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Abstract

Cardiac function depends on the ability to switch between fatty acid and glucose oxidation for energy production in
response to changes in substrate availability and energetic stress. In obese and diabetic individuals, increased
reliance on fatty acids and reduced metabolic flexibility are thought to contribute to the development of cardiovascular
disease. Mechanisms by which cardiac mitochondria contribute to diet-induced metabolic inflexibility were
investigated. Mice were fed a high fat or low fat diet for 1 d, 1 wk, and 20 wk. Cardiac mitochondria isolated from
mice fed a high fat diet displayed a diminished ability to utilize the glycolytically derived substrate pyruvate. This
response was rapid, occurring within the first day on the diet, and persisted for up to 20 wk. A selective increase in
the expression of pyruvate dehydrogenase kinase 4 and inhibition of pyruvate dehydrogenase are responsible for the
rapid suppression of pyruvate utilization. An important consequence is that pyruvate dehydrogenase is sensitized to
inhibition when mitochondria respire in the presence of fatty acids. Additionally, increased expression of pyruvate
dehydrogenase kinase 4 preceded any observed diet-induced reductions in the levels of glucose transporter type 4
and glycolytic enzymes and, as judged by Akt phosphorylation, insulin signaling. Importantly, diminished insulin
signaling evident at 1 wk on the high fat diet did not occur in pyruvate dehydrogenase kinase 4 knockout mice.
Dietary intervention leads to a rapid decline in pyruvate dehydrogenase kinase 4 levels and recovery of pyruvate
dehydrogenase activity indicating an additional form of regulation. Finally, an overnight fast elicits a metabolic
response similar to that induced by high dietary fat obscuring diet-induced metabolic changes. Thus, our data
indicate that diet-induced inhibition of pyruvate dehydrogenase may be an initiating event in decreased oxidation of
glucose and increased reliance of the heart on fatty acids for energy production.
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Introduction

Approximately 70% of the ATP produced in the heart is
derived from the oxidation of fatty acids. The heart does,
however, increase the utilization of glucose in response to
enhanced availability, increased workload, and physiologic and
pathophysiological stress. This metabolic flexibility is essential
for cardiac function because: 1) Glucose relative to fatty acids
produces more ATP per molecule of oxygen consumed and 2)
Glycolytic intermediates are required for processes other than
ATP production [1]. It is therefore noteworthy that obesity and

diabetes result in diminished cardiac glucose oxidation and a
heavy reliance on β-oxidation for energy production [2,3].
Chronic suppression of metabolic flexibility is widely believed to
contribute to accompanying cardiovascular disease [4,5].
Importantly, a diet rich in fat promotes diminished cardiac
glucose utilization prior to overt manifestations of obesity,
diabetes, and cardiac dysfunction [6,7]. Therefore identifying
early events and mechanisms that contribute to diet-induced
metabolic inflexibility may offer promise for therapeutic
intervention that reestablish proper metabolic balance.
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The mitochondrial enzyme pyruvate dehydrogenase (PDH) is
a key regulatory point in glucose oxidation, catalyzing the
oxidative decarboxylation of pyruvate and formation of acetyl-
CoA and NADH. PDH is stringently regulated, both
allosterically and posttranslationally, based on energy demands
as well as glucose and fatty acid availability. Reversible
phosphorylation of PDH occurs on the α-chain of the E1
subunit, one of three subunits that comprise the PDH complex.
Three phosphorylation sites exist (serine 293, 300, and 232 in
mice). Phosphorylation of PDH inhibits enzyme activity and is
catalyzed by four isoforms of pyruvate dehydrogenase kinase,
three of which are expressed in the heart (PDK1, PDK2 and
PDK4). Dephosphorylation and activation of PDH is catalyzed
by two pyruvate dehydrogenase phosphatases (PDP1 and
PDP2) [8-10]. Inhibition of PDH in the mouse heart by over-
expression of PDK4 is sufficient to establish a metabolic profile
similar to that seen in obesity, specifically increased β-oxidation
and reduced glucose utilization [11,12]. Thus, altered
regulation of cardiac PDH in response to high dietary fat has
the potential to be an important contributor to the development
of metabolic inflexibility.

Previous studies have demonstrated that mice fed a high fat
diet exhibit increased expression of PDK4 mRNA [13,14]
and/or protein [10,14-17] in cardiac and skeletal muscle. Diet-
induced declines in the active fraction of PDH have also been
reported [15,17,18]. Dietary durations of greater than one
month were required, however, to observe these changes
[7,10,15,16,18] suggestive of a downstream consequence
rather than an initiating event in diminished glucose utilization.
There are, however, reports that PDK4 [13,17] and PDH [17]
exhibit changes within a few weeks of initiating a high fat diet.
The lack of consensus on the time-frame of diet-induced
alterations in certain measures of PDK4 expression or PDH
activity may be due, in part, to variations in the fat content of
experimental diets and/or animal models (i.e. strain, species)
utilized. However, given the general similarities between many
reported experimental approaches, disparate observations
could be the result of differences in the methods for deducing
changes in PDH activity and the length of time animals are
fasted, a routinely employed protocol, prior to analysis. PDH
activity is often evaluated in flash frozen heart tissue which has
the benefit of capturing the activation state of PDH in vivo.
Nevertheless, it is important to consider that PDH activity
exhibits dynamic changes in response to shifting energy
demands and substrate availability. Thus, depending on the
method and/or time of sample preparation, the active fraction of
PDH may not accurately reflect diet-induced changes in PDH
function. Further confounding integration of reported findings,
food deprivation is well known to elicit increases in PDK4
message, protein, and/or activity [16,18-21]. As such, fasting
may conceal and/or diminish apparent effects of high dietary fat
on PDK4 content and PDH activity. It has therefore been
difficult to accurately assign a role for PDK4 upregulation and
PDH inhibition in rapid diet-induced losses in glucose utilization
and metabolic flexibility.

The regulation and activity of PDH under a variety of
metabolic conditions were therefore evaluated using cardiac
mitochondria isolated from mice fed high fat or control diets. A

comprehensive approach was employed that included wild type
and PDK4 knockout mice, evaluation of the phosphorylation
status of each of the three sites on PDH, the development of a
selected reaction monitoring proteomic method to quantify
changes in all isoforms of PDK and PDP and each of the
subunits of PDH, and select analyses of samples from fasted
versus non-fasted experimental animals. The objectives of the
current study were to assess the contribution of diet-induced
alterations in PDK4 expression and PDH activity to initial
declines in the capacity of mitochondria to utilize glycolytically
derived pyruvate and distinguish between the effects of high
dietary fat and fasting on these events. We therefore
established: 1) The time-frame in which PDH is inhibited in
response to high dietary fat; 2) Direct evidence that increased
expression of PDK4 and/or other regulatory events are
responsible for PDH inhibition; 3) The effects of fasting on
apparent diet-induced changes in PDH activity and the content
of PDK4; and 4) The impact of specific molecular alterations on
mitochondrial substrate selection.

We demonstrate that a single day of high dietary fat induces
appreciable reductions in pyruvate supported ADP-dependent
respiration in isolated cardiac mitochondria as a result of a
selective increase in the expression of PDK4 and inhibition of
PDH. Inhibition of PDH is enhanced in the presence of fatty
acids. Fasting elicits a convergent regulatory response
concealing rapid metabolic changes provoked by high dietary
fat. Furthermore, high fat diet-induced increases in PDK4 and
inhibition of PDH precede declines in the level of glucose
transporter 4 (GLUT4) and insulin stimulated Akt
phosphorylation. In fact, reductions in cardiac insulin signaling
evident after 1 wk of high dietary fat did not occur in PDK4
knockout mice. These findings provide evidence that PDK4
upregulation and PDH inhibition are a part of the immediate
response of the heart to high dietary fat and may initiate diet-
induced loss in glucose utilization.

Experimental Procedures

Mice and Diets
Male C57BL/6J mice were obtained from the Jackson

Laboratory at 6 wk of age. PDK4-/- mice were a gift from Dr.
Robert A. Harris (Indiana University School of Medicine) [21].
At 8 wk of age mice were placed on a control (70%
carbohydrate, 20% protein and 10% fat, by kcal) or high fat
(20% carbohydrate, 20% protein and 60% fat, by kcal) diet
(Research Diets Inc.) ad libitum. Mice exhibited increases in
body weight as early as 1 wk on the high fat diet relative to
mice maintained on a control diet (29.1 ± 4.4 g vs. 26.1 ± 1.6 g,
p < 0.05, n = 12) with further increases over the time frame
studied (44.3 ± 4.3 g vs. 30.8 ± 1.7 g at 20 wk, p < 0.001, n =
8). Mice were euthanized by cervical dislocation. All
procedures were approved by the Oklahoma Medical Research
Foundation Animal Care and Use Committee.

Isolation of Cardiac Mitochondria
Immediately following euthanasia, hearts were excised and

homogenized in ice-cold isolation buffer (10 mM MOPS, 1.0
mM EDTA, 210 mM mannitol, and 70 mM sucrose, pH 7.4)
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using a Potter-Elvehjem homogenizer. The homogenate was
centrifuged at 550 x g for 5 min (4°C) and the supernatant was
filtered through cheese cloth. The mitochondrial pellet was
obtained by centrifugation of the supernatant at 10,000 x g for
10 min (4°C). Mitochondria were resuspended into
homogenization buffer to a final concentration of 20.0 mg/mL.
Protein determinations were made using the bicinchroninic acid
(BCA) method (Pierce) with BSA as a standard.

Analysis of Mitochondrial Respiratory Function
Mitochondria were diluted to 0.25 mg/mL in 10 mM MOPS,

210 mM mannitol, 70 mM sucrose, and 5.0 mM K2HPO4 at pH
7.4 (respiratory buffer) containing respiratory substrates
(palmitoylcarnitine, pyruvate, malate) as indicated. State 3
respiration was initiated at 2.0 min by the addition of ADP at a
final concentration of 0.25 mM. Rates of mitochondrial
respiration were evaluated at room temperature using a Neofox
oxygen chamber with a 175 uL volume (Instech Laboratories,
Inc.).

Evaluation of PDH Activity
Mitochondria were incubated under specified respiratory

conditions at a concentration of 0.25 mg/ml for indicated times.
Mitochondria were then diluted to 0.05 mg/mL in a buffer
containing 25 mM MOPS and 0.05% Triton X-100 at pH 7.4.
Solubilization of mitochondria with 0.05% Triton X-100 inhibits
complex I of the respiratory chain preventing consumption of
NADH. PDH activity was measured spectrophotometrically
(Agilent, 8452A) as the rate of NAD+ reduction to NADH (340
nm, e = 6,200 M-1cm-1) upon addition of 2.5 mM pyruvate, 0.1
mM CoASH, 0.2 mM thiamine pyrophosphate, 1.0 mM NAD+,
and 5.0 mM MgCl2 at pH 7.4.

Western Blot Analysis
Mitochondria were suspended in loading buffer (106 mM Tris

HCl, 141 mM Tris Base, 2.0% SDS, 10% sucrose, 100 mM
DTT, 0.5 mM EDTA, 0.175 mM phenol red, 0.22 mM Brilliant
Blue, at pH 8.5) with 20 mM NaF and protease inhibitor cocktail
(Roche). Protein was then resolved on a NuPAGE 10% Bis-
Tris gel (Life Technologies) and transferred to PVDF
membrane (Bio-Rad). Anti-PDH E1α, anti-phospho-ser293, -
ser300, and -ser232 were purchased from EMD Millipore, anti-
pan AKT and anti-phospho-AKT(thr308) from Cell Signaling,
and Hsp60 antibody from Santa Cruz Biotechnology. PDK4
antibody was a gift from Dr. Robert A. Harris (Indiana
University School of Medicine). Primary antibody binding was
visualized using secondary antibodies conjugated to
horseradish peroxidase (Pierce) and SuperSignal West Pico
Chemiluminescent Substrate (Thermo Scientific).

Mass Spectrometry Analysis [22]
Quantitative proteomics was used to determine the levels of

specific proteins. Mitochondrial protein was run 1.5 cm into a
NuPAGE 12.5% SDS-PAGE gel (Criterion, Bio-Rad). The gel
was then fixed and stained with GelCode Blue (Pierce). The
entire lane was cut into ~1 mm3 pieces. The samples were
washed, reduced with DTT, alkylated with iodoacetamide, and

digested with trypsin. The peptides were extracted with 50%
methanol/10% formic acid in water. The extract was dried and
reconstituted in 1% acetic acid. The samples were analyzed
using selected reaction monitoring with a triple quadrupole
mass spectrometer (ThermoScientific TSQ Vantage)
configured with a splitless capillary column HPLC system
(Eksigent). The data were processed using the program
Pinpoint (ThermoScientific), which aligned the various collision
induced dissociation reactions monitored for each peptide and
determined the chromatographic peak areas. The response for
each protein was taken as the total response for all peptides
monitored. Changes in the relative abundance of the proteins
were determined by normalization to the BSA internal standard,
with confirmation by normalization to the housekeeping
proteins. For details of experimental protocol see Methods S1,
Table S1, Figure S1, and Figure S2.

Quantitative RT-PCR
Approximately 10 mg of heart tissue was snap frozen in

liquid nitrogen. RNA was extracted using Tripure (Roche). A
NanoDrop 2000 UV-Vis spectrophotometer (ThermoScientific)
was used to determine RNA concentration. RNA (1.0 µg) was
converted to cDNA (20 µl final volume) using the QuantiTect
Reverse Transcription kit (Qiagen). Quantitative PCR was
performed on a CFX96 thermocycler (BioRad) with reactions
consisting of 1.0 µL cDNA, 125 nM final concentration of each
primer, and iQ SYBR Green Supermix (BioRad) in a total
volume of 20 µL. Ct values for each sample were averaged
from technical duplicates. Relative transcript expression ratios
and statistics were generated using REST2009 software (Pfaffl
pauls). The transcript levels for target genes were normalized
to three reference genes (Gapdh, Sdha, and Hspcb)
determined to be stable between dietary conditions using
geNorm analysis (Vandesompele-pauls).

Cardiac Insulin Signaling Assay
Mice received an intraperitoneal injection (0.05 U/g) of

human insulin (NovoLog, Novo Nordisk Inc.). Hearts were
harvested 5 min post-injection and snap-frozen in liquid
nitrogen. Samples were then prepared for Western blot
analysis.

Statistics
Data is presented as mean ± SEM. Statistical analyses were

preformed using the 2-tailed Student’s t-test and the Bonferroni
correction for multiple comparisons with p values denoted
throughout the text as: * < 0.05; ** < 0.01; and *** < 0.001.

Results

The Rate of Pyruvate Utilization is Reduced in Cardiac
Mitochondria Isolated from Mice Fed a High Fat Diet for
as Little as 1 Day

We sought evidence for decreased mitochondrial pyruvate
utilization as a contributor to loss in metabolic flexibility induced
by high dietary fat and the time frame under which defined
changes occur. C57BL/6J mice were fed a high fat or control
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diet (60% kcal versus 10% kcal from fat) for up to 20 wk.
Cardiac mitochondria were isolated at various dietary durations
and respiratory function was measured with either pyruvate or
palmitoylcarnitine as the oxidative substrate. With pyruvate,
mitochondria isolated from mice on the high fat diet (20 wk)
exhibited a ~40% reduction in state 3 respiration relative to
mitochondria from control animals (Figure 1A and Table 1). A
reduced rate of state 3 respiration was evident within 1 d of
high dietary fat with near maximal inhibition at 1 wk (Figure
1B). Thus, diminished mitochondrial pyruvate utilization occurs
rapidly in response to high dietary fat and persists for up to 20
wk. Inhibition of state 3 respiration could, however, be
overcome by increasing the concentration of pyruvate (Table 1)
indicating that the mechanism responsible is not likely
diminished content of proteins that support pyruvate linked
respiration. Consistent with this interpretation, mass
spectrometric analysis found no change in the protein content
for each of the PDH subunits in whole heart homogenate from
mice fed high dietary fat for up to 20 wk (Figure 1C). With
palmitoylcarnitine, the rate of ADP-dependent (state 3)
respiration was unaffected by 20 wk of high dietary fat (Figure
1D and Table 1). In addition, there was no change in the rate of
ADP-independent (state 4) respiration. Thus, mitochondrial
respiratory capacity and integrity appear unaltered by high
dietary fat.

PDH Activity is Diminished in Respiring Mitochondria
Following 1 Day of High Fat Feeding

To evaluate mechanisms responsible for diminished
pyruvate-supported respiration, the dynamic regulation of PDH
was assessed as a function of mitochondrial respiratory state.
Mitochondria isolated from mice on either diet exhibited a
significant increase in PDH activity during state 3 respiration
when demand for ATP synthesis is high. However, absolute
PDH activity was significantly depressed at each respiratory
state for cardiac mitochondria isolated from mice fed a high fat
relative to control diet for 1 d (Figure 2A). The loss in PDH
activity during state 3 respiration remained relatively constant
with increasing diet duration up to 20 wk (Figure 2B).

High Dietary Fat Sensitizes PDH to Inhibition in the
Presence of Fatty Acids

To further assess the effects of high dietary fat on PDH
activity, mitochondria were incubated in the presence of
pyruvate and fatty acid, arguably a more physiological
condition. Mitochondria from hearts of mice fed a high fat or
control diet for 1 d were incubated, under state 3 respiratory
conditions, with 100 µM or 10 mM pyruvate in the absence or
presence of palmitoylcarnitine. As shown in Figure 2C, high
pyruvate concentrations (10 mM), in the absence of
palmitoylcarnitine resulted in enhanced PDH activity in both
dietary groups. Under these conditions the difference in PDH
activity was diminished from 33% to 17% (Figure 2C). These
results are consistent with our observation that increasing the
concentration of pyruvate relieved high fat diet-induced
inhibition of state 3 respiration (Table 1). Importantly, when
mitochondria respired with pyruvate in the presence of
palmitoylcarnitine, the relative difference in PDH activity

between the two diets increased (79%, p < 0.01) and
increasing the pyruvate concentration from 100 µM to 1 mM
(not shown) or 10 mM (Figure 2C) had little effect. Similar
results were obtained for mice fed the respective diets for 1
and 20 wk (not shown). These data indicate that the PDH
complex in mitochondria from hearts of mice fed a high fat diet
is more sensitive to inhibition in the presence of fatty acids.

PDH Phosphorylation is Enhanced in Respiring
Mitochondria Isolated From Mice Fed a Diet High in Fat

PDH can be inhibited by phosphorylation of 3 serine residues
on the E1α subunit. Reflective of reduced enzyme activity,
phosphorylation of PDH was elevated during states 2 and 3
respiration in mitochondria isolated from mice fed a high fat
relative to control diet (Figure 2D and E). Increased
phosphorylation of PDH was evident at all 3 phosphorylation
sites under both state 2 and 3 respiratory conditions (Figure 2D
and E). However, ser232 exhibited the greatest fold increase in
phosphorylation during state 3 respiration. Similar
phosphorylation patterns were observed in mitochondria
isolated from mice fed the respective diets for 1 and 20 wk
(data not shown). Enhanced phosphorylation is therefore likely
responsible for diet-induced reductions in PDH activity (Figure
2A and B). The contribution of increased PDK and/or reduced
PDP expression was investigated.

PDK4 Expression is Selectively Increased in Response
to High Dietary Fat

mRNA and protein levels of each PDK and PDP isoform in
heart tissue from mice fed high fat or control diets were
quantified. PDK4 expression showed the most dramatic
increase in response to the high fat diet. PDK4 mRNA
increased 4.6- and 2.8-fold at 1 d and 1 wk of high fat feeding,
respectively (Figure 3A). PDK4 protein levels increased
approximately 3-fold at each dietary duration (Figure 3B), as
determined by mass spectrometry. The increase in PDK4
protein content was confirmed by Western blot analysis (Figure
3C). PDK1 and PDP1 mRNA increased and decreased ~30%,
respectively (Figure 3A). Despite these changes at the
transcript level, no statistical change was detected at the
protein level by mass spectrometry (Figure 3B). PDK2 did not
exhibit diet-induced alterations in mRNA or protein content
(Figure 3A and B). These results indicate that PDK4
expression increases rapidly in response to high dietary fat and
is likely the primary mechanism by which PDH is inhibited
during state 3 respiration.

High-Dietary Fat Alters the Kinetics of PDH Activation
and Inhibition in Response to Energy Demand

Relative to other PDK isoforms, PDK4 is more sensitive to
activation by the products of fatty acid and pyruvate oxidation
[8,10,23]. Mitochondria isolated from hearts of mice fed high fat
relative to control diet might therefore be expected to exhibit
differential alterations in PDH activity during the course of state
3 respiration. The kinetics of activation and subsequent
inhibition of PDH were assessed in isolated mitochondria
respiring on pyruvate. Activation of the enzyme occurs upon
addition of ADP in mitochondria isolated from mice maintained
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on either diet (Figure 4A). PDH in cardiac mitochondria from
mice fed a high fat relative to control diet did not, however,
reach the same level of activation. This appears due to early
initiation of PDH inhibition, despite a reduced rate and
therefore prolonged duration of state 3 respiration (Figure 4A
and C). In fact, at 4.5 min, when PDH activity begins to decline
in mitochondria isolated from mice fed a high fat diet, only

21.4% ± 5.3 of the ADP had been converted to ATP relative to
31.3% ± 5.4 for mitochondria from control animals (p < 0.05).

Figure 1.  High Dietary Fat Reduces the Rate of Pyruvate Supported Respiration in Isolated Cardiac Mitochondria.  C57BL/6
mice were fed a control or high fat diet for 1 d to 20 wk. Cardiac mitochondria were then isolated and incubated at 0.25 mg/mL with
25 µM palmitoylcarnitine and 1.0 mM malate or 100 µM pyruvate and 1.0 mM malate as respiratory substrates. State 3 respiration
was initiated by the addition of 0.25 mM ADP at 2.0 min. Representative oxygen consumption traces for mitochondria isolated from
mice fed control or high fat diet for 20 wk using A. pyruvate or D. palmitoylcarnitine. B. Percentage decrease in the rate of pyruvate-
supported ADP-dependent (state 3) respiration relative to controls for diet durations indicated (n = 5, 11, and 9 for 1 d, 1wk, and 20
wk). C. Mass spectrometric quantification of the protein levels of each PDH subunit (n = 5). All data are presented as the mean ±
SEM with p values: * < 0.05; ** < 0.01; and *** < 0.001.
doi: 10.1371/journal.pone.0077280.g001
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Diet-Induced Inhibition of PDH and Pyruvate Supported
Respiration is Reduced in PDK4 Knockout Mice

PDK4 knockout mice were used to test the role of increased
PDK4 expression in reducing PDH and mitochondrial
respiratory activity in response to high dietary fat. As shown in
Figure 4A and 4B, high fat diet-induced inhibition of PDH was
significantly less in PDK4-/- mice relative to wild type animals
(16% vs 36%). More importantly, cardiac mitochondria isolated
from PDK4-/- mice fed a high fat diet for 1 wk did not display the
rapid inhibition of PDH during state 3 respiration (Figure 4B)
observed in wild type mice (Figure 4A). No change in
mitochondrial respiratory activity was observed (Figure 4C).
Compensation by other kinases was not evident in PDK4-/-

mice. In response to high dietary fat, PDK1 expression
increased 17% (p < 0.01) with no changes in PDK2, PDP1 or
PDP2 mRNA levels (data not shown), a result similar to that
observed for wild type mice (Figure 3A). These data
demonstrate that increased expression of PDK4 is the major
mechanism responsible for inhibition of cardiac PDH in
response to high dietary fat. The importance of PDK4 in the
regulation of PDH is underscored by a 50% increase in PDH
activity (128.0 ± 4.8 vs. 87.9 ± 5.0 nmol NADH/min/mg, p <
0.01) and the rate of state 3 respiration (136.3 ± 7.9 vs. 91.3 ±
6.1 nmol O/min/mg, p < 0.001) in PDK4 knockout relative to
wild-type mice fed the control diet (Figure 4A-C) despite no
change in PDH E1α protein content (Figure 4D).

PDH Inhibition is Reversible When Mice are Removed
From the High Fat Diet

To determine if metabolic changes observed after 1 d of high
dietary fat are rapidly reversible, mice were randomly assigned
to 1 of 3 diet regimes: 1) Control diet; 2) High fat diet for 1 d;
and 3) High fat diet for 1 d followed by control diet for 1 d. In
mice fed a high fat diet for 1 d, PDH activity was suppressed by
~30% relative to controls (Figure 5A) accompanied by 2.6-fold
increase in PDK4 expression (Figure 5B). Dietary intervention
for a single day partially relieved inhibition of PDH and reduced
the level of PDK4 (Figure 5). The rapid reduction in PDK4

Table 1. Effects of High Dietary Fat on Cardiac
Mitochondrial Respiratory Activity.

Substrate: Pyruvate (100 µM) Pyruvate (1.0 mM)
Palmitoylcarnitine (25
µM)

 State 3 State 4 State 3 State 4 State 3 State 4

Low Fat:
89.0 ±
5.1***

13.7 ±
1.6

100.1 ±
7.0

18.1 ±
1.5

201.8 ± 24.2 28.4 ± 2.8

High Fat:
53.6 ±
5.9***

12.7 ±
1.7

 90.2 ±
8.1

15.4 ±
0.7

217.5 ± 22.1 34.8 ± 3.3

Cardiac mitochondria were isolated from mice fed control or high fat diet for 20 wk.
Mitochondria were incubated with 100 µM pyruvate, 1.0 mM pyruvate, or 25 µM
palmitoylcarnitine in the presence of 1.0 mM malate. State 3 respiration was
initiated by addition of 0.25 mM ADP at 2.0 min. The rates (nmol O/min/mg) of
ADP-dependent (state 3) and ADP-independent (state 4) respiration are
represented as the mean ± SEM with p value: *** < 0.001 (n = 9).
doi: 10.1371/journal.pone.0077280.t001

content upon the return of animals to a control diet suggests
protein degradation as an additional form of regulation.

Rapid PDH Inhibition Induced by High Dietary Fat is
Concealed When Mice are Fasted Prior to Analysis

It is well known that cardiac PDK4 expression increases
during starvation [19,20]. We determined whether an increase
in PDK4 induced by starvation (24 h) had effects on PDH
activity and mitochondrial respiratory function similar to those
observed in response to a high fat diet (24 h). Cardiac
mitochondria isolated from mice deprived of food for 24 h
exhibited a dramatic 5-fold increase in PDK4 protein content
(Figure 6A) and a 65% reduction in PDH activity relative to
controls (Figure 6B). These changes were accompanied by a
40% reduction in the rate of state 3 respiration with pyruvate as
a respiratory substrate (Figure 6C and D). Similar metabolic
changes were observed at 1 d on the high fat diet, although to
a lesser magnitude (Figure 6A-D). These observations raise
the possibility that an overnight fast (12 h), a traditional
experimental protocol, might obscure the rapid nature by which
high dietary fat elicits an increase in PDK4 expression and
PDH inhibition. Mice were fed a high fat or control diet for 2 d.
All mice were then fasted overnight (12 h) prior to analysis. No
differences were detected in PDH activity (Figure 6E), pyruvate
supported respiration (Figure 6F), or PDK4 levels (not shown)
between animals fed a high fat versus control diet. When
compared to mice fed a control diet that were not fasted prior to
analysis, PDK4 levels increased (2.87 + 0.69 fold versus 2.32 +
0.93 fold), and PDH was inhibited (Figure 6B and E) to similar
extents in mice fed a high fat or control diet followed by a 12 h
fast. Thus, the traditional protocol of fasting animals prior to
assessing metabolic effects of diet fully masks rapid PDK4-
mediated inhibition of PDH arising from high dietary fat.

Diet-Induced Increases in PDK4 Content and Inhibition
of PDH Precede Changes in the Expression of
Glycolytic Enzymes and GLUT4 and Cardiac Insulin
Signaling

To determine the temporal relationship between diet-induced
changes in PDH inhibition arising from upregulation of PDK4
and other measures of glycolytic capacity, we evaluated the
effects of short-term high fat diet on cardiac levels of glycolytic
enzymes and the glucose transporter, GLUT4, as well as
cardiac insulin signaling. Mass spectrometric analysis found no
alterations in the level of glycolytic enzymes in heart tissue
from mice fed a high fat diet for 1 wk (Table 2). Conversely,
there was a significant reduction in GLUT4 protein at 1 wk of
high fat feeding; however, this effect was not observed at 3 d
(Figure 7A). Similarly, cardiac insulin signaling, as measured
by insulin-stimulated Akt phosphorylation, was significantly
reduced at 1 wk but not 3 d of high dietary fat (Figure 7B).
Interestingly, PDK4 knockout mice did not exhibit a loss of
insulin signaling after 1 wk of high fat feeding (Figure 7B). In
contrast, GLUT4 levels declined even in the absence of PDK4
(Figure 7A). Therefore, increased expression of PDK4 and
inhibition of PDH precede diet-induced declines in GLUT4
content and insulin-stimulated Akt phosphorylation. In addition,
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Figure 2.  Pyruvate Dehydrogenase Activity is Diminished and Phosphorylation Enhanced in Respiring Cardiac
Mitochondria from Mice Fed High Dietary Fat.  Cardiac mitochondria (0.25 mg/mL) were incubated with 100 µM pyruvate and 1.0
mM malate. At 2.0 min, state 3 respiration was initiated by the addition of 0.25 mM ADP. A. PDH activity at 1.5 min, during state 2
respiration, and at 4.5 min, during state 3 respiration, in cardiac mitochondria from mice fed control or high fat diet for 1 d (n = 5). B.
PDH activity at 4.5 min, during state 3 respiration, for cardiac mitochondria from mice fed a control or high fat diet for indicated
times. Data are presented as the % decrease relative to controls (n = 5, 6, and 6 for 1 d, 1 wk, and 20 wk). C. Mitochondria were
incubated with 100 µM or 10 mM pyruvate and 1.0 mM malate in the presence or absence of 25 µM palmitoylcarnitine. At 2.0 min,
ADP was added (0.25 mM) to initiate state 3 respiration and PDH activity was assayed at 4.5 min (n = 5). D. Western blot analysis
(representative of n = 5) of phosphorylation status for each site on the PDH E1α subunit during state 2 and 3 respiration in cardiac
mitochondria isolated from mice on indicated diets for 1 d. E. Relative phosphorylation status during state 3 respiration in cardiac
mitochondria isolated from mice fed a control (arbitrary unit 1) versus high fat diet for 1 d quantified by densitometric analysis of the
Western blots (n = 5). All data are presented as the mean ± SEM with p values: * < 0.05; ** < 0.01; and *** < 0.001.
doi: 10.1371/journal.pone.0077280.g002
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Figure 3.  High Dietary Fat Drives a Selective Increase in
the Expression of PDK4 in the Heart.  mRNA and protein
content of PDK and PDP isoforms were measured in hearts of
mice fed either the control or high fat diet for 1 d or 1 wk. A.
mRNA expression determined by qRT-PCR (n = 5 and 9 for 1 d
and 1 wk). B. Protein content measured by quantitative mass
spectrometry (n = 5 and 6 for 1 d and 1 wk). C. Expression of
PDK4 in isolated cardiac mitochondria quantified by
densitometric analysis of Western blots (n = 5 for 1 wk). All
data are presented as the mean ± SEM with p values: ** <
0.01; and *** < 0.001.
doi: 10.1371/journal.pone.0077280.g003

diet-induced increases in PDK4 appear to play a role in loss of
cardiac insulin signaling.

Discussion

We have made the novel discovery that, within 1 d of a high
fat diet, mice exhibit a decrease in the capacity to utilize
glycolytically derived pyruvate in isolated cardiac mitochondria.
A selective increase in the expression of PDK4 and inhibition of
PDH are responsible. High dietary fat did not induce inhibition
of PDH in PDK4-/- mice. Furthermore increased expression of
PDK4 precedes diet-induced reductions in cardiac insulin
signaling, as judged by insulin stimulated Akt phosphorylation,
and the content of the glucose transporter GLUT4, or any
changes in the levels of glycolytic enzymes measured.
Increases in PDK4 content and/or a decline in the fraction of
active PDH have previously been reported to occur with high
dietary fat, however, these changes were observed at dietary
durations on the order of weeks or greater [7,10,15-18], often
after diet-induced loss of glucose transport or insulin signaling
[7,10,15,16,18]. The rapid effects of high dietary fat on PDK4
content and PDH activity may go undetected because fasting,
often performed prior to metabolic analyses, induces a similar
increase in PDK4 levels or activity [16,18-21] and, as we have
shown, masks the specific contribution of a high fat diet. Thus,
we have identified a mechanism that, based on the rapidity with
which it occurs, may initiate declines in metabolic flexibility
arising from high dietary fat, opening new lines of investigation.

Increased delivery and utilization of fatty acids for energy
production will inherently lead to inhibition of PDH. This is, in
large part, due to inhibition of PDH and activation of various
isoforms of PDK by acetyl-CoA and NADH produced during the
oxidation of fatty acids [8,10,24-26]. A question that emerges is
why then selectively and rapidly increase the expression PDK4,
in response to high dietary fat? PDK4, relative to the other
isoforms, is more sensitive to activation by NADH and less
sensitive to inhibition by pyruvate and ADP [8,10,15,23]. Thus,
a selective increase in PDK4 expression favors
phosphorylation and inhibition of PDH under conditions where
PDH would normally be in the active state. Consistent with the
properties of PDK4 and the enhanced expression of this
isoform with high fat feeding, initiation of PDH inhibition was
observed early in pyruvate-supported state 3 respiration in
mitochondria isolated from mice fed a high fat relative to control
diet. Increased expression of PDK4 enhances the degree of
PDH inhibition in the presence of fatty acid, a condition that
cannot be overcome by elevated pyruvate concentrations. As a
result, the rapid molecular events triggered by high dietary fat
ensure stringent use of fatty acids by the heart, irrespective of
glucose and pyruvate availability.

From an evolutionary perspective, organisms experienced
dramatic changes in food availability and macronutrient
composition in response to seasonal, regional, and
environmental changes. Mechanisms for rapidly shifting
cardiac metabolism to reflect both substrate availability and
appropriate partitioning of fatty acids and glucose to various
tissues would have provided a survival advantage. During
starvation, PDK4-dependent inhibition of PDH and increased
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reliance on fatty acids for energy production spares glucose for
use by tissues more dependent on glycolysis than the heart
[19-21]. In fact, PDK4-/- relative to wild-type mice exhibit
diminished fasting blood glucose [21]. In contrast, glucose is
not limiting with high fat diets. Glycolytically derived pyruvate is,
however, an important anaplerotic substrate for replenishment
of Krebs cycle intermediates [27-29]. During high fat feeding,

concentrations of pyruvate may be limited due to allosteric
inhibition of glycolysis by products of fatty acid oxidation
[8,10,24-26]. This effect would be exacerbated during longer
diet durations when cardiac insulin resistance develops and
glucose uptake is reduced [3,6,7]. A selective increase in PDK4
and stringent inhibition of PDH would restrict conversion of
pyruvate to acetyl-CoA and may therefore spare limited

Figure 4.  High Dietary Fat Alters the Kinetics of PDH Inhibition in Wild-type but not PDK4-/- Mice.  Cardiac mitochondria
(0.25 mg/mL) from mice fed control or high fat diets for 1 wk were incubated with 100 µM pyruvate and 1.0 mM malate. At 2.0 min,
state 3 respiration was initiated by the addition of 0.25 mM ADP. PDH activity was assayed at indicated time points for A. wild-type
mice (n = 5) and B. PDK4-/- mice (n = 5). C. Oxygen consumption traces for mitochondria respiring with pyruvate were recorded.
The rate of state 3 respiration was calculated for wild-type mice (n = 11) and PDK4-/- mice (n = 5). D. The relative levels of PDH E1α
and Hsp60 as a loading control were assessed in wild-type and PDK4-/- mice fed control or high fat diet by Western blot analysis. All
data are presented as the mean ± SEM with p values: * < 0.05 and ** < 0.01.
doi: 10.1371/journal.pone.0077280.g004
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Figure 5.  PDH Inhibition is Relieved and PDK4 Content
Reduced Upon Removal of Mice from the High Fat
Diet.  C57BL/6 mice were fed either a control diet for 1 d, a
high fat diet for 1 d, or a high fat diet for 1 d followed by a
control diet for 1 d. A. Cardiac mitochondria were incubated
with 100 µM pyruvate and 1.0 mM malate. State 3 respiration
was initiated by the addition of ADP (0.25 mM). PDH activity
was assayed during state 3 respiration (n = 3). B. Western blot
analysis (representative of n = 3) and quantitative mass
spectrometry (n = 3) were used to determine PDK4 protein
levels in isolated cardiac mitochondria. All data are presented
as the mean ± SEM with p values: * < 0.05; ** < 0.01; and *** <
0.001.
doi: 10.1371/journal.pone.0077280.g005

pyruvate for anaplerosis ultimately providing support for
increased flux through β-oxidation to ensure the use of
available fatty acids.

Despite the potential advantages of such a response, long
term high fat feeding leads to obesity and diabetes [3,30],
major risk factors for cardiovascular disease and heart failure
[2,4,5]. A common link between obesity, diabetes, and cardiac
dysfunction is atherosclerosis and accompanying ischemic
events. In this scenario, glucose utilization is favorable and
diminished metabolic flexibility is detrimental for cardiovascular
recovery and function [1,3]. In fact, malonyl-CoA decarboxylase
knockout (MCD-/-) mice that exhibit diminished cardiac β-
oxidation do not undergo diet-induced loss of cardiac insulin
sensitivity and glucose utilization and are protected from
cardiac ischemia and reperfusion injury [31,32]. Similarly,
whole body PDK4 knockout and peroxisome proliferator-
activated receptor α (PPARα) functional knockout mice, also
characterized by enhanced glucose oxidation and suppressed
β-oxidation, are protected from high fat diet-induced reductions
in glucose tolerance and insulin sensitivity [33,34]. In addition,
we demonstrate that PDK4 knockout mice do not exhibit a loss
in cardiac insulin signaling, as measured by insulin stimulated
Akt phosphorylation, following 1 wk of high dietary fat. Given
the relatively recent advent of chronic high caloric diets in the
background of diminished physical activity, diabetes and
atherosclerosis are not likely to have posed evolutionary
constraints. Therefore, rapid induction of PDK4 and inhibition of
PDH may be a regulatory mechanism to ensure use of
available fatty acids that, with increasing dietary durations,
exerts deleterious effects reflective of a lifestyle that has little
evolutionary traction.

The findings of the current study necessitate future
identification of mechanism(s) by which PDK4 expression is
rapidly upregulated and contributes to loss of insulin sensitivity.
Several transcription factors, including PPARα, FOXO-1,
ERRα, E2F1, and PGC-1α, are known to influence the
expression of PDK4 [10,17,19,35]. What remains to be
determined is which transcription factors predominate at
different dietary durations, particularly the acute phase, and in
response to varying dietary composition. In addition, certain
transcription factors may indirectly affect PDK4 expression by
altering levels of components of related metabolic pathways,
such as β-oxidation. It is therefore important to identify
transcription factors that bind to the PDK4 promoter region in
response to changing dietary conditions. Moreover, the rapid
decline in PDK4 content with dietary intervention suggests
degradation as an additional form of regulation. A potential
mechanism by which increased expression of PDK4
precipitates loss of insulin signaling is through metabolically
driven changes in the redox environment [36]. Mitochondrial
H2O2 production is higher when metabolizing fatty acids relative
to pyruvate [37-39]. . Treatment of cells with H2O2 has been
shown to reduce insulin signaling [40]. In addition, targeted
consumption of mitochondria derived H2O2 prevents diet-
induced reductions in insulin-stimulated Akt phosphorylation
within the heart [41]. Nevertheless, definitive evidence that
oxidative modifications to specific components of insulin
signaling occur and are responsible for observed diet-induced
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Figure 6.  Fasting Conceals Rapid Diet-Induced Inhibition of PDH.  Mice were fasted for 24 h or fed control or high fat diets for 1
d. Mitochondria were incubated with 100 µM pyruvate and 1.0 mM malate. State 3 respiration was initiated by addition of 0.25 mM
ADP. A. PDK4 levels in isolated cardiac mitochondria assessed by Western blot analysis (representative of n = 5) and mass
spectrometry (n = 5). B. PDH activity was assayed at 4.5 min during state 3 respiration with 100 µM pyruvate and 1.0 mM malate in
cardiac mitochondria from mice fed the indicated diets (n = 5). C. Representative oxygen consumption traces for cardiac
mitochondria from mice that were fasted or maintained on control or high fat diets for 1 d. D. Percent decrease in state 3 respiratory
rate for each dietary condition relative to respective controls (n = 5). E. Mice were fed control or high fat diets for 2 d. All mice were
fasted overnight (12 h) before sacrifice. PDH activity was assayed at 4.5 min during state 3 respiration with 100 µM pyruvate and
1.0 mM malate in the presence or absence of 25 µM palmitoylcarnitine. F. Rate of pyruvate supported state 3 respiration of cardiac
mitochondria from mice fasted overnight (12 h) after indicated diets. All data are presented as the mean ± SEM with p values: * <
0.05 and *** < 0.001.
doi: 10.1371/journal.pone.0077280.g006
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functional declines is lacking. Finally, evidence indicates that
increases in PDK4 content and inhibition of PDH are not

Table 2. Effects of High Dietary Fat on Cardiac Content of
Glycolytic Enzymes.

Enzyme
Protein Content (high fat relative
to control)

Hexokinase-1 0.93 ± 0.06
Phosphoglucose Isomerase 1 0.98 ± 0.04
Phosphofructokinase-1 1.02 ± 0.06
Aldolase A 1.12 ± 0.08
Triose Phosphate Isomerase 1.18 ± 0.05
Glceraldehyde 3-Phosphate
Dehydrogenase

1.00 ± 0.01

Enolase 3 1.10 ± 0.05
Pyruvate Kinase 0.98 ± 0.06
Lactate Dehydrogenase A (1) 1.06 ± 0.08
Lactate Dehydrogenase B (2) 1.12 ± 0.08

Mice were placed on a high fat or control diet for 1 wk. Heart extracts were then
subjected to mass spectrometric analysis for expression of glycolytic enzymes.
Data is represented as the mean ± SEM of the ratio of protein abundance in hearts
from mice fed high fat relative to control diet (n = 5). No statistical differences were
observed.
doi: 10.1371/journal.pone.0077280.t002

required for declines in cardiac GLUT4 content arising from
high dietary fat. Future studies must therefore define the
relative contributions of diminished GLUT4 to defects in
glucose uptake and utilization and mechanism(s) responsible.
Overall, elucidation of interrelated and complex molecular
events that initiate and drive diet-induced metabolic inflexibility
is required if interventions that go beyond countering
downstream deficits and specifically target underlying causes
are to be developed.
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Figure 7.  PDK4-Upregulation Occurs Prior to Reductions in GLUT4 Expression and Insulin-Stimulated Akt
Phosphorylation.  Mice were placed on a high fat or control diet for 3 d or 1 wk. Hearts were then processed and A. GLUT4
expression was determined by Western blot analysis and quantified by densitometric analysis (n = 5) and B. Cardiac insulin
signaling was assessed as insulin-stimulated Akt phosphorylation, quantified by densitometric analysis (n = 5), and represented
relative to total Akt. As indicated, wild type or PDK4 knockout mice were utilized. All data are presented as the mean ± SEM with p
values: * < 0.05 and *** < 0.001.
doi: 10.1371/journal.pone.0077280.g007
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Supporting Information

Methods S1.  Details of experimental protocol for Mass
Spectrometry Analysis.
(DOCX)

Figure S1.  Sample preparation by short run gel
electrophoresis. An aliquot of a whole heart homogenate
containing 60µg protein (typically about 100µL) is mixed with
50µL 10% SDS and an internal standard solution containing
8pmol BSA and 1pmol chicken lysozyme. The sample is
heated at 70°C for 15min to ensure complete solubilization.
The proteins are then precipitated with 1mL acetone overnight
at -20°C. The protein pellet is collected, reconstituted in 60µL
sample loading buffer, and a 20µL aliquout (20µg) run into a
12.5% SDS-Page gel (BioRad Criterion) at 150V for 15min.
The gel is washed, fixed, and stained with Coomassie blue
(GelCode Blue, Pierce).
(TIF)

Figure S2.  Representative LC-tandem mass spectrometry
data for the measurement of Pdha1, Pdhb, and Pdk4. The
raw LC-tandem MS data were processed using the Pinpoint
program (ThermoScientific). These images are taken directly
from that program. Two peptides were monitored for each
protein and are shown in the first two columns. For each
peptide, the figures contain chromatographic peaks for the
respective peptides for a set of analyses of 5 fasted animals, 5
control animals, and a heart homogenate pool that is used for
quality control. For each chromatographic peak, the different
colors represent the different fragmentation reactions that are
monitored for that peptide. The y-axis is the relative
abundance. The x-axis is labeled with the respective raw data

filename. The final column shows the total signal for each
protein, plotted as the mean ± standard deviation. The y-axis is
the relative abundance. The x-axis is labeled for the three
types of samples; animals fasted for 1day (n=5), animals
feeding ad lib with a control diet (n=5), and a standard sample
from a mouse heart homogenate pool (n=1) that is used for
quality control.
(TIF)

Table S1.  The selected reaction monitoring descriptors
used to detect Pdha, Pdhb, Pdk1, Pdk2, and Pdk4 within a
multiplexed quantitative assay. This assay included a group
of 31 proteins including the Krebs cycle enzymes,
housekeeping proteins, an internal standard, and selected
other mitochondrial enzymes. The C[160] designates an
alkylated cysteine. All analyses are in the positive ion mode
with Q1 and Q3 resolution set to 0.7Da.
(DOCX)
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