no. D12451) or ‘high fat’ (60% calories
from fat, Research Diets no. D12492) diet feeding ad libitum.
The calorie composition of the diets is given in Table 1. The low
fat diet is similar in macronutrient composition to the standard
laboratory chow (e.g. LabDiet® Rodent Diet 5001 contains as a
percentage of total calories: 28% protein, 60% carbohydrate and
12% fat). Each rat was weighed weekly.

In the first set of studies, rats (n = 250) were killed (6 +− 1.5 h
into the dark phase) and the heart was perfused ex vivo after
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) on the feeding protocols. At the time of killing, plasma was
obtained and soleus muscle was harvested; both were snap-frozen
and stored at −80 ◦C until further analysis. Tibia length was also
measured.

In the second set of studies, rats (n = 200), subjected to the same
feeding protocol as above, were killed (6 +− 1.5 h into the dark
phase) and both soleus muscles were isolated for determination

of insulin-mediated substrate metabolism ex vivo. At the same
time, both ventricles of the heart were isolated, weighed, snap-
frozen and stored at −80 ◦C until further analysis.

Determination of cardiac power and cardiac substrate oxidation

In order to determine the metabolic adaptation and cardiac
function following high fat feeding, hearts were perfused using
the isolated working heart preparation as described previously
[22,23]. Briefly, rats were anaesthetized with chloral hydrate
(300 mg/kg body weight intraperitoneal). Hearts were removed
rapidly, placed in ice-cold Krebs–Henseleit buffer [24] (118.5 mM
NaCl, 4.75 mM KCl, 1.18 mM KH2PO4, 1.18 mM MgSO4,
2.54 mM CaCl2 and 25 mM NaHCO3) and initially perfused in the
Langendorff mode with Krebs–Henseleit buffer equilibrated with
95:5 O2/CO2. This was followed by a 40-min non-recirculating
perfusion at 37 ◦C in the working mode (15 cm water filling
pressure and 100 cm water afterload) with Krebs–Henseleit buffer
equilibrated with 95:5 O2/CO2 containing 5 mM D-glucose {plus
20 µCi/l [U-14C]glucose (MP-Biomedicals, Solon, OH, U.S.A.)},
0.4 mM sodium oleate {plus 30 µCi/l [9,10-3H]oleate (Sigma–
Aldrich, St. Louis, MO, U.S.A.)} bound to 1% BSA (fraction V,
fatty acid-free; Serologicals, Norcross, GA, U.S.A.; dialysed), and
40 µU (microunits)/ml insulin (Sigma–Aldrich). After 20 min,
1 µM adrenaline (Sigma–Aldrich) was added and the afterload
increased to 140 cm water. The perfusion was allowed to
continue for an additional 20 min, after which the ventricles were
dissected and freeze-clamped with aluminium tongs cooled in
liquid nitrogen. Cardiac power, myocardial oxygen consumption
(MV̇O2), cardiac efficiency, glucose oxidation flux and oleate
oxidation flux were determined as described previously [23].

Determination of soleus muscle insulin-mediated
substrate utilization

In order to determine the metabolic adaptation of soleus
muscle to Western or high fat feeding, isolated soleus muscles
were incubated as described previously [25]. Briefly, rats were
anaesthetized with chloral hydrate (300 mg/kg body weight
intraperitoneal) and four soleus muscle strips (18–40 mg) were
isolated from each rat, tied to stainless steel clips and incubated
at 37 ◦C in a shaking water bath in a 25-ml Erlenmeyer flask
with 3 ml of Krebs–Henseleit buffer containing 5 mM D-glucose,
0.4 mM sodium oleate bound to 1% BSA (dialysed), and
1 µU/ml insulin, which was continuously equilibrated with 95:5
O2/CO2. After 45 min, soleus muscle strips were transferred
to 3 ml of Krebs–Henseleit buffer containing 5 mM D-glucose
(plus 500 µCi/l [U-14C]glucose), 0.4 mM sodium oleate (plus
750 µCi/l [9,10-3H]oleate) bound to 1% BSA (dialysed), and
either 100 µU/ml (submaximal) or 1000 µU/ml (supra-maximal)
insulin, which was equilibrated with 95:5 O2/CO2 for 30 min
and then sealed for the remaining 30 min. After incubation in a
shaking water bath (37 ◦C), muscle strips were removed, snap-
frozen and stored at −80 ◦C for further analysis. The flux of
glucose oxidation, oleate oxidation, radioactive lactate release and
radioactive glycogen production were determined as previously
described [25].

Determination of metabolic gene transcript number in heart
and soleus muscle

In order to determine the transcript levels of key metabolic
genes involved in adaptation to high fat feeding in heart
and soleus muscle, quantitative RT (reverse transcriptase)–
PCR was performed as described previously [26]. Primer and
probe sequences have been published previously [12,13,27,28].
Standard RNA was made for all assays by the T7 polymerase
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method (Ambion, Austin, TX, U.S.A.), using total RNA isolated
from rat hearts. The correlation between the Ct (the number of
PCR cycles required for the fluorescent signal to reach a detection
threshold) and the amount of standard RNA was linear over a 5-
log range for all assays (results not shown). Absolute level of
expression is represented as transcripts per nanogram of total
RNA.

Determination of plasma metabolite levels

Blood (2 ml) was taken from the inferior vena cava prior to
harvesting the heart, transferred to a tube containing EDTA and
spun in a centrifuge at 380 g for 20 min. Then, plasma was
transferred to an Eppendorf tube and stored at −80 ◦C until
further analysis. NEFA (non-esterified fatty acid) concentration
was determined using a commercially available kit (NEFA C;
Wako Chemicals, Richmond, VA, U.S.A.). Specimen blanks
were prepared for all samples to correct for possible haemolysis.
Blood glucose concentration was determined using a commercial
monitor (FreeStyle; Abbott Laboratories, Abbott Park, IL,
U.S.A.).

Determination of cardiac triacylglycerol content

To determine the accumulation of triacylglycerol within the
myocardium in response to distinct diets, cardiac triacylglycerols
were extracted from approx. 50 mg of heart tissue in chloroform/
methanol [29] and quantified using a commercially available kit
(Sigma–Aldrich).

Determination of cardiac protein carbonyl content

To determine the carbonyl content of myocardial proteins as a
marker of oxidative damage, proteins were derivatized with 2,4-
dinitrophenylhydrazine and measured with a spectrophotometer
[30,31]. Briefly, 0.7 ml of 10 mM 2,4-dinitrophenylhydrazine in
2 M HCl was added to 1 mg of protein in 0.2 ml of protein
extraction buffer [30 mM Hepes, 2.5 mM EGTA, 2.5 mM EDTA,
20 mM KCl, 40 mM 2-glycerophosphate, 40 mM NaF, 4 mM
NaPPi (sodium pyrophosphate), 0.1 % Nonidet P40 and 10%
glycerol]. Derivative formation was performed for 20 min at
room temperature (23 ◦C) with constant shaking. Proteins were
precipitated with the addition of an equal volume of 20% (v/v)
trichloroacetic acid and centrifugation at 16060 g for 5 min in
a desktop centrifuge. The pellet was then washed with three
washes of 1 ml of ethyl acetate/ethanol (1:1). The pellet was
resuspended in 1 ml of 6 M guanidinium chloride and absorbance
was read at 280 and 370 nm. Carbonyl content (nanomoles) was
determined by the A370 × 45.5, which was corrected for back-
ground absorbance of the preparation [32]. Protein content was
determined by comparison with the absorbance at 280 nm of
a standard curve of known concentrations of BSA in 6 M
guanidine.

Statistical analysis

Heart perfusion data are presented as means +− S.E.M. at
time 20 min (baseline data) or time 40 min (acute adrenaline
stimulation data) of the perfusion and were analysed with
SPSS version 13.0 (SPSS Inc., Chicago, IL, U.S.A.). Perfusion
data were analysed using repeated measure ANOVA between
two groups. All other results are presented as means +− S.E.M.
and statistically significant differences were calculated by the
Student’s t test. For all analyses, P<0.05 was considered
statistically significant.

Figure 1 Body weight is increased with Western and high fat diet feeding

Values are means +− S.E.M. for 14–22 independent experiments per group. Open squares (�)
represent low fat diet-fed rats, open circles (�) represent Western diet-fed rats and open triangles
(�) represent high fat diet-fed rats. ***, P < 0.001 compared with low fat diet for the entire
feeding protocol.

RESULTS

Rats fed on Western and high fat diets gain more weight than rats
fed on a low fat diet

Rats fed on Western or high fat diet gained more weight (+33%)
compared with rats fed on a low fat diet (P<0.001; Figure 1).
There was no difference in tibia lengths (results not shown)
between the groups, suggesting it is unlikely that alterations
in lean body mass account for changes in total body weight.
Ventricular weights did not differ between groups at all time
points investigated (results not shown).

Western or high fat feeding results in increased plasma NEFA with
no net accumulation of cardiac triacylglycerols or protein
carbonylation content

There was no significant difference in blood glucose concen-
trations of fed rats between all groups at all time points
investigated (Figure 2A). This indicates that there is no evidence
for the development of frank diabetes with long-term Western or
high fat feeding. Consistent with similar weight gain between the
two elevated fat diet groups, plasma NEFA levels were elevated
to a similar extent with Western and high fat diets (Figure 2B).
With Western diet, there was a 99% increase in plasma NEFA
in the acute term (P < 0.01), which was sustained through the
intermediate term, such that the average increase in the supply of
NEFA to the heart was 116 %. With the high fat diet, there was a
182% increase in the acute term (P < 0.001) that was maintained
throughout the feeding protocol.

To examine whether increased fatty acid supply (i.e. plasma
NEFA) resulted in an accumulation of cardiac triacylglycerols,
lipids were extracted from hearts. There was no significant
increase in cardiac triacylglycerol levels at any time point
investigated (Figure 2C); however, there was a trend (P = 0.07)
for increased myocardial triacylglycerols in the intermediate term
with either Western (+46%) or high fat (+42%) diet.

To determine the oxidative stress in the heart due to Western or
high fat diet, protein carbonylation content was determined as an
indirect marker of oxidative damage. Neither Western nor high
fat diet had an effect on protein carbonyl content for the entire
feeding protocol (Figure 2D).
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Figure 2 Fed plasma NEFA concentrations are elevated in the acute to chronic stages of Western or high fat feeding with no net accumulation of myocardial
triacylglycerols or protein carbonylation content

Fed plasma glucose concentration (A), plasma NEFA concentration (B), myocardial triacylglycerol content (C) and myocardial carbonylated protein content (D) after 1 day and 1 week (acute term, AT),
4 and 8 weeks (short term, ST), 16 and 24 weeks (intermediate term, IT), and 32 and 48 weeks (long term, LT) on low fat, Western or high fat diet. Values are means +− S.E.M. for 12–27 independent
experiments per group. Closed squares (�) represent low fat diet-fed rats, closed circles (�) represent Western diet-fed rats and closed triangles (�) represent high fat-fed rats. *, P < 0.05, **,
P < 0.01 and ***, P < 0.001 compared with low fat diet at the same age.

Cardiac function is decreased with Western diet in the long term

Figure 3 represents the average cardiac power and substrate
oxidation for hearts isolated from rats on the low fat diet. At
baseline, oleate oxidation predominates as an energy source. With
adrenergic stimulation and concomitant increase in afterload,
there is a rapid and robust increase in glucose oxidation.

At baseline, there was a maturation of cardiac function over time
in the low fat diet group (which is likely attributed to an increase
in cardiac size with age; Figure 4A). With high fat diet, there was
a similar maturation in cardiac function. However, in comparison
with Western diet-fed rats, hearts isolated from high fat-fed rats
exhibited increased cardiac power in the short term (P < 0.05)
(Figure 4A). Furthermore, there was a 25% decrease in cardiac
function with Western diet in the long term (P < 0.05). With acute
adrenergic stimulation and increase in afterload, there was no
significant difference in cardiac power for hearts isolated from
the three groups (results not shown), suggesting that contractile
reserve is maintained with Western and high fat feeding, even in
the long term.

Initially, there was a 21% decrease in MV̇O2 with the Western
diet in the acute term (P < 0.01) (Figure 4B); MV̇O2 was also 14%
lower in Western-diet fed rats than in rats fed a high fat diet at this
time. However, there was a trend for an overall increase in MV̇O2

in the hearts of rats fed on the high fat diet compared with the
low fat diet in the short (P < 0.05) and intermediate (P = 0.085)
term. In the long term, there was a 15% decrease in oxygen
consumption with the Western diet coincident with decreased
myocardial function at this time. MV̇O2 increased in all groups

Figure 3 Glucose oxidation flux is increased in response to an acute
increase in work in the isolated perfused heart of the Wistar rat on low
fat diet

Representative means +− S.E.M. for cardiac power (closed squares, �), oleate oxidation flux
(open circles, �) and glucose oxidation flux (closed circles, �) of the Wistar rat on low fat
diet (n = 58) at baseline (perfusion time 0–20 min) and in response to an acute increase in
work (shaded area, perfusion time 25–40 min). Values for subsequent heart perfusion data are
presented as the representative value at 20 min of perfusion for baseline measures and at 40 min
for measures at increased workload.
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Figure 4 Cardiac power is decreased with Western diet in the long term

Cardiac power (A), MV̇O2 (B), oleate oxidation (C) and glucose oxidation (D) at baseline (solid circles) and in response to an acute increase in work (open points) in the acute (AT), short (ST),
intermediate (IT), and long term (LT) on low fat, Western or high fat diet. Values are means +− S.E.M. for 12–18 independent experiments per group. Flux is represented per minute per gram dry
weight (gdw). Closed squares (�) represent low fat diet-fed rats, closed circles (�) represent Western diet-fed rats and closed triangles (�) represent high fat-fed rats at baseline. Open squares
(�) represent low fat diet-fed rats, open circles (�) represent Western diet-fed rats and open triangles (�) represent high fat diet-fed rats after an acute increase in work. *, P < 0.05, **, P < 0.01
and ***, P < 0.001 compared with low fat diet at the same age. $, P < 0.05 compared with Western diet at the same age.

with an acute increase in work (results not shown). When an
increase in MV̇O2 was observed at baseline for hearts isolated from
Western or high fat diet-fed rats, that increase was sustained at
the higher workload. A measure of cardiac efficiency (contractile
work divided by MV̇O2) was unchanged in hearts of rats fed on
Western diet at all time points investigated, but cardiac efficiency
was decreased in the intermediate term (−27%, P < 0.01) for
high fat diet-fed rats (results not shown).

Myocardial oleate oxidation adapts rapidly to an increase in
substrate supply. Oleate oxidation was increased in the acute
(+16%), short (+28%) and intermediate (+30%) term with the
Western diet, but was not increased in the long term (Figure 4C).
Oleate oxidation was increased further with the high fat diet in the
acute (+38%), short (+44%), intermediate (+62%) and long
(+15%) term compared with the low fat diet (Figure 4C). With
both diets, the increase in oleate oxidation was sustained with an
acute increase in work (results not shown).

Consistent with an increase in fatty acid oxidation, glucose
oxidation was suppressed in the hearts of rats fed on a Western
or high fat diet (Figure 4D). There was an immediate decrease in
the baseline glucose oxidation flux in the short term with Western
(−41%) and high fat (−43%) diet in the acute term (P < 0.05;
Figure 4D); this decrease was seen throughout the feeding
protocol. When the hearts were subjected to an acute increase
in work, glucose oxidation flux did not increase to the same
extent in hearts from Western and high fat diet-fed rats. The
findings suggest decreased ‘metabolic flexibility’ of the heart with
Western or high fat diet.

Fatty acid-responsive genes involved in fatty acid-mediated futile
cycling are differentially induced in the heart by Western
and high fat diets
In an attempt to explain the substrate oxidation changes with
Western and high fat diets, transcript levels of key metabolic
genes involved in fat and glucose utilization were measured.
The transcription of pparα was unchanged with Western diet,
but decreased in the short (−20%, P < 0.05) and intermediate
(−23%, P < 0.01) term with high fat diet (Figure 5A), which
suggests that the increase in PPARα-regulated gene transcripts
occurs as a result of ligand activation of PPARα. This decrease in
pparα transcription may be a regulatory event to decrease
the overall activation of fatty acid utilization when PPARα is
chronically activated [10,33].

PPARα-regulated genes involved in fatty acid-mediated futile
cycling were increased with Western or high fat diet. The
transcript levels of UCP3 (uncoupling protein 3) were increased
acutely (+102%, P < 0.001) with Western diet and remained
elevated for the remainder of the study (average +68%;
Figure 5B). ucp3 mRNA transcript levels were increased with
the high fat diet initially (+119%, P < 0.001) and through the
long term (average +117%). Compared with the Western diet,
the high fat diet increased ucp3 transcripts to a greater extent in the
intermediate term (+53%, P < 0.01; Figure 5B). The functional
significance of an increase in ucp3 mRNA expression in the heart
with PPARα activation is not clear. PPARα activation has been
shown to increase ucp3 transcript levels and palmitate export from
the mitochondrion despite no increase in UCP3 protein levels [34].
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Figure 5 Cardiac expression of fatty acid-responsive genes involved in fatty acid futile cycling are increased to a greater extent by high fat diet compared
with Western diet feeding

mRNA expression of pparα (A), ucp3 (B), cte1 (C), mte1 (D), pdhk4 (E) and glut4 (F) in the hearts of rats fed on low fat, Western or high fat diet in the acute (AT), short (ST), intermediate (IT) and
long term (LT). Values are means +− S.E.M. for 12–16 independent experiments per group. Closed squares (�) represent low fat diet-fed rats, closed circles (�) represent Western diet-fed rats
and closed triangles (�) represent high fat diet-fed rats. *, P < 0.05, **, P < 0.01 and ***, P < 0.001 versus low fat at the same age. $, P < 0.05, $$, P < 0.01 and $$$, P < 0.001 compared with
Western at the same age.

We also examined the expression of thioesterases, which
hydrolyse fatty acyl-CoAs. CTE1 (cytosolic thioesterase 1)
mRNA levels were increased acutely (+226%, P < 0.001) with
Western diet and remained elevated for the remainder of the
feeding protocol (average +196%; Figure 5C). cte1 expression
was greatest for hearts isolated from high fat diet-fed rats
compared with either low fat (average +451%) or Western diets
(average +88%) (Figure 5C). MTE1 (mitochondrial thioesterase
1) mRNA expression was not increased with Western diet. It was,
however, increased with high fat diet acutely (+37%, P < 0.05)
and through the long term (average +55%). The expression of
mte1 was greater in the hearts of rats fed on the high fat diet in the
short (+51%, P < 0.01) and intermediate (+42%, P < 0.01)
term compared with the Western diet-fed rats (Figure 5D). An
increase in mte1 mRNA expression in the heart with diabetes or
fenofibrate treatment has been shown to correlate with an increase
in MTE1 protein levels and MTE1 activity [34]. Consistent with
the observation that only a cassette of genes involved in futile

cycling are elevated with Western and high fat diet, mRNA
transcript levels of medium-chain acyl dehydrogenase, muscle
type CPT (carnitine palmitoyltransferase), CD36 and malonyl-
CoA decarboxylase were unchanged with Western or high fat diet
at all time points investigated (results not shown).

Regulation of glucose oxidation by the pyruvate dehydrogenase
complex is modulated by PPARα-mediated induction of PDHK4
(pyruvate dehydrogenase kinase 4) [10,35,36]. pdhk4 expression
in the heart was increased both acutely and at all other time points
with the Western diet (average +67%). Interestingly, there was
a further activation of pdhk4 expression, when compared with
Western diet, with the high fat diet with maximal expression in
the intermediate term. Compared with low fat diet, there was an
increase in expression of pdhk4 with high fat diet in the acute
(+148%, P < 0.001), short (+171%, P < 0.001), intermediate
(+220%, P < 0.001) and long (+125%, P < 0.001) term
(Figure 5E). There was a marked similarity between the activation
of pdhk4 expression and activation of oleate oxidation with
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Figure 6 Soleus muscle oleate oxidation maladapts earlier than cardiac oleate oxidation with Western or high fat diet

Isolated soleus oleate oxidation (A), radioactive lactate release (B), glucose oxidation flux (C) stimulated with 100 µU/ml insulin, and maximal glycogen production flux (D) stimulated with
1000 µU/ml insulin in the acute (AT), short (ST), intermediate (IT) and long term (LT) on low fat, Western or high fat diet. Values are means +− S.E.M. for 12–16 independent experiments per group.
Flux is represented per minute per gram wet weight (gww). Closed squares (�) represent low fat diet-fed rats, closed circles (�) represent Western diet-fed rats and closed triangles (�) represent
high fat diet-fed rats. *, P < 0.05, **, P < 0.01 and ***, P < 0.001 compared with low fat diet at the same age.

Western and high fat diets (compare Figure 4C with Figure 5E).
Additional regulatory proteins of glucose utilization were altered
with Western and high fat diets. The transcription of the insulin-
sensitive GLUT4 (glucose transporter 4) was decreased with
Western diet in the intermediate term (−26%, P < 0.05) and
high fat diet in the short (−31%, P < 0.05) and intermediate
(−32%, P < 0.01) term (Figure 5F).

Soleus muscle oleate oxidation maladapts earlier than cardiac
oleate oxidation with Western and high fat diets

In addition to heart muscle, we also determined insulin-stimulated
flux of oleate and glucose oxidation, as well as lactate and
glycogen synthesis, in isolated soleus muscles. Our aim was to
define the chronology of adaptation and maladaptation to a high
fat environment in an oxidative skeletal (soleus) muscle (pre-
dominantly type I fibres). Oleate oxidation in soleus muscle was
increased initially in the acute and short term with Western or
high fat diet (P < 0.05; Figure 6A). Interestingly, oleate oxidation
flux returned to the flux measured in low fat-fed animals in
the intermediate term. This maladaptation was similar to that
observed in cardiac muscle, but at an accelerated rate (compare
Figure 6A with Figure 4C). Radioactive lactate release in response
to insulin stimulation was only decreased in the intermediate term
with either Western or high fat diet (Figure 6B), suggesting that
there was adequate glucose uptake until the maladaptive decrease
in oleate oxidation in the intermediate term. Glucose oxidation
was, however, decreased in the acute term (−52%, P < 0.01)
with Western diet and remained decreased throughout the feeding
protocol (average −45%). Similarly, glucose oxidation was
decreased in the acute term (−70%, P < 0.001) with the high

fat diet and remained low in the intermediate term (−82%,
P < 0.001; Figure 6C). Maximal glycogen synthesis (in response
to supra-physiological insulin concentration, 1000 µU/ml) was
increased with the Western diet in the acute (+32%, P < 0.001)
and short (+31%, P < 0.05) term (Figure 6D). With high fat
diet, glycogen production was only increased in the acute term
(+41%, P < 0.01). This suggests that, in the early phase of
Western and high fat feeding, glucose entry is preserved and,
in the face of decreased glucose oxidation, glycogen production
is increased.

Diet-induced soleus muscle induction of fatty acid-responsive
genes exhibits a similar pattern to cardiac-muscle
PPARα activation

We next sought to determine if the transcriptional changes of
PPARα activation seen in cardiac muscle also occur in skeletal
muscle. The transcription of pparα decreased only in the
acute term (−27%, P < 0.05) with Western diet, and was
unchanged with the high fat diet (Figure 7A). Fatty acid-respon-
sive genes involved in fatty acid-mediated futile cycling were
increased with either Western or high fat diet. The transcription
of ucp3 was increased acutely (+433%, P < 0.05) with Western
diet and remained elevated for the remainder of the study (average
+228%; Figure 7B). ucp3 transcription was increased with the
high fat diet initially (+748%, P < 0.001) and through the long
term (average +474%). With high fat diet, the transcription
of ucp3 was induced to the greatest extent, compared with
the Western diet, in the short (+73%, P < 0.05), intermediate
(+89%, P < 0.05) and long (+127%, P < 0.01) term (Fig-
ure 7B). cte1 mRNA was increased acutely (+57%, P < 0.05)
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Figure 7 Soleus mRNA expression of fatty acid-responsive genes involved in fatty acid futile cycling is increased to a greater extent by high fat diet feeding
compared with Western diet feeding

mRNA expression of pparα (A), ucp3 (B), cte1 (C), mte1 (D), pdhk4 (E) and glut4 (F) in the soleus muscle of rats fed on low fat, Western or high fat diet in the acute (AT), short (ST), intermediate (IT) and
long term (LT). Values are means +− S.E.M. for 14–24 independent experiments per group. Closed squares (�) represent low fat diet-fed rats, closed circles (�) represent Western diet-fed rats
and closed triangles (�) represent high fat diet-fed rats. *, P < 0.05, **, P < 0.01 and ***, P < 0.001 compared with low fat diet at the same age. $, P < 0.05, $$, P < 0.01 and $$$, P < 0.001
compared with Western diet at the same age.

with Western diet and remained elevated in the short (+220%,
P < 0.05) and intermediate (+221%, P < 0.001) term (Fig-
ure 7C). cte1 was further increased with the high fat diet compared
with either low fat (average +434%) or Western (average
+167%) diet (Figure 7C). mte1 expression was increased with
the Western diet only in the intermediate term (P < 0.05). mte1
transcript levels were, however, increased with high fat diet in the
acute term (+107%, P < 0.001) and through the intermediate
term (average +185%). The expression of mte1 was greater
in soleus of rats fed on the high fat diet in the short (+62%,
P < 0.05) and intermediate (+75%, P < 0.05) term compared
with the Western diet-fed rats (Figure 7D).

pdhk4 expression was increased in only the acute (+188%,
P < 0.001) and intermediate (+80%, P < 0.01) term with
the Western diet (Figure 7E). Interestingly, there was further
activation of pdhk4 expression, compared with Western diet, with
the high fat diet. Compared with low fat diet, there was an increase

in expression of pdhk4 in the acute (+539%, P < 0.001), short
(+343%, P < 0.001), intermediate (+213%, P < 0.001) and
long (+94%, P < 0.001) term (Figure 7E). Again, like in heart
muscle, there was a marked similarity between the activation of
pdhk4 expression and activation of oleate oxidation with Western
and high fat diet in soleus muscle (compare Figure 6A with
Figure 7E). Soleus glut4 expression was essentially unchanged
with Western or high fat diets (Figure 7F).

DISCUSSION

The main findings of our study are as follows: (i) Wistar rats fed on
a Western diet develop cardiac dysfunction after 8–12 months
on the diet. This dysfunction is not observed in rats fed on the
high fat diet. (ii) With Western diet, there is an activation of oleate
oxidation and an increase in the mRNA transcripts of specific
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Figure 8 Putative role of the decrease in fatty acid-responsive genes in the development of contractile dysfunction with Western diet compared with high fat
diet feeding

Fatty acid (FA) enters the cell through fatty acid transporters, fatty acid transport protein (FATP) and or fatty acid translocase (CD36), and is activated to fatty acyl-CoA (FA-CoA) by an isoform of
acyl-CoA synthetase (ACS). The activated FA-CoA can undergo hydrolysis (at the indirect expense of ATP) via CTE1, which is decreased in the Western diet compared with the high fat diet, thus
decreasing the capacity for fatty acid-mediated futile cycling. After entry of FA-CoAs into the mitochondrion via CPT and carnitine acyltransferase (CAT), there is a decrease in the capacity of MTE1 and
UCP3 to ‘uncouple’ fat oxidation (indicated with dashed lines) with the Western diet compared with the high fat diet, which may result in a decreased free CoASH pool for complete β-oxidation
and increased production of ROS by the electron transport chain (ETC). Therefore FA-CoAs accumulate and are shuttled into ‘lipotoxic pathways’.

genes involved in fatty acid-mediated futile cycling, although to a
lesser extent as measured in hearts of rats fed on the high fat diet.
These observations suggest a potentially inadequate activation
of uncoupling, which may contribute to the development of
contractile dysfunction with the Western diet (Figure 8). (iii) In
skeletal muscle, when compared with the heart, there is a similar
adaptation of substrate oxidation and transcription of fatty acid-
responsive genes with Western or high fat diet. These processes
maladapt at an accelerated rate in skeletal muscle, and could
expound lipotoxicity developed in the heart.

We have identified inadequate activation of fatty acid-
responsive genes as a potential mechanism for the development
of contractile dysfunction with Western diet. Because decreased
activation of futile cycling components was only seen with
Western diet, this implicates inadequate activation of PPARα
(and/or PPARβ/δ) or a co-activator of PPARα as a consequence
of glucolipotoxicity [37]. We found that supply of increased
saturated fatty acids in the diet with the high fat diet compared with
the Western diet (Table 1) promoted higher expression of a select
cassette of fatty acid-responsive genes. In addition to the relative
decrease in fatty acid supply, the Western diet also contains
a relative increase in carbohydrates (15 % of total calories)
compared with the high fat diet. Previous reports have found
that oversupply of glucose can inhibit PPARα expression/activity
as well as target gene expression [33,38].

We have identified suboptimal induction of fatty acid-respon-
sive genes to occur as rapidly as the acute phase of Western diet

feeding, suggesting that PPARα or its co-activators/co-repressors
are modified after 1 day of feeding on the Western diet. Potential
mechanisms include phosphorylation of PPARα itself [39], or
other co-activators, or the regulation of transcriptional modulators
through additional mechanisms such as modification with small
ubiquitin-related modifiers [40]. The long-term consequences of
inadequate activation of fatty acid oxidation in the face of high
fat exposure may culminate in contractile dysfunction (Figure 8).
These findings are consistent with previous reports that obese
Zucker rat hearts are unable to respond to increased fatty acid
availability, resulting in contractile dysfunction [19]. However,
the question remains which end processes of PPARα activation
are adaptive (i.e. alleviate lipotoxicity) or are maladaptive (i.e.
worsen lipotoxicity).

As with deposition of neutral triacylglycerol in the heart,
there is debate whether futile cycling/uncoupling is adaptive or
deleterious to cardiac contractile function. ROS (reactive oxygen
species) generation is deleterious to numerous cellular functions
and is thought to promote fatty acid uncoupling [41–43]. Diabetes
is known to increase ROS and uncoupling in the heart, but
it is felt that uncoupling may also be deleterious to overall
function and may explain the decreased cardiac efficiency that
is measured in diabetes [44]. Our work points to uncoupling as
a beneficial adaptation, potentially through alleviation of ROS
generation. We find preservation of contractile function with the
high fat diet, when induction of fatty acid-mediated futile cycle
components occurs to a greater extent. In addition, there is much
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speculation on the role and importance of UCP3 in heart and
skeletal-muscle tissue [45]. While the exact mechanism of UCP3
remains unknown, the up-regulation of UCP3 during a high fat
stress provides clues to the involvement of UCP3 in dissipating
energy during states of excess, potentially harmful, oxidative
phosphorylation of lipids (Figure 8).

In the absence of direct measures of food consumption or whole
body energy expenditure, rats on the Western diet gained a similar
amount of weight compared with those on the high fat diet despite
the fact that the animals on the high fat diet ate an estimated
11% more calories per day (C. R. Wilson and H. Taegtmeyer,
unpublished work). Assuming that the rats in both groups had
the same amount of activity, this suggests that, on a whole body
level, rats on the high fat diet had a higher metabolic rate, which
supports greater activation of uncoupling processes in multiple
tissues including the heart and skeletal muscle.

In a study this large, there are also many limitations. Foremost,
we characterized cardiac function in the ex vivo model so that we
could minimize acute neurohumoral influences that may
compensate for inherent alterations in cardiac performance.
Because we maintained a substrate composition for all groups that
was similar to the low fat-fed rat milieu, it is possible that the dys-
function we measured in the Western or high fat-fed rat hearts may
be due to inadequate supply of fatty acids in the perfusate. We did
not measure the products of incomplete oxidation of fatty acids
(i.e. acylcarnitine derivatives) in our model. Previous work in rat
skeletal muscle has shown accumulation of acylcarnitines in the
transition of fasted to fed state in rats fed on a high fat diet [46].
Also, we were not able to obtain direct measurements of glucose
or fatty acid uptake in the heart or skeletal muscle. Instead, we
chose a radioactive tracer strategy designed to simultaneously
measure glucose and oleate oxidation flux, which we considered
necessary to define adaptation and maladaptation to the high fat
environment. Glucose and fatty acid uptake would be very useful
measures in the present study, but these measures would have
required an additional set of heart perfusions and soleus muscle
incubations. Although we did not observe a significant difference
in myocardial triacylglycerol levels between the feeding groups, it
is possible that additional lipotoxic intermediates (e.g. ceramide)
are altered. Lastly, the present study has not attempted an
intervention to assess the possible reversibility of the remodelling
and dysfunction that was observed with the Western diet. Other
groups have demonstrated in the rat model reversibility of plasma
lipid abnormalities and vascular function induced by 8 weeks
of high fat diet after 8 weeks of normal chow feeding [47].
Also, many changes in substrate oxidation and transcription
occurred after only 1 day on the diet, raising the possibility
that these parameters may be readily reversible. Whether cardiac
dysfunction due to long-term exposure to inadequate activation
of fatty acid-utilizing pathways is reversible requires further
investigation.

Conclusions

Wistar rats fed on a Western diet develop cardiac dysfunction ex
vivo, while function is maintained in rats fed on the high fat diet.
The dysfunction occurs in the setting of prolonged suboptimal
transcriptional activation of fatty acid-responsive genes involved
in futile cycling and regulation of pyruvate oxidation and in the
submaximal activation of fat oxidation. We implicate the pro-
longed exposure to these maladaptive responses in the develop-
ment of contractile dysfunction with Western diet.
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