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Time for primary review: 34 days

Myocytes of the failing heart undergo impressive metabolic remodelling. The time line for changes in
the pathways for ATP synthesis in compensated hypertrophy is: flux through the creatine kinase (CK)
reaction falls as both creatine concentration ([Cr]) and CK activity fall; increases in [ADP] and [AMP]
lead to increases in glucose uptake and utilization; fatty acid oxidation either remains the same or
decreases. In uncompensated hypertrophy and in other forms of heart failure, CK flux and fatty acid oxi-
dation are both lower; any increases in glucose uptake and utilization are not sufficient to compensate
for overall decreases in the capacity for ATP supply and [ATP] falls. Metabolic remodelling is under tran-
scriptional and post-transcriptional control. The lower metabolic reserve of the failing heart contributes
to impaired contractile reserve.
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1. Introduction

ATP is required for cell viability and myocardial pump func-
tion. Cleavage of the terminal phosphate (a phosphoryl
bond) by ATPases [ATP!ADP þ inorganic phosphate (Pi)]
releases chemical energy that is converted into the work
of contraction, ion pumping, synthesis and degradation of
large and small molecules, molecular trafficking, indeed
all functions of the cell. Because the amount of ATP in the
heart is small (�10 mM, enough for only a few beats) com-
pared with demand (as much as 10 000 times greater), the
myocardial cell must continually re-synthesize ATP to main-
tain normal cardiac pump function and cellular viability.
Consequently, the rates of ATP utilization and re-synthesis
are very large. The concentration of ATP ([ATP]) is main-
tained constant, despite large and variable changes in ATP
demand.

ATP re-synthesis by fatty acid oxidation in mitochondria is
normally sufficient to meet the dynamic demands for chemi-
cal energy and is the primary pathway for ATP synthesis.
Under conditions of high ATP demand relative to ATP avail-
ability, the myocyte recruits additional pathways for ATP
synthesis, namely glycolysis and the phosphotransferase
reactions catalysed by creatine kinase (CK) and adenylate
kinase (AK). The different pathways for ATP supply have
different rates of ATP synthesis: phosphoryl transfer via CK
is �10 times faster than ATP synthesis in mitochondria
(�0.7 mM/s) which is �20 times faster than glycolysis.1

The relative contributions of these pathways to overall
ATP synthesis change rapidly in response to changes in fuel

supply, hormonal and neural signals, availability of sub-
strates and inhibitors of specific enzyme reactions, and by
chemical modification of proteins. During acute increases
in work in the normal myocardium, glycogen is used,2

more glucose is influxed,3 and phosphocreatine (PCr, the
primary energy reserve compound in the heart)4 is used to
support the demand for more ATP. To maintain constant
[ATP], the sum of the rates of ATP synthesis by the mitochon-
dria, glycolysis and glycogenolysis, and the phosphotransfer-
ase reactions matches the sum of rates of ATP utilization by
the sarcomere, ion pumps, etc. This flexible dynamic meta-
bolic network is the normal state of the myocyte.

The efficiency of ATP production expressed as the ratio of
ATP synthesis rate to O2 consumed (P:O) differs slightly
depending on the mix of substrates oxidized: the P:O is
�15% higher for oxidation of glucose only (a condition that
occurs only in severe ischaemia) vs. fatty acids only. On a
molar basis, however, much more ATP is produced from
fatty acid oxidation than from glucose utilization.5

Phosphoryl transfer between sites of ATP production and
utilization occurs by means of metabolic relays via CK, AK,
and glycolysis.6–8 The physical association of these meta-
bolic relays with energy-utilizing proteins creates microen-
vironments or domains whereby phosphoryl groups can be
supplied to ATPases without exchange with bulk cytosolic
pools, improving the efficiency of ATP supply.6–8

2. The energetic phenotype of the failing
heart: an overview

Shown by investigators studying the failing human myocar-
dium and a wide variety of animal models of chronic
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demand overload using many different tools ranging from
genomics to proteomics to metabolomics to classic biochem-
istry to physiology, it is now known that energy metabolism
in myocytes of the failing heart remodels, resulting in a
progressive loss of [ATP]. Metabolic remodelling is controlled
by energy sensors such as AMP that lead to changes
in phosphorylation state (in addition to other chemical
modifications) of many proteins for short-term preservation
of ATP9 and by activation of transcription factors and co-
activators such as peroxisome proliferator-activated recep-
tor g (PPARg) co-activator 1 (PGC-1a) that coordinately
control long-term remodelling of entire ATP synthesis and
utilizing pathways.10–12 The time line for changes in the
pathways for ATP synthesis in compensated hypertrophy is:
flux through the CK reaction falls as both [Cr] and CK activity
fall;13,14 increases in [ADP] and [AMP] due to decreased PCr/
Cr lead to increases in glucose uptake and utilization,15

while fatty acid oxidation either remains the same or
decreases.16–19 In uncompensated hypertrophy and in
other forms of heart failure, CK flux and fatty acid oxidation
are both lower;18–21 any increases in glucose uptake and util-
ization are not sufficient to compensate for overall decreases
in the capacity for ATP supply; and [ATP] falls.22,23 Decreased
energy reserve by all these pathways contributes to impaired
contractile reserve in the failing myocardium. Some of the
many recent reviews relevant to the energetics of the
failing heart are referenced.2,7–10,12,24–35 Here, we will
review the current status of energetics in the failing heart,
emphasizing the molecular remodelling that occurs in the
myocyte.

3. Heart failure due to increased cost
of contraction: familial hypertrophic
cardiomyopathy

It is important to emphasize that although the current focus
of most studies of ATP metabolism is on the remodelling of
the various pathways for ATP synthesis, the ‘metabolic
driver’ is the need for ATP by the major ATP-consumers, sar-
comeric myosin, and the ion pumps. This is well illustrated
by studies defining cardiac energetics of hearts bearing
familial hypertrophic cardiomyopathy (FHC)-associated
mutations in sarcomeric proteins. Direct measurement of
ATP and PCr using 31P NMR spectroscopy in hearts of FHC
patients,36–38 hearts of mice bio-engineered to harbour
FHC-associated gene mutations in sarcomeric proteins,39–41

and mutant homologous protein isolated from an FHC
patient42 all show that the cost of tension development is
higher in hearts with FHC-associated mutations in sarco-
meric proteins. Hearts bearing FHC-associated mutations
in either thin or think filament proteins exhibit the meta-
bolic hallmarks of energy supply/demand imbalance: lower
PCr/ATP and higher Pi/ATP.36–38

Is there a common cause for the increased cost of tension
development in FHC-associated mutant sarcomeres? Elegant
analyses of changes in peptide conformation and dynamics
caused by FHC-associated missense mutations where gluta-
mine (Q), leucine (L), or tryptophan (W) replaces arginine
(R) at residue 92 (referred to R92) in the tropomyosin-
binding domain of cardiac troponin T (cTnT) have shown
large mutation-specific differences.43 The structure of this
domain determines cTnT–tropomyosin interaction, which

in turn determines actin–myosin interaction during cross-
bridge cycling.44–46 Thus, these single amino acid mutations
at R92 of cTnT disrupt the normal thick–thin filament inter-
actions. Similarly, 3-D reconstructions of smooth muscle
myosin bound to actin for wild type and a mutant myosin
where glutamine replaces arginine at residue 403 (referred
to as R403) show that, unlike the normal fixed actin–
myosin loop interaction, the mutant myosin–actin inter-
action shows disarray.47 Thus, one common consequence of
the R92 cTnT and R403 myosin heavy chain mutations is
altered actin–myosin interaction leading to increased cost
of tension development.36,39–41 While one might expect
that perturbation in the actin-binding loop of myosin
heavy chain would be the more energy costly mutation,
this is not the case. In the same well-controlled experimen-
tal protocol using intact mouse hearts, the mutations at R92
cTnT are more energy costly than the R403 mutation in
myosin heavy chain.39–41 These results underscore the rela-
tively new discovery of the dynamic role of the thin filament
in determining cross-bridge kinetics.44–46 Moreover, as each
R92 cTnT mutation (R92Q, L, W) displays a different cost of
tension development,39,40 these results also suggest that the
consequences of any given mutation cannot be predicted,
but must be empirically determined.

Although the energetic phenotype of these FHC models—
lower [PCr] and higher [ADP] and [Pi]—is similar to compen-
sated hypertrophied hearts, the hearts are not larger. These
energetic and contractile defects are not due to hypertro-
phy, but rather to altered sarcomere structure and func-
tion.36–38 The most common physiological phenotype of
hearts bearing FHC-associated missense mutations in sarco-
meric proteins is diastolic dysfunction; whether the
mutation leads to hypertrophy or to systolic dysfunction is
highly variable.36–38 The observation that R403Q mouse
hearts demonstrated pure diastolic dysfunction,41 confirmed
in patients,48 is a good example of this. A consequence of
increased cost of contraction is elevated [ADP] and thus
lower chemical driving force, known to slow the cross-bridge
cycle and contribute to diastolic dysfunction.49,50

4. Energetic phenotype of the failing heart:
lower [ATP] and [PCr]

In the failing human myocardium and in hearts of animal
models of severe failure, [ATP] is �30% lower than in
normal myocardium (Figure 1).27,31,51 The fall in [ATP]
occurs in both left and right ventricular myocardium, in
widely different species, and due to a variety of aetiologies.
The rate of fall in [ATP] is progressive and is due to the loss
of the adenine nucleotide pool (Figure 1B).52 It is unknown
what controls the magnitude of the fall in [ATP].

Total [Cr] and consequently [PCr] are lower in both hyper-
trophied and failing myocardium (Figures 1 and 2).27,31,53,54

31P and 1H NMR spectroscopy and other biochemical tools
have been used to show decreased PCr/ATP and decreased
absolute levels of PCr and Cr in hypertrophied and failing
human myocardium due to a wide variety of aetiologies,13,55

in complete accord with the large number of large and small
animal studies.27,31 The decrease in [Cr] occurs earlier and is
faster than the fall in [ATP] (compare Figures 1B and 2B).52

Whereas the fall in [ATP] is not more than �30%, the
decrease in [Cr] (from normal values of 30–45 mM,
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depending on species) can be as much as 50–70% in severely
failing myocardium. Since [ATP] also falls in the failing myo-
cardium, the fall in PCr/ATP underestimates the decrease in
[PCr].

Unlike ATP, which can be made by de novo synthesis path-
ways in the myocyte, Cr is not made in excitable tissues, but
rather accumulates through the action of a Cr transporter.
Decreased amount of Cr transporter on the sarcolemma
explains the decrease in Cr accumulation in the failing myo-
cardium.56–58 Trafficking of Cr transporter to the plasma
membrane is regulated by stress, insulin, growth factors,
and mTOR; little is known about Cr transporter regulation
in the heart.59

5. Energetic phenotype of the failing heart:
metabolic reserve for ATP synthesis by all
the major ATP-synthesis pathways is limited

5.1 Decreased metabolic reserve via creatine
kinase and adenylate kinase

Decreased [Cr] coupled with decreased CK activity (Vmax)
(primarily due to decreases in MM-CK in the cytosol and
sMtCK in the mitochondria) combine to limit energy reserve
via CK in the hypertrophied and failing heart. In animal
models of severe heart failure, �30% and �60% decreases
in Vmax and [Cr], respectively, combine to reduce the uni-
directional velocity of the forward CK reaction (CK velfor)
by �70% (Figure 2C). Recent measurement of CK velfor

using saturation transfer NMR in failing human myocardium

demonstrates lower CK velfor, by �50%,14 as predicted from
biochemical analysis of the CK system in human myocar-
dium13 and observed for experimental models.27 Given that
the CK velfor is an order of magnitude faster than ATP syn-
thesis by any other ATP-synthesis reaction, the decrease in
CK velfor of �50% is a major loss of energy reserve. The
decreases in [Cr] and CK Vmax are reversible.60,61

Physiological consequences of decreased capacity for
phosphoryl transfer via CK and AK are increased cost of
mechanical work and decreased contractile reserve, render-
ing the hearts more susceptible to ischaemic injury. This has
been shown in otherwise normal rat hearts in which either
CK Vmax or [Cr] was decreased27,31 and in a variety of geneti-
cally manipulated mouse hearts.62–66 One demonstration of
the greater susceptibility of the CK null mouse heart to
failure in response to acute ATP demand is the faster rate
of loss of systolic performance during zero-flow ischaemia.67

Another example is shown by studies of myocardial infarc-
tion in the rat.68 Unlike control rats which survived acute
myocardial infarction, the 24 h mortality of rats with
severely compromised CK system was 100%. Hearts from
mice unable to synthesize Cr had normal contractile per-
formance at baseline but reduced contractile reserve
when challenged with an inotropic agent and increased sus-
ceptibility to ischaemic injury.64 A consequence of the dis-
ruption of energy transfer relay via CK within the myocyte
is well illustrated by increased electrical vulnerability of
the heart caused by failure to supply ATP via CK to the
KATP channel in MM-CK null mouse hearts.69 In AK null
mouse hearts, even though flux through the CK reaction

Figure 1 Loss of ATP in the failing heart. (A) 31P NMR spectra from failing human heart showing the loss of PCr and ATP (reprinted from Neubauer et al.96). (B)
Data from the pacing dog heart model of heart failure showing the progressive fall in ATP, the progressive loss of the total adenine nucleotide pool (TAN) and the
close relationship between ATP and TAN (reprinted from Shen et al.52). (C) Data for ATP (insert) and rate-pressure product (RPP) for wild-type (WT, solid bars) and
PGC-1a null mouse hearts (TG, grey bars) at baseline and during inotropic challenge with dobutamine with two different substrate mixes (reprinted with per-
mission from Elsevier from Arany et al.84).
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and glycolysis increased to compensate for the loss of AK,
more ATP per contraction was used in AK-deficient
muscle.70 These results suggest that hearts deficient in phos-
photransfer enzymes expend a disproportionate amount of
energy to support contraction, a non-sustainable condition.

A gain-of-function strategy was used to test whether
increasing Cr transporter protein normalized the cytosolic
Cr pool in the mouse heart.71 The myocardial Cr pool
increased on average two-fold but, unexpectedly, the frac-
tion of Cr that was phosphorylated was lower by �50%,
despite normal CK activity. As a consequence of the lower
PCr/Cr, cytosolic [ADP] increased and the chemical driving
force for ATPase reactions, jDG�ATPj, was lower. These
hearts developed left ventricular hypertrophy, dilatation,
and contractile dysfunction. These unexpected results
support a causal relationship between decreased energy
reserve and contractile dysfunction.

The observation that increased [Cr] leads to contractile
dysfunction60,71 raises the question of whether the loss of
Cr in the failing heart is compensatory or deleterious.52

The notion that loss of Cr could be compensatory seems
counter intuitive. Loss of Cr reduces CK velfor, and thus
reduces the primary energy buffer in the heart at a time
when overall energy supply is compromised. However, loss
of Cr also minimizes the increase in free [ADP] and hence
maintains a near normal jDG�ATPj required to drive ATPase
reactions. Maintaining low cytosolic [ADP] also results in
low [AMP], reducing loss of purines from the heart.72

Under these conditions, loss of Cr may be required for cell
viability.

5.2 Decreased metabolic reserve via glycolysis

The increase in glucose uptake observed in hypertrophied
hearts is explained by increased expression and function of
the insulin-independent glucose transporter GLUT1;
expression and function of the dominant insulin-regulated
glucose transporter GLUT4 is decreased.3,32,73 One mechan-
ism leading to increased glucose uptake and utilization in
the hypertrophied myocardium is triggered by the demand
for more ATP (Figure 3). Decreases in [PCr] without a conco-
mitant fall in total [Cr], a characteristic of hypertrophied
myocardium, lead to increases in [ADP], [AMP], and [Pi].

Figure 3 Coordinate control of glycolysis by AMP-activated protein kinase
(AMPK). In chronic pressure-overload cardiac hypertrophy in the rat,
increased ATP demand signalled as decreased [PCr] leads to an increase in
glycolytic flux by two coordinate mechanisms: increasing glucose transport
(increasing substrate supply) and activating phosphofructokinase in the glyco-
lytic pathway (increasing utilization), both mediated by AMPK. Redrawn with
permission.15

Figure 2 Loss of Cr in the failing heart. (A) [Creatine, Cr] (top) and CK activity (bottom) obtained from biopsy specimens of human myocardium are lower for
both accident victims maintained on inotropic support and ventilation and for heart failure patients (reprinted from Nascimben et al.13). (B) Data from the pacing
dog heart model of heart failure showing the progressive and rapid fall in Cr (reprinted from Shen et al.52). (C) Product of CK activity and [Cr], an index of energy
reserve via the CK reaction, plotted against the increases in left ventricular developed pressure (LVDP, top), change in heart rate (HR, middle), and increases in
rate-pressure product (RPP) as an index in contractile reserve (bottom) for TO2 and non-failing Syrian hamster hearts (reprinted with permission from Elsevier
from Tian et al.97).
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The increase in [AMP] activates the ‘low-on-fuel’ sensor
AMP-activated protein kinase (AMPK).73,74 Consequences of
activating AMPK include increasing the activity of proteins
in ATP-synthesis pathways (increasing ATP supply) and
decreasing the activity of proteins in ATP-consuming path-
ways (conserving ATP). Key among these are GLUT1 and
phosphofructokinase-2 (PFK-2), leading to production of
fructose-2,6-Pi2, a potent allosteric activator of the rate-
limiting protein for glycolysis, PFK.15 Thus, increased ATP
demand manifest as decreased [PCr] in the hypertrophied
heart signals an increase in glycolytic flux by two coordinate
mechanisms: increasing glucose transport (increasing sub-
strate supply) and activating PFK (increasing utilization).

Unlike for control hearts, glucose uptake rates and gly-
colysis measured in the hypertrophied myocardium of
animal models do not increase further during work chal-
lenge.75 Importantly, this limitation in metabolic reserve
has also been observed in a group of Class I/II patients
with dilated cardiomyopathy.23 These results suggest that
the presumably adaptive increase in glycolysis is not suffi-
cient to meet ATP demand.

Genetic strategies have been used to test whether
increasing glucose utilization further renders hypertrophied
hearts more tolerant to chronic haemodynamic overload.76

Transgenic mice with cardiac-specific over-expression of
GLUT1 were made to increase basal glucose transport in
the heart. Comparing transgenic and wild-type hearts sub-
jected to chronic pressure overload, it was found that
increasing myocardial glucose uptake slowed the progression
to heart failure and improved survival.76 This study suggests
that increasing the capacity for ATP synthesis, in this case
via glycolysis, can alter the natural history of heart
failure. Increasing glucose uptake further also rescued
mouse hearts deficient in the transcriptional activator
PPARa, which have a three-fold decrease in fatty acid oxi-
dation and three-fold increase in carbohydrate utilization
characteristic of the failing heart.22 PPARa null mouse
hearts had reduced contractile reserve, higher than
normal myocardial O2 consumption (MVO2) yet produced
less ATP, and lost [ATP] with inotropic challenge. Hearts of
mice made by crossing the PPARa null mouse with the
GLUT1 over expresser mouse sustained increased work
without losing [ATP], and MVO2 and ATP synthesis rates
returned to normal. These studies suggest that glucose util-
ization, if sufficiently high, can support and sustain high
workload in the failing heart.

5.3 Decreased metabolic reserve via mitochondrial
ATP synthesis

O2 is not limiting in the failing myocardium,77,78 and at least
in some models, MVO2 is increased.52 Any increase in MVO2,
however, is not sufficient to prevent the loss of ATP.
Genomic and proteomic studies,79,80 as well as measures of
enzyme activities, have shown that proteins involved in
fatty acid transport32 and utilization18–21 are down-regulated
in failing hearts. Experiments using isolated mitochondria,
skinned fibres, isolated hearts,30,81 and in vivo hearts77 all
support the conclusion that oxidative capacity and function
are reduced in the failing myocardium. Increases in uncou-
pling proteins81 as well as increases in reactive O2 species
and nitric oxide all contribute.30,34,82 Decreased capacity of

mitochondrial substrate oxidation in the failing heart leads
to decreased cardiac efficiency.52

Fatty acid supply for oxidation is lower in the failing heart.
A recent study compared utilization of exogenous vs.
endogenous fatty acid in an animal model of pressure
overload hypertrophy.18 Fatty acid oxidation rates using
exogenous fatty acid were near normal in mild to moderate
heart failure, but fell as the disease stage progressed. In con-
trast, endogenous fats (triacylglycerols) were not oxidized
even in early failure. Importantly, as also noted for a group
of Class I/II patients with dilated cardiomyopathy,23 oxidation
rates did not increase further for either exogenous or
endogenous fats with b-adrenergic challenge. Thus, as
observed for CK and glycolysis, energy reserve via fatty acid
oxidation is also compromised in the failing myocardium.

A potentially important compensatory mechanism for
reduced exogenous fatty acid oxidation has recently been
identified in an animal model of heart failure due to
pressure overload.19 When fatty acid oxidation fell and
was uncoupled to tricarboxylic acid cycle flux, tricarboxylic
acid cycle flux was unexpectedly sustained by use of glyco-
lytically derived pyruvate through anaplerosis, a pathway
that uses pyruvate to supply oxaloacetate downstream
from acetyl-CoA in the tricarboxylic acid cycle. Although
initially compensatory, because conversion of pyruvate to
oxaloacetate via anaplerosis consumes an ATP, this is less
efficient than the use of pyruvate through the tricarboxylic
acid cycle. The increase in energy cost is not likely to be sus-
tainable. This could be one step in the transition from com-
pensatory hypertrophy to failure.

Genetic tools have been used to define the consequences of
altering transcriptional regulators of oxidative metabolism.
The transcriptional co-activator PGC-1a, referred to as a
‘master regulator’, controls mitochondrial biogenesis and
the synthesis of entire metabolic pathways for ATP syn-
thesis.12 PGC-1a is down-regulated in hypertrophied and
failing heart.12,83 PGC-1a null mice have been used to
define the consequences of reduced PGC-1a on ATP synthesis
and contractile reserve in the heart.84,85 The absence of
PGC-1a not only led to reduced gene expression for proteins
required for FAO, but their enzyme activities were reduced.
[ATP] was decreased by �20%, a large decrease similar to
that observed in end-stage failing hearts. Importantly, this
was the case despite the presence of PGC-1b, which has
many overlapping targets with PGC-1a. PGC-1a null hearts
had reduced contractile reserve (Figure 1C) and progressed
to failure more rapidly than wild-type hearts when subjected
to pressure overload.86 Although massive over-expression of
PGC-1a led to mitochondrial proliferation to such an extent
that the sarcomeres became displaced, leading to cardio-
myopathy and heart failure,87 short-term PGC-1a over-
expression reversed contractile dysfunction,88 suggesting
causative links among PGC-1a expression, mitochondrial bio-
genesis, ATP synthesis, and contractile performance. Genetic
manipulation in the mouse has identified other players in the
control of ATP production, such as Tfam89 and Lim protein.90

6. Metabolic remodelling is under
transcriptional and post-transcriptional control

The past decade has witnessed an explosion of information
identifying the molecular links among physiological and
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metabolic stimuli and the regulation of gene expression in
the myocyte. Not only have the metabolic targets of specific
nuclear receptors and DNA-binding transcriptional
(co)-activators been identified, but we are also beginning
to learn how their signals are amplified and sustained to
remodel metabolism. Transcription is activated when tran-
scriptional activators including PPARs, oestrogen receptors
(ERRs), retinoid receptors, nuclear respiratory factors, and
MEF-2 form protein–protein complexes with PPAR-g
co-activators, PGC-1a and b, tethering PGC-1s to DNA.
When complexed with transcriptional activators, PGC-1s
activate genes encoding proteins comprising entire meta-
bolic pathways that control ATP synthesis in mitochondria,
phosphoryl transfer, glucose uptake and utilization, and, as
is recently becoming appreciated, ATP-utilizing proteins.
For example,91 the ERRa/PGC-1a complex targets a set of
promoters common to genes encoding a wide spectrum of
energy producing (FA and glucose uptake, b-oxidation, tri-
carboxylic acid cycle, and electron transport chain), trans-
ferring (sMtCK and adenine nucleotide transporter), and
utilizing proteins. In hypertrophied ERRa null mouse
hearts, genes for ATP synthesis and transfer were all
decreased while the gene encoding the stress protein
CK-BB was increased. These experiments support the
notion that the normal ERRa/PGC-1a complex is required
to blunt the loss of capacity for ATP synthesis in pressure
overload hypertrophy.

PGC-1s are themselves regulated. Of the many possible
regulators of PGC-1s, it remains unclear which ones
operate in the myocardium.10–12 Cyclin-dependent kinases,
such as Cdk9 and Cdk7 that play a role in transcriptional
elongation, target PGC-1s, thereby conferring additional
specificity for the transcriptional control of ATP synthesizing
and utilizing reactions.11,92 These are activated in the
hypertrophied and failing myocardium, repressing PGC-1a.

Unlike the impressive progress made understanding the
transcriptional events that control normal and hypertrophic
growth and the development of cardiac dysfunction, much
less is known about post-transcriptional control. We do
know that the notion that there is a 1-to-1 correspondence
in the number of mRNA transcripts and the number of func-
tional proteins is not correct (for example, see ref.60). Post-
transcriptional control remains under-studied.

7. Rescuing the failing myocardium

Although space does not allow a full review of this important
topic, a few comments will be made. One clinically relevant
lesson to be learned from the study of cardiac energetics is
that the failing heart has limited energy reserve and, while
it can increase work, it does so at a higher cost of contrac-
tion. This increases susceptibility to arrhythmia and ischae-
mic injury. The clinical observations that patients treated
with inotropic drugs that increase ATP utilization have
poor long-term outcomes can be explained by the lack of
energy reserve.24,93 Research into ways of increasing systolic
performance or reducing diastolic dysfunction by manipulat-
ing sarcomere function without increasing cost of developed
tension merits support.

Direct manipulation of adenine nucleotide and Cr pools
has been difficult to achieve. Notable in this regard is the
report studying experimental right ventricular hypertro-
phy94 showing that folate treatment protected against loss

of adenine nucleotides and diastolic dysfunction. As folate
is both readily available and inexpensive, it may be useful
in slowing the progression to failure. Another rescue strat-
egy seeks to take advantage of the small increase in the
ratio of ATP production to O2 consumed for glucose. Drugs
that shift metabolism away from fatty acid oxidation and
towards glucose metabolism may improve the efficiency of
ATP production by a small amount. It is possible, however,
that both glucose and fatty acids are required for the
failing heart.95 Much more research needs to be done on
this topic.

In any rational strategy, care should be taken to match any
metabolic intervention with the stage of disease. The differ-
ent pathways for ATP synthesis are compromised at different
times and to varying extents in the evolution from compen-
sated to uncompensated hypertrophy. Loss of energy reserve
supported by CK and AK occurs first and triggers an increase
in glycolysis, followed by decreased FAO. Ideally, interven-
tions designed to alter metabolic pathways must be
matched to stage of metabolic dysfunction, analogous to
NYHA classes.
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