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Abstract

The heart is a self-renewing biological pump that converts chemical energy into mechanical energy.
The entire process of energy conversion is subject to complex regulation at the transcriptional,
translational and post-translational levels. Within this system, energy transfer occurs with high
efficiency, facilitated by a series of compound-conserved cycles. At the same time, the constituent
myocardial proteins themselves are continuously made and degraded in order to adjust to changes in
energy demand and changes in the extracellular environment. We recently have identified signals
arising from intermediary metabolism that regulate the cycle of myocardial protein turnover. Using a
new conceptual framework, we discuss the principle of metabolic cycles and their importance

for refueling and for rebuilding the failing heart.

Introduction

As a self-renewing biological pump, the heart converts
chemical to mechanical energy. Although the sources of
energy-providing substrates are diverse, for a given physi-
ologic environment, the heart utilizes and/or oxidizes the
most efficient fuel to produce adenosine triphosphate
(ATP) for contraction. Substrate selection occurs at a
transcriptional, translational or post-translational level
through the regulation of specific enzymes in specific
metabolic pathways. Other factors include substrate
availability in general [1], and substrate availability in
the specific metabolic environments created by feeding,
fasting, exercise, or neurohumoral factors, epitomized by
Randle’s “glucose-fatty acid cycle” [2,3]. In other words,
the mammalian heart is a metabolic omnivore [4].

Energy substrate metabolism has been a field of active
research for more than a century [5]. The new tools of
transcript analysis, proteomics and metabolomics have
added much to conventional biochemical methods and
resulted in the discovery of new metabolic “signatures”
and gene regulatory factors [6]. Powerful non-invasive

tools, such as magnetic resonance spectroscopy (MRS) and
positron emission tomography (PET), have added to the
armamentarium [7]. Yet there are still many unanswered
questions on the optimal fuel supply and utilization by
the heart. Examples of these issues are the concepts of
metabolic adaptation and maladaptation, the ongoing
debates on glucose protection versus glucotoxicity [8,9],
and on lipoprotection versus lipotoxicity [10].

In this article, we are proposing a new approach to
metabolism with the aim of providing a conceptual
framework for the treatment of heart failure. We consider
evidence in support of the hypothesis that the cardio-
myocyte is a dynamic structure in which energy transfer
is linked to a series of compound-conserved cycles. At the
same time, we propose that the heart muscle itself is
subject to continuous self-renewal through breakdown
and resynthesis of its constituent proteins, and that this
cycle of intramyocellular self-renewal may be closely
linked to the intermediary metabolism of energy-
providing substrates. Alternatively stated, changes in
the concentrations of intermediary metabolites such as
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glucose 6-phospate (G6P), ATP, or adenosine monopho-
sphate (AMP) may regulate rates of protein synthesis or
degradation in the heart.

A definition of heart failure

In heart muscle, like in any muscle, contraction and the
metabolism of energy-providing substrates are inextric-
ably linked through hydrolysis and rephosphorylation of
ATP (Figure 1). Within this framework, it has been
proposed that defective metabolism of energy-providing
substrates is a cause for contractile dysfunction of the
heart [11,12]. While this is undoubtedly the case in the
setting of myocardial ischemia, where there is insuffi-
cient supply of oxygen for the oxidative phosphorylation
of adenosine diphosphate (ADP) to ATP [13,14], and
while this is also the case in metabolic derangements
such as thiamine deficiency [15], and in mitochondrial
disorders [16,17], support for this hypothesis is not as
self-evident in other settings of heart failure. It still
remains a circular argument as to whether changes in the

Figure |. Energy substrate metabolism and contraction are
tightly linked
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Intermediary metabolism of energy-providing substrates provides the
energy needed for rephosphorylation of ADP to ATP. ATP hydrolysis
provides the energy for contraction. In the schematic presented here, it is
apparent that metabolic dysregulation begets contractile dysfunction and,
vice versa, contractile dysfunction begets metabolic dysregulation. The
system also reveals that metabolic dysregulation can either be the cause or
the consequence of contractile dysfunction. See text for further discussion.
Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate;
Pi, inorganic phosphate.
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metabolism of energy-providing substrates are the cause
or consequence of contractile dysfunction. Stefan
Neubauer has proposed that the failing heart is “an engine
out of fuel” [14], meaning that the heart is running out of
sources for ATP, the molecular unit of currency for energy
transfer. In the non-ischemic failing heart, the supply of
energy-providing fuels should never be a rate limiting
factor in itself (unless the microcirculation is impaired)
[18]. In other words, the heart is supplied with sufficient
fuel as long as substrates are delivered in the blood stream
and the pathways of fuel metabolism are unimpeded. Not
surprisingly, many attempts to treat heart failure with
metabolic interventions, by manipulating substrate sup-
ply or enzymatic activities, have either not been successful
or are inconsistent in their results [19-22]. Why should
this be the case?

Heart failure and impaired energy transfer go hand in
hand. If one defines heart failure as a systemic disorder
that begins and ends with the heart, the unimpeded flow
of energy is a prerequisite for the normal pump action of
the heart. The traditional view is that systemic and organ-
specific energy substrate metabolism is impaired when
the heart fails. However, this is not the complete picture,
as the following example shows.

When Schoenheimer proposed in 1942 that “any
biological system represents one great cycle of closely
linked chemical reactions”, it was the beginning of a new
era of metabolism and metabolic regulation [23]. Using
stable isotopes (chiefly >N and *H) to assess the fate of
nitrogen in the mammalian body, Schoenheimer came
to the conclusion that “not only the fuel, but also the
structural materials are in a steady state of flux. The
classical picture must thus be replaced by one which
takes account of the dynamic state of body structure”. In
other words, there is nothing static about the cardio-
myocyte even though the cell is in the post-mitotic state.
However, the structure of a cardiomyocyte is subject to
continuous turnover. It is the result of balanced protein
synthesis and protein degradation, the dynamics of
which will be discussed in more detail below. Here, it
suffices to state that the concept of protein turnover is
valid for all proteins that make up the cell, although the
turnover rate of individual proteins may vary consider-
ably, ranging from minutes to days [24]. Functional and
metabolic adaptation of the heart, which requires the
adjustment of many enzymes, would not be possible
unless enzymes—being proteins—were not continu-
ously turned over. Although rates of synthesis and
degradation are apparently independently regulated
(see below), they are also linked in some way so that
in the normal steady state, rates are maintained equally
[24]. For the mammalian heart, we have estimated that
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the entire organ turns over all of its constituent proteins
at least once every 30 days [25].

In this context, we now propose a new metabolic defini-
tion of heart failure, which encompasses both the
impaired transfer of energy in the heart from energy-
providing substrates and the impaired synthesis and
degradation of structural and functional myocardial
proteins. Although we strongly consider a link between
metabolism and protein turnover, it remains still largely
unknown which cardio-metabolic changes are causes
and which are consequences of impaired contractile
function. We propose that a new conceptual framework
may help here, and this is described below.

Metabolic cycles in heart failure

Our recent work on protein turnover in the heart has led
us to appreciate a full spectrum of metabolic cycles and a
prevailing principle in biology: from the Krebs cycle to
the cross-bridges, there is no life without cycles. The
cycles involved in the transfer of energy from substrates
to ATP are well described in textbooks of biochemistry
[26], and they also apply to energy transfer in the heart
[27]. In the year he died, Krebs wrote on the evolution of
metabolic cycles that “the cycle must have evolved
because in a competitive environment the chances for
survival are greatest if resources are optimal” [28]. In
other words, cycles improve efficiency [29]. This princi-
ple can be applied to energy metabolism in as much as it
follows the laws of physics.

From the above, it is reasonable to conclude that energy
metabolism does not consist of unidirectional pathways
but rather consists of a series of compound-conserved
cycles, some of which are depicted in Figure 2. The
principle is derived from a review by Guy Brown [30],
but includes the circulation as another compound-
conserved cycle and applies to the physiology and
pathophysiology of the heart. According to the schematic
presented here (Figure 2A), energy transfer in a heart
muscle cell begins with the delivery of substrates and
oxygen through the circulation. Inside the cell, energy
transfer continues with the metabolism of energy-
providing substrates that fuel the citric acid cycle.
The reactions of the citric acid cycle provide reducing
equivalents in the form of reduced nicotinamide
dinucleotide (NADH) and reduced flavine adenine
dinucleotide (FADH), which, in turn, provide the elec-
trons and the protons for the generation of the proton
gradient. The collapse of the proton gradient is
coupled to the phosphorylation of ADP and to the
generation of H,O. ATP, in turn, provides the energy for
contraction. The response of the heart to hemodynamic
or neurohumoral stress is accompanied by an increase
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Figure 2. Cycles improve efficiency of energy transfer
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The three panels show six compound-conserved cycles, beginning with
the circulation (first cycle on the left) and ending with the cross-bridges in
the sarcomeres (last cycle on the right). There are four interlinked cycles
in the mitochondria: the Krebs cycle, the NAD*/NADH-H" and FAD"/
FADH-H" cycle, the build-up and collapse of the proton (H") gradient
across the inner mitochondrial membrane, and the ADP/ATP cycle.
Release and reuptake of Ca** by the sarcoendoplasmic reticulum
regulates cross-bridge formation in the sarcomeres and also regulates
dehydrogenase activities of the Krebs cycle in the mitochondria. Panel A
depicts a2 model of normal energy transfer (arrow on top of each panel).
Panel B depicts a model of increased energy transfer in the adaptive
response to an increase in workload of the heart. Panel C depicts a model
of decreased energy transfer in the maladaptive state of heart failure.
Note the feedback loop from crossbridges to the circulation (arrow on
the bottom of each panel). In the text we propose that boosting the
circulation (1) with mechanical support may restore the flow of energy
through the series of interconnected moiety-conserved cycles (lower
panel).

Abbreviations: ADP, adenosine diphosphate; ATP, adenosine triphosphate;
FAD, flavine adenine dinucleotide; FADH, reduced flavine adenine
dinucleotide; NAD, nicotinamide adenine dinucleotide; NADH, reduced
nicotinamide dinucleotide.
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in flux through all cycles (Figure 2B). In the failing heart,
contractile dysfunction of the cardiomyocyte results in a
decrease in the circulation of blood, hence, a decrease in
the delivery of energy-providing substrates and oxygen to
the body, including the heart (Figure 2C). As a
consequence, the activity of certain mitochondrial
enzymes (but not the respiratory chain) is decreased.
Processes that exchange metabolic intermediates (and
cations) between the cytosol and mitochondria are part
of the flux of energy [31]. A disruption is implicated in
the pathogenesis of heart failure, which also applies to a
disruption of Krebs cycle flux, and sets up a vicious cycle,
which may be interrupted by support of the circulation
with a left ventricular assist device (LVAD). We and
others have recently reported that mechanical unloading
promotes energy recovery in the human heart [32-34].
The improved circulatory support is accompanied by
restoration of citric acid flux, most likely through
anaplerotic mechanisms [33]. Because, in the same
failing heart muscle samples, the same investigators
using the same hearts had already shown that respiratory
chain activity is preserved [35], it would then follow that
the restoration of both substrate and oxygen supply, as
well as the citric acid cycle activity, results in an increase
in ATP production and increased availability of ATP for
contractile function. This line of argument assumes that
the contractile apparatus, or the Ca®* handling proteins,
also have not undergone irreversible changes. Indeed,
functional and structural remission of heart failure has
been reported with the provision of anaplerotic sub-
strates in patients in which heart failure is due to
impaired long chain fatty acid oxidation [16] and, more
importantly, after the insertion of an LVAD [32,36].
Consequently, great strides are currently being made to
unveil the mechanisms regulating “reverse remodeling”
of the failing heart. However, many fundamental
questions still remain unanswered in this context. For
now, we propose that the boost to the circulation
provided by the LVAD also restores anaplerotic flux in
the mitochondria, while the mechanism for the phe-
nomenon is unknown.

The cycle of intramyocardial protein turnover

There are many other dimensions to the concept of
biological cycles in the heart. Of immediate relevance is
that intracellular protein synthesis and degradation also
represents a cycle (Figure 3). Even though the rate of
turnover for this cycle cannot be compared to the rapid
turnover rate of metabolic cycles, the principle is the same.
It seems reasonable to propose that varying the rate of
turnover for specific myocardial proteins allows the heart
to respond and adapt to environmental changes. We
propose that altered rates of myocardial protein turnover
underlie the concept of cardiac plasticity [37], and are
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Figure 3. Structure and function of the cardiomyoctye is
determined by the balance of protein synthesis and protein
degradation

Activation of the enzyme AMPK by a decrease in the ATP/AMP ratio
increases protein degradation, while the glycolytic intermediate, G6P,
regulates the nutrient sensor mTOR and protein synthesis. Of note, amino
acids themselves are also metabolized and some may serve as regulators of
protein synthesis.

Abbreviations: AAs, Amino Acids; AMP, adenosine monophosphate; AMPK,
5’AMP activated kinase; ATP, adenosine triphosphate; G6P, glucose
6-phosphate; mTOR, mammalian target of rapamycin; PD, protein
degredation; PS, protein systhesis.

mediated by specific metabolic signals. Increasing evide-
nce suggests that defective myocardial protein turnover
results in proteotoxicity, which is an underlying feature of
heart failure [25,38-40]. Another, better known, aspect of
regenerative biology merits consideration in this context.
At present, cellular regeneration of the heart occupies
center stage in cardiovascular medicine [41-43]. The
principle begins with programmed cell death (or apop-
tosis) as cause for replacement fibrosis, cardiac dilatation
and contractile dysfunction [44] and finds its culmination
in various forms of cell-based regenerative therapies (stem
cells) leading to improved contractile function [45]. In
contrast, the concepts of intracellular self-renewal of the
cardiomyocyte, the dynamic processes of intracellular
protein turnover, and heart failure as a consequence of
protein quality control, are only considered by a minority
[38,40]. Stem cells contribute little to the renewal of
cardiomyocytes in the normal aging process [40,46]. The
idea that the cardiomyocyte is a dynamic structure that
continuously renews itself from within is still fairly new,
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as is the idea of proteotoxicity causing cardiac dysfunction
[40]. By “self-renewal” we stress intracellular, rather than
cellular, self-renewal. Inside the cardiomyocyte, damaged
or useless proteins are degraded and replaced by new and
functional proteins. Below, we discuss how metabolic
stress may affect protein homeostasis in the cardiomyo-
cyte. However, in order to do this, we first wish to consider
the broader concept of metabolic homeostasis.

Homeostasis and metabolic stress

The concept of cellular homeostasis means that the cell
maintains a delicate balance between fuel uptake and
fuel utilization as well as synthesis and degradation of its
constituent proteins. In other words, the cell tends to
maintain a stable condition by regulating its internal
environment in the face of a highly variable external
environment [47]. The concept of homeostasis was
preceded by Claude Bernard’s “milieu intérieur” [48]
and was subsequently introduced by Walter Cannon in
1932 as the self-regulating process that all biological
systems obey [47].

Cannon’s Wisdom of the Body [47] also applies to the
wisdom of the cell [49]. Cellular metabolism obeys the
concept of homeostasis through pathways that seek to
maintain a delicate balance between energy production
and energy utilization despite changes in the external
environment. In an effort to maintain homeostasis, the
heart’s initial response to stress, irrespective of the stressor,
is to adapt its metabolic machinery to meet the energy
needs of contraction [5]. A disruption in myocardial
energy homeostasis is fundamental to the development of
many disease states of the heart. A key feature of heart
failure is the dysregulated metabolism of energy-providing
substrates and of its constituent proteins. This change in
the metabolic milieu imposes a metabolic stress on the
heart akin to, but different from, hemodynamic or
neurohumoral stress. The key point is the accumulation
of intermediary metabolites inside the cardiomyocyte that
are potential regulators of myocardial protein synthesis
and degradation.

Aside from ischemia, metabolic stress is the consequence
of either nutrient deprivation [50] or nutrient oversupply
[51-53]. On the one hand, in the fully oxygenated heart, a
decrease in fuel supply results in cardiac atrophy [50,54].
On the other hand, an oversupply of glucose or amino
acids results in the activation of the mammalian target of
rapamycin (mTOR) pathway [51,55]. One of the con-
sequences of systemic overnutrition is substrate activation
of insulin secretion and of the insulin signaling pathway
and, consequently, activation of the insulin signaling
pathway in peripheral tissues [56]. The metabolic signals
arising from either substrate deprivation or substrate
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overload and their effects on the cycle of myocardial
protein turnover are shown in Figure 3.

Undernutrition: enhanced myocardial protein
degradation as a consequence of nutrient
deprivation

In 1983, the death of an iconic American singer, Karen
Carpenter, brought world-wide attention to the dangers
of eating disorders. Her death was secondary to heart
failure, a complication of her long standing battle with
anorexia nervosa [57]. Thirty years later, the mechanism
by which nutrient deprivation results in heart failure is
still a matter of speculation.

Recent work on systemic ketone body metabolism and
its relationship to cardiac metabolism provides new
insight into the potential role that ketone body
metabolism plays on the structure and function of the
heart, and elegantly displays the dynamic relationships
within interwoven metabolic networks. The three ketone
bodies, acetoacetate, beta-hydroxybutyrate, and acetone,
are all predigested fatty acids that are produced by the
liver during starvation |57] when the capacity of the citric
acid cycle is limited by the availability of oxaloacetate,
which is rerouted to gluconeogenesis. In the heart,
ketone bodies affect protein homeostasis due to their
ability to serve as energy-providing substrates and to be
used as such in the place of glucose [58-60]. Kochel et al.
[54], and earlier observations by Owen et al. [61], had
shown that with prolonged fasting, ketone bodies,
specifically beta-hydroxybutyrate and acetoacetate, dis-
place glucose oxidation in the brain, thereby sparing
gluconeogenesis and, in turn, sparing body protein. In
the isolated working rat heart, however, when ketone
bodies are present as the only substrate, ketone bodies
induce contractile dysfunction due to the reversible
impairment of citric acid cycle flux, which is reversed by
glucose and/or pyruvate [1,62,63]. Both are anaplerotic
substrates. A mixture of glucose and non-carbohydrate
substrates not only restores citric acid cycle flux but also
elevates G6P levels, which activate mTOR and protein
synthesis (see below) [51,53].

Extreme nutrient deprivation ex vivo or starvation in vivo
turns on cycles of protein degradation. In rabbit heart,
nutrient deprivation for 7 days decreases protein synth-
esis and increases protein degradation in the heart in vivo
[50]. Starvation decreases the intracellular concentration
of ATP and subsequently, the enzyme 5" activated AMP
kinase (AMPK) is activated to provide energy to maintain
normal cellular function by fueling the Krebs Cycle with
amino acids [64]. The line of reasoning is as follows:
with substrate deprivation, ATP levels fall while AMP
levels rise, resulting in the activation of AMPK. AMPK
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regulates not only energy substrate metabolism [65] but
also inhibits protein synthesis [66] and regulates tran-
scription of a number of metabolic genes [67,68].
Starvation also induces autophagy and proteasome-
mediated protein degradation in cardiomyocytes through
AMPK [69,70]. AMPK is a regulator of the ubiquitin ligases
Atrogin-1 and MuRF1, mediators of cardiac protein
degradation and cardiac atrophy, which are both increased
with starvation [71]. The transcription and regulation of
AMPK by ubiquitin ligases allows for the liberation of
nutrients at the expense of cardiac mass and contractile
function [72]. In other words, the cell survives intact but
has shrunk to essential constituents. We propose that
restoring fuel homeostasis will also restore the cycle of
protein turnover.

Overnutrition: modification of myocardial
proteins by the oversupply of nutrients

Of four classes of energy-providing substrates for the
heart—fat, carbohydrates (glucose and lactate), ketone
bodies, and amino acids [5]—we wish to consider only
dysregulated glucose metabolism in more detail.

We have proposed that metabolic stress and the
ensuing metabolic signals contribute to structural
remodeling of the cardiomyocyte, an adaptive
response to an altered metabolic milieu. The supporting
evidence is that metabolic signals directly activate
pathways of myocardial protein turnover [53]. Now,
we propose that impaired myocardial protein turnover
is a consequence of chronic derangements in fuel
supply, and a potential key player in the development
of non-ischemic heart failure (i.e. diabetic or lipotoxic
cardiomyopathy). Dysregulated glucose metabolism
adversely affects myocardial protein turnover and
overall cardiac function [53].

We have new evidence supporting the idea that metabolic
remodeling regulates structural and functional remodeling
of the heart. Insulin is a regulator of cardiac mass via the
mTOR pathway. Firstly, we have found that the activation
of the insulin signaling pathway is tied to the metabolism
of glucose in the glycolytic pathway [51]. Secondly, we
found that rat hearts subjected to increased workload had
enhanced glucose uptake and increased activation of
mTOR, a known regulator of protein synthesis and cardiac
growth. This led us to postulate that intermediates of
glucose metabolism act as metabolic signals to induce
protein synthesis in the heart. Indeed, “load-induced”
hypertrophic signaling through mTOR complex 1
(mTORC1) is glucose dependent and mediated by G6P.
A similar phenomenon exists in hearts deficient in fatty
acyl-CoA synthetase, which are dependent on glucose
metabolism [73].

http://f1000.com/prime/reports/m/6/90

The new data also suggest that G6P-mediated mTOR
activation leads to endoplasmic reticulum (ER) stress
and impairs contractile function in hearts subject to high
workload and supplied with glucose. When subjected to
hemodynamic stress, the heart increases its reliance on
glucose by returning to the fetal gene program, which
favors uptake and oxidation of glucose. However, rates of
glucose uptake now exceed rates of glucose oxidation
and result in the accumulation of G6P [53]. We have
reasoned that the observed increase in unfolded protein
response results from the sustained activation of mTOR
[53]. This causes increased rates of protein synthesis,
which overwhelm the ER with unfolded and misfolded
proteins beyond its capacity to cope with the load,
leading to the ER stress response [53,74]. The functional
consequences of ER stress and the unfolded protein
response in the heart (in terms of protein synthesis and
degradation, cell growth and metabolism regulation) are
manifold, and can be both adaptive and maladaptive
[75]. In 2012, a thrombospondrin-dependent pathway
for a protective ER stress response was discovered [76]. In
our hands, rates of glucose uptake in excess of rates of
glucose oxidation by the heart promote dysregulated
protein synthesis and ER stress, which contributes to an
impairment of contractile function [53]. Irrespective of
the adaptive or maladaptive role of the ER stress
response, our observations prompted us to propose
that insulin resistance is a protective mechanism for the
heart ameliorating the consequences of myocardial fuel
overload [77]. In short, the heart develops mechanisms
to protect itself from the consequences of fuel toxicity
and the consequent adverse effects on intracellular
homeostasis.

Conclusions and outlook

We have described the heart as a biological pump that
maintains intracellular homeostasis through a variety of
cycles. We have described the flux of energy from energy-
providing substrates to the crossbridges of actin and
myosin, which is facilitated by a series of content-
conserved cycles as the most efficient form of energy
transfer. At the same time, the cycle of synthesis and
degradation of myocardial proteins offers the postmito-
tic cardiomyocyte a means to respond to a wide range of
environmental changes, by destroying unneeded or
defective proteins and replacing them with new, func-
tional proteins. In short, the biological system of the
cardiomyocyte represents one big cycle of closely linked
chemical reactions [23]. Targeting the biological cycles
described in this review may offer new opportunities to
rebuild the failing heart. To quote Steven McKnight, “The
one field etiolated by the cloud of molecular biology has
been metabolism” [78]. In the biology of the heart, it
seems that interest in all forms of metabolism begins to
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re-emerge because metabolism is indeed the missing link
between the structure and function of the heart.
Rethinking cardiac metabolism and resting metabolic
cycles to refuel and rebuild the failing heart may be a
reasonable way to exploit the power of metabolism.
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