
Cardiac Metabolism in Heart Failure - Implications beyond ATP
production

Torsten Doenst, M.D.1, T. Dung Nguyen, M.D.1, and E. Dale Abel, MB. BS., D.Phil.2
1Department of Cardiothoracic Surgery, Jena University Hospital, Friedrich-Schiller-University of
Jena, 07747 Jena, Germany
2Division of Endocrinology, Metabolism and Diabetes, and Program in Molecular Medicine,
University of Utah School of Medicine, Salt Lake City, Utah 84112, USA

Abstract
The heart has a high rate of ATP production and turnover which is required to maintain its
continuous mechanical work. Perturbations in ATP generating processes may therefore affect
contractile function directly. Characterizing cardiac metabolism in heart failure revealed several
metabolic alterations termed metabolic remodeling, ranging from changes in substrate utilization
to mitochondrial dysfunction, ultimately resulting in ATP deficiency and impaired contractility.
However, ATP depletion is not the only relevant consequence of metabolic remodeling during
heart failure. By providing cellular building blocks and signaling molecules, metabolic pathways
control essential processes such as cell growth and regeneration. Thus, alterations in cardiac
metabolism may also affect the progression to heart failure by mechanisms beyond ATP supply.
Our aim is therefore to highlight that metabolic remodeling in heart failure not only results in
impaired cardiac energetics, but also induces other processes implicated in the development of
heart failure such as structural remodeling and oxidative stress. Accordingly, modulating cardiac
metabolism in heart failure may have significant therapeutic relevance that goes beyond the
energetic aspect.
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PREAMBLE
Heart failure (HF) is a clinical syndrome in which myocardial pump function is inadequate
for maintaining and supporting an individual's physiological requirements. The clinical
presentation is characterized by pulmonary congestion, dyspnea, and fatigue. Historically,
HF was suspected when systolic function was impaired. Stages of cardiac hypertrophy
without systolic dysfunction have mostly been termed “compensated hypertrophy”. More
recently, it has become clear that HF symptoms can also exist despite relatively preserved
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systolic function. This condition is mostly caused by diastolic dysfunction that may even be
present in conditions historically termed compensated hypertrophy. Thus, moving forward,
metabolic research will need to take this aspect into account. It is possible that distinct
changes in cardiac metabolism may mediate these two forms of cardiac dysfunction. For the
sake of simplicity and because most studies on cardiac metabolism in HF did not investigate
diastolic function, we use the term “compensated hypertrophy” for all conditions associated
with normal systolic function, and the term heart failure to indicate the presence of systolic
dysfunction. Metabolic changes that specifically impact or contribute to diastolic
dysfunction will be addressed if information is available.

In this review, we will focus primarily on metabolic adaptations in chronic HF. Acute
changes such as those that develop following myocardial stunning or ischemia/reperfusion
have been addressed elsewhere. To understand metabolic alterations in HF, an overview of
basic metabolic processes in the healthy heart is necessary.

METABOLISM IN THE NORMAL HEART
Under normoxic conditions, more than 95% of ATP generated in the heart is derived from
oxidative phosphorylation in the mitochondria. The remaining 5% mainly comes from
glycolysis and to a lesser extent from the citric acid cycle (Krebs cycle).1, 2 The heart
utilizes about 60-70% of generated ATP to fuel contraction and the remaining 30-40% for
various ion pumps, especially the Ca2+ -ATPase in the sarcoplasmic reticulum.3, 4 The
energy pool of the heart includes ATP (~ 5 μmol/g wet wt) and phosphocreatine (~ 8 μmol/g
wet wt) with the latter serving as an ATP transport and buffer system.5 In the mitochondria,
the high-energy phosphate bond in ATP can be transferred to creatine by mitochondrial
creatine kinase (CK) to form phosphocreatine (PCr). With a smaller molecular weight than
ATP, PCr can easily diffuse through the mitochondrial membrane into the cytosol. Here, it
can be used to generate ATP from ADP through reactions catalyzed by the cytosolic CK.6

Due to its continuous mechanical work, the heart has a high rate of ATP hydrolysis (~ 0.5
μmol/g wet wt/s). Accordingly, the high-energy-phosphate pool in the heart is relatively
small and can be exhausted within a few seconds. Therefore, cardiac work strongly depends
on ATP generation and impairments in this process can rapidly induce contractile
dysfunction. Approximately 70% to 90% of cardiac ATP is produced by the oxidation of
fatty acids (FA). The remaining 10% to 30% comes from the oxidation of glucose and
lactate, as well as small amounts of ketone bodies and certain amino acids.2, 7, 8 However, it
is also important to note that cardiac substrate selection in human studies has mostly been
assessed in the fasted state. In the fed state, when plasma levels of glucose and insulin rise,
the contribution of glucose utilization to cardiac ATP production increases.

Figure 1 is a schematic representation of well-described metabolic processes, focused on the
generation of ATP from glucose and fatty acids.

Fatty acid utilization
Fatty acid (FA) utilization can be divided into 3 steps: uptake into the cytosol, transport
across the mitochondrial membrane and oxidation within the mitochondria. Although FAs
can traverse the plasma membrane (flip flop), their transport is facilitated by transport
proteins including fatty acid translocase (FAT/CD36) and the plasma membrane fatty acid
binding protein (FABPpm).9, 10 In the cytosol, free fatty acids are esterified to fatty acyl-
CoA, which is either esterified to triglyceride or converted to long-chain acylcarnitine by
carnitine palmitoyltransferase I (CPT I) located in the outer mitochondrial membrane prior
to entering the mitochondria.9, 11 The turnover of the myocardial triglyceride pool is high
and represents an important source of fatty acyl-CoA that subsequently is metabolized by
the mitochondria.12 Long-chain acylcarnitine is then transported into the mitochondrial
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matrix and converted back to long-chain acyl-CoA by carnitine palmitoyl transferase II
(CPT II). Acyl-CoA then enters β-oxidation, generating acetyl-CoA and the reducing
equivalents NADH and FADH2.

Fatty acyl-CoA, particularly palmitoyl-CoA can be used for de novo synthesis of ceramides,
which has pleiotropic effects on cellular function.13, 14 Incomplete FA oxidation,
particularly in skeletal muscle may result in release of acylcarnitines from mitochondria into
the cytosol and subsequently into the circulation. These acylcarnitines have been implicated
in the pathophysiology of insulin resistance.15

The reaction catalyzed by CPT I represents a critical regulatory node that determines FA
oxidation rates. In the normal adult heart, the muscle isoform (CPT Ib or M-CPT I) is
predominant.16 In contrast, the expression of the liver isoform (CPT Ia or L-CPT I), which is
abundantly expressed in the fetal heart, has been shown to increase in the hypertrophied
heart.17 The activity of CPT I is inhibited by malonyl-CoA,18, 19 which is generated by
carboxylation of cytosolic acetyl-CoA, by the enzyme acetyl-CoA carboxylase (ACC).
Malonyl CoA is converted back to acetyl-CoA by malonyl-CoA decarboxylase (MCD)20, 21

(See Figure 1). Although this pathway has been evaluated as a therapeutic target in the
setting of ischemic heart disease,22, 23 recent evidence has also suggested that CPT-I activity
may be regulated via mechanisms that are independent of changes in malonyl-CoA.24

Glucose utilization
Glucose that is utilized by the heart either comes from uptake of exogenous glucose or is
derived from glycogen stores. The heart has a relatively small glycogen pool (~ 30 μmol/g
wet wt, which is 20 % of that of skeletal muscle), but rates of glycogen turnover are high. In
the heart, glycogen-derived glucose may contribute up to 40 % of glucose mediated ATP
production in rats.25 Glucose is transported into the cytosol by glucose transporters
including GLUT1 and GLUT4. While GLUT1 is the major glucose transporter in the fetal
heart and contributes to constitutive glucose uptake, in the adult heart GLUT4 is the
predominant isoform and mediates the bulk of basal myocardial glucose uptake.26, 27

Following uptake, free glucose is rapidly phosphorylated to glucose 6-phosphate (G6P),
which subsequently enters many metabolic pathways. Glycolysis represents the major
pathway in glucose utilization. Glycolysis generates pyruvate, NADH and a small amount of
“substrate level” ATP. This glycolytic ATP appears to be important for Ca2+ uptake into the
sarcoplasmic reticulum and diastolic relaxation.28, 29 In the cytosol, pyruvate can be
converted to lactate. If transported into the mitochondrial matrix, pyruvate undergoes
oxidation to acetyl-CoA or carboxylation to form oxaloacetate or malate. Pyruvate oxidation
is catalyzed by the multienzyme complex pyruvate dehydrogenase (PDH), whose activity is
highly regulated by its products (acetyl-CoA, NADH) and by phosphorylation of its E1
subunit.30 The carboxylation of pyruvate is a major anaplerotic pathway (see below).

Accessory pathways of glucose metabolism
Beside glycolysis, G6P may also be channeled into glycogen synthesis or the pentose
phosphate pathway (PPP). The PPP is an important source of NADPH, which plays a critical
role in regulating cellular oxidative stress and is required for lipid synthesis 31 and
anaplerosis (see below). The key oxidative enzyme of the PPP is glucose 6-phosphate
dehydrogenase (G6PDH), which catalyzes the first reaction of the pathway to generate
NADPH. In addition to the PPP, a small amount of G6P can enter the hexosamine
biosynthetic pathway (HBP) leading to the formation of uridine diphosphate-N-
acetylglucosamine (UDP-GlcNAc), a monosaccharide donor for O-GlcNAcylation of
various proteins.12 Since the HBP requires not only glucose but also acetyl-CoA and
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glutamine, it may serve as a metabolic sensor linking metabolic status to several cellular
processes. While flux through the PPP and the HBP in the normal heart is relatively small,
recent evidence has suggested a role for these pathways in the pathophysiology of heart
disease (see below).

The Krebs cycle and anaplerosis
Acetyl-CoA, the common end product of glucose and FA oxidation, enters the citric acid
cycle (a.k.a. tricarboxylic acid cycle or Krebs cycle) to generate GTP (or ATP), CO2 and
reducing equivalents NADH2.2 Since Krebs cycle intermediates can be used for many
biosynthetic pathways (e.g. amino and nucleic acids), they are constantly removed from the
cycle and therefore need to be replaced. The replenishment of the Krebs cycle intermediate
pool through pathways independent of acetyl-CoA is termed “anaplerosis”.32, 33 The
carboxylation of pyruvate to malate is an important anaplerotic reaction. This requires
NADPH and therefore links anaplerosis to processes that generate (PPP) or consume
(lipogenesis, anti-oxidative defense) NADPH. Anaplerosis is a crucial process in the heart,
whose impairment rapidly causes contractile dysfunction.34 Changes in anaplerotic
pathways have recently been implicated in heart disease (see below).

Oxidative phosphorylation and the generation of reactive oxygen species (ROS)
The reducing equivalents (NADH2 and FADH) enter the electron transport chain (ETC) for
oxidative phosphorylation. A byproduct of this activity is the generation of ROS arising
mainly from complexes I and III.35 Mitochondrial ROS production has been implicated in a
wide variety of cellular processes, ranging from protective mechanisms such as
preconditioning to detrimental mechanisms such as oxidative damage and activation of
adverse ventricular remodeling.36

Short-term regulation of cardiac substrate utilization
FA and glucose utilization is tightly linked and co-regulated. Utilization of one substrate
may directly inhibit the utilization of the other (the “Randle cycle”).37 Complete metabolism
of glucose is more oxygen-efficient than that of FAs.38 Therefore, substrate selection and
the interaction between glucose and FA utilization in the heart have been considered highly
relevant in cardiac disease.39 Substrate use and selection in the heart is also modulated by
hormones such as insulin, glucagon-like peptides and catecholamines. Although important,
these regulatory mechanisms lie outside of the scope of this review.

Long-term regulation of cardiac metabolism
Expression levels of metabolic enzymes and their posttranslational modifications may
strongly affect cardiac metabolic activity. Peroxisome proliferator-activated receptor
(PPAR) nuclear receptors are important transcriptional regulators of FA utilization.
Although PPARα is the predominant isoform in the heart, PPARδ and PPARγ may also
modulate FA metabolism.11 Cardiac FA utilization is also regulated by the estrogen-related
receptor ERRα. In addition to sharing common targets with PPARα, ERRα also stimulates
the transcription of genes involved in glucose metabolism and oxidative
phosphorylation.40, 41

The transcriptional activities of PPARs and ERRs are potently induced by interacting with
members of the PPAR-γ coactivator-1 (PGC-1) family. PGC-1α binds to and coactivates
PPARα and ERRα leading to increased capacity of FA uptake and oxidation.42 Although
less extensively studied, PGC-1β may also play an important role in the regulation of cardiac
energy metabolism.43 PGC-1 proteins are powerful activators of mitochondrial biogenesis.
This is mediated in part by induction of the nuclear respiratory factor NRF-1 and the
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mitochondrial transcription factor A (Tfam).44 The activity of PGC-1α is highly regulated
by both its expression levels and posttranslational modifications such as phosphorylation,
acetylation or methylation.42

AMP-activated protein kinase (AMPK) is another important mediator of metabolic
adaptation that promotes increased ATP production and inhibition of energy-consuming
biosynthetic pathways under conditions of hemodynamic stress or ischemia. AMPK boosts
ATP production by acutely stimulating both FA oxidation and glycolysis while slowing
down ATP consuming processes such as lipid and protein synthesis. Furthermore, AMPK
may also improve cardiac energetics in a long-term manner by activating PGC-1α, leading
to increased mitochondrial biogenesis and oxidative capacity.45

Metabolism beyond ATP production
Metabolic intermediates may act as regulators of many pathways not directly related to ATP
production. Table 1 summarizes classic metabolites that have been recognized as signal
transducers. While much of our discussion so far has focused on substrate oxidation and
ATP production in the heart, it is equally important to consider that cardiac metabolism also
involves anabolic processes which are essential for maintaining cellular activities and
promoting cell growth and proliferation (Cai et al.46 and Ward et al.47 have provided
detailed reviews). The development of HF is characterized by profound changes in cardiac
structure and function. Given the fundamental role of metabolism in all of these processes, it
is reasonable to assume that cardiac metabolism occupies a central position in the
pathophysiology of HF.

CARDIAC METABOLISM IN HEART FAILURE
There are two major points that should be considered when interpreting study results on
metabolic alterations in HF. First, metabolic phenotypes and their mechanisms differ
between HF of different etiologies. Second, because the progression to HF is often long and
complex, the time point of assessment (i.e., compensated hypertrophy with or without
diastolic dysfunction vs. manifest systolic dysfunction) will influence metabolic adaptations
that are observed. Despite these caveats, findings in humans and animal models provide
clear evidence indicating severe metabolic alterations in the failing heart. Table 2
summarizes reported changes in substrate utilization and energy production in various
models of HF.

Fatty acid utilization in HF
Most studies reveal reduced cardiac FA utilization. FA uptake is reduced in concert with
high-salt diet-induced HF,48 and by rapid pacing.49 In agreement with these findings, studies
in other models of HF also observed a reduction in mRNA and protein expression of FA
transporters when systolic dysfunction was present.48, 50-52 We found that FA oxidation rate
as well as the expression of FA oxidation enzymes were already decreased in early
(compensated) stages of left ventricular hypertrophy.50 These results are also consistent with
findings in spontaneously hypertensive rats,53, 54 and in rats with abdominal
constriction,55, 56 but not with those in Dahl salt-sensitive rats 48 and in rats with myocardial
infarction.52 However, by the time that systolic dysfunction manifests, there is clear
evidence from studies in animal models and human subjects that myocardial FA oxidation is
decreased. Fig. 2A summarizes the fate of FAs in HF and how these changes may lead to
decreased ATP production.
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Glucose utilization in HF
In contrast to FA utilization, data on cardiac glucose utilization are less consistent
(summarized in Table 2). In the presence of systolic dysfunction, cardiac glucose uptake was
found to be decreased following aortic constriction in mice57 but unchanged in rats with
myocardial infarction,58 and increased in Dahl salt-sensitive rats.48 In compensated
hypertrophy, induced by abdominal aortic constriction, glycolysis was modestly increased
without changes in glucose oxidation.56, 59 By assessing substrate oxidation at various time
points following aortic constriction in rats, we observed that cardiac glucose oxidation
tended to increase initially, but was unchanged relative to controls in the phase of
compensated hypertrophy and ultimately decreased when systolic dysfunction occurred.50

The impaired glucose oxidation that parallels systolic dysfunction might be due in part to
mitochondrial dysfunction or by reduced expression of genes involved in glycolysis and
glucose oxidation or to decreased abundance of the PDH complex.48, 60 However, in
infarcted rat hearts, we observed no change in glucose oxidation rate despite manifest
systolic dysfunction.58 Interestingly, spontaneously hypertensive rats, at the cardiac
hypertrophy stage and prior to HF were found to have higher glucose oxidation rates54 or
increased flux through the PDH complex61 relative to control rats. In addition, Osorio et al.
showed increased glucose oxidation rates in failing dog hearts induced by rapid pacing,49

and Dávila-Román et al. demonstrated higher total rates of glucose utilization in patients
with idiopathic dilated cardiomyopathy.62 It is unlikely that these differences can be
explained by methodological differences. We therefore suggest that in contrast to changes in
FA oxidation, glucose oxidation does not correlate with contractile function in HF, but that
changes in glucose oxidation may depend on both the stage and the etiology of HF.

Anaplerosis in HF
Another factor that may influence the interpretation of glucose oxidation results is the fact
that pyruvate may be channeled into anaplerotic pathways (Fig. 2B). In hypertrophied rat
hearts induced by aortic constriction, Sorokina et al. showed that glucose oxidation by PDH
is unchanged despite increased glycolysis. More importantly, they identified an increase in
anaplerotic flux into the Krebs cycle probably via pyruvate carboxylation by malic
enzyme.17 The increase in this alternative pathway of pyruvate utilization may account for
the mismatch between glycolysis and glucose oxidation that is commonly seen in models of
pressure-overload induced cardiac hypertrophy. This hypertrophy-associated anaplerotic
change has also been confirmed in mice with aortic constriction 63 and in hyperthyroid
rats.64 Thus, induction of anaplerotic pathways appears to be a hallmark of metabolic
remodeling in cardiac hypertrophy. Considering that hypertrophic growth requires increased
supply of amino acids and nucleic acids derived from precursors in the Krebs cycle, then
activation of anaplerotic pathways may be required to maintain Krebs cycle function.
However, this compensatory mechanism might also have unfavorable consequences (see
Fig. 2B and 3 for illustration). For example, increased flux of pyruvate through anaplerotic
pathways reduces its availability for oxidation by the PDH complex. As a result, pyruvate
oxidation might not sufficiently compensate for the impaired FA oxidation, leading to
energetic inefficiency of the Krebs cycle.17 Furthermore, increased flux through malic
enzyme may also affect cardiac function by consuming NADPH,65 which is required for
triglyceride synthesis and for defending against oxidative stress. Therefore, the role of
anaplerotic changes particularly in relation to the nature of cardiac hypertrophy remains
incompletely understood. This knowledge gap is due in part to the technical challenges
inherent in measuring anaplerosis.

Mitochondrial biogenesis and function in HF
The above described alterations in substrate oxidation and anaplerosis occur at the level of
mitochondria. It is therefore not surprising that many studies have described significant
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mitochondrial changes in HF (Table 2). In rat hearts with systolic dysfunction induced by
aortic constriction, we identified abnormal mitochondrial morphology, reduced
mitochondrial volume density and altered levels of most ETC proteins with the majority
being decreased. 66 Mitochondrial proteomic remodeling in HF has also been demonstrated
in mice with pressure overload, which is primarily characterized by altered abundance of
proteins involved in ETC and substrate metabolism.60 These results suggest that perturbed
mitochondrial biogenesis is an important feature of pressure overload-induced HF.
Consistent with this notion, expression of PGC-1α is decreased in systolic HF as has been
shown by us 43, 66 and others.67, 68 There is limited evidence for mitochondrial alterations in
other models of HF. In failing rat hearts caused by myocardial infarction, we found normal
mRNA expression of PGC-1α. However, the expression of p38 MAPK, which could
modulate PGC-1α activity was reduced.58 In HF patients of diverse etiologies, Karamanlidis
et al. observed decreased mitochondrial DNA (mtDNA) content accompanied by reductions
in mtDNA-encoded proteins. Of note, these changes were associated with increased
abundance of PGC-1α protein but decreased expression of ERRα and Tfam both at mRNA
and protein levels. 69 These findings suggest that mitochondrial biogenesis signaling is
depressed in advanced HF and that posttranslational modulation of PGC-1α may play a role.

Little is known about the regulation of mitochondrial biogenesis in compensated
hypertrophy. We found a significant decline in mRNA expression of PGC-1α, ERRα and
Tfam at times when left ventricular ejection fraction was still preserved (unpublished
observations), suggesting repressed mitochondrial biogenesis pathways in compensated
hypertrophy. By contrast, in hypertrophied mouse hearts with normal function induced by
chronic angiotensin II infusion, Dai et al. reported increased mRNA expression of PGC-1α,
ERRα and Tfam. However, these hearts exhibited increased mitochondrial damage and
mitophagy.70 Therefore, the induction of mitochondrial biogenic signaling could represent a
compensatory mechanism triggered by mitochondrial injury and loss. Collectively, although
the regulation of mitochondrial biogenesis and its signaling in cardiac hypertrophy and
failure is still incompletely understood, available evidence supports the concept that cardiac
mitochondria are affected early and undergo progressive remodeling during the development
of cardiac hypertrophy and failure.

Mitochondrial dysfunction as evidenced by decreased mitochondrial respiration and reduced
ATP production is consistently observed when systolic dysfunction occurs in various models
of HF.50, 71, 72 Interestingly, we and others found that mitochondrial respiration in pressure-
overloaded hearts initially increased and did not fall until systolic dysfunction developed.50

Considering that mitochondrial damage is probably an early event in the progression to HF,
this biphasic response of mitochondrial respiratory capacity might reflect unknown
compensatory mechanisms, which can sustain oxidative phosphorylation during the stage of
compensated hypertrophy but are lost as cardiac dysfunction develops.

Cardiac energetics in HF
Mitochondrial dysfunction in advanced HF has been linked to impaired myocardial
energetics. Studies in animal models and humans have reported a decrease in the PCr/ATP
ratio, ATP content, and the ATP flux through CK in advanced HF with reduced EF. Given
that sufficient ATP supply is essential for normal cardiac function, this change has been
suggested to be responsible for the transition to systolic dysfunction.6, 73 If this were true, it
would be reasonable to hypothesize that ATP depletion should be detectable in compensated
hypertrophy just prior to the onset of systolic dysfunction. Kato et al. showed a 12%
decrease in the PCr/ATP ratio in compensated hypertrophy in Dahl salt-sensitive rats.48 In
contrast, Dodd et al. found that both absolute content of high-energy phosphate metabolites
and the PCr/ATP ratio were normal in the hypertrophied heart of spontaneously
hypertensive rats.61 In hearts of hypertensive heart disease patients with normal EF, the PCr/
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ATP ratio was found to be decreased74 but the absolute content of ATP and PCr have been
shown to be preserved.5, 75 Thus, data in hypertrophied hearts with normal systolic function
do not support a model that impaired ATP-producing capacity might be an antecedent to the
transition to decompensated HF. It is possible that the lack of a clear conclusion could be
due in part to methodological limitations in using PCr/ATP ratios to quantify myocardial
energetics. However, an alternative conclusion is that decreased levels of high-energy
phosphates do not cause HF per se, but represent an adaptation to decreased pump function.

In advanced HF, there is consistent evidence of decreased myocardial ATP availability, but
it remains unclear if the reduction in ATP abundance contributes to contractile dysfunction.
Approaches that would directly enhance myocardial ATP abundance in the failing heart are
required to address this question. In a recent study, the xanthine oxidase inhibitor allopurinol
was shown to acutely improve the relative and absolute concentrations of myocardial high-
energy phosphates and ATP flux through CK in the failing human heart. Nevertheless,
whether cardiac function changed in response to this energetic improvement was
unknown.76 Furthermore, in a retrospective study in a large cohort of HF patients, Struthers
et al. found no beneficial effects of long-term allopurinol treatment on cardiovascular
mortality.77 Of note, since allopurinol may exert complex systemic effects, these negative
results can neither confirm nor refute a potential role of energetic impairment in HF
pathogenesis. Although the correlation between cardiac energy status and survival in HF
patients is striking,78 this correlation could also represent worsening mitochondrial function
that occurs in concert with progression of HF severity. Although this alternative hypothesis
remains to be disproved, studies on cardiac energetics in HF are attractive, because they may
provide not only mechanistic insights and potential new therapeutic strategies but also
valuable prognostic information.

Normal cardiac function requires the coordinated regulation and interaction of several
physiological and signaling systems in addition to energy supply. In rats developing HF due
to pressure overload, we calculated the ATP amount generated from substrate oxidation and
found that the ratio of cardiac power to ATP was consistently reduced as soon as cardiac
hypertrophy developed.50 This result provides indirect evidence for inefficient transduction
from ATP into mechanical power. Before the onset of systolic dysfunction, the heart
undergoes severe structural changes (e.g. hypertrophy, fibrosis, dilatation). It is therefore
likely that such profound remodeling of the contractile apparatus may involve mechanisms
that significantly affect cardiac function independently of ATP supply. Potential
mechanisms range from changes in the extracellular matrix (myocardial fibrosis,
inflammation)79 to impaired calcium handling80 or modification of sarcomeric proteins,81

which have all been reviewed by others.

Mitochondrial ROS and its link to cardiac metabolism in HF
While metabolic and structural alterations in the failing heart have been increasingly well
characterized, little is known about mechanisms that drive the remodeling process in HF.
Increased cardiac ROS levels have been implicated in HF, but the role of ROS in the
pathogenesis of HF was questioned as a result of disappointing outcomes of antioxidant
interventions in human studies.82, 83 However, in a recent animal study, Dai et al.
demonstrated that angiotensin II increased mitochondrial ROS, leading to mitochondrial
damage, activation of mitogen-activated protein kinases and finally cardiac hypertrophy and
fibrosis, 70 Another study by the same group also showed that mitochondria-targeted
antioxidant treatment but not non-targeted ROS scavenging with N-acetyl cysteine
ameliorated cardiomyopathy induced by chronic angiotensin II infusion.84 Of note, mouse
hearts in this model of pressure overload presented mild diastolic dysfunction without
changes in left ventricular ejection fraction,70 indicating an early stage of compensated
hypertrophy. These results suggest that increased mitochondrial ROS could be an early
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event triggering structural remodeling and mitochondrial defects in hypertensive heart
disease. Figure 2C illustrates the generation of mitochondrial ROS and its potential impact
on energy metabolism and other pathological processes.

The regulation of cellular ROS homeostasis is complex and only partially understood. In the
mitochondria, ROS are produced mainly from the electron transport chain (ETC)
particularly from complex I and III. Therefore, changes in the ETC may favor “electron
leakage” and consequently ROS formation.36 The elevation in ROS production may further
affect the function of the ETC leading to a vicious cycle (Figures 2C, 3). Studies in various
tissues have linked FA utilization to increased ROS levels.85, 86 In diabetic cardiomyopathy,
ROS have also been associated with myocardial lipid accumulation, lipotoxicity and
decreased cardiac efficiency on the basis of mitochondrial uncoupling.87 The failing heart is
believed to be subjected to higher levels of free fatty acids, probably as a result of increased
lipolysis.39 In addition, models of HF have been associated with myocardial lipid
accumulation.88, 89 As a result, FA utilization has been considered unfavorable for the
stressed heart because of increasing ROS production.39 However, in animal models with a
cardiac specific loss of ACC-2, increased myocardial FA utilization did not adversely
impact left ventricular remodeling following pressure overload. This might represent a
scenario of complete substrate oxidation without increased generation of mitochondrial
ROS.63 Furthermore, cardiac FA oxidation is depressed during HF progression and there is
little direct evidence in HF models that FA utilization may increase ROS production. Thus,
the causes of increased mitochondrial ROS in the progression to HF remain unclear and
warrant further investigation.

Changes in the pentose phosphate pathway in HF
The regulation of the cellular redox environment is tightly linked to substrate metabolism
via the PPP as an important source of NADPH. NADPH is required for the generation of
cytosolic ROS, which at low levels, are involved in proliferation and survival signaling.
Conversely, NADPH also maintains the pool of reduced antioxidants such as glutathione,
which are crucial defenses against oxidative stress. 36 Hence, the PPP may play a dual role
in the regulation of redox homeostasis. While much effort has been made to characterize
glycolysis and glucose oxidation, little is known about the regulation of the PPP in HF. In
dogs subjected to pacing-induced HF, increased superoxide levels were attributed to
increased activity of G6PD, the key oxidative enzyme of the PPP.90 If the effects of
superoxide are indeed damaging, this activation of the PPP in the failing heart could be
considered detrimental. However, G6PD deficient mice developed higher oxidative stress
and worsened contractile function following myocardial infarction or aortic constriction.91

In Dahl salt-sensitive rats, Kato et al. also found that the flux through the PPP progressively
increased during the development of HF. Importantly, they demonstrated that treatment with
dichloroacetate (DCA) further increased this flux, which was associated with improved
cardiac function.48 Taken together, the PPP is activated in HF models. Although superoxide
production may consequently increase, currently available data support the notion that
higher flux through the PPP in HF may represent a compensatory mechanism whose further
activation could be of therapeutic relevance.

Changes in the hexosamine biosynthetic pathway in HF
The HBP, which is linked to metabolism of glucose, FAs and amino acids, has been
implicated in various models of heart disease. The HBP and HBP-dependent O-
GlcNAcylation are induced in the diabetic heart, which may result in increased apoptosis,92

mitochondrial dysfunction93 and impaired Ca2+ cycling.94 Recently, the role of the HBP in
HF has also received special interest. By employing various models of HF including aortic
constriction, myocardial infarction, and hypertensive rats, Lunde et al. demonstrated that
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global O-GlcNAcylation was increased by at least 40% in hypertrophied and failing hearts.
They also confirmed these findings in patients with aortic stenosis.95 In endothelial cells,
increased flux through the HBP has been attributed to overproduction of mitochondrial
superoxide.96 Considering that mitochondrial ROS formation also increases in cardiac
hypertrophy,70 mitochondrial ROS might represent a potential mechanism for activation of
the HBP in the heart.

Whereas the induction of O-GlcNAcylation in the progression of HF is well described, less
is known about the functional relevance of these changes. In a cardiomyocyte model of
hypertrophy, Facundo et al. found that increased flux through the HBP and the resulting
increase in O-GlcNAcylation were responsible for hypertrophic growth via activation of the
nuclear factor of activated T-cells (NFAT).97 This finding is highly relevant because it
indicates that induction of the HBP is an early event that triggers myocardial remodeling.
Because NFAT signaling has been associated with pathological hypertrophy,98 one might
consider this activation of the HBP to be detrimental. However, reducing O-GlcNAcylation
in mice with myocardial infarction exacerbated ventricular dysfunction.99 Thus, although
the HBP activates signaling pathways that initiate cardiac remodeling, additional signaling
pathways linked to the HBP may also promote favorable effects. Further studies are
therefore needed that focus on the characterization and targeted modulation of intracellular
signaling pathways that are regulated by HBP, in the context of clinical and experimental
models of HF.

Autophagy and its link to cardiac metabolism in HF
Metabolic remodeling in HF is also associated with changes in autophagy. Autophagy is a
highly conserved process by which organelles and large cellular components are degraded.
The products of autophagy (amino acids, fatty acids, sugars, and nucleosides) may then be
channeled into both energy generating and biosynthesis pathways. Under normal conditions,
basal autophagy is crucial by eliminating damaged organelles and misfolded proteins. In
states of nutrient deprivation such as starvation or ischemia, autophagic activity is increased,
which may support cell function by mobilizing endogenous nutritional sources. 100 In
models of HF including pressure overload101 and myocardial infarction,102 autophagy has
also been shown to be induced. Mechanisms for the activation of autophagy in HF are less
clear. A number of changes observed in the hypertrophied and failing heart such as energy
depletion, AMPK activation,103 mitochondrial ROS overproduction and damaged
mitochondria are strong mediators of autophagy in various settings.100, 104 However, the
potential contribution of these events to autophagic activation in HF remains to be verified.

Autophagy has also been implicated in ventricular remodeling. In an elegant study, Cao et
al. provided evidence indicating that the activation of autophagy, although degradative in
nature, is essential for cardiac hypertrophy.105 Since cell growth requires stimulation of
biosynthesis pathways, these data may appear paradoxical at first glance. However, they are
supported by earlier studies showing that blunting of protein degradation mediated by the
UPS may attenuate cardiac hypertrophy.106, 107 Together, these data indicate that cardiac
hypertrophy and remodeling are dynamic reconstructive processes, in which degradation of
certain cellular components by autophagy and the UPS is an important antecedent that might
stimulate the biosynthesis of new structures.

Due to the essential role of autophagy in ventricular remodeling, one might expect that
inhibiting autophagy may prevent cardiac hypertrophy and failure. However, studies in
knockout models with suppressed autophagy have delivered inconsistent results.108, 109

Given the highly complex regulation of autophagy, it is reasonable to assume that specific
changes in the induction or targeting of autophagy but not the autophagic flux itself may
affect functional outcome. For example, Oka et al. recently demonstrated in mice with aortic
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constriction that mitochondrial DNA that escapes from autophagy causes cardiac
inflammation and failure.110 Therefore, the regulation and the role of autophagy in HF
remain to be fully elucidated. Because both the induction of autophagy and the processing of
autophagic products are linked to metabolism, the relationship between metabolic
remodeling in HF and the regulation of autophagy is an attractive target for future studies.

Figure 3 schematically illustrates the interaction between metabolic and structural
remodeling of the heart in the progression to HF. Metabolic remodeling in HF is
characterized by defects in energy production and changes in metabolic pathways that are
involved in the regulation of essential cellular functions. The figure attempts to illustrate that
the inability to produce sufficient ATP is only one aspect of metabolic remodeling. This
model promotes the hypothesis that during HF, other non ATP-producing processes, which
might play a relatively small role in the non-stressed heart, may gain more importance and
directly affect contractile function as illustrated in Figure 4. This schematic also provides a
roadmap towards identifying targets that could be translated to HF therapeutics.

POTENTIAL METABOLIC THERAPY FOR HEART FAILURE
Modulation of cardiac fatty acid metabolism

Modulation of cardiac FA utilization has been a target of metabolic therapy in HF for the
past decade. The failing heart has been suggested to be in a state of “fatty-acid overload”,
suffering from “increased oxygen wastage” and oxidative stress or from accumulation of
cardiotoxic lipid derivatives.39 Consequently, many pharmacological approaches sought to
reduce cardiac FA utilization and some studies revealed beneficial effects.111 However, the
concept of inhibiting FA utilization has now been challenged by contradictory results of
studies in animal models of HF subjected to high-fat diets.112 For example, Raher et al.
showed that high-fat diet in mice induced myocardial insulin resistance and exacerbated left
ventricular remodeling caused by aortic constriction.113 In contrast, Okere et al. reported
decreased cardiac hypertrophy and improved contractile function following treatment with
high-fat diet in hypertensive Dahl salt-sensitive rats.114 In addition, acute inhibition of FA
oxidation in a population of patients with end stage HF led to significant worsening of left
ventricular function.115 The plethora of studies on the modulation of cardiac FA utilization
and its effects on contractile function have been extensively reviewed and discussed
elsewhere.111, 112, 116 Although a mechanistic link between cardiac FA metabolism and
contractile function remains controversial, because some therapeutic strategies targeting
cardiac FA utilization have suggested functional consequences of manipulating this
pathway, additional investigation of therapies that modulate FA metabolism in the failing
heart are warranted.

Modulation of cardiac glucose metabolism
A small number of studies suggest that direct modulation of glucose utilization could also be
beneficial. In mice subjected to pressure overload, life-long cardiac-specific overexpression
of GLUT-1 increased glucose uptake and glycolysis and improved cardiac energetics and
function.117 Although the enhanced ATP production may account for the improved
functional outcome in these mice, possible changes in accessory pathways of glucose
metabolism such as the PPP and the HBP could also play a role but were not evaluated.
Because the increase in glucose uptake in this model preceded the induction of pressure
overload, it remains to be determined if increasing glucose uptake after the onset of pressure
overload or prior to the transition to HF will have any effect.

Among the limited pharmacological strategies to stimulate glucose utilization directly in HF,
DCA has been the most widely studied compound. DCA indirectly activates the PDH
complex and thus glucose oxidation, which is considered the mechanism of cardioprotection
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in ischemia-reperfusion models.118, 119 The use of DCA to treat HF has been tested in some
animal models and humans. In patients with advanced HF, Bersin et al. showed that a 30-
minute-infusion of DCA stimulated myocardial lactate consumption, which was
accompanied by decreased oxygen consumption and increased cardiac work.120 However,
not all human studies have demonstrated short-term benefit121 and long-term clinical trials
have never been performed in HF perhaps in part because of neuropathy that has been
reported when DCA was used long-term in cases of inherited mitochondrial disorders.122 In
Dahl salt-sensitive rats with hypertension, DCA treatment reduced ventricular hypertrophy,
improved cardiac function and survival, which was associated with increased myocardial
glucose uptake and energy reserves. Of note, treatment with DCA also enhanced flux
through the PPP, which was shown to be the mechanism by which DCA reduced oxidative
damage and apoptosis in cardiomyocytes.48 Interestingly, long-term DCA treatment also
increased flux through PDH and reduced cardiac hypertrophy in rats with
hyperthyroidism.64 Collectively, these results suggest that augmenting cardiac glucose
utilization could represent a potential strategy to treat HF, which may not only improve
cardiac energetics, but also attenuate oxidative stress and structural remodeling. However,
additional studies with less toxic agents are required.

Modulation of cardiac anaplerosis
As described above, anaplerotic flux through pyruvate carboxylation is elevated in
compensated hypertrophy, which may affect cardiac lipogenesis and antioxidant defense
mechanisms by consuming NADPH. In hypertrophied rat hearts, Pound et al. demonstrated
that acute activation of PDH by DCA competed for pyruvate and partially reduced its flux
through malic enzyme, which led to normalization of the myocardial triglyceride pool and
improved contractile function.65 These results may suggest therapeutic relevance of
inhibiting pyruvate carboxylation in cardiac hypertrophy. Furthermore, they provide an
additional protective mechanism beyond the energetic aspect of improving cardiac glucose
oxidation. However, the role of long-term inhibition of anaplerotic pathways in cardiac
hypertrophy and failure remains to be elucidated.

Cardiac function may also be enhanced by targeting other anaplerotic routes. If the induction
of anaplerosis through pyruvate carboxylation is a compensatory mechanism to maintain
Krebs cycle moieties,17 early supplementation with an anaplerotic substrate may allow
pyruvate to be oxidized by PDH. We found that feeding aortic-constricted rats with
triheptanoin-enriched diets, which may exert anaplerotic effects by providing the Krebs
cycle with propionyl-CoA, attenuated ventricular hypertrophy and diastolic dysfunction.
Importantly, these effects were accompanied by increased cardiac glucose oxidation.123

Although the mechanistic role of anaplerosis in these treatments remains to be substantiated,
the results again point to anaplerotic pathways as a potential therapeutic target that may
modulate metabolic and structural remodeling in HF.

AMPK activation
Cardiac hypertrophy and failure are associated with increased activity of AMPK, which may
be attributable to increased AMP/ATP ratio, ROS or Ca2+ load.124 Pharmacological
interventions that further increase AMPK activity in HF models have resulted in reduced
ventricular remodeling and improved cardiac function.72, 124 These findings suggest that the
activation of AMPK in HF may be adaptive and amenable to pharmacological manipulation.
Activation of AMPK induces a wide range of effects that coordinately improve cardiac
energetics and counteracts ventricular remodeling. For example, AMPK activation may
acutely stimulate both glucose and fatty acid oxidation, thereby enhancing energy
production. This mechanism has been shown to exist in normal hearts or following ischemia
and reperfusion 125-127 and may also apply to HF. Activation of AMPK could also increase
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energy metabolism by increasing PGC-1α activity,128 which would induce genes of fatty
acid utilization. Furthermore, a PGC-1α mediated increase in mitochondrial biogenesis
could potentially compensate for mitochondrial damage and loss in HF. This potential
mechanism has been suggested in mice with myocardial infarction72 but further studies in
other models of HF are warranted.

Activation of AMPK also alleviates ventricular remodeling in terms of hypertrophy,
myocardial fibrosis and inflammation.72, 129 Various potential mechanisms may account for
these beneficial effects. AMPK reduces ROS-related oxidative stress in endothelial cells by
inducing the antioxidant thioredoxin.130 Since ROS can lead to mitochondrial damage and
cardiac structural remodeling,70 inhibition of ROS signaling by AMPK, could potentially
attenuate these pathological processes. Similarly, AMPK plays an important role in the
regulation of autophagy, which has been implicated in ventricular hypertrophy 105 and
inflammation.110 Given that ventricular remodeling may occur early in the development of
HF, studies examining the impact of early AMPK activation on pathological remodeling are
therefore warranted.

AMPK can be activated by a number of drugs. A long-used agonist is AICAR, which
activates AMPK in various tissues including the heart by forming the AMP-mimetic
“ZMP”.45 Although AICAR has been extensively used in animal studies, its role in humans
is still unclear.131 The anti-diabetic drug metformin has also been shown to activate AMPK
in the heart. Although metformin was initially contraindicated in advanced HF due to the
risk of lactic acidosis, recent studies have shown beneficial effects of early administration of
metformin in models of HF.72, 132, 133 Metformin is believed to activate AMPK by
inhibiting complex I leading to increased cellular AMP levels.134, 135 However, complex I-
independent mechanisms have also been proposed.136 Because metformin may also act
independently of AMPK,137, 138 caution is warranted when attributing treatment effects of
metformin to AMPK activation.

Activation of cardiac glucagon-like peptide-1 (GLP-1) receptors
GLP-1 is an incretin hormone that is secreted by neuroendocrine cells in the gut in response
to feeding. Once secreted, GLP-1 is rapidly degraded by the enzyme dipeptidyl peptidase-4
(DPP-4). DPP-4 inhibitors and GLP-1 agonists are now commonly used in the treatment of
diabetes as increased GLP-1 or activation of its receptors in the beta cell or GI tract
stimulates insulin secretion and delays gastric emptying thereby improving metabolic
homeostasis.139

GLP-1 receptors are expressed in the heart. Activating cardiac GLP-1 receptors in models of
ischemia reperfusion have consistently shown beneficial effects in terms of reduced infarct
size and improved contractile function.140 In pacing-induced HF in dogs, Nikolaidis et al.
found a significant improvement in ventricular function following a 48-hour infusion of
GLP-1, which was associated with increased cardiac glucose uptake and insulin
sensitivity.141 In spontaneously hypertensive rats receiving a chronic infusion of GLP-1,
Poornima et al. also reported improved survival and cardiac function.142 Since GLP-1
treatment increased insulin secretion in these rats, it is unclear whether GLP-1 or insulin
accounted for these effects. In contrast, in our rat model of pressure overload, we also
observed improved functional outcome and preserved cardiac glucose oxidation without
changes in insulin levels,143 which suggest insulin-independent effects of GLP-1. There is
also evidence that GLP1 might mediate cardiovascular effects via GLP-1 receptor
independent mechanisms.144

While the protective effects of GLP-1 have been demonstrated by numerous studies, less is
known about the underlying molecular mechanisms. In HF models, the protective effects of
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GLP-1 are mostly associated with improved glucose utilization. However, the mechanisms
by which GLP-1 influences glucose metabolism and the relationship between changes in
glucose metabolism and cardiac function in this context is incompletely understood.

CONCLUSIONS
Heart failure is associated with profound changes in cardiac metabolism. Metabolic
remodeling in HF is characterized by decreased cardiac energy production that may result
from progressive impairments in substrate utilization and mitochondrial biogenesis and
function. In addition to ATP deficiency, metabolic remodeling involves changes in
metabolic pathways that regulate essential, non-ATP-generating cellular processes such as
growth, redox homeostasis and autophagy. Therefore, modulating cardiac metabolism may
also affect these critical processes and improve cardiac function by mechanisms beyond
ATP production. Nevertheless, the exact mechanisms linking metabolic changes to other
pathological processes in HF are still poorly understood. Future mechanistic investigations
are therefore needed to decipher this complex network and improve the effectiveness of
metabolic therapies for HF.
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Non-standard Abbreviations and Acronyms

ACC acetyl-CoA carboxylase

AMPK AMP-activated protein kinase

CK creatine kinase

CPT carnitine palmitoyltransferase

DCA dichloroacetate

ERR estrogen-related receptors

ETC electron transport chain

FA fatty acid

G6P glucose 6-phosphate

G6PDH glucose 6-phosphate dehydrogenase

GLP-1 glucagon-like peptide-1

GLUT glucose transporter

HBP hexosamine biosynthetic pathway

HF heart failure

MAPK mitogen-activated protein kinase

MCD malonyl-CoA decarboxylase

NFAT nuclear factor of activated T-cells
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NRF nuclear respiratory factors

PCr phosphocreatine

PDH pyruvate dehydrogenase

PGC-1 peroxisome proliferator-activated receptor γ coactivator 1

PPAR peroxisome proliferator-activated receptor

PPP pentose phosphate pathway

ROS reactive oxygen species

Tfam mitochondrial transcription factor A

UPS ubiquitin-proteasome system
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Figure 1. Schematic representation of classic pathways of cardiac metabolism
Substrates are transported across the extracellular membrane into the cytosol and are
metabolized in various ways. For oxidation, the respective metabolic intermediates (e.g.,
pyruvate or acyl-CoA) are transported across the inner mitochondrial membrane by specific
transport systems. Once inside the mitochondrion, substrates are oxidized or carboxylated
(anaplerosis) and fed into the Krebs cycle for the generation of reducing equivalents
(NADH2 and FADH) and GTP. The reducing equivalents are used by the electron transport
chain to generate a proton gradient, which in turn is used for the production of ATP. This
principal functionality can be affected in various ways during HF thereby limiting ATP
production or affecting cellular function in other ways (see text and further Figures for
details). IMS: mitochondrial intermembrane space; GLUT: glucose transporter; FAT: fatty
acid transporter. MPC: mitochondrial pyruvate transporter. (Illustration Credit: Ben Smith)
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Figure 2. Alterations in substrate metabolism and mitochondria during the development of HF
Bold lines indicate pathways reported to be activated. Thin lines represent pathways
reported decreased. The question marks imply unknown changes or inconsistent
observations. IMS: mitochondrial intermembrane space; GLUT: glucose transporter; FAT:
fatty acid transporter. (A) Fatty acid oxidation is impaired in cardiac hypertrophy and failure
leading to reduced ATP production. (B) HBP: hexosamine biosynthetic pathway; PPP:
pentose phosphate pathway; TG: triglyceride. Most evidence suggests that glucose oxidation
is unchanged in compensated hypertrophy and decreased in HF, but discrepancies exist. In
contrast, several non-ATP-generating pathways of glucose metabolism (HBP, PPP,
anaplerosis) are induced. (C) Increased generation of mitochondrial ROS (perhaps due to
changes in the electron transport chain) causes direct mitochondrial damage, which may
further increase mitochondrial ROS production to create a vicious cycle. Mitochondrial
damage results in ATP deficiency. Mitochondrial ROS may also cause oxidative damage to
other cellular components and may contribute to adverse structural remodeling. (Illustration
Credit: Ben Smith)
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Figure 3. Overview of metabolic remodeling and proposed mechanisms linking it to other
processes in the progression to HF
H: Hexosamine biosynthetic pathway (HBP); P: Pentose phosphate pathway (PPP); G:
Glycolysis; A: Anaplerosis; O: Oxidation; ETC: Electron transport chain; ROS: reactive
oxygen species; UPS: ubiquitin-proteasome system. Metabolic pathways are blue. Bold lines
indicate pathways/ processes that are increased or dominant. Thin lines represent pathways/
processes that are decreased. The question marks imply unknown causes/ effects. In general,
metabolic remodeling in cardiac hypertrophy and failure is characterized by a shift away
from energy production to activation of biosynthetic pathways required for structural
remodeling processes such as ventricular hypertrophy and fibrosis. Particularly, fatty acid
oxidation is decreased and may not be sufficiently compensated given the lack of increase in
glucose oxidation. These alterations and further mitochondrial defects result in ATP
depletion. Instead of being oxidized, pyruvate may be preferentially used for anaplerosis to
maintain Krebs cycle moieties, which might be increasingly channeled into protein
synthesis. Hypertrophic mediators such as MAPKs and NFAT are activated as a result of
increased mitochondrial ROS and flux through the HBP, respectively. Overproduction of
mitochondrial ROS causes oxidative damage. Although the flux through the PPP is
increased, anti-oxidative defense might be inadequate due to the consumption of NADPH by
the anaplerotic malic enzyme. Mitochondrial damage and ATP depletion may stimulate
autophagy. Increased activity of autophagy and the UPS may contribute to hypertrophy by
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providing amino acids and other metabolites. Increase in mitophagy may trigger myocardial
inflammation by releasing mitochondrial DNA.
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Figure 4. Simplified illustration of the relationship between cardiac metabolism and contractile
function, reflecting the role of ATP production and non-ATP producing processes
In the normal heart under steady state conditions (A), the main metabolic task is to produce
ATP for contractile function. Alternative pathways such as the pentose phosphate pathway
(PPP), the hexosamine biosynthetic pathway (HBP), the activation of autophagy or the
production of reactive oxygen species (ROS) and others play a minor role. In the
progression to HF (B), ATP producing capacity is reduced. In addition, the alternative
pathways may be activated to various degrees. Such activation may provide additional
metabolic mechanisms influencing contractile function that could represent potential new
metabolic targets for therapy.
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