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In obese Zucker rats, lipids accumulate in the heart despite
normal mitochondrial content, morphology and long-chain
fatty acid oxidation
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Non-technical summary The storage of fat within the heart muscle has been associated with
reductions in force production, which has implications for the ability of the heart to adequately
pump blood. With the assistance of membrane proteins known as transport proteins, fats from
the blood can be moved into heart muscle cells, where they can either be stored or used for
generating energy (within a structure called mitochondria) to pump blood. We provide evidence
that in obese animals more fat accumulates within the heart as a result of their increased trans-
port across the membranes of heart cells, not due to reductions in mitochondrial number or
function. The knowledge of why fat accumulates in the heart may provide insight into novel
treatments/therapies, and the current study suggests therapies focused on limiting the entry of
fats into the heart may restore the ability of the heart to pump blood.

Abstract We aimed to determine whether an increased rate of long-chain fatty acid (LCFA)
transport and/or a reduction in mitochondrial oxidation contributes to lipid deposition in hearts,
as lipid accumulation within cardiac muscle has been associated with heart failure. In hearts of
lean and obese Zucker rats we examined: (a) triacylglycerol (TAG) and mitochondrial content
and distribution using transmission electron microscopy (TEM), (b) LCFA oxidation in cardiac
myocytes, and in isolated subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria, and
(c) rates of LCFA transport into cardiac vesicles. Compared to lean rats, in obese Zucker rats, lipid
droplet size was similar but there were more (P < 0.05) droplets, and TAG esterification rates and
contents were markedly increased. TEM analyses and biochemical determinations showed that SS
and IMF mitochondria in obese animals did not appear to be different in their appearance, area,
density and number, nor in citrate synthase, β-hydroxy-acyl-CoA dehydrogenase and carnitine
palmitoyl-transferase-I enzymatic activities, electron transport chain proteins, nor in their rates
of LCFA oxidation either in cardiac myocytes or in isolated SS and IMF mitochondria (P > 0.05).
In contrast, sarcolemmal plasma membrane fatty acid binding protein (FABPpm) and fatty
acid translocase (FAT/CD36) protein and palmitate transport rates into cardiac vesicles were
increased (P < 0.05; +50%) in obese animals. Collectively these data indicate that mitochondrial
dysfunction in LCFA oxidation is not responsible for lipid accumulation in obese Zucker rat
hearts. Rather, increased sarcolemmal LCFA transport proteins and rates of LCFA transport
result in a greater number of lipid droplets within cardiac muscle.
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Introduction

Obesity, insulin resistance and dyslipidaemia are strong
risk factors for the development of cardiovascular
disease and the pathogenesis of atherosclerosis. While
dyslipidaemia and elevated plasma lipid profiles have
well-defined roles in the generation of atherosclerotic
plaque formation, recent evidence also suggests that lipid
accumulation within cardiac muscle may participate in
the progression of heart failure.

In healthy hearts, approximately 70–90% of the fatty
acids taken up are immediately oxidized (Wisneski et al.
1987; Chandler et al. 2003), while only a small proportion
is esterified to triacylglycerol (TAG). Nevertheless, an
accumulation of TAG has been associated with cardiac
contractile dysfunction (reviewed in Stanley et al.
2005). The exact mechanism(s) responsible for TAG
accumulation remains unknown, but may involve (1) a
dysfunction in mitochondrial fatty acid oxidation, and/or
(2) an increase in sarcolemmal long-chain fatty acid
(LCFA) transport. It has previously been shown in obese
Zucker rats that rates of LCFA transport across cardiac
sarcolemmal membranes (Coort et al. 2004) are increased,
but whether there is also a dysfunction in mitochondrial
LCFA oxidation is more controversial. Such a dysfunction
in mitochondrial LCFA oxidation appears to be present
in Akita mice, a model of type 1 diabetes, as fatty acid
oxidation in isolated mitochondria is reduced, along with
reductions in electron transport chain (ETC) proteins
(Bugger et al. 2009). In contrast, in some models of
insulin resistance cardiac LCFA oxidation is not impaired
(Coort et al. 2004), and is occasionally increased (Belke
et al. 2000; Neitzel et al. 2003; Mazumder et al. 2004;
Wang et al. 2005). Whether these observations reflect
concurrent changes in the capacity of mitochondrial
LCFA oxidation and/or their number is unknown. Thus,
whether cardiac TAG accumulation can be attributed to
a dysfunction in mitochondrial LCFA oxidation remains
uncertain.

Mitochondria exist in two sub-cellular compartments,
creating another level of complexity in determining
a role for mitochondrial dysfunction-induced lipid
accumulation. Based on their spatial locations,
these distinct mitochondrial populations have been
termed subsarcolemmal (SS) and intermyofibrillar
(IMF) mitochondria, and are located directly beneath
the sarcolemmal membrane and between myofibrils,
respectively. SS and IMF mitochondria have different
characteristics in their size, enzymatic activities and
rates of LCFA oxidation (Palmer et al. 1985; Hoppel
et al. 2002; Kelley et al. 2002; Holloway et al.
2009). In addition, these mitochondrial sub-populations
respond differently to various physiological perturbations,
including ischaemia-reperfusion injury (Lesnefsky et al.
2001) and streptozotocin-induced diabetes (Dabkowski

et al. 2009). However, it is not currently known whether
or not dysfunction in LCFA oxidation in either of
these mitochondrial sub-populations contribute to TAG
accumulation.

The purpose of the current study was to determine
the extent of a possible imbalance between LCFA trans-
port and oxidation in the generation of intramuscular
lipid depots. To this end, we have measured in hearts
of lean and obese Zucker rats: (1) plasma membrane
LCFA transport and transport proteins, (2) rates of
LCFA oxidation in cardiac myocytes and isolated SS and
IMF mitochondria, (3) markers of mitochondrial LCFA
transport (carnitine palmitoyl-tranferase I activity), (4)
matrix enzymes (citrate synthase and β-hydroxyacyl-CoA
dehydrogenase activities), (5) ETC proteins, and (6)
mitochondrial morphology and lipid content using trans-
mission electron microscopy (TEM). We have not found
any evidence that alterations in mitochondrial fatty acid
oxidation contribute to TAG accumulation within obese
Zucker rat hearts.

Methods

Animals

Female lean (n = 15, weighing ∼225 g) and obese Zucker
(fa/fa; n = 15, weighing ∼350 g) rats were purchased from
Charles River, and all efforts were made to minimize the
number of rats used (Drummond, 2009). Animals were
housed in a climate- and temperature-controlled room,
on a 12:12 h light–dark cycle, with rat chow and water
provided ad libitum for 2 weeks prior to the start of
experiments. Animals were anaesthetized with an intra-
peritoneal injection of sodium pentobarbital (60 mg kg−1)
and the heart was excised. The left ventricles were rapidly
dissected: (1) a small (3 × 1 × 1 mm) section from the
lumen of the ventricle was placed into fixing buffer
(described below) for TEM analysis, (2) a 30–50 mg
section was rapidly frozen for TAG analysis, (3) a 5–10 mg
section was used to measure citrate synthase (CS) and
β-hydroxyacyl-CoA dehydrogenase (β-HAD) activities,
and (4) the remainder was used to isolate mitochondria
for palmitate oxidation, carnitine palmitoyl-tranferase I
activity (CPTI) activity, Western blotting, the generation
of giant sarcolemmal vesicles and cardiac myocytes. This
study was approved by the University of Guelph Animal
Care Committee, and conforms to the guide for the
care and use of laboratory animals published by the US
National Institutes of Health.

Transmission electron microscope analysis
of mitochondria

Samples were rapidly immersed in a fixing buffer (2.5%
glutaraldehyde, 1.0% parafermaldehyde in PBS, BioRad,
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Mississauga, ON) and incubated at 4◦C overnight. Tissue
was then washed 3 times in 0.1 M Hepes and subsequently
suspended in 1.0% osmium tetroxide for 4 h. Thereafter,
tissue was washed 3 times in 100 mM Hepes and suspended
in 2% uranyl acetate for 3 h, washed 3 times in 0.1%
Hepes, and dehydrated by incubating in a graded ethanol
series (i.e. 25, 50, 75, 95 and twice in 100% ethanol).
Tissue was infiltrated with resin by suspending in 50/50
ethanol/resin (London Resin Company White) for 4 h
on a rotating mixer, and subsequently suspended in
pure resin for 4 h on a rotating mixer. Tissue was
then placed in an embedding capsule containing pure
resin, and incubated overnight at 60◦C to polymerize.
Sections (100 nm) were cut and laid onto 200 mesh
formvar–carbon copper grids and then stained with 2%
uranyl acetate and Reynold’s lead citrate. A minimum
of three sections were laid onto each grid (range 3–5),
and labelled with serial numbering such that individuals
quantifying images were blinded to the phenotype of the
animals. Two investigators quantified the images, and the
inter- and intra-investigator variability tests showed no
signs of bias and low coefficients of variation (<10%).
From each fibre 20 images were obtained in a randomized
systematic order, including 12 at 64,000× magnification,
4 at 10,500× magnification and 4 at 5800× magnification.
Samples were viewed on a Philips CM 10 TEM at 80 kV,
and images obtained with an Olympus/SIS Morada CCD
camera using the Olympus/SIS iTEM software. Images
were analysed using the measurement tools provided by
this software. Individual lipid droplet and mitochondrial
sizes were determined repeatedly and averaged for a
given animal. Mitochondrial sub-population densities
were determined by measuring the total mitochondrial
area within a defined 10 μm2 box (3.33 μm × 3.33 μm)
that was identical for all measures and was randomly
placed in a minimum of eight locations within an image,
similar to methodologies we (Holloway et al. 2010) and
others (Marchand et al. 2007) have previously published.
Lipid droplet number was normalized to the area of the
muscle visualized. Several cardiac muscle fibres (3–5) were
imaged in this manner for each animal and averaged.

Intramuscular triacylglycerol content

Total TAG content was determined in heart homo-
genates from lean and obese Zucker rats. Lipids were
extracted and separated by high-performance thin-layer
chromatography (HPTLC), and quantified as previously
described (Coort et al. 2004).

Cardiac myocytes

Cardiac myocytes from lean and obese Zucker rats were
isolated using a Langendorff perfusion system and a

modified Krebs–Henseleit bicarbonate medium (Fischer
et al. 1991; Luiken et al. 1997), and used to determine
rates of [1-14C]palmitate oxidation and TAG esterification
as previously described (Glatz et al. 1984).

Preparation of giant vesicles and palmitate transport

Giant vesicles were generated from hearts, and sub-
sequently used for the measurement of palmitate uptake
and Western blotting as previously described (Bonen et al.
1998; Luiken et al. 2001, 2002; Koonen et al. 2002).

Mitochondrial enzymatic activities

Samples (∼10 mg) were homogenized in 100 vol/wt of
a 100 mM potassium phosphate buffer (Srere, 1969) and
used for the measurements of CS and β-HAD. Total CS
activity was assayed spectrophotometrically at 412 nm
(37◦C) (Srere, 1969), and β-HAD activity was measured
at 340 nm (37◦C) (Bergmeyer, 1974). CS and β-HAD
activities were also determined in isolated mitochondria
after lysing the mitochondria with 0.04% Triton X-100
and repeated freeze–thawing. Homogenate values were
expressed per gram wet weight, while mitochondrial
values were normalized to mitochondrial protein.

Isolation of mitochondria

Differential centrifugation was used to obtain both SS and
IMF mitochondrial fractions, as previously published by
our group (Holloway et al. 2009).

Carnitine palmitoyl-transferase I activity

The forward radioisotope assay was used for the
determination of CPTI activity as described by McGarry
et al. (1983) with minor modifications as we have pre-
viously reported (Holloway et al. 2009).

Western blotting

All samples were analysed for total protein (BCA protein
assay), and 5 μg of isolated mitochondria and 10 μg
sarcolemmal vesicles were loaded. Samples were separated
by electrophoresis on SDS–polyacrylamide gels and trans-
ferred to polyvinylidene difluoride membranes. The
polyclonal antibody to detect plasma membrane fatty
acid binding protein (FABPpm) was produced in J.
Calles-Escandon’s laboratory, and the MO-25 antibody
used to detect fatty acid translocase (FAT/CD36) was
produced in N. N. Tandon’s laboratory. A commercially
available antibody was used to detect cytochrome c oxidase
subunit IV (COXIV; Invitrogen, Burlington, ON, Canada),
and an antibody cocktail was used to detect complexes I–V
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of the electron transport chain (Mitosciences, Eugene, OR,
USA). All samples for a given protein were transferred
and developed on the same membrane to limit variation.
Blots were quantified using chemiluminescence and the
ChemiGenius 2 Bioimaging system (SynGene, Cambridge,
UK).

Mitochondrial palmitate oxidation

Labelled 14CO2 production from palmitate oxidation and
acid-soluble trapped 14C were measured in a sealed system,
as previously described by our laboratory (Holloway et al.
2009).

Statistics

All data are presented as the mean ± standard error of
the mean (S.E.M.). Unpaired t tests and two-way analysis
of variance were used where appropriate, and when
significance was obtained a Fisher’s LSD post hoc analysis
was completed. Statistical significance was accepted at
P < 0.05.

Results

Intramyocellular triacylglycerols

To examine TAG in the hearts of lean and obese Zucker
rats we have examined the subcellular TAG deposition
in TEM images in combination with biochemical
determinations of cardiac TAG content and rates of
esterification. These approaches have revealed that the
size of each lipid droplet is not different between lean
and obese animals (Fig. 1A–C); however, the number of
lipid droplets (lean, 0.019 ± 0.004 lipid droplets μm−2 vs.
obese, 0.033 ± 0.003 lipid droplets μm−2), TAG content
(Fig. 1D) and esterification rates (Fig. 1E) are all increased
(P < 0.05) in hearts of obese animals.

Plasma membrane fatty acid transport proteins

The content of FABPpm (+50%; Fig. 2A) and FAT/CD36
(+60%; Fig. 2B), and rates of palmitate transport
(∼2-fold; Fig. 2C) were higher (P < 0.05) in giant
sarcolemmal vesicles generated from obese Zucker
rats. However, palmitate oxidation in isolated cardiac

Figure 1. TEM images (A–C) and biochemical determination of triacylglycerol (TAG) content (D) and TAG
esterification rates (E) in heart muscle from lean and obese Zucker rats
Data are expressed as the mean ± S.E.M. Images were taken at 10,500× magnification, and the black scale bar is
2 μm. n = 5–6 animals for each experiment. White arrows indicate lipid droplets. ∗Significantly different (P < 0.05)
from lean animals.
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myocytes generated from lean and obese Zucker rats was
not different (Fig. 2D).

Mitochondrial morphology and content

Qualitative assessment of mitochondria in lean and obese
animals did not reveal any obvious differences with
respect to cristae density (Fig. 3A) and general appearance
(Figs 1A and B, and 3A and B). In addition, the area of
individual mitochondria (Fig. 3C) as well as the overall
mitochondrial density (Fig. 3B and D) were not altered
(P > 0.05) with obesity. The similarity in the activities of
mitochondrial marker enzymes β-HAD and CS (Fig. 4A
and B, respectively) indicates that total content is not
altered in obese Zucker rats. Our analyses could not
quantify the number of SS and IMF mitochondria within
a given area.

Mitochondrial enzymatic activities in SS and IMF
mitochondria

In isolated mitochondria, CPTI (Fig. 4C), β-HAD
(Fig. 4D) and CS (Fig. 4E) enzymatic activities were
higher (P < 0.05) in IMF compared to SS mitochondria.
However, these enzymatic activities were not different in
lean and obese rats.

Contents of electron transport chain proteins in SS
and IMF mitochondria

In isolated mitochondria the content of nuclear trans-
cribed ETC proteins, complexes I (Fig. 5A) II (Fig. 5B),
III (Fig. 5C), IV subunit 4 (Fig. 5E), and V (Fig. 5F), and
mitochondrial transcribed proteins, complex IV subunit
1 (Fig. 5D), were not affected by obesity in either SS or
IMF mitochondria. While not affected by obesity, complex
III was lower (P < 0.05) in IMF mitochondria, whereas
complexes I, II, IV (subunits I and IV) and V were not
different in mitochondrial subpopulations.

Mitochondrial fatty acid oxidation rates

Rates of palmitate oxidation were higher in IMF compared
to SS mitochondria in both lean and obese rats; however,
obesity did not alter rates of palmitate oxidation (Fig. 6A).
Ratios of acid-soluble intermediates to CO2 production
have previously been used to infer incomplete oxidation
of fatty acids and mitochondrial dysfunction (i.e. an
imbalance between TCA and ETC fluxes) in skeletal (Koves
et al. 2008) and cardiac (Ussher et al. 2009) muscle
of insulin-resistant animals. However, in both SS and
IMF mitochondria CO2 production (Fig. 6B), acid-soluble
intermediates (Fig. 6C) and subsequently the ratio of
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Figure 2. Plasma membrane fatty acid binding protein (FABPpm; A), fatty acid translocase (FAT/CD36;
B), and rates of palmitate transport (C) in giant sarcolemmal vesicles, as well as rates of palmitate
oxidation in cardiac myocytes (D), from lean and obese Zucker rats
Data are expressed as the mean ± S.E.M. n = 4–5 animals for each experiment. ∗Significantly different (P < 0.05)
from lean animals.
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acid-soluble intermediates/CO2 (Fig. 6D) were not altered
with obesity.

Discussion

We demonstrate in cardiac muscle from obese Zucker rats
that: (1) TAG concentration is increased as a result of an
increased number of lipid droplets, not from an increase
in the size of the lipid droplet. This may result from (2) an
increase in LCFA transport across the plasma membrane,
as a result of (3) increased plasma membrane LCFA trans-
port proteins. However, SS and IMF mitochondria were
unaltered with respect to; (4) morphological appearance,
(5) content, (6) rates of LCFA oxidation, (7) CPTI, β-HAD
and CS activities, and (8) ETC protein contents. Therefore,
it appears that lipids accumulate from an increased rate
of LCFA transport into hearts of obese Zucker rats,
not from alterations in SS or IMF mitochondrial LCFA
oxidation.

Intramyocellular lipids are more prevalent in number,
not size, in obese Zucker rats

As expected, we show that TAG content is increased sub-
stantially (∼3-fold) in obese Zucker rat cardiac muscle.
This finding is supported by previous literature in rodent
models of insulin resistance (Sharma et al. 2004), in
addition to recent findings in humans that show cardiac
muscle TAG concentrations are increased with insulin
resistance (Marfella et al. 2009). This TAG increase is
a result of an increase in the number of lipid droplets,
not their increased size. In addition, it appears that
the majority of the lipid droplets are associated with
IMF mitochondria, similar to skeletal muscle (Hoppeler,
1986; Tarnopolsky et al. 2007). While this relationship
may suggest indirectly that lipid oxidation in IMF
mitochondria is reduced, such that lipids accumulate
in IMF mitochondrial-associated lipid droplets, direct
measurements in isolated mitochondria did not support
this notion.

Figure 3. Subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial area (A and C) and density (B
and D) in heart muscle from lean and obese Zucker rats
Data are expressed as the mean ± S.E.M. Images were taken either at 64,000× (A) or 5,800× (B) magnification, and
the black scale bar is 500 nm (A) or 5 μm (B), respectively. n = 6 animals for each experiment. White arrowheads
indicate lipid droplets.
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Mitochondrial content and LCFA oxidation are not
altered in obese Zucker rats

Rates of mitochondrial LCFA oxidation can be influenced
by both the content of mitochondria, and the intrinsic
function of mitochondria (i.e. palmitate oxidation in
isolated mitochondria). We have used TEM images of
mitochondria and biochemical enzymatic activities of
mitochondrial proteins (CS and β-HAD) to determine
cardiac mitochondrial content. Both approaches suggest
that mitochondrial content is unaltered in obese Zucker rat
cardiac muscle. Furthermore, TEM images of individual
mitochondria indicated these to be normal, as we did
not observe swelling or alterations in mitochondrial size
or cristae density in either SS or IMF mitochondria,
suggesting unaltered function. This was confirmed with
biochemical measurements, including unaltered CPTI,
CS and β-HAD enzymatic activities, ETC proteins

(complexes I–V) and palmitate oxidation rates in isolated
SS and IMF mitochondria. Altogether these data suggest
that mitochondrial content and the intrinsic ability of
mitochondria to oxidize fatty acids are not altered in obese
Zucker rats, suggesting that total cardiac LCFA oxidation
rates would not be altered. This was confirmed using
cardiac myocytes (Fig. 2D). Unaltered CS activity and ETC
protein contents, along with an unaltered acid-soluble
intermediate/CO2 ratio in SS and IMF mitochondria,
a possible surrogate measure for an imbalance between
the TCA cycle and the ETC (Koves et al. 2008), would
suggest that flux through the TCA cycle and the ETC is
not disproportionate in obese Zucker rats.

In the current study, rates of palmitate oxidation
and enzymatic rates of CPTI, CS and β-HAD were all
greater in IMF mitochondria. These data are supported
by studies that have reported similarly greater respiration
rates in IMF mitochondria in the presence of a variety of
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Figure 4. β-hydroxyacyl-CoA dehydrogenase (β-HAD), citrate synthase (CS) and carnitine
palmitoyl-transferase I (CPTI) enzymatic activities in whole muscle (A and B) and isolated sub-
sarcolemmal (SS) and intermyofibrillar (IMF) mitochondria (C–E) in lean and obese Zucker rats
Data are expressed as the mean ± S.E.M. n = 6 animals for each experiment. †Significantly different (P < 0.05)
from SS mitochondria.
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substrates in both skeletal (Cogswell et al. 1993; Ferreira
et al. 2010) and cardiac muscle (Chen et al. 2008). In
contrast, in the current study all components of the
ETC examined were either not different (complexes
I, II, IV and V) or reduced (complex III) in IMF
mitochondria. However, each component of the ETC
is comprised of multiple proteins (e.g. complex I has
46 proteins), and given the dissociation between IMF
mitochondrial palmitate oxidation and the abundance
of specific ETC proteins, it is likely that the subunits
examined in the current study are not limiting for electron
flux.

The current data in insulin-resistant obese Zucker rats
support recent work in type I diabetic Akita mice, in
which state III mitochondrial respiration in the presence
of palmitoyl-carnitine is unaltered (Bugger et al. 2008).
In addition, mitochondria isolated from Akita mice are
unaltered with respect to ATP synthesis rates, coupling,
proton leak and number (Bugger et al. 2008). Surprisingly,
this same group has recently reported that state III

respiration rates in the presence of either glutamate or
succinate are reduced in Akita mice (Bugger et al. 2009).
This may suggest that while maximal flux through the ETC
is diminished in this animal model, fatty acid oxidation
is limited by processes proximal to the ETC, including
β-oxidation and/or electron flux through electron transfer
flavoprotein (ETF) and ETF-ubiquinone oxidoreductase.
This may suggest a central role of the ETC proteins
in mediating mitochondrial dysfunctions in oxidative
respiration. Importantly, we did not observe alterations in
ETC proteins or rates of fatty acid oxidation in the current
study. However, more severe exposure to a lipotoxic
environment may, through reactive oxygen species (ROS)
-mediated events, induce a dysfunction in mitochondrial
fatty acid oxidation. In this respect it may be feasible
to speculate that the IMF mitochondria, given the close
proximity to the lipid droplets, may be more susceptible
to intrinsic alterations in LCFA oxidation. In support of
this, a recent study has reported that in type I diabetic
hearts, while SS mitochondria remain largely unaltered, in

Figure 5. Content of electron transport chain proteins in subsarcolemmal (SS) and intermyofibrillar
(IMF) mitochondria in lean (L) and obese (O) Zucker rats
Complex 1 subunit NDUFB8 (A); complex II subunit 30 kDa (B); complex III subunit Core 2 (C); complex IV subunit
1 (D); complex IV subunit 4 (E); ATP synthase subunit α (F); and representative blots (G). Data are expressed as the
mean ± S.E.M. n = 6 animals for each experiment. †Significantly different (P < 0.05) from SS mitochondria
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IMF mitochondria superoxide production and oxidative
damage are increased, while ETC proteins are reduced
(Dabkowski et al. 2009). Regardless of the mitochondrial
role in ROS-mediated events, the current study does
not support the notion that mitochondrial dysfunction
in fatty acid oxidation induces lipid accumulation in
cardiac muscle. A similar situation appears to exist in
skeletal muscle, as several groups have also determined
that mitochondrial dysfunction is not responsible for
lipid accumulation in this tissue (Turner et al. 2007;
Bonnard et al. 2008; Hancock et al. 2008; Kraegen et al.
2008).

Plasma membrane LCFA transport is increased in
obese Zucker rats

The transport of LCFAs is primarily a protein-mediated
event, involving several transport proteins including
FAT/CD36 and FABPpm (reviewed in Luiken et al.
1999). These two transport proteins may work in a
concerted effort to transport LCFAs into cardiac muscle
(Chabowski et al. 2007), and both transport proteins
have been shown to translocate from an intracellular
depot to the plasma membrane in response to various
stimuli (Luiken et al. 2001, 2003; Koonen et al. 2004; Jain
et al. 2009). Here we show that the plasma membrane
LCFA transport (∼3-fold) and contents of both FABPpm
(∼50%) and FAT/CD36 (∼60%) are increased in obese

Zucker rat cardiac muscle. These findings substantiate our
previous observations in both cardiac (Luiken et al.
2001) and skeletal muscle (Luiken et al. 2001; Holloway
et al. 2009) of obese Zucker rats. In all of these pre-
vious studies we have not observed a change in the total
protein content of either transport protein, which suggests
that these transport proteins have been redistributed
to the plasma membrane. While the mechanism(s)
responsible for redistributing these transport proteins to
the plasma membrane remain(s) to be elucidated, the
result is an increase in plasma membrane LCFA trans-
port, which would be exacerbated in vivo given the
higher circulating plasma free fatty acid concentrations.
Given that mitochondrial content and oxidation rates
of LCFA remained unaltered in obese Zucker rats, we
suggest that TAGs do not accumulate from alterations
in mitochondria, but as a result of increased membrane
transport. This is consistent with our recent work showing
inhibition of mitochondrial LCFA oxidation in healthy
hearts (via etomoxir CPTI inhibition) does not induce
TAG accumulation (Luiken et al. 2009), and is supported
by the observation that the insulin-sensitizing effect of
piaglitazone is not mediated through an increase in LCFA
oxidation (van der Meer et al. 2009). Given that cardiac
TAG accumulation has been associated with contractile
dysfunction (Sharma et al. 2004), therapeutic strategies
that decrease TAG content may be beneficial. In this
respect, internalization of plasma membrane transport
proteins may be particularly advantageous.
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Figure 6. Subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondrial palmitate oxidation (A),
contribution of CO2 (B), acid soluble intermediates (ASM; C) and the ratio of ASM/CO2 (D) in lean
and obese Zucker rats
Data are expressed as the mean ± S.E.M. n = 6 animals for each experiment. †Significantly different (P < 0.05)
from SS mitochondria.
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Summary

We have shown that mitochondrial content, morphology,
LCFA oxidation rates (cardiac myocytes and isolated SS
and IMF mitochondria), CPTI, β-HAD and CS activities,
ETC protein contents are not altered in cardiac muscle of
obese Zucker rats, while plasma membrane LCFA trans-
port is substantially increased. The imbalance and sub-
sequent accumulation of lipid droplets in the IMF region
therefore appears to result solely from the pronounced
increase in plasma membrane LCFA transport as a direct
result of increased plasma membrane contents of both
FAT/CD36 and FABPpm, and not from any alteration in
mitochondria.
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