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Abstract The function of the heart is defined by its ability
to deliver adequate cardiac output to meet the require-
ments of the body both at rest and with exertion. To fill
this role, the heart demonstrates an impressive capacity to
tightly regulate energy generation and consumption.
Energy production and transfer within cardiac myocytes
primarily relies on the process of oxidative phosphoryla-
tion. In the failing heart, there is an imbalance between
the work of the cardiac system and the energy required to
generate this work. This presence of this mismatch has
given rise to the concept known as the energy starvation
theory. This concept encapsulates observations such as
perturbed substrate consumption, insufficient energy
transfer and ingestion, reduced substrate and oxygen
availability, and diminished energy production in the fail-
ing heart. Diminished available cellular energy may fur-
ther result from a reduction in the biosynthesis of mito-
chondria and their protein synthesis and from global cel-
lular architectural disarray. In essence, the energy starva-
tion theory posits that cardiac pump function declines due
to a reduction in oxygen and substrate availability, and
thus leads to a total body starvation of systemic energy.
This novel cognitive framework has led to encouraging
new directions in a Bmetabolic therapeutic approach^ for
the failing heart.
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Introduction

The heart has the highest energy consumption of any organ in
the body. Energy is stored in the form of two molecules: aden-
osine 5′-triphosphate (ATP) and creatine phosphate (PCr).
These high-energy phosphate molecules are rapidly and re-
versibly converted to creatine and adenosine 5′-diphosphate
(ADP) by the creatine kinase (CK) reaction. The rate of ATP
consumption by the heart is around 1 mM/s; at this rate, the
ATP and PCr content must be renewed approximately every
20 s. Cardiac myocytes generate more than 90% of their en-
ergy through oxidative phosphorylation. Therefore, there is a
tight coupling between oxygen utilization and cardiac work,
e.g., the biochemical processes producing cardiac energetic
fuel are tightly tied to energetic demand and able to rapidly
adapt to energetic requirements.

Heart failure (HF) is defined as an inability of the heart to
pump sufficient blood to meet the metabolic demands of the
body at normal filling pressures [1] and is associated with
reduced exercise capacity and increased fatigue and dyspnea.
The increased fatigue with low levels of exertion is related to
biochemical energetic failure of both cardiac and skeletal mus-
cles. This may result from decreased oxygen and substrate
delivery due to coronary artery disease, peripheral arterial ath-
erosclerosis, chronic hypoxia, or mitochondrial defects in-
duced by endogenous or exogenous factors. Other causative
factors may include a higher workload of the myocardium due
to hypertension, acute or chronic anemia, hyperthyroidism,
septic shock, and adverse remodeling of cardiac structure
due to structural or valvular heart disease leading to an
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inefficient use of energy. As a consequence of pump dysfunc-
tion, oxygen and metabolic substrates are not sufficiently sys-
temically delivered, and the products of metabolism are not
efficiently removed. This generates a deleterious energetic
state in the organism in general and the heart in particular. In
essence, HF reduces the peak oxygen and substrate accessi-
bility for the individual organs and tissues.

In any form, prolonged stress to the cardiac myocytes ini-
tiates metabolic, functional, and anatomical adaptations in an
attempt to maintain stroke volume and cardiac output.
However, when the stress surmounts these adaptations, these
initially advantageous adaptations lead to adverse effects such
as hypertrophy, ventricular dilatation, contractile dysfunction,
and eventually HF. Activation of intracellular signaling cas-
cades, escalating mechanical load, inappropriate neuroendo-
crine activation, and extracellular remodeling result in the
well-described consequences of HF. Many of these causative
factors increase cardiac energy utilization and, hence, worsen
the mismatch between energy availability and requirement.
This cognitive framework has given rise to the energy starva-
tion model of heart failure. There are two possibilities under-
lying energy starvation: either ATP turnover rate is diminished
or total tissue content of ATP is reduced. This is an important
distinction since the rate of ATP turnover does not correlate
with the total ATP content of the heart. The energy starvation
model has been proposed as the fundamental pathophysiolog-
ic underpinning of progressive HF and has provided promis-
ing new therapeutic directions [1–3].

Since recent studies have extensively reviewed the role of
mitochondrial dysfunction in the failing heart [4], this review
will focus on substrate metabolism, namely that of glucose
and fatty acids in normal and failing hearts, mitochondrial
ROS in the failing heart, and remodeling in the pentose phos-
phate pathways and hexosamine biosynthetic pathways
(HBP). We will further elaborate on the therapeutic ap-
proaches which leverage this novel metabolic model to treat
heart failure.

Due to constraints of focus, some contents have not been
incorporated in this review such as the effects of the selective
CK isoform knockout [5] and cardiac ketone and amino acid
metabolism [6, 7].

Substrate metabolism

The heart’s preferred oxidative substrate is fatty acids.
However, it is able to oxidize other substrates including car-
bohydrates, ketone bodies, lactate, and amino acids. This met-
abolic flexibility allows the heart to adapt readily to alterations
in workload, substrate supply, and energy metabolism by
switching to the appropriate substrate for the appropriate con-
ditions [8]. Below is a brief summary of this topic to provide a
framework of cardiac energetics.

As the heart hypertrophies in response to states of pressure
or volume overload, myocardial energy metabolism transi-
tions from mitochondrial oxidation to glycolysis. This meta-
bolic transition depends upon the cause of the physiological
mechanism leading to hypertrophy rather than on the state of
hypertrophy itself. The mechanismmay be either pathological
(e.g., hypertension, aortic stenosis), physiological (e.g., exer-
cise), or both. However, while both hypertension and exercise
result in ventricular hypertrophy, hypertension reduces cardiac
mitochondrial fatty acid oxidation (FAO) and exercise aug-
ments FAO capacity [9].

In the human heart, a slightly elevated or near normal rate
of FAO is observed in the early stages of HF. In contrast,
significant downregulation of FAO is observed in advanced
or end-stage HF. FAO downregulation is related to downreg-
ulation of the peroxisome proliferator-activated receptor and
retinoid X receptor pathway [10, 11]. In the state of hypertro-
phy, glycolysis and its enzymatic activity increases and these
alterations swiftly reduce the rates of oxidation of free fatty
acid and its enzymatic expression and activity [11, 12]. In
advanced stages, this adaptation causes a deleterious biochem-
ical state. Similar to the anatomical remodeling noted in end-
stage HF, this metabolic remodeling becomes increasingly
pathologic and causes further reductions in myocardial fatty
acid oxidative capacity, ultimately leading to reduced energet-
ic efficiency and a failure of myocardial metabolic reserve
[13]. Observations suggest that the anatomic and physiologic
cardiac remodeling and contractile dysfunction distinctive of
HF is, in fact, caused by this metabolic remodeling. This led to
a deeper investigation of the biosynthesis, regulation, and role
of the organelle responsible for the majority of myocardial
substrate metabolism—the mitochondria.

Biosynthesis of mitochondria

An imbalance between mitochondrial biosynthesis and degen-
eration may lead to a reduction in oxidative power of the
failing heart. Recently, mitochondrial biosynthesis has be-
come of increased interest as it has a broad-ranging impact
on the regulation of metabolic processes [14]. Biosynthesis of
mitochondria occurs via development and splitting of pre-
existing organelles. Mitochondrial biosynthesis is complex
and involves the ingress of mitochondrial proteins, biosynthe-
sis of phospholipid, dynamic changes in the mitochondrial
network, and mitochondrial protein synthesis and their regu-
lation. The mitochondria carry their own genetic code which
translates 13 proteins. However, >98% of the proteins re-
quired for mitochondrial function is translated by the nuclear
genome. Thus, to assure appropriate biosynthesis of mito-
chondria, a tight special and temporal relationship is required
between the import of nuclear-translated protein, innate pro-
tein synthesis, and assemblage of mitochondrial-translated
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proteins. Moreover, the fusion and fission mechanisms of mi-
tochondria and replication of mitochondrial DNA must be
coordinated [15]. Any defect in this complex biosynthetic
process may lead to flawed mitochondrial function and a dec-
rement in the contractile function of the heart. For example,
aortic-constriction-induced systolic dysfunction causes not
only impaired morphology and reduced volumetric measures
of mitochondria but also perturbed expression of most pro-
teins involve in the electron transport chain (ETC) [16, 17].

Impairment of mitochondrial DNA

The reduction in mitochondrial DNA-encrypted proteins de-
tected in HF might be due to an impairment of mitochondrial
DNA content. Studies of this hypothesis have returned with
mixed findings so far. A murine myocardial infarction model
exhibited a decline in mitochondrial DNA copy number [18].
In contrast, a subsequent similar study failed to note a reduc-
tion in the mitochondrial DNA [19]. Observational studies
have noted that patients with either idiopathic or ischemic
dilated cardiomyopathy have unimpaired mitochondrial
DNA [20, 21]. In contrast, a recent observational study sug-
gested that a defect in mitochondrial biosynthesis occurs
through not only reduced mitochondrial DNA replication
but also through a reduction of mitochondrial DNA content
in human HF [22]. Oxidative stress is elevated in HF, includ-
ing a sustained increase in oxygen free radical synthesis in the
mitochondria. This may result in a loss of mitochondrial
DNA, subsequent impairment of expression of these encoded
genes, and defective respiratory chain complexes [18, 23, 24].
Mitochondrial-targeted antioxidant therapy may avert the loss
of mitochondrial DNA, left ventricular remodeling, and HF
after MI [25].

Mitochondrial transcription factor A (TFAM) is necessary
for replication and transcription of mitochondrial DNA
(mtDNA), and a decline in the expression of TFAM is detect-
ed in HF. Observational studies have found that TFAM regu-
lates mitochondrial DNA copy number [26] and that oxidative
phosphorylation is regulated by the quantity of mitochondrial
DNA [27]. Moreover, impairment in the replication process of
the mtDNA may lead to defective mitochondrial biosynthesis
and function in failing hearts [22]. Intriguingly, it has been
demonstrated that TFAM overexpression can mitigate the re-
duction in mtDNA copy number in HF [28, 29].

Impairment of mitochondrial protein

Mitochondrial biosynthesis also includes the construction and
folding of nuclear-encrypted mitochondrial proteins [30, 31].
It has been observed that either chaperone protein mutation or
deficiency leads to a breakdown in this intricate process and
ultimately the abnormal trafficking of mitochondrial proteins
causing cardiomyopathy [32, 33].

Impairment of phospholipid synthesis of the mitochondria

Phospholipids play an important role in the structure and func-
tion of mitochondrial membranes [34]. Aside from simply act-
ing as a cellular or organelle boundary, phospholipids act as a
key regulatory component in critical metabolic processes in-
cluding electron transport, apoptosis, and mitochondrial lipid
and protein importation. Cardiolipin in particular plays a central
role in the activity of various inner membrane proteins and in
the binding of CK to the mitochondria. Impaired cardiolipin
and acyl chain content has been shown to cause mitochondrial
dysfunction in HF [35, 36]. The causal role of impaired
cardiolipin content/synthesis is currently debated. A study sug-
gests that chronic adrenergic stimulation of mitochondrial
calcium-independent phospholipase A (2) may play key role
in the dysregulation of cardiolipin [35]. The regulation of mi-
tochondrial respiration via cardiolipin is enacted by thyroid
hormones and AMPKα2 [34, 37]. Further studies are needed
to reveal the exact role that mitochondrial phospholipid biosyn-
thesis regulation plays in the underlying pathology of HF.

Regulation of biosynthesis of mitochondria in the healthy
heart through mitochondrial protein expressions

Figure 1 shows the network of co-regulators and DNA-
binding transcription factors that control various genes trans-
lating mitochondrial proteins serving regulatory or functional
roles in the mitochondria. Peroxisome proliferator-activated
receptor-γ coactivator-1α (PGC-1α) is a key controller of
energy metabolism. PGC-1α interacts with estrogen
receptor-related receptor (ERRs), peroxisome proliferator-
activated receptors (PPARs), and nuclear respiratory factor
(NRFs), to augment oxidative phosphorylation and fatty acid
oxidation in the mitochondria [15, 38]. Both PPAR α and δ
genes, transcripting FAO enzymes, play an important role as
transcriptional regulators [39]. PGC-1α also activates the tran-
scription of the aforementioned nuclear-encoded TFAM,
which interacts with the mitochondrial RNA polymerase and
eventually activates the transcription and replication of mito-
chondrial DNA [15, 40]. A subset of PGC-1α target genes are
upregulated by ERRα and participate in fatty acid oxidation in
mitochondria and peroxisomes, mitochondrial respiration, and
cellular fatty acid transport [41]. Gene expression of PGC-1α
and PGC-1β is tightly correlated with the mitochondrial oxi-
dative capacity. Functional defects in either PGC-1α or PGC-
1β in a mouse model lead to no phenotypic changes in the
heart, illustrating that the mitochondria can compensate for the
loss of these co-activators [39, 42]. However, observations
reveal that the PGC-1α content of mitochondria is linked with
the protein transformation and mitochondrial metabolic dy-
namics [43, 44]. Moreover, mitochondrial biosynthesis relies
on protein expression regulations, particularly for fusion and
fission. The dynamin-related protein 1 (Drp1) and its receptor
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Fis1 facilitate the fission process. Themitofusin (Mfn1 and 2),
optic atrophic type 1 protein (OPA1), and dynamin-related
proteins facilitate the fusion process [45]. It has been sug-
gested that stress (such as hypertrophy, ischemia, and HF)
interferes with the crucial biosynthetic processes of mitochon-
drial fusion/fission, perhaps through dysregulation of the ex-
pression of these key proteins [46, 47]. This evolving field
requires further study in developed cardiomyocytes.

Regulation of biosynthesis of mitochondria in the failing
heart through mitochondrial protein expressions

In HF, a reduction in cardiac oxidation power causes a decline
in mitochondrial function and PGC-1α expression as well as
NRFs and TFAM transcription factor content [19]. Various
experimental studies have confirmed the reduced expression
of cardiac PGC-1α and mitochondrial proteins in HF [15,
48–50]. In contrast, the causal role of PGC-1α in human HF
cases is inconsistent in studies [51, 52]. The inconsistency in
observations between animal models and humans with HF
might be due to the type and/or the severity of the ailment,
the paucity of similar age controls, the gender discrepancies,
and the varying medical management of patients. However, a
reduction in ERRα gene level is consistently and clearly in-
volved in a reduction of mitochondrial metabolic potential in
human HF [53]. Dilated cardiomyopathy patients exhibited a
reduced expression pattern of PGC-1β [21], and experimental
models of HF have demonstrated reduced expression of both
PGC-1β and ERRα. This observed simultaneous decline in
expression of PGC-1α and PGC-1β genes emphasizes the
significance of a mitochondrial biosynthetic impairment in
the underlying disease. In summary, a reduced expression of
the PGCs/PPARs/ERRs group contributes to a global reduc-
tion in myocardial energetics, contributing to HF.

As opposed to the above pathways, the transcriptional reg-
ulation of the CK system is not currently well-defined.

Observational studies suggest that the activity of muscle CK
(M-CK) is highest in tissues with the lowest mitochondrial
volume density and lowest oxidative capacity (e.g., fast twitch
or Bwhite^ muscle). In contrast, higher mitochondrial isoform
of CK (mi-CK) activity is noted in tissues with higher oxida-
tive capacity (e.g., slow twitch muscle) [54]. It is speculated
that the mitochondrial biosynthesis transcription cascade con-
trols the expression of the mitochondrial protein mi-CK. In
PGC-1α knockout mice, both skeletal and cardiac muscles
demonstrated a significant reduction in the expression of
genes involved in fatty acid oxidation and ATP production,
including inmi-CK expression [55, 56].Moreover, ERRα and
γ also help to regulate the expression of mi-CK [57]. All these
finding suggest that a deficiency in PGC-1α transcriptional
flow and reduction in mitochondrial DNA replication lead to
a defect in mitochondrial biosynthesis in HF.

Autophagy and mitochondrial turnover

The mitochondria contain extensive protein quality control
processes including autophagy, the selective elimination of
decaying mitochondria [58]. Further quality control included
mitochondrial turnover through the processes of fusion and
fission, which occur simultaneously. Extensive mitochondrial
turnover through fusion/fission may lead to derangements in
mitochondrial metabolic dynamics and morphology in HF,
causing a further imbalance in the autophagytic system, and
eventually generating dysfunctional mitochondria [58]. This
hypothesis is still underexplored. Evidence for the role of poor
mitochondrial quality and their regulatory pathways defined
by PINK-PARKIN phenomenon for mitochondrial autophagy
in the heart has been well described in recent reviews [59, 60]
which suggest that PINK deficiency is causal to LV dysfunc-
tion and PARKIN deficiency increases susceptibility to LV
failure following MI.

Fig. 1 Governing pathways of
PGC-1α. PGC-1α induces
various nuclear receptors and
transcription factors such as
NRFs, ERRs, and PPARs,
responsible for the control of
different features such as
antioxidant, energetics, synthesis
of mitochondria, and fatty acid
metabolism
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Role of the mitochondria

Role of the mitochondria in the healthy heart

The mitochondria are arranged within the sarcolemma and
myofilaments with adequate and appropriate diffusion space
in cardiomyocytes. This anatomical association allows for op-
timal bioenergetic generation for contraction [61]. The myo-
cardium demonstrates impressive energetic efficiency—there
is no surplus of energy generation versus energy consumption.
The constant interaction between oxygen utilization and car-
diac work generates a steady state of global cellular PCr and
ATP content [62]. Experimental modeling confirms that the
content of metabolites within the myocyte even changes in
response to the normal respiratory cycle [63]. The requirement
of maintaining overall metabolic homeostasis during patho-
logic cardiac remodeling enforces considerable energetic pres-
sure on every myocyte. The process of homeostasis induced
by metabolic remodeling is still controversial [62, 63]. Hence,
robust biochemical signaling pathways maintain the balance
between energy utilization and oxygen consumption, but the
exact roles of such signals are still ambiguous. In this area, two
mechanisms are proposed. First, aerobic metabolism and car-
diac work is regulated via calcium as it controls sarcoplasmic
reticulum and myosin ATPase activity. Second, an augmenta-
tion of cardiac work and oxygen consumption occurs at con-
stant intracellular Ca+2 concentrations due to enlargement in
cardiomyocyte length in accordance with the Frank-Starling
mechanism [62, 64]. Thus, the speculation that cellular respi-
ration and myocardial contraction are completely controlled
by Ca+2 concentration is incomplete. Thus, the mitochondrial
dehydrogenases and F0/F1 ATPase system must also be in-
volved in the maintenance of metabolic homeostasis [65].

The second regulatory mechanism is based on the presence of
energeticmicrodomains at both energy production and consump-
tion cellular sites. The cardiomyocyte is not composed of a ho-
mogenous cytoplasmic milieu [66], and both ATP synthesis and
consumption are not strictly stochastic. Rather, energetic process-
es are tightly spatially and temporally coordinated within dedi-
cated structural and functional moieties. Phosphotransfer kinases
and an elegant cellular framework both facilitate the connections
between these microdomains. Glycolytic enzymes are organized
in the myofilaments and sarcoplasmic reticulum where they are
involved in ATP synthesis using ion pumps [67]. The mitochon-
drial ADP in situ (in the sarcoplasmic reticulum) is significantly
less than that in isolated mitochondria preparations [68]. This
reduced sensitivity to high concentrations of ADP permits appro-
priate channeling of adenine nucleotides and proper control of
oxygen utilization by ATPases. In fact, the cytoskeletal protein
tubulin regulates respiration by reducing the penetrability of
porin [69]. Cytoskeletal impairment has been shown to enhance
sensitivity to ADP while inhibiting the precise regulation of mi-
tochondrial oxidation [70]. The differentially organized CK

isoenzymes are pooled near adenine nucleotide translocase
(ANT) or ATPases allowing the interconnection between ATP
synthesis and consumption. By viewing mitochondrial function
through a system biological approach, we find that cytosolic
metabolites play a key role in the regulatory mechanism of res-
piration and energy fluxes [63].

Role of the mitochondria in the failing heart

In the failing heart, it is unknown whether peak oxygen con-
sumption is restricted by oxidative ATP generation capability
or the capabilities of the ATPases to consume ATP. At rest, in-
tracellular oxygen is not the limiting factor in utilization, but at
extreme exertion, intracellular oxygen is the limiting factor [71].
Myocardial peak oxidative capability can be assessed by gauging
the activity of enzymes such as cytochrome oxidase or citrate
synthase. In experimental and clinical HF, correlations between
cardiac function and diminutions in the activity of enzymes in-
volved in the respiratory chain, citric acid cycle, or protein ex-
pression of F(0)F(1)-ATPase have been widely published [20,
72–74]. Moreover, a proteomic study has validated that remod-
eling in energy production and functional aberrations of mito-
chondria are implicated in the HF progression [75]. The genomic
pattern reflects a downregulation of metabolic processes in rapid
ventricular-pacing-induced HF, supporting the notion that meta-
bolic remodeling is a primary, causative agent in underlying
pathology [76, 77]. Furthermore, reduced ADP/O ratio has been
detected and is associated with a 14% reduction in efficacy of the
failing myocardium [78]. Moreover, the mitochondria within the
failing hearts exhibit augmented vulnerability to reactive oxygen
species and calcium. Permeability of the inner mitochondrial
membrane increases drastically due to the presence of the high-
conductance channel permeability transition pore (PTP) [79] and
an early augmentation in PTP vulnerability is noted in the hyper-
trophic heart [80]. Augmented vulnerability of PTP to reactive
oxygen species and calcium plays a significant role in accelerated
necrosis and apoptosis of the cardiomyocyte. These transitions
arise before any demonstrable alterations in mitochondrial respi-
ratory properties demonstrating a phase of preclinical mitochon-
drial impairment. Isolation of mitochondria permits the study of
the oxidative ability of the mitochondria. The isolation approach
and the subsequent alterations in mitochondria must be
accounted for when using isolated mitochondria in the study.
This approach has been used to measure the decline in oxidation
power in HF [51, 81–83]. The observed reduction in ADP sen-
sitivity [84] seems to be associated with cytoskeletal alterations
including augmented tubulin content, although a causal relation-
ship remains murky. Furthermore, creatine expression is reduced
leading to reduced creatine sensitivity, and mitochondrial CK
activity leads to reduction in oxidative power. In the failing heart,
this leads to a reduced capacity for myocardial energy production
through oxidative phosphorylation. Both the reduced oxidative
power and diminished contribution of mitochondria to
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contraction-relaxation coupling lead to energy starvation in the
failing heart. Because of the tight relationship between exercise
and oxygen utilization, the reduced oxidative power of the hy-
pertrophic heart and the dysregulation between previously tightly
maintained energy consumption sites both lead to a de facto
functional restriction and contribute to cardiac malfunction.

Reservoir of energy

With the use of 31P nuclear magnetic resonance (NMR) spec-
troscopy and noninvasive measurements of PCr/ATP ratio of
the whole heart, we are now able to acquire precise measures
of the energetic milieu of the heart [85]. The cardiac PCr/ATP
ratio varies from 1.8 to 2.1 in healthy human and animal
models. This measurement of the PCr/ATP ratio reveals the
rate of ATP production in mitochondria and the efficiency of
energy transfer via creatine kinase [85–91]. This energetic
assessment demonstrates that the failing heart is incapable of
sustaining its energy reservoir. A reduction in PCr/ATP ratio
and concomitant augment in measured ADP is observed in
cardiac hypertrophic animal models [74, 92, 93] as well as
in humans with HF [94–99]. In the early stages, this reduction
in PCr/ATP is primarily due to a reduction in [PCr] up to 50 to
70%, while [ATP] is either conserved [89, 94, 95] or only
moderately decreased by up to 30% [100]. Intriguingly, mea-
surements are comparable between LVH and HF, indicating
that in a pressure overload model, the PCr/ATP ratio begins to
fall with the development of hypertrophy prior to the onset of
a decrement in systolic function [93, 95]. A loss in total cre-
atine and purine content has also been reported [99].
Importantly, the PCr/ATP ratio is well-correlated with clinical
and hemodynamic factors and acts as a prognostic index in HF
[101]. Furthermore, reduced high energy phosphate (HEP)
concentrations are also seen in cardiac hypertrophy and may
play a vital role in the perturbed energetics in hypertrophic
cardiomyopathy and HF [99, 102]. The exact causal mecha-
nisms connecting reduced PCr/ATP ratio and impaired
myocyte contraction remain unclear. It may be that the ob-
served reduction in PCr/ATP ratio is simply the result of
perturbed energy fluxes rather than a casual abnormality. It
seems likely that the reduction in PCr/ATP ratio and concom-
itant increase in ADP concentration both thermodynamically
and kinetically affect the ATPases crucial to the systolic-
diastolic cycle [103].

HEP transfer system

HEP transfer system in the healthy heart

The HEP transfer system is a vital characteristic of energy
metabolism. The CK and adenylate kinase (AK) enzymes

act as Benergy shuttles^ in this system [104] and transfer
energy-rich phosphoryl moieties [85, 105–107]. CK occurs
in different forms in cardiac and skeletal muscle cells and
regulates the reversible relocation of an HEP group between
ATP and creatine. Cytosolic CK occurs in the dimeric form
comprised of two subunits, M and B, and generate three, MM,
BB, and MB, isoenzymes. The mi-CK only occurs in the
mitochondria and may be found in octameric and dimeric
assemblies [108]. Mitochondrial CK composes 20 to 40% of
the total CK activity in myocytes. Myofibrillar (MM-CK) is a
structural myofilamental protein and is functionally associated
withmyosin ATPase, hence offering a crucial energy shuttle to
allow peak force generation via optimal energy kinetics [109].
MM-CK is firmly attached to the membrane of the sarcoplas-
mic reticulum (SR) where it is functionally connected to the
Ca2+-ATPase (SERCA), and assures a sufficient energy sup-
ply for calcium uptake [54]. During oxidative phosphoryla-
tion, synthesized ATP is transported by ANT in the intermem-
brane space leading to the transfer of a phosphoryl group by
mi-CK to PCr and ADP through creatine. Consequently, ADP
is accessible for the next round of oxidative phosphorylation
[106, 108]. Creatine plays an important role in the regulation
of cardiac mitochondrial respiration because of the firm cou-
pling between mi-CK and ANT. Creatine augmentation re-
duces the apparent Km for ADP [110]. This permits the pre-
cise coupling between energy consumption and mitochondrial
respiration. Mathematical modeling and CK flux measure-
ments employing 31P NMR spectroscopy confirm the pres-
ence of confined adenine nucleotide lakes interconnected via
intracellular energy transport by CK [111, 112]. Apart from
the CK system, other phosphotransfer arrangements (e.g., the
myokinase system) are also subdivided into compartments
within cells [104]. The regulation of energy production relo-
cation and consumption by phosphotransfer kinases permits
the mitochondria to efficiently participate in the systole-
diastole cycle.

HEP transfer system in the failing heart

Cumulative CK content is reduced by approximately 50% in
HF and is reliably associated with ejection fraction [113]. A
reduction in CK content has been implicated as causal in the
decrement in contractile reserve in the failing heart [99]. In
fact, many studies have detected that both MM-CK and mi-
CK are diminished in clinical and experimental HF [1, 3, 114].
Impaired metabolism of cardiac HEPs is associated with re-
ductions in mi-CK and mitochondrial proteins, and these all
are associated with LV hypertrophy severity [93].
Furthermore, a reduction in mi-CK precedes hypertrophy
and is now commonly accepted as a characteristic metabolic
step in the progression of HF.

Energetic fluxes of CK can also be measured using 31P
NMR spectroscopy. Impairment of the cumulative CK flux
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has been defined as an early hallmark of cardiomyopathies [3,
87, 88, 99]. An approximate 30–50% reduction in CK fluxes
is observed in LV hypertrophy [93]. Concomitantly, 18O stud-
ies demonstrate that the myokinase system, which usually
serves a lesser role in the regulation of ATP supply, is consid-
erably augmented in compensation. Both experimental and
clinical studies demonstrate that a reduction in CK flux is
prevalent in HF [92–95, 115]. The progression from ventric-
ular hypertrophy to HF is associated with a striking reduction
in CK flux without any significant modification in metabolite
content [94]. Indeed, the degree of reduction in CK flux is a
better gauge of HF than the degree of ventricular hypertrophy.
However, NMRmeasurements of cellular fluxes do not permit
the isolation of differences in fluxes between the various iso-
forms of CK, nor can it identify differences between the car-
diac chambers in energy fluxes [116]. No reports are available
for fluxes of focused CKs with unidirectional phenomenon
[111, 112].

Fatty acid metabolism in healthy hearts

Fatty acid (FA) metabolism is initiated in three primary steps:
(i) FAs are engulfed by the cytosol, (ii) they pass through the
mitochondrial membrane, and (iii) they reach the mitochon-
dria for oxidation. The FAs’ cytosolic engulfing process is
assisted by the plasma membrane FA-binding protein and
CD36 (FA translocase protein) transporters [117, 118]. In the
cytosol, esterification converts free FAs to fatty acyl-
coenzyme A (CoA), and then on to triglycerides or long-
chain acylcarnitine using carnitine palmitoyl transferase
(CPT) I [117, 119]. In the heart, the turnover of triglyceride
pool is usually high and epitomizes a vital source of fatty acyl-
CoA [120]. Long-chain acylcarnitine enters into the mito-
chondrial matrix and again reverts to long-chain acyl-CoA
using CPT II. There, β-oxidation can generate acetyl-CoA,
FADH2, and NADH+H+ using acyl-CoA, FAD, and NAD+,
respectively.

In skeletal muscle, impaired β-oxidation allows
acylcarnitine to leak into the cytosol from the mitochondria
and thereafter into the systemic circulation. Circulating
acylcarnitine is involved in the pathophysiology of insulin
resistance [121]. The predominant form of the muscle CPT
isoform (CPT Ib) occurs in the normal adult heart [122]. But
the augmented expression of liver CPT isoform (CPT la) has
been observed in fetal and hypertrophic hearts [123]. The
carboxylation of cytosolic acetyl-CoA generates manolyl-
CoA, that act as an inhibitor of CPT I [124]. Malonyl-CoA
can revert into acetyl-CoA with the help of malonyl-CoA
decarboxylase [125]. This pathway has been studied as a
treatment strategy for ischemic heart disease [126].
Another study reveals that the activity of CPT 1 can be
controlled through malnonyl-CoA-independent processes
[127].

Fatty acid metabolism in the failing heart

Diminished FA use has been observed in most studies of
the failing heart. High-salt diet-stimulated failing heart
and rapid pacing reduces the FA uptake [10, 128] and
diminishes messenger RNA (mRNA) expression and
translation of FA transporter proteins with contractile dys-
function [10, 128–131]. Another study reveals a reduction
in the rate of β-oxidation and the expression of relevant
enzymes during the early stages of contractile dysfunction
[129]. Collectively, these observations are in agreement
with the outcomes of several other studies observing hy-
pertensive and abdominal aortic constriction models
[132–135] but conflict with myocardial infarction and
salt-sensitive models [128, 130]. In general, even prior
to the appearance of overt anatomical and functional ab-
normalities, experimental and human studies prove that β-
oxidation is diminished in the early stages of the failing
myocardium.

Glucose metabolism in the healthy heart

Myocardium uses glucose primarily via by two approaches:
(i) uptake of exogenous glucose and (ii) glucose derived from
stored glycogen. Glucose transporters (GLUTs), (GLUT1 and
GLUT4), facilitate transport of glucose into the cytosol.
GLUT1 predominates in the fetal heart, and GLUT4 predom-
inates in the adult heart. GLUT1 is involved in basic glucose
uptake in many cell types, while GLUT4 facilitates glucose
uptake primarily in striatedmuscle, including the myocardium
[136, 137]. Glycolysis is the first step in glucose oxidation and
produces pyruvate, NADH2, and ATP. This ATP is required
for the prerequisite Ca2+ uptake into the sarcoplasmic reticu-
lum required for diastolic relaxation [138, 139]. Pyruvate can
be converted into lactate in the cytosol, or it can enter into the
mitochondrial matrix where it is either oxidized into acetyl-
CoA or converted into oxaloacetate or malate via a carboxyl-
ation step. Pyruvate dehydrogenase (PDH) is a multienzyme
complex involved in the oxidation of pyruvate. The carboxyl-
ation of pyruvate is crucial in its role replenishing TCA cycle
intermediate metabolites, a process known as the anaplerotic
pathway [140]. Pyruvate’s conversion to malate via carboxyl-
ation is an essential anaplerotic process in the myocardium,
and impairment in this process leads to contractile dysfunction
[141].

Glucose metabolism in the failing heart

With contractile dysfunction, glucose uptake in the myo-
cardium is diminished in a thoracic aorta constriction
(TAC) mouse model of heart failure, unaffected in myo-
cardial infarction rats, and augmented in salt-sensitive rats
[128, 142, 143]. In the early stages of hypertrophy of an
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abdominal aortic constriction model, the rate of glycolysis
is minimally augmented but glucose oxidation is unaltered
[132, 144]. In aortic constriction rats, substrate oxidation
appraisal reveals unaltered glucose oxidation compared at
controls during the early stage of hypertrophy, with an
eventual reduction in glucose oxidation as systolic dys-
function develops [129]. Recent observations suggest that
perturbed glucose oxidation may contribute to mitochon-
drial impairment, reducing the expression of genes in-
volved in glucose oxidation and inducing scarcity of the
PDH complex [128, 145]. In contrast, an unaffected rate
of glucose oxidation rate was observed in myocardial
inf rac ted ra t s wi th sys to l ic dysfunct ion [143] .
Interestingly, hypertensive rats during the early stages of
cardiac hypertrophy exhibit an augmented level of glu-
cose oxidation and flux of the PDH complex when com-
pared to controls [134, 146]. Further, augmented glucose
oxidation rates were observed in canine experimental
models of heart failure and in idiopathic dilated cardio-
myopathy patients [10, 147]. Many of these contradictory
observations regarding the role of glucose metabolism in
the failing myocardium are likely due to methodological
discrepancies. Thus, while alterations in FA oxidation
have been firmly connected to contractile dysfunction in
the failing heart, the role of alterations in glucose oxida-
tion remains unclear and may vary due to condition, or-
ganism, and unaccounted environment stimuli.

Mitochondrial ROS in the failing heart

Many studies have investigated the metabolic and structural
changes in the failing heart, but very few studies have adequately
examined the mechanism underlying the remodeling observed in
HF. The failing heart exhibits augmented ROS levels, but the
fundamental role of ROS in the pathology of HF remains unclear
as the outcomes of human studies of antioxidant therapies remain
inconsistent [148, 149]. An experimental study exhibited that
angiotensin II augmented mitochondrial ROS levels, causing
mitochondrial damage, mitogen-activated protein kinase activa-
tion, and eventually hypertrophy and fibrosis of cardiac
myocytes [150]. Another study demonstrated that in an angio-
tensin II-induced cardiomyopathy mouse model, mitochondrial
protein oxidative damage was increased, and administration of a
mitochondrial-targeted antioxidant peptide led to a significant
reduction in NADPH oxidase 4 (NOX4) expression and amelio-
rated myocyte fibrosis and the development of cardiomyopathy
[151]. Importantly, in the initial study, the model was comprised
of early-stage TACmouse hearts which exhibited trivial diastolic
dysfunction and no alteration in left ventricular ejection fraction
[150] representing an early stage of compensated hypertrophy.
These observations suggest that augmented mitochondrial ROS
levels may be an inciting event to stimulating structural remod-
eling causing the clinical sequelae of hypertensive heart. Figure 2
illustrates the effects of ROS on myocardial energetics and their
contribution to cardiac pathology. Complexes I and III of the

Fig. 2 Outline of metabolic remodeling and suggested possible
mechanisms connected to the development of the failing heart.
Metabolic pathways are in green color arrows. Augmented/

predominant pathways are represented by thick lines. Reduced
pathways are represented by thin/dotted lines. The query symbols
indicate currently unclear factors and effects
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ETC play a major role in the production of ROS within the
mitochondria. Hence, alterations in the ETC may cause electron
outflow leading to ROS production [152]. This augmented level
of ROS production may subsequently affect ETC function, lead-
ing to a dysregulation cycle (Figs. 2 and 3). One study has linked
augmented levels of ROS production and the increased use of FA
in myocardial metabolism [153]. Higher levels of free FAs (pos-
sibly due to augmented lipolysis) have been observed in the
failing heart [154]. Moreover, myocardial lipid accumulation
has also been observed in experimental models of HF [155].
Consequently, the metabolic use of FA is detrimental for the
failing heart because of higher ROS production [154].
However, experimental models lacking cardiac-specific acetyl-
CoA carboxylase-2 demonstrate that augmented FA use does not
adversely affect left ventricular remodeling after TAC.Moreover,
failing hearts exhibited reduced FA oxidation. Hence, the precise

mechanism underlying the increased production of mitochondri-
al ROS in the evolution of heart failure requires further research.

Remodeling in the pentose phosphate pathways
in the failing heart

The pentose phosphate pathway (PPP) is an obligate source of
NADPH, and it is well connected to substrate metabolism and
tightly involved in the regulation of the cellular redox envi-
ronment. Low levels of ROS are necessary for cellular prop-
agation and survival signaling, and NADPH is a requisite in
the production of cytosolic ROS. Therefore, the PPP may play
a twofold role in the maintenance of redox homeostasis.
Experimental animals with pacing-induced HF exhibited aug-
mented superoxide levels and associated G6P dehydrogenase

Fig. 3 A graphical diagram of the connection between metabolism in
myocytes and contractile function, exhibiting the function in the setting of
a normal ATP production and b diminished ATP production. Magnetic
resonance imaging reveals a low end diastolic volume (EDV) and end
systolic volume (ESV), normal left ventricular mass (LVmass), and high
ejection fraction (EF) in the healthy heart and b high LVmass, low EF,

and high ESV in the failing heart. Dotted thin black lines indicate
alternative pathways with minor role in contractile function. Thick
continuous black lines indicate the major role of alternative pathways in
contractile function. PPP pentose phosphate pathway, HBP hexosamine
biosynthetic pathway, ROS reactive oxygen species
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(G6PD) activity [156]. However, G6PD-lacking mice exhib-
ited augmented levels of oxidative stress and diminished con-
tractile function in MI and TAC condition [157]. A recent
study reveals that the flux through the PPP gradually increases
in the failing heart. Moreover, another study found that
dichloroacetate (DCA) therapy augmented this flux and was
associated with improved cardiac function [128]. In summa-
tion, the PPP is stimulated in the failing heart. Although this
likely leads to a concomitant increase in superoxide creation,
the augmented flux through the PPP in the failing heart may
represent a salutary compensatory metabolic approach, and
further augmentation of this pathways may be leveraged in a
therapeutic strategy.

Remodeling in the hexosamine biosynthetic
pathways in the failing heart

The metabolism of glucose, fatty acids, and amino acids is
tightly connected with HBP. Observation of endothelial
cells reveals that augmented flux through HBP leads to
overproduction of superoxide within the mitochondria
[158]. Hence, the generation of mitochondrial ROS may
be a required step in the stimulation of the HBP in the
cardiomyocytes. The role of O-GlcNAcylation in the fail-
ing heart is poorly defined. An experimental model dem-
onstrates augmented flux through the HBP and the uptake
of O-GlcNAcylation in the state of hypertrophy [159]. This
observation is important as it specifies that stimulation of
the HBP is an inciting event that activates remodeling in
myocytes. Since this hypertrophy is accompanied by an
augmentation in activated T-cell signaling, the stimulation
of HBP is potentially harmful [160]. However, experimen-
tal models with MI and diminished O-GlcNAcylation dem-
onstrate worsened left ventricular dysfunction [161].
Therefore, although HBP induce signaling pathways that
trigger deleterious cardiac remodeling, the subsequent as-
sociated signaling pathways may encourage positive
changes. Further studies in the clinically failing heart are
required to understand the signaling pathways that are con-
trolled by HBP.

Figure 2 illustrates the relationship between metabolic
and structural alterations of the cardiomyocytes in the
failing heart. This figure demonstrates that the lack of
adequate ATP production is simply one facet of metabolic
remodeling. This model supports the notion that in the
failing heart, alternative non-ATP-generating measures
(which possibly play a rather minor role in normal cardiac
metabolism) may become increasingly prominent and ex-
plicitly influence contractile function, as described in
Fig. 3. This illustration offers a model for potential novel
therapeutic targets in the failing heart.

Cell architecture and HEP metabolism

Role of the mitochondria to HEP transfer in the healthy
heart

Cell architecture plays a major role in cell differentiation
and the maintenance of energy homeostasis. The cytoskel-
etal arrangement differs by muscle type and is subject to
rearrangement in response to exertion, underlying dis-
eases, and environmental stresses [162, 163]. In fact, the
control of mitochondria by cytosolic ADP varies accord-
ing to the type of muscle [164], most likely because of the
interaction between the mitochondria and the cytoskeleton
in oxidative cells [110, 165]. Moreover, alterations in cel-
lular energetics (i.e., CK gene deletion, pharmacological
deficiency of creatine, or hypoxia) can cause ultrastructur-
al remodeling [164, 166, 167]. Thus, cell architecture may
play an important role in the signaling and regulation of
HEP metabolism [168, 169].

Microdomains of energy exist within cellular architec-
ture and at the interfaces of organelle with discretely dif-
ferent ATP/ADP ratios, free and bound CKs, and
ATPases. These microdomains play crucial roles in energy
governance. ATP synthesized within the mitochondria is
directly guided to ATPases and assists in calcium inges-
tion and myofibrillar contraction as efficiently as ATP
provided by CK/PCr and more efficiently than cytosolic
ATP, suggesting a nonstop energy shuttle between organ-
elles via adenine nucleotide chambers [166]. Presuming
one molecule of ATP synthesis per creatine and an
ADP/O ratio of <3, approximately 64% of the ATP used
by ATPases is derived from the CK reaction, and direct
shuttling from the mitochondria accounts for approxi-
mately 36%, exhibiting the higher efficacy of chambered
CK in normal situations [166]. Furthermore, the two
methods can adjust to alterations in the other, suggesting in-
complete redundancy in the confined ATP/ADP-regulating
methods of myocytes. One might anticipate the finding that
the resting cardiac function of CK-deficient mice is preserved
by this compensatory constant energy shuttling [166], and the
CK-deficient myocytes rely on SR ATPase for glycolysis
[170] causing large-scale cellular remodeling. While these en-
ergetic pathways are redundant at rest or even at modest levels
of cardiac work, it is likely that at high workloads, they are
both simultaneously required to meet the high myocardial
energetic demand. Elegant studies of this energy shuttling
system have exhibited that the diffusion of ADP generated
by cellular ATPases is confined and that it is specifically shut-
tled to the mitochondria in spite of being discharged into the
broader cellular milieu [61, 171]. The chambering and shut-
tling of ADP augments the efficacy of interplay among myo-
fibrils, mitochondria, the SR and likely auxiliary energy-
utilizing schemes.
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Role of the mitochondria to HEP transfer in HF

Defects in intracellular architecture contribute to HF
[172]. Aberrant protein expression of filaments or micro-
tubules may lead to impaired cardiac function [84, 173,
174]. Interruption in cellular architecture leads to disrup-
tion in communication between the mitochondria and the
SR, calcium equilibrium, and a reduction in the total num-
ber of mitochondria [175]. However, it is necessary to
determine if these changes have functional consequences.
It is observed that the ATP/ADP ratio is directly propor-
tional to the calcium storage capacity of the SR [45]. This
suggests that the energy supply is a key regulating ele-
ment for SR activity in HF. Myofilaments also exhibit a
similar phenomenon. The cardiac system in the absence of
HF has two energy shuttle tactics: (i) CK and (ii) straight
mitochondrial shuttling. Both these tactics may moderate-
ly compensate for each other and are important for pro-
viding an energy reservoir when energy requirements and
workload is augmented [45]. In states of incompetent cell
architecture and mitochondrial content, MM-CK and mi-
CK activity declines, causing a reduction in energy pro-
duction, dissemination, and consumption. This overall
leads to a loss of cardiac contractile capacity.

Taking altogether, one finds myocardial substrate utiliza-
tion either directly or indirectly linked to the mitochondria.
Table 1 summarizes, by experimental model or clinical set-
ting, study findings regarding glucose metabolism, fatty acid
metabolism, mitochondrial energetics, and morphological al-
terations. Relevant references are included.

In summary, alterations in cardiac mitochondria including
increased number, decreased organelle size and structural in-
tegrity, and anatomical dyscrasias indicating mitochondrial
linkage disintegration may be causal in the development of
heart failure [18, 176]. The presence and degree of mitochon-
drial deformation (e.g., reduction in organelle matrix, or inter-
ruption and convolution of mitochondrial membranes) has
been correlated with other well-recognized indicators of HF
severity such as LV-EF, LV-EDV, and plasma norepinephrine
[177]. An evolving concept is that the systems which regulate
the structure of mitochondria, and specifically mitochondrial
dynamics, may play an important role in cardiac ailments
[178]. However, it is unknown whether a reduction in the
expression of structural proteins implicated in mitochondrial
synthesis/splitting procedures is intrinsically responsible for
the observed energetic impairments, or whether the impair-
ments are simply due to a reduction in the quantity of mito-
chondria. This needs to be further explored.

Fig. 4 Outline illustrating the action of therapeutic agents comprising
fatty acid oxidation inhibition (trimetazidine, etomoxir, perhexiline,
PPAR agonists and malonyl CoA decarboxylase (MCD)) and glucose
oxidation augmentation (DAC) characters to improve cardiac function.

The red arrows illustrate the changes in fatty acid oxidation in the failing
heart and green arrows exhibit the role of therapeutic agents to improve
cardiac function in failing heart. DCA dicholoroacetate, MCD malonyl
coenzyme A decarboxylase. (Modified figure of reference 184)
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The failing heart and a metabolic therapeutic
approach

Despite advances in neurohormonal and device therapy, the
mortality rate of HF remains high. The presumed causal role
of the imbalance between cardiac work and the production of
biochemical energy argues in support of investigating meta-
bolic treatments of HF [8, 15, 179, 180]. Intriguingly, it ap-
pears that some of the observed benefits of existing HF ther-
apies may be due to energy-saving properties. Diuretics re-
duce cardiac energy demands by reducing circulating blood
volume. By inhibiting peripheral vascular resistance and
RAAS activity, ACE inhibitors reduce the load against which
the heart has to work, hence decreasing cardiac energy re-
quirements and neurohormonal upregulation. ACE inhibitor
therapy has further been shown to improve the oxidative abil-
ity of skeletal muscle [51, 83]. Of note, angiotensin II is also
an important regulator of cardiac energymetabolism and func-
tion [181]. Angiotensin II damages the mitochondria in the
cardiomyocyte by increasing reactive oxygen species produc-
tion [150] and affects mitochondrial oxidative phosphoryla-
tion, including fatty acid oxidation [182, 183]. There is also
evidence that angiotensin II regulates glucose oxidation [150]
and its inhibition may exert beneficial effects. In addition,
angiotensin II can reduce ATP levels by decreasing oxidative
metabolism, compromising ATP production [184]. In this
context, angiotensin II antagonism represents a very attractive
therapeutic approach, and ACE inhibitors and angiotensin re-
ceptor antagonists have been shown to improve both left ven-
tricular function and glucose homeostasis [185, 186].

Energy-saving properties have been also observed with β-
blockers which decrease adrenergic stimulation of the heart
rate and contractility. In addition, β-blockers reduce peripher-
al lipolysis and FFA availability, thus diminishing FFA utili-
zation in favor of augmented glucose utilization [187]. This
change in myocardial energetics could provide an underlying
mechanism for the observed decreased myocardial oxygen
consumption and improved energy efficiency seen with β-
adrenoreceptor blockade in the treatment of ischemic heart
disease and heart failure [188].

Moreover, along with the demonstrated reduction in morbid-
ity and mortality for specific patients, cardiac resynchronization
therapy (CRT) is associated with improvements in cardiac func-
tion, efficiency, and striking improvements in mitochondrial pro-
tein expression and function [189–191]. Even with these benefi-
cial therapies developed over the past 30 years, HF is still accom-
panied with excess morbidity and mortality. Circulatory support
with a left ventricular assist device (LVAD) is indicated for pa-
tients with end-stage heart failure either as a bridge to transplant
or destination therapy. Aside from simply providing adequate
cardiac output to the systemic circulation, LVAD therapy has also
been associated with partial restoration of metabolic dysregula-
tion in the HF state [192].

Novel therapies that target the induction of a switch in
cardiac energetic substrate have received much attention.
However, the success of these therapies depends on whether
the switch from fatty acid to glucose consumption is funda-
mentally advantageous or disadvantageous, a question which
remains unresolved and a therapeutic approach which will still
rely on the native mitochondria’s ability to digest the targeted
substrates [193]. A recent review comprehensively discussed
the effects of direct and indirect modulators of fatty acid oxi-
dation, which are the primary pharmacological agents current-
ly available for metabolic therapy of failing hearts [194].
Studies of the efficacy of a therapeutic approach based on
modulation of FA metabolism have been mixed, further indi-
cating that the complexity of downstream effects of pharma-
cologic metabolic manipulation is underappreciated. A small
clinical trial did exhibit advantageous outcomes with
perhexiline and trimetazidine molecules indicating that this
promising therapeutic tactic deserves further investigation
[194] (Fig. 4).

Since the main regulator of cardiac energetics is PGC-1α,
reinstating PGC-1α transcription holds great promise as a
novel tactic in the therapeutic regimen of HF. Augmented
synthesis of mitochondria by overexpression of PGC-1α is
an innovative approach for the metabolic treatment of obesity
and the metabolic syndrome. PGC-1α appears to play a major
role in the regulation of energy metabolisms in multiple sys-
tems. Thus, therapies targeting PGC-1α may be a unique
strategy to simultaneously target multiple diseases in which
energetic dysregulation is causal [15, 195], including HF.
Further study is required to better define the role of PGC-1α
and its regulation in the healthy and failing heart.
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