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Diabetic cardiac dysfunction is associated with decreased
rates of myocardial glucose oxidation (GO) and increased fatty
acid oxidation (FAQ), a fuel shift that has been shown to sensi-
tize the heart to ischemic insult and ventricular dysfunction. We
sought to evaluate the metabolic and functional consequences
of chronic suppression of GO in heart as modeled by transgenic
mice with cardiac-specific overexpression of pyruvate dehydro-
genase kinase 4 (myosin heavy chain (MHC)-PDK4 mice), an
inhibitor of pyruvate dehydrogenase. Hearts of MHC-PDK4
mice were shown to exhibit an insulin-resistant substrate utili-
zation profile, characterized by low GO rates and high FAO flux.
Surprisingly, MHC-PDK4 mice were not sensitized to cardiac
ischemia-reperfusion injury despite a fuel utilization pattern
that phenocopied the diabetic heart. In addition, MHC-PDK4
mice were protected against high fat diet-induced myocyte lipid
accumulation, likely related to increased capacity for FAO. The
high rates of mitochondrial FAO in the MHC-PDK4 heart were
related to heightened activity of the AMP-activated protein
kinase, reduced levels of malonyl-CoA, and increased capacity
for mitochondrial uncoupled respiration. The expression of the
known AMP-activated protein kinase target, peroxisome prolif-
erator-activated receptor 7y coactivator-la (PGC-1«), a master
regulator of mitochondrial function and biogenesis, was also
activated in the MHC-PDK4 heart. These results demonstrate
that chronic activation of PDK4 triggers transcriptional and
post-transcriptional mechanisms that re-program the heart for
chronic high rates of FAO without the expected deleterious
functional or metabolic consequences.

The emerging pandemic of obesity is driving a dramatic
increase in the incidence of type 2 diabetes mellitus and “met-
abolic syndrome” (1, 2). Diabetic individuals are more sensitive
to co-morbidities known to cause heart failure, such as myocar-
dial ischemic injury (3—5). The term “diabetic cardiomyopathy”
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has been coined to capture this unique condition. Although
many factors certainly contribute, recent evidence suggests that
diabetic cardiac dysfunction is driven at least in part by abnor-
malities in myocardial fuel metabolism (6 —8).

The healthy adult mammalian heart exhibits energy sub-
strate flexibility, utilizing a variety of energy substrates includ-
ing fatty acids (FAs),? glucose, ketones, and lactate to yield ATP
to meet the high energy demands of a constant pump (9, 10). In
most conditions, FAs are the preferred substrate for myocardial
ATP production, although a significant proportion of ATP is
derived from glycolysis and glucose oxidation (GO) (8). The
insulin-resistant diabetic heart loses this substrate flexibility
due to reduced insulin responsive glucose uptake and oxida-
tion, together with increased delivery of FAs, resulting in near
complete reliance on fatty acid oxidation (FAO) for ATP pro-
duction (7,11, 12). GO is inhibited in the insulin-resistant heart
at the step catalyzed by the pyruvate dehydrogenase complex,
duein part to increased expression of the pyruvate dehydrogen-
ase kinase, PDK4 (13). PDK4-mediated phosphorylation of
pyruvate dehydrogenase inhibits the activity of this enzyme
complex and reduces capacity to oxidize glucose (14). Chronic
dependence on FA as the cardiac fuel source in the diabetic
heart is associated with accumulation of cardiac myocyte neu-
tral lipid, toxic lipid intermediates, and reactive oxygen species,
all of which have been implicated in the development of car-
diomyopathy (7, 11, 12, 15, 16). Indeed, myocyte triacylglycerol
(TG) accumulation is a metabolic signature of the diabetic
heart and is considered a marker for “lipotoxic” cardiomyopa-
thy. There is also evidence that the inability to oxidize glucose
plays an etiologic role in the development of diabetic cardiomy-
opathy, especially in the context of ischemic insult (17, 18).

Studies conducted in genetically modified mice have begun
to explore the role of metabolic derangements in the pathogen-
esis of diabetic cardiac dysfunction. For example, transgenic
mice with chronic activation of the peroxisome proliferator-
activated receptor a (PPARa), a lipid-activated nuclear recep-
tor that regulates the expression of enzymes involved in cellular
FA uptake and oxidation, have been studied. Cardiac-specific
PPARa transgenics (MHC-PPAR« mice) develop a metabolic

3 The abbreviations used are: FA, fatty acid; GO, glucose oxidation; FAO, fatty
acid oxidation; TG, triacylglycerol; PPARa, peroxisome proliferator-acti-
vated receptor «; HF, high fat; I/R, ischemia reperfusion; MHC, myosin
heavy chain; NTg, non-transgenic; PDK4, pyruvate dehydrogenase kinase
4; AMPK, AMP-activated protein kinase; PGC-1q, peroxisome proliferator-
activated receptor y coactivator-1a.
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phenotype remarkably similar to the diabetic heart including
increased myocardial FA uptake and oxidation, TG accumula-
tion, and development of cardiomyopathy (19). Similar pheno-
types have been shown in transgenic mice with overexpression
of PPARvy (20) and acyl-CoA synthetase, a key enzyme in the
import and activation of FAs (21). However, the results of these
studies have not clearly distinguished between the role of lipid
accumulation (lipotoxic effects) versus substrate inflexibility in
the cardiomyopathic phenotype. To further address the effects
of chronic cardiac fuel inflexibility, we focused on mice that
overexpress PDK4 in a cardiac-specific manner (MHC-PDK4
mice) (22). The MHC-PDK4 line is an ideal model to address
this question because the hearts of these mice rely largely on FA
as the chief cardiac energy substrate together with chronically
suppressed GO (22). Assessment of substrate utilization in iso-
lated MHC-PDK4 working hearts demonstrated that the fixed
substrate utilization rates were unresponsive to insulin, similar
to diabetic hearts. Surprisingly, MHC-PDK4 mice were resis-
tant to high fat (HF) diet-induced myocyte lipid accumulation
and, unlike diabetic or MHC-PPAR« hearts, exhibited normal
functional recovery after I/R injury. This adaptive metabolic
re-programming is shown to involve activation of AMP-acti-
vated protein kinase (AMPK) and the transcriptional coactiva-
tor, PGC-1a.

EXPERIMENTAL PROCEDURES

Detailed methods can be found in the supplemental
information.

Animal Studies—Mice with cardiac-specific overexpression
of PDK4 driven by the a-myosin heavy chain promoter (MHC-
PDK4 mice) have been previously described (22). Cardiac func-
tional and metabolic endpoints were analyzed in sex- and age-
matched MHC-PDK4 and non-transgenic (NTg) littermate
controls. For diet studies, mice were allowed ad libitum access
to either HF chow, which provided 43% of the calories from fat
(TD 97268, Harlan Teklad, Madison, W1I) or standard diet. All
studies were performed on 10 —12-week-old mice unless other-
wise indicated.

To examine insulin signaling, mice were fasted for 4 h and
injected intravenously with human insulin (10 milliunits/g of
body weight). Mice were sacrificed 5 min later, and cardiac
ventricles were harvested and snap-frozen in liquid nitrogen for
protein extraction.

All experiments and protocols were conducted in strict
accordance with the National Institutes of Health guidelines for
humane treatment of animals and were reviewed and approved
by the Washington University School of Medicine Animal
Studies Committee.

Mouse Isolated Working Heart Preparation—Mouse isolated
working heart preparations were performed as previously
described (23). Glycolysis was assessed in separate studies using
[5-*H]glucose (0.1 uCi/ml). The percent contribution of palmi-
tate and glucose oxidation to the total acetyl-CoA production
was also determined. Acetyl-CoA production was calculated in
a similar manner as ATP production as previously described
and assumes 100% coupled respiration (23).

For I/R studies, hearts underwent the following protocol:
aerobic perfusion for 30 min and 18 min of ischemia followed
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by reperfusion for 40 min. Hearts were perfused with 5 mm
glucose, 0.4 or 1.2 mMm palmitate, and 100 microunits/ml
insulin.

Echocardiographic Studies—Transthoracic M-mode and two-
dimensional echocardiography was performed on conscious
mice in the Washington University Mouse Cardiovascular Phe-
notyping Core using an Acuson Sequoia 256 Echocardiography
system (Acuson Corp., Mountain View, CA) as previously
described (24). Detailed methods can be found in the supple-
mental information. All tissue analyses protocols can be found
in supplemental Information.

Statistical Analyses—Data were analyzed using a 2-tailed
Student’s £ test with the level of significance set at p < 0.05 in all
cases. Data are reported as the mean values = S.E.

RESULTS

The Fuel Utilization Inflexibility of MHC-PDK4 Hearts Is
Resistant to Insulin—As previously reported (22), cardiac PDK4
gene expression was increased ~14-fold in the hearts of MHC-
PDK4 transgenic mice compared with littermate NTg controls
(supplemental Fig. 1, A and B), and cardiac function was normal
(supplemental Fig. 1C). Additionally, there was no significant
difference in body weight or circulating glucose and free fatty
acid levels in the transgenic line (data not shown).

To explore cardiac fuel utilization rates and response to insu-
lin, substrate oxidation rates were assessed in working hearts
isolated from MHC-PDK4 mice and controls. NTg and MHC-
PDK4 hearts were perfused with [9,10-°H]palmitate and
[U-"C]glucose with either 10 or 100 microunits/ml insulin,
and glucose and palmitate oxidation rates were determined.
Hearts isolated from NTg and MHC-PDK4 mice performed
similar levels of cardiac work during perfusion (supplemental
Fig. 2). As expected, GO rates were strikingly lower in MHC-
PDK4 hearts compared with littermate NTg mice (Fig. LA). The
higher concentration of insulin (100 microunits/ml) stimulated
GO in NTg hearts but not in MHC-PDK4 hearts (Fig. 1A). Con-
versely, palmitate oxidation rates were increased in the MHC-
PDK4 hearts compared with littermate controls, regardless of
the insulin dose (Fig. 1A).

The percentage of acetyl-CoA produced from each of the
oxidative pathways was calculated based on the comparison of
substrate oxidation rates. When the insulin concentration of
the perfusate was increased from 10 to 100 microunits/ml, the
contribution of GO to total acetyl-CoA production increased
from ~38 to 60% in NTg hearts (Fig. 1B). In contrast, GO con-
tributed only ~8% to total acetyl-CoA production under both
low and high insulin concentrations in MHC-PDK4 hearts,
with the remainder accounted for by palmitate oxidation (Fig.
1B). Collectively, these results indicate that the energy sub-
strate preference of MHC-PDK4 hearts is highly biased toward
fatty acids and is resistant to the effects of insulin, similar to that
of the diabetic heart.

The original characterization of myocardial glucose
metabolism in MHC-PDK4 mice using NMR spectroscopy
also demonstrated that glucose utilization was diminished
(22) but did not delineate flux rates through glycolysis versus
glucose oxidation. Therefore, isolated working heart perfu-
sion using [*H]glucose was used to measure glycolytic rates

VOLUME 286+NUMBER 13-APRIL 1, 2011


http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1
http://www.jbc.org/cgi/content/full/M110.217349/DC1

PDK4 Transgenes Are Not Sensitized to Cardiac Ischemia

A. Glucose Oxidation Palmitate Oxidation
%
S 3000 % * 1200
q;) 2500 1 E— 1000
> _
2 2000 10 LUmI 800
2 1500 100 pU/ml 600
‘S 1000 1 400
=
© 5001 200
€
c 0 0
NTg MHC-PDK4 NTg MHC-PDK4
B. Il cox [ Pox
— 100
S5 9
O =
= © 80
o >
- '8 70
c
Sa %
"5' < 50
Q2 0O 40
S0
€ 130
Q 2 20
©8 %o
NS
=< . . .
Insulin (WU/ml) 10 100 10 100
NTg MHC-PDK4
C. Glycolysis D. Cardiac Lactate E. 3 - Glycogen
= %
[=) 30
[0} 2 5
2 100001 . 2
> e o
o = 20 2
o Q >
=2 g 15 5
£ c € 14
g 5000 1 10 S
=
o
S
C
0 J
NTg MHC-PDK4 NTg MHC-PDK4 NTg MHC-PDK4

FIGURE 1. Hearts of MHC-PDK4 mice exhibit increased rates of palmitate oxidation and concomitant decreased rates of glucose oxidation. A, substrate
utilization rates in working hearts isolated from female NTg and MHC-PDK4 hearts (n = 5-6 per group) is shown. The bars denote mean (*+S.E.) glucose
oxidation (/eft) and palmitate oxidation (right) rates under low insulin (10 um, black bars) or high insulin (100 um, gray bars) perfusion conditions. B, the bars
denote percent contribution to total acetyl-CoA production by glucose oxidation (GOX, black portion) or palmitate oxidation (POX, gray portion) (n = 5-6 per
group). C, the bars denote mean rates of glycolysis in NTg and MHC-PDK4 hearts (n = 8-9 per group). D, bars denote mean levels of cardiac lactate in NTg and
MHC-PDK4 hearts (n = 9-11 per group). E, bars denote mean levels of glycogen in NTg and MHC-PDK4 hearts (n = 8-10 per group). *, p < 0.05.

in NTg and MHC-PDK4 mice. In contrast to GO, rates of
glycolysis were not impaired and actually tended to be higher
in MHC-PDK4 hearts compared with NTg littermate con-
trols (Fig. 1C). Consistent with a mismatch between capacity
for glycolysis and GO, myocardial tissue lactate levels were
increased in MHC-PDK4 mice compared with their NTg
counterparts (Fig. 1D). No significant difference in myocar-
dial glycogen content was observed between NTg and MHC-
PDK4 mice (Fig. 1E).

Insulin Signaling Remains Intact in MHC-PDK4 Mice—
Given that the transgenic hearts are resistant to the effects of
insulin, the phosphorylation status of key signaling proteins
downstream of the insulin receptor was assessed. Insulin stim-
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ulated phosphorylation of serine 473 of AKT, serine 21 of
GSK3a, and serine 9 of GSK33 in MHC-PDK4 and NTg hearts
to a similar extent (Fig. 2). Western blot analyses also demon-
strated that total levels of GLUT1 and GLUT4 proteins were
not different between the groups (data not shown). These data
suggest that the resistance of the PDK4 heart to insulin-stimu-
lated glucose utilization involves mechanisms downstream of
the insulin signaling pathway.

The MHC-PDK4 Hearts Exhibit Normal Functional Recovery
after I/R Injury despite Constrained Substrate Flexibility—Dia-
betic humans and animals are susceptible to I/R injury and met-
abolic inflexibility. This response has been attributed in part to
reduced capacity for GO and high FAO rates (23, 25-27).
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FIGURE 2. Insulin receptor-mediated signaling is unchanged in MHC-
PDK4 hearts. Male NTg and MHC-PDK4 mice were injected IV with (10 milli-
units/g of body weight) insulin or saline (—insulin), and hearts were harvested
5min later (n = 6 per group). Representative Western blots using heart lysates
are shown.

Accordingly, we sought to determine whether MHC-PDK4
hearts exhibit increased sensitivity to I/R injury. Hearts isolated
from NTg and MHC-PDK4 mice were subjected to an I/R pro-
tocol (30 min of aerobic perfusion, 18 min of ischemia, 40 min
of aerobic reperfusion, 5 mMm glucose, 0.4 mM palmitate, and 100
microunits/ml insulin). GO rates were severely reduced, and
FAO rates increased in MHC-PDK4 mice compared with NTg
hearts under both aerobic and reperfusion conditions (Figs. 3, A
and B). Surprisingly, however, the functional recovery (cardiac
work) of the MHC-PDK4 hearts was not different than that of
NTg controls (Fig. 3C). Similar results were observed when the
I/R studies were conducted in conditions of high concentra-
tions of palmitate in the perfusate (5 mm glucose, 1.2 mm palmi-
tate, and 100 microunits/ml insulin; data not shown).

MHC-PDK4 Transgenic Mice Are Protected against Diet-in-
duced Myocardial TG Accumulation—Myocardial lipid accu-
mulation often occurs in the diabetic heart and in other meta-
bolic cardiomyopathies (28). To determine whether the
MHC-PDK4 mice develop this signature of cardiac lipotoxicity
given their high rates of fatty acid uptake and oxidation rates,
they were challenged with a HF diet (43% of calories from fat).
After 4 weeks of HF chow, the MHC-PDK4 mice did not exhibit
any evidence of systolic or diastolic ventricular dysfunction
or remodeling in MHC-PDK4 hearts (Fig. 44 and data not
shown). Moreover, although HF diet increased cardiac TG lev-
els in NTg mice, TG levels were not increased in the hearts of
MHC-PDK4 mice (Fig. 4B).

The resistance of MHC-PDK4 hearts to TG accumulation
together with the high FAO rates suggested that the MHC-
PDK4 hearts have undergone a re-programming to increase
capacity to oxidize FA. We assessed the expression of genes
involved in FAO and FA uptake. The expression levels of Fatpl
(cellular FA import), Cptlb (mitochondrial FA import), and
Acadm (FAO) were not different in MHC-PDK4 hearts com-
pared with NTg littermate controls on standard chow or after
exposure to HF chow, the latter known to induce these genes
(Fig. 4C). Thus, re-programming of the MHC-PDK4 hearts for
increased FAO does not occur at the level of FAO enzyme gene
expression.

Increased Activation of AMP-activated Protein Kinase and
PGC-1 Signaling in MHC-PDK4 Hearts—To assess the poten-
tial post-transcriptional mechanisms involved in the observed
increased FAO rates in the MHC-PDK4 hearts, the activity of
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FIGURE 3. MHC-PDK4 hearts have normal functional recovery after ische-
mia-reperfusion injury. Female NTg and MHC-PDK4 hearts were subjected
to ischemia-reperfusion in the isolated working preparation as described
under “Experimental Procedures” with 5 mm glucose, 0.4 mm palmitate, and
100 microunits/ml insulin. A, bars represent mean glucose oxidation rates
(*S.E.) under aerobic (n = 11-15 per group) conditions and after reperfusion
(n = 6-12 per group). B, bars denote palmitate oxidation rates (= S.E.) under
aerobic (n = 11-15 per group) conditions and after reperfusion (n = 6-12 per
group). C, the line graph depicts cardiac work (+S.E.) over time during the
ischemia-reperfusion protocol in NTg (black squares) and MHC-PDK4 (open
circles) hearts. Time 0 represents the beginning of the reperfusion period.
* p < 0.05.

AMPK was assessed. AMPK is known to increase flux through
the B-oxidation pathway by phosphorylating acetyl-CoA car-
boxylase, which inhibits its enzymatic activity and causes a
decrease in malonyl-CoA levels, releasing suppression on car-
nitine palmitoyltransferase 1 (Cptlb), the rate-limiting step
for mitochondrial import of FA (29, 30). Phosphorylation of
AMPK, a marker of its activity, was increased in MHC-PDK4
hearts compared with NTg controls (Fig. 54). In addition,
phosphorylation of acetyl-CoA carboxylase was also increased
in the MHC-PDK4 hearts (p = .054, Fig. 5A4). Consistent with
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FIGURE 4. MHC-PDK4 mice are protected from HF diet-induced TG accumulation in the myocardium. A, echocardiography was performed on male NTg
and MHC-PDK4 mice (n = 4-6 per group after standard or high fat chow diet). Bars represent mean percent left ventricular fractional shortening (FS) % (=S.E.)
after 4 weeks of HF diet (gray bars) versus standard chow (black bars). B, bars denote mean cardiac triglyceride (TG) levels (= S.E.) in male NTg and MHC-PDK4
hearts after 4 weeks of either standard (black bars) or HF chow (gray bars) (n = 6-9 per group). C, levels of mRNAs as determined by quantitative real-time-PCR
were performed on total RNA isolated from heart ventricles of male mice from the genotypes indicated (n = 6 -9 per group). Values are shown as arbitrary units

(AU) normalized (=1.0) to the NTg on standard chow. *, p < 0.05.

these regulatory changes, malonyl-CoA levels were signifi-
cantly lower in the hearts of the MHC-PDK4 transgenic mice
when compared with their NTg littermate controls (Fig. 5B).
Taken together, these data strongly suggest that the sustained
increase in myocardial FAO in MHC-PDK4 myocardium
involves reduced malonyl-CoA-mediated suppression of mito-
chondrial FAO via AMPK.

AMPK has also been shown to increase the expression and
activity of the transcriptional coactivator PGC-1a (31), which
in turn activates a network of genes involved in mitochondrial
biogenesis and respiratory function in a variety of oxidative
tissues including heart and skeletal muscle (32, 33). The expres-
sion of PGC-1a and a subset of its known target genes encoding
enzymes involved in the citric acid cycle (Idh3, Sdha) and elec-
tron transport chain (Cytc) were increased in MHC-PDK4
hearts compared with NTg littermate controls at 10 —-12 weeks
of age (Fig. 6A).

Respiratory function was next assessed in isolated mito-
chondria from NTg and MHC-PDK4 mice in the presence of
succinate/rotenone. Under basal conditions, oxygen con-
sumption rates were not altered in MHC-PDK4 mitochon-
dria (Fig. 6B). However, there was an increase in maximal
ADP-stimulated respiration in the MHC-PDK4 mitochon-
dria (Fig. 6B). The increased state 3 rate in the MHC-PDK4
mitochondria was more resistant to inhibition by oligomycin
compared with controls indicative of increased respiratory
uncoupling.

APRIL 1,2011+VOLUME 286+NUMBER 13

DISCUSSION

Abnormalities in cardiac fuel and energy metabolism are
believed to contribute to the pathogenesis of heart failure due to
many etiologies (7, 11, 12). For example, heart failure caused by
hypertension is associated with reduced capacity for FA metab-
olism, causing the myocardium to rely heavily on glucose (34—
36). Conversely, the diabetic heart uses FA almost exclusively,
and GO is severely constrained, the latter due at least in part to
increased PDK4 activity (19). Herein, we examined the effects
of chronic suppression of myocardial GO in MHC-PDK4 trans-
genic mice. We were surprised to find that although the
substrate utilization profile of the MHC-PDK4 heart is similar
to that of the insulin-resistant diabetic myocardium, it was not
sensitized to ischemia-reperfusion injury. Moreover, the
MHC-PDK4 heart was resistant to myocyte lipid accumulation
caused by HF diet. These data indicate that chronic inhibition
of pyruvate dehydrogenase in heart results in an adaptive re-
programming that allows for high capacity FAO and reduced
GO. This inverse “Randle effect” is, to our knowledge unique
and could be highly relevant to defining adaptive versus mal-
adaptive metabolic responses relevant to new therapeutic
approaches to prevent diabetic cardiac dysfunction.

This work confirms and extends the original characteriza-
tion of the MHC-PDK4 transgenic mice (22). We found that the
substrate utilization pattern in the isolated MHC-PDK4 work-
ing heart was consistent with the previous NMR-based mea-
surements (22). In addition, our study unveils several new find-
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FIGURE 5. Activation of AMPK and decreased malonyl-CoA levels in
hearts of MHC-PDK4 mice. A, top, representative Western blot analyses
were conducted on lysates of heart ventricles of female mice of indicated
genotypes for phosphorylated (P) and total AMPK and acetyl-CoA carboxy-
lase (ACC) as denoted. Bottom, bars represent the ratio in arbitrary units (AU)
of phosphorylated/total levels of AMPK or acetyl-CoA carboxylase as indi-
cated normalized (=1.0) to the NTg (n = 7 per group). *, p < 0.05 compared
with NTg. B, bars represent the mean (£S.E.) cardiac malonyl-CoA levels as
determined from heart ventricles of male mice from indicated genotypes
(n = 6-9 per group). ¥, p < 0.05 compared with NTg.

ings. First, the high FAO and low GO rates of the MHC-PDK4
hearts are resistant to the effects of insulin, an effect that is
independent of alterations in the insulin signaling pathway.
Second, anaerobic glycolytic rates were unaffected in MHC-
PDK4 hearts despite marked impairments in GO, a mismatch
that drives increased myocardial lactate production. Third, our
data strongly suggest that the molecular mechanism whereby
forced suppression of GO leads to chronically increased mito-
chondrial FAOQ rates involves activation of AMPK and PGC-1«
signaling. Finally, despite insulin resistance and metabolic
inflexibility, MHC-PDK4 hearts exhibit normal function, even
after ischemia-reperfusion injury or administration of a high fat
diet.

Perhaps the most important finding in this study is that
MHC-PDK4 mice have undergone an adaptive cardiac meta-
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(=1.0) to the NTg. B, mitochondrial respiration rates determined by oxygen
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for the basal, ADP-stimulated, and oligomycin-inhibited states using succi-
nate/rotenone as a substrate. The mean respiratory control (RC) ratio (=S.E.) is
shown on the right. *, p < 0.05 compared with NTg.

bolic re-programming that allows for high rates of FAO without
development of lipotoxic cardiomyopathy or sensitivity to I/R.
Previously, we generated and characterized MHC-PPAR«
transgenic mice toward understanding the role of lipid meta-
bolic derangements that contribute to the pathogenesis of dia-
betic cardiomyopathy (19). Whereas the cardiac substrate uti-
lization profile driven by chronic activation of PPAR« is very
similar to MHC-PDK4 hearts, only the former develop car-
diomyopathy. These results suggest that substrate inflexibility
per se is insufficient to cause cardiac dysfunction. Interestingly,
MHC-PPARa mice exhibit cardiac myocyte lipid accumula-
tion, but the MHC-PDK4 heart is protected against HF diet-
induced myocyte lipid accumulation, presumably due to a high
capacity for FAO. Increased myocyte triglyceride levels were
also linked to cardiomyopathy in a variety of genetically engi-
neered mouse lines (20, 21, 37, 38). Taken together, our results
suggest that lipotoxicity rather than metabolic inflexibility
underlies cardiomyopathic remodeling in diabetic heart. How-
ever, the molecular identity of the lipotoxic mediator(s)
remains a matter of speculation.

Our data suggest that the adaptation in the MHC-PDK4 mice
involves secondary activation of the AMPK pathway, which
drives increased capacity for mitochondrial B-oxidation via
effects on reducing malonyl-CoA levels. This likely explains the
high rates of FAO in MHC-PDK4 hearts in the absence of cor-
responding changes in FAO enzyme gene expression. Increased
import of FA into the mitochondrion must be coupled to a
corresponding increase in the capacity of downstream mito-
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chondrial oxidative pathways to allow complete oxidation of
this fuel. Consistent with this, we found that the expression of
PGC-1a, a master transcriptional regulator of mitochondrial
functional capacity and biogenesis, was increased in MHC-
PDK4 hearts. AMPK has been shown to increase PGC-1a levels
and activity (31). We also found evidence for increased respira-
tory uncoupling in the MHC-PDK4 heart, which could also
contribute to the increased FAO flux. The mechanism for this
latter effect is unknown but does not involve increased expres-
sion of uncoupling proteins (data not shown). Recent studies by
others suggest that chronic HF diet can enhance cardiac func-
tion and resistance to physiological stress in rats, further sup-
porting the notion that multiple mechanisms for adaptive fuel
metabolic reprogramming exist in the cardiac myocyte (39, 40).
For example, our results do not exclude a PDK4-mediated
kinase function that is independent of its known inhibitory
effects on the pyruvate dehydrogenase complex.

Recovery after I/R injury is impaired in the insulin-resistant
and diabetic heart as well as in the MHC-PPAR« heart (23,
25-27). Surprisingly, impairments in GO and FAO did not sen-
sitize the MHC-PDK4 heart to I/R injury. It has long been pro-
posed that reduced GO and increased FAO is deleterious for
the recovery of cardiac dysfunction after ischemic insult (23,
25-27). FAO requires more oxygen per mole of ATP produced,
and in a hypoxic environment, this could promote increased
cell death. Alternatively, or in addition, a mismatch between
increased glycolysis and reduced GO capacity leads to in-
creased lactate formation, altering the cellular pH and poten-
tially perturbing calcium homeostasis (41). However, despite
extremely low rates of GO in MHC-PDK4 hearts, recovery after
ischemia-reperfusion was normal. This surprising observation
provides additional support for the conclusion that a metabolic
adaptation is triggered in response to the chronic inhibition of
the pyruvate dehydrogenase complex. It is possible that the
observed increase in AMPK activity or respiratory uncoupling,
both of which have been proposed to improve the reperfusion
response (42), counteract the effects of reduced GO after ische-
mic insult. Future studies aimed at the mechanisms involved in
triggering the adaptive responses could yield novel therapeutic
targets aimed at the prevention of diabetic cardiac dysfunction.
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