
..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

Metabolism in cardiomyopathy: every substrate

matters
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Abstract Cardiac metabolism is highly adaptive to changes in fuel availability and the energy demand of the heart. This meta-
bolic flexibility is key for the heart to maintain its output during the development and in response to stress.
Alterations in substrate preference have been observed in multiple disease states; a clear understanding of their
impact on cardiac function in the long term is critical for the development of metabolic therapies. In addition, the
contribution of cellular metabolism to growth, survival, and other signalling pathways through the generation of
metabolic intermediates has been increasingly noted, adding another layer of complexity to the impact of metabo-
lism on cardiac function. In a quest to understand the complexity of the cardiac metabolic network, genetic tools
have been engaged to manipulate cardiac metabolism in a variety of mouse models. The ability to engineer cardiac
metabolism in vivo has provided tremendous insights and brought about conceptual innovations. In this review, we
will provide an overview of the cardiac metabolic network and highlight alterations observed during cardiac devel-
opment and pathological hypertrophy. We will focus on consequences of altered substrate preference on cardiac
response to chronic stresses through energy providing and non-energy providing pathways.
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This article is part of the Spotlight Issue on Metabolic Cardiomyopathies.

1. Introduction

Cardiac function is highly dependent on adequate energy supply, as the
heart must contract incessantly to deliver blood and to guarantee
adequate oxygen supply to all organs of the body. The human heart pro-
duces and consumes on average 6 kg of ATP on a daily basis, which is over
15 times its own weight.1 In order to meet the high energetic demand, the
heart possesses high flexibility to use any kind of substrates for ATP pro-
duction.1–3 This becomes especially important under conditions of starva-
tion, increased workload and acute and chronic stress, when the heart
needs to adjust its substrate preference in order to meet the energetic
demand. Shift of substrate preference can be beneficial in the short term
to maintain energy supply, however, it can become detrimental and
results in adverse cardiac function in the long-term. In addition, the role of
cardiac substrate metabolism extends beyond energy provision as metab-
olites of multiple metabolic pathways can act as signalling molecules,
affecting cardiomyocyte performance and cardiac function.

In this review article, we will focus on the importance of metabolic flex-
ibility for maintaining cardiac function in the healthy and diseased state.
We will discuss the contribution of different substrate classes to normal

heart function and their role in the development and progression of
pathological hypertrophy. We will further emphasize on the consequen-
ces of deranged substrate utilization on non-energy providing pathways.

2. Cardiac energy metabolism in
health and disease

Although the heart is capable of using all classes of substrates, including
carbohydrates, lipids, amino acids, and ketone bodies for energy provi-
sion, its substrate preference changes throughout the life cycle as well as
under physiological and pathological stresses. The metabolic flexibility
allows the heart to adapt to environmental changes but shifts in fuel
selectivity can become detrimental in the diseased heart.4 Below, we will
discuss major changes in substrate utilization that occur during cardiac
development and in the diseased heart (Figure 1).

2.1 Foetal development
The heart starts beating around day 23 in human embryogenesis and
pumps blood in the 4th week.5,6 Circulating levels of glucose in foetuses
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are similar to those in newborns and adults, but circulating levels of fatty
acids are very low.7 Lactate levels are also high in the foetal blood.8 Thus,
the foetal heart mainly uses glucose and lactate, while oxidation of fatty
acids plays only a minor role (Figure 1A).9–11

In contrast to the adult, the foetus resides in a low oxygen environ-
ment.12 Hypoxia-inducible factor 1 (Hif-1a) is a transcription factor acti-
vated at low oxygen levels such as hypoxic conditions. Besides
controlling angiogenesis, Hif-1a regulates expression of genes involved
in glucose metabolism, especially those in glycolysis.13 Consequently,
various enzymes downstream of Hif-1a which are involved in glycolysis
are highly expressed in the foetal heart (Glucose receptor 1 (GLUT1),
hexokinase 1 (HKI), phosphofructokinase 1, lactate dehydrogenase A).
In contrast, PGC-1a (peroxisome proliferator activated receptor c
(PPARc) coactivator 1a) and PPARa, key regulators of fatty acid metab-
olism and mitochondrial biogenesis, are expressed at low levels in the
fetal heart.14 Thus, enzymes of fatty acid oxidation (FAO) are expressed
at low levels (carnitine palmiotyltransferase 1b (CPT-1b), malonyl-CoA
decarboxylase).15 The hypoxic, highly glycolytic metabolic profile is well
suited for the biosynthesis of cellular lipids, amino acids, nucleotides, and
other macromolecules, which are needed to maintain cell growth during
the phase of foetal development. The importance of metabolic reprog-
ramming in cell growth is also supported by a recent study demonstrat-
ing that subjecting adult mice to hypoxia activates cell cycle entry in
post-mitotic cardiomyocytes.16

2.2 Neonatal heart
During the transition from foetal to neonatal life, the heart is exposed to
an increased haemodynamic load and oxygen tension, which, in turn,
drives its metabolic transformation. Early after birth, cardiomyocytes
stop proliferating but instead begin to hypertrophy in order to increase
cardiac size and mass.10 In parallel, an explosive increase of mitochon-
drial biogenesis substantially increases the oxidative capacity of the
heart.17 Within the first week after birth, cardiac reliance on glucose
drops significantly.18 Circulating lactate levels drop as well, while levels of
free fatty acids and triacylglycerol (TAG) increase significantly.7,19,20

Consequently, during postnatal development, FAO becomes the major
source of ATP generation, while the contribution from lactate oxidation
and glycolysis decreases significantly.10 These metabolic changes are not
only mediated by substrate availability but also driven by increasing oxy-
gen levels and enhanced cardiac workload. Furthermore, they are
accompanied by changes in expression levels of various metabolic
enzymes: Expression of GLUT1 and acetyl-CoA carboxylase 2 (ACC2)
drop as a consequence of reduced Hif-1a expression, while expression
of insulin-sensitive glucose transporter GLUT4 and PGC-1a/PPARa
downstream genes increases.10

2.3 Adult heart
Metabolic changes that progressed in the neonatal period are completed
in the adult heart in parallel to cardiomyocyte maturation. In the adult
heart, mitochondria make up about 1/3 of cardiomyocyte volume,
reflecting a substantial increase in the oxidative capacity for energy provi-
sion.2,10 Under normoxic conditions, more than 95% of ATP generated
in the heart is derived from oxidative phosphorylation in the mitochon-
dria whereas the remaining 5% come from glycolysis (Figure 1B).10

Lactate oxidation is markedly reduced in the adult heart, mainly because
of low circulating lactate levels. Similarly, the contribution of ketone
bodies (acetoacetate, b-hydroxybutyrate (bOHB), and acetone) and
amino acids to overall cardiac oxidative metabolism is considered to be

Figure 1 Contribution of different substrates to ATP production
during cardiac development and disease progression. The heart is capa-
ble of using all classes of substrates, including carbohydrates, lipids,
amino acids and ketone bodies to meet its energetic demands. Its sub-
strate preference changes throughout the life cycle as well as under
physiological and pathological conditions, which allows the heart to
adapt to environmental changes. (A) The developing heart is highly
dependent on aerobic glycolysis and lactate oxidation, while oxidation
of fatty acids plays only a minor role. This metabolic phenotype is well
suited for the biosynthesis of cellular building blocks, which are neces-
sary for cardiomyocyte proliferation and cellular growth. (B) The adult
heart is exposed to an increased haemodynamic load and oxygen ten-
sion. It mainly uses oxidative metabolism for ATP production, which is
reflected by a substantial increase in mitochondrial volume mass. Fatty
acids become the predominant fuel for the adult hearts. (C) Hearts with
pathological hypertrophy revert to a foetal metabolic profile, demon-
strating increased reliance on glucose and reduced oxidative capacity.
In advanced heart failure, increased use of ketone bodies as fuel has
been suggested.
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minor because of low availability of these substrates under normal phys-
iological conditions in the adult heart.

2.4 Pathological Hypertrophy/Heart
Failure
Pathological cardiac hypertrophy is observed in numerous forms of car-
diovascular diseases and is considered a maladaptive response to chronic
pathological stress, eventually resulting in cardiac failure. The hypertro-
phic process is complex, involving a vast array of structural and functional
events within the growing cell.21 A striking change in pathological hyper-
trophy is the shift in fuel metabolism from FAO to increased reliance on
glucose and an overall reduced oxidative metabolism and energy reserve
(Figure 1C).22,23 Increased glucose utilization in the hypertrophied heart
is characterized by an upregulation of glucose uptake and glycolysis with
either no change or a decrease in glucose oxidation, resulting in an
uncoupling of glucose uptake and its oxidation.23,24 These changes, com-
bined with a decrease in FAO, likely represent a reduced capacity for
mitochondrial oxidative metabolism, ultimately reducing cardiac energy
provision. Concurrently, gene expression in the hypertrophied heart
reverts to a foetal profile and thus changes in hypertrophied hearts rep-
resent a reappearance of the foetal metabolic profile.25,26

In recent times, evidence of increased ketone body oxidation has been
reported in experimental animal models as well as in human heart fail-
ure.27,28 In addition, amino acid metabolism and especially, branched-chain
amino acid (BCAA) catabolism is deranged in pathological hypertrophy,
leading to an accumulation of BCAAs.29,30 The metabolic consequences
and functional relevance of these changes in the pathogenesis of cardiac
hypertrophy and heart failure remain to be understood. As discussed ear-
lier, the contribution of these substrates to ATP production in the heart is
very limited under normal conditions. However, the biological role of
these metabolic pathways in cardiac remodelling certainly warrants further
investigation (also see sections below).

It is known that cardiac hypertrophy also occurs under physiological
conditions such as during pregnancy or exercise training. Molecular and
metabolic changes associated with physiological and pathological hyper-
trophy are distinct. The role of cardiac metabolism in physiological
hypertrophy has been summarized in a recent review.31 We will focus
on pathological hypertrophy in this article.

3. Understanding consequences of
altered metabolism

The contribution of metabolic remodelling to the development of car-
diac dysfunction has been the topic of intensive studies in the past dec-
ade. It is now appreciated that changes in cardiac metabolism and
mitochondrial function precede cardiac dysfunction, indicating that met-
abolic remodelling is an early event in disease progression.32,33

Consequently, current research focuses on the identification of critical
metabolic pathways that might be able to prevent or attenuate disease
progression. Numerous studies have used bioengineered mice to dissect
the role of a variety of metabolic pathways in cardiac stress response. In
this section, we will summarize a number of key findings in these mouse
models (Table 1). We will also summarize the impact of metabolic
remodelling that extends beyond energy supply.

3.1 Glucose metabolism
Glucose that is used by the heart either comes from uptake of exoge-
nous glucose or is derived from glycogen stores. The glycogen pool in
the heart is relatively small, but subjected to rapid turnover, thereby
actively contributing to energy provision.2 Exogenous glucose enters the
cell through either insulin-independent glucose transporters (GLUT1)
or insulin-sensitive glucose transporters (GLUT4). GLUT4 is the pre-
dominant glucose receptor in the adult heart and accounts for the
majority of glucose transport into the cardiomyocyte.34 Glucose uptake
follows the intracellular glucose gradient, since it gets rapidly phosphory-
lated to glucose-6-phosphate (G6P) by hexokinase II (HKII). This reac-
tion operates at near equilibrium, due to the high affinity of HKII for
glucose. G6P then serves as a precursor for glycolysis as well as the pen-
tose phosphate pathway (PPP), glycogenesis (glycogen formation) and
the hexosamine biosynthetic pathway (HBP) (Figure 2A).

3.1.1 Animal models of altered glucose metabolism
The hypertrophied heart shows increased reliance on glucose for energy
provision. This is considered a compensatory mechanism in the early
stage since it improves oxygen efficiency for ATP synthesis where oxy-
gen supply might become limited.2,4 However, enhanced glucose utiliza-
tion, especially increased glycolysis, has also been proposed to
contribute to disease progression and becoming maladaptive in the long-
term.35,36 A variety of transgenic (TG) and knock-out (KO) mice target-
ing glucose utilization pathways (uptake, glycolysis and oxidation) have
been generated to answer the question if altered glucose reliance itself is
a driving force for cardiac dysfunction.

Mice with cardiac-specific overexpression of GLUT1 have a substan-
tial increase in basal glucose uptake and glycolysis, but demonstrate nor-
mal cardiac function and lifespan, suggesting that increased glucose use
per se does not harm the adult heart in the long term.37–39 When sub-
jected to pressure overload by ascending aortic constriction (AAC),
GLUT1 TG mice displayed improved myocardial energetics and main-
tained cardiac function, but demonstrated a similar degree of cardiomyo-
cyte hypertrophy as control mice after AAC. On the other hand,
cardiomyocyte-specific GLUT1 KO mice have reduced glycolysis and
glucose oxidation and a reciprocal increase in FAO.40 GLUT1 KO mice
demonstrated maintained glycolysis and FAO rates after transverse
aortic constriction (TAC) but exhibited equivalent degree of cardiac
hypertrophy and cardiac dysfunction compared to controls. The impor-
tance of glucose metabolism to maintain cardiac function under stress
conditions is further underscored by studies of mice with a cardiac-
specific deletion of GLUT4.41 GLUT4 KO mice have a compensatory
upregulation of GLUT1 and an increase in basal glucose uptake, which
results in cardiac hypertrophy with preserved cardiac contractile func-
tion. However, since GLUT1 TG mice demonstrate no cardiac pheno-
type at baseline, the GLUT4 KO phenotype is most likely explained by
the loss of GLUT4 expression and the failure to increase insulin-
stimulated glucose uptake under physiological conditions. This also
indicates that GLUT4-mediated glucose uptake is necessary to maintain
normal cardiac function.

To manipulate glucose utilization pathways, cardiac-specific HKII TG
mice have been generated.42,43 HKII expression is increased in cardiac
hypertrophy and it has been proposed that this accounts for increased
glycolysis in the hypertrophied heart. Although HKII TG mice have
increased glycolysis and glycogen content, they maintain normal cardiac
function, indicating that increased HKII expression is not a direct cause
for cardiac dysfunction. Furthermore, chronic isoproterenol infusion
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..exerted no adverse effect on cardiac function in HKII TG mice and HKII
TG mice rather demonstrated reduced cardiomyocytes hypertrophy.43

To specifically target glucose oxidation, pyruvate dehydrogenase kinase
4 (PDK 4) TG mice have been generated.44 PDK4 expression is
increased in cardiac hypertrophy, inhibiting the pyruvate dehydrogenase
complex and subsequently, glucose oxidation. PDK4 TG have reduced

glucose oxidation and reciprocally increased FAO rates, which renders
them insensitive to insulin, but demonstrate normal cardiac function,
even after ischemic insult.44

In summary, these studies show that increased glucose reliance per se
is not detrimental as long as the energetic demand is met in the normal
heart. However, in the long term, the metabolic remodelling associated

..............................................................................................................................................................................................................................

Table 1 Models of altered substrate metabolism and implications for cardiac function

Pathway Gene Knock-out (KO) or

Transgenic (TG)

Metabolism Function

(baseline)

Pathological

hypertrophy

Reference

Glucose

uptake

Glucose transporter 1 Cardiac specific TG " glucose uptake

" glycolysis

Normal Normal function 37, 38

Similar hypertrophy

as control

Glucose

uptake

Glucose transporter 1 Cardiac specific KO # glucose uptake

# glycolysis

Normal Similar dysfunction/

hypertrophy as

control

40

" FAO Maintained FAO/

glycolysis

Glucose

uptake

Glucose transporter 4 Cardiac specific KO " glucose uptake

" glycolysis

Compensated

hypertrophy,

normal function

– 41

Glucose

utilization

Hexokinase II Cardiac specific TG " glycolysis Normal Normal function 42, 43

" glycogen production prevention of

hypertrophy

Glucose

oxidation

Pyruvate dehydrogenase

kinase 4

Cardiac specific TG # glucose oxidation Normal - 44

" FAO

Lipid

metabolism

Peroxisome proliferator-

activated receptor alpha

Whole body KO # FAO Impaired

(Cardiomyopathy)

- 62, 63

" glucose oxidation

Impaired energy

generation

Lipid

metabolism

Peroxisome proliferator-

activated receptor alpha

Cardiac specific TG # glucose oxidation Impaired (Cardiac

hypertrophy)

- 61

" FAO

Lipid

metabolism

Peroxisome proliferator-

activated receptor b/c

Cardiac specific KO # FAO Impaired

(Cardiomyopathy)

- 64

" glucose oxidation

Lipid accumulation

Lipid

metabolism

Peroxisome proliferator-

activated receptor b/c

Inducible cardiac

specific TG

" oxidative metabo-

lism (glucose þ FA)

Normal – 65

FA uptake FAT/CD36 Inducible cardiac

specific KO

Increased energetics Normal Worsened function

and hypertrophy

66-68

# FAO

" glucose oxidation

FAO Carnitine

palmitoyltransferase 1b

Heterozygous whole

body KO

# FAO Normal Worsened function

and hypertrophy

69

" glucose oxidation Lipid accumulation

Cardiomyocyte

death

FAO Acetyl-CoA carboxylase 2 Cardiac specific KO " FAO Normal Normal function 75, 76

# glucose oxidation prevention of

hypertrophy

Keton body

metabolism

Succinyl-CoA:3-oxoacid-

CoA transferase

Cardiac specific KO Impaired ketone body

oxidation

Normal Worsened function

and hypertrophy

91

normal glucose/FA

use

BCAA

metabolism

Mitochondrial-targeted 2C-

type protein phosphatase

Whole body KO BCAAþBCKA

accumulation

Normal Accelerated heart

failure

96-98

BCAA

metabolism

mitochondrial branched-

chain aminotransferase

Whole body KO BCAA accumulation Hypertrophy – 93
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Figure 2 Consequences of altered cardiac metabolism on non-energy providing functions. The primary role of cardiac metabolism is to provide energy
for cardiac contraction. However, altered substrate utilization and metabolic remodelling in the hypertrophied heart can affect various cellular functions
beyond energy supply. (A) Glucose metabolism and cardiac growth: After entering the cell, glucose is phosphorylated to glucose-6-phosphate (G6P) before
feeding into glycolysis, the hexosamine biosynthesis pathway (HBP) or the pentose phosphate pathway (PPP). In cardiac hypertrophy, increased glucose reli-
ance results in increased flux through all three pathways. Accumulation of G6P has been linked to the activation of the mechanistic target of rapamycin com-
plex 1 (mTORC1) and cell growth. Enhanced flux through the HBP pathway results in increased protein O-GlcNAcylation and modulation of enzyme
activity. Intermediates of the PPP have been recognized to act as signalling molecules (Xylulose-5-phosphate) or modulate redox homeostasis (NADPH).
Recently, identification of cardiac lactate receptor (GPR81) expression proposes a role of lactate as a signalling molecule. (B) Fatty acid metabolism and car-
diotoxicity: Cytosolic free fatty acids are activated by acyl CoA synthetase (ACS) to form fatty acyl-CoAs. Besides entering mitochondria for oxidation, acyl-
CoAs can also form ceramides, diacylglycerol (DAG) and triacylglycerol (TAG). Formation of DAG can also occur through phospholipid breakdown which
will result in protein kinase C (PKC) activation. DAG as well as ceramide species are increased in the hypertrophied heart and have been associated with lip-
otoxicity, while redirecting these toxic lipid intermediates into the TAG pool prevents lipotoxicity. TAG can be hydrolyzed by adipose tissue triglyceride
lipase (ATGL) and can either enter the fatty acid oxidation pathway or serve as ligand for nuclear receptor activation. Acyl-CoAs have recently been identi-
fied to contribute to epigenetic regulation by acting as endogenous histone deacetylase inhibitors. (C) Ketone body metabolism and cellular signalling:
Ketone bodies are oxidized in the heart for ATP generation. After entering mitochondria, they rapidly from acetyl-CoA via bOHB dehydrogenase (BDH1),
succinyl-CoA:3-oxoacid-CoA transferase (SCOT) and mitochondrial acetyl-CoA acetyltransferase 1 (ACAT1). bOHB can further act as endogenous his-
tone deacetylase inhibitor or as signalling molecule through its G protein coupled receptor (GPR109A/GPR41). (D) Branched-chain amino acids catabolism
in cardiomyocyte growth and survival: Catabolism of the branched-chain amino acids (BCAA) feeds into the TCA cycle although their contribution to

Metabolism in cardiac hypertrophy 415



..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..

..with increased reliance on glucose could impair the flexibility of the heart
to use other substrates and contribute to disease progression. For
example, increasing glucose reliance in GLUT1 TG hearts renders the
heart more susceptible to cardiomyopathy in diet-induced obesity.45

Consistent with this notion, it has been observed that the human failing
heart lacks metabolic flexibility and consequently, responds poorly to
stress.46

3.1.2 Linking glucose metabolism to cardiac growth
Hearts with pathological hypertrophy display a mismatch between gly-
colysis and glucose oxidation, which results in the accumulation of glyco-
lytic intermediates. Accumulation of G6P has been proposed to
promote cell growth by activating mechanistic target of rapamycin com-
plex 1 (mTORC1).35,36 The specific site that G6P interacts with
mTORC1, however, remains to be defined. mTORC1 activation has
been well established in pathological hypertrophy and inhibition of
mTORC1 by rapamycin has been shown to attenuate pathological
hypertrophy and maintain cardiac function.47 Although this suggests that
mTORC1 activation in the heart is maladaptive, mTOR KO mice dem-
onstrate accelerated HF progression, indicating that a certain level of
mTORC1 activity is necessary to maintain cardiac function.48

Glycolytic intermediates such as G6P or fructose-6-phosphate (F6P)
feed into accessory pathways that have important biological functions
(Figure 2A). The hexosamine biosynthetic pathway (HBP) utilizes F6P to
generate the metabolite uridine diphosphate N-acetylglucosamine
(UDP–GlcNAc). This and other charged nucleotide sugars serve as the
basis for biosynthesis of glycoproteins and other glycoconjugates.
Additionally, posttranslational protein modification by O-GlcNacylation
regulates the activity of a vast variety of enzymes. Several studies have
demonstrated increased flux through the HBP and increased protein O-
GlcNacylation in hearts with pathological hypertrophy. As protein O-
GlcNAcylation is clearly maladaptive after ischemic insults, increasing
flux through HBP blunted hypertrophic response in cultured cardiomyo-
cytes, indicating distinct roles of protein O-GlcNAcylation during ische-
mic and non-ischemic stresses.49

While only a small fraction of G6P enters the pentose phosphate path-
way (PPP) in the normal heart, activation of the PPP has been reported in
pathological hypertrophy.50 The PPP generates NADPH, which is impor-
tant in combating reactive oxygen species.51 Excessive NADPH produced
through this pathway has been suggested to fuel superoxide generation
and contributing to cardiac dysfunction.51 However, deficiency of glucose
6-phosphate dehydrogenase (G6PD), the first enzyme of PPP, aggravates
cardiac dysfunction after TAC, arguing for an adaptive role of increased
PPP activity to maintain cardiac redox homeostasis.52

3.2 Fatty acid metabolism
Fatty acid supply for the heart comes from plasma free fatty acids and the
hydrolysis of triglyceride-rich lipoproteins via the actions of lipoprotein
lipase (LPL) as well as endogenous TAG.53–55 Uptake of free fatty acids is

facilitated by plasma membrane transporters, fatty acid translocase/cluster
of differentiation (FAT/CD36), fatty acid transport protein (FATP) and to
a smaller extent by diffusion across the membrane. In the cytosol, fatty
acids are rapidly activated to form acyl-coenzyme A (CoA) via acyl CoA
synthetase (ACS). At this point, cytosolic acyl-CoAs have several fates:
Entry of acyl-CoAs into the mitochondria through CPT-1 ultimately leads
to their oxidation.56 Cytosolic acyl-CoAs can enter the de novo synthesis
pathway for ceramide synthesis (sphingolipids) or form diacylglycerol
(DAG) through a series of reactions in the endoplasmic reticulum (ER).
DAG is an important precursor for phospholipid (PL) synthesis and can
serve as a lipid signalling molecule.57 DAG can further combine with
another free acyl-CoA to form TAG through the action of diacylglycerol
acyltransferase (DGAT) (Figure 2B). The cardiac TAG pool is highly
dynamic. Fatty acids derived from cardiac TAG is not only a source of
endogenous fuel but also an important mechanism regulating gene
transcription.58,59

3.2.1 Animal models of altered fatty acid metabolism
Fatty acids are the main fuel for the adult heart and decreased FAO
reduces the capacity for ATP production. However, increased FAO has
been associated with increased oxidative stress while impaired FAO
leads to the accumulation of toxic lipid intermediates especially in a state
of fatty acid overload such as obesity.10,60 Studies using mouse models of
altered fatty acid metabolism also present a complex picture but never-
theless suggest that maintaining a balance of fatty acid supply and oxida-
tion is critical for normal heart function.

A key observation made in rodent models of cardiac pathological
hypertrophy and failure is the downregulation of PPARa.61 PPARa is an
important transcriptional regulator of cellular lipid metabolism and is
abundantly expressed in the heart. Activation of PPARa promotes
uptake, utilization, and catabolism of fatty acids by upregulation of genes
involved in fatty acid metabolism (e.g. FAT/CD36, malonyl-CoA decar-
boxylase, CPT-1b, medium and long chain acyl-CoA dehydrogenases).
Consequently, PPARa KO mice show severely impaired FAO and a sig-
nificant increase in cardiac glucose oxidation. PPARa KO mice develop
cardiomyopathy at old age and are incapable of maintaining cardiac
energy provision at high workload.62,63 On the other hand, PPARa TG
mice demonstrate increased fatty acid uptake and oxidation, and
decreased glucose utilization, which results in cardiac hypertrophy and
impaired cardiac function.61 PPARb/c is another PPAR family member
and a ubiquitously expressed nuclear receptor. As PPARa, PPARb/c is
an important regulator of fatty acid metabolism and is also involved in
the transcriptional control of many of the same enzymes in the FAO
pathways. Cardiac-specific deletion of PPARb/c causes severe cardiomy-
opathy and an increase in cardiac lipid accumulation.64 In contrast,
PPARb/c TG mice demonstrate increased expression of genes involved
in glucose and fatty acid metabolism with no evidence of lipid accumula-
tion or cardiac dysfunction. These mice showed an increase in general
oxidative metabolism, and were protected against cardiac dysfunction

energy provision is rather minor under normal conditions. The first steps in BCAA catabolism yields branched-chain keto acids (BCKA) through mitochon-
drial branched-chain aminotransferase (BCATm) reaction. BCKA is processed by a dehydrogenase complex (BCKDH) to form CoA compounds, before
further breakdown for TCA cycle. BCKDH is the rate-limiting enzyme in BCAA catabolism, it is activated by dephosphorylation through a mitochondrial-
localized 2C-type protein phosphatase (PP2Cm). Accumulation of BCAA results in mitochondrial dysfunction, characterized by loss of mitochondrial mem-
brane potential (DW) and mitochondrial permeability transition pore (mPTP) opening. BCKA accumulation stimulates ROS formation. Additionally, leucine
can directly activate mTORC1 and simulate cell growth.
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after TAC, while still demonstrating the same degree of cardiomyocyte
hypertrophy.65 These studies demonstrate that perturbation of cardiac
lipid metabolism has profound effects on cardiac function and stress
response, but they do not distinguish the role of fatty acid uptake, oxida-
tion or other pathways of fatty acid metabolism.

To determine if reduced FAO is adaptive in pathological hypertrophy,
cellular and mitochondrial fatty acid transporters have been targeted in
mouse models. Cardiac-specific deletion of CD36, a plasma membrane
fatty acid transporter, reduces cardiac FAO and consequently, results in
a compensatory increase in glucose oxidation in mice.66 Cardiac function
is maintained in CD36 KO mice and cardiac efficiency is improved.67

However, CD36 KO mice demonstrate increased cardiomyocyte hyper-
trophy and greater cardiac dysfunction after TAC.68 Deletion of muscle
specific isoform of carnitine palmityltransferase 1 (CPT-1b), the rate-
limiting enzyme for the long-chain fatty acids entry into the mitochon-
dria, is lethal. Heterozygous CPT-1b KO mice demonstrate normal car-
diac function but when subject to pressure overload, exhibit
exacerbated cardiac dysfunction and hypertrophy, accompanied by car-
diac lipid accumulation and cardiomyocyte death.69 Although these mice
demonstrate no upregulation of the liver isoform of the CPT-1 (CPT-
1a), downregulation of CPT-1b in pathological hypertrophy is often
accompanied by upregulation of CPT-1a.70,71 Acute CPT-1a overexpres-
sion in rat hearts resulted in reduced FAO and enhanced ANP expres-
sion, suggesting that increased expression of CPT-1a is responsible for
the reduced mitochondrial FA uptake and thus contributing to the mal-
adaptive remodelling.72

Specifically increasing mitochondrial FAO was achieved by deleting
ACC2.73 ACC2 carboxylates acetyl-CoA to form malonyl-CoA, a
potent inhibitor of CPT-1b.74 Deletion of ACC2 enhances the entry of
long-chain fatty acids into mitochondria for oxidation. Cardiac-specific
ACC2 KO mice are resistant to metabolic remodelling after pressure
overload and are protected against cardiac hypertrophy. They also dem-
onstrate preserved systolic and diastolic function during chronic pres-
sure overload or angiotensin II treatment.75–77

Together, these studies demonstrate that the outcome of manipulat-
ing fatty acid metabolism is pathway specific. Reducing fatty acid supply
and/or oxidation appears to be tolerated in unstressed heart but com-
promises the ability of the heart to respond to stress. Increasing fatty
acid uptake and oxidation by overexpression of PPARa causes cardio-
myopathy while specifically increasing mitochondrial fatty acid oxidation
protects against pathological hypertrophy and cardiac dysfunction.

3.2.2 Endogenous lipid metabolism and cardiotoxicity
Cardiac TAG levels are increased in hearts of animal models of obesity
but decreased in hearts with pressure overload.78,79 Despite the fact

that increased TAG levels correlate with insulin resistance, data from
animal models suggest that TAG is likely only a marker for cellular lipid
overload.60,80 Supporting this notion, overexpression of DGAT1 in
hearts of lipotoxic models protects against cardiac dysfunction despite
increased lipid accumulation, supporting a role for TAG as non-toxic
lipid storage.81 TAG turnover has recently been shown as an important
contributor to lipid signalling pathways. Using ATGL KO mice,
Haemmerle et al. showed that lipolysis of TAG was a prerequisite to
activate fatty acids for ligand binding, whereas endogenous free FA were
incapable of activating PPARs. ATGL KO mice displayed reduced PPARa
target gene expression, lower FAO and massive TAG accumulation,
which could be rescued by synthetic PPARa agonists.82

Several lipid species have been implicated in cardiotoxicity. Both
DAGs and ceramides have been suggested to mediate cardiac lipotoxic-
ity.80,83 Increased DAG formation ultimately results in protein kinase C
(PKC) activation.84 PKC downstream signalling has been implicated in
apoptosis, insulin resistance, autophagy and the development of patho-
logical cardiac hypertrophy.85 On the other hand, ceramide signalling has
also been linked to apoptosis and cellular stress response.80 Ceramide
accumulation correlates with cardiac dysfunction and inhibition of de-
novo ceramide synthesis can rescue lipid-induced cardiac dysfunction,
supporting a detrimental role of ceramide accumulation on cardiac func-
tion.86,87 However, inhibition of de-novo ceramide biosynthesis by delet-
ing a subunit of serine palmitoyltransferase in mouse hearts also resulted
in lipotoxic cardiomyopathy suggesting other lipid species could also be
toxic.88

3.3 Ketone body metabolism
Ketone bodies are produced by hepatic ketogenesis and used in periph-
eral tissues, especially heart and brain, as an energy source under starving
conditions or glucose deprivation.27,89 Once entering the cell and mito-
chondria, ketone bodies rapidly form acetyl-CoA via a series of reactions
catalyzed by bOHB dehydrogenase (BDH1), succinyl-CoA:3-oxoacid-
CoA transferase (SCOT), and mitochondrial acetyl-CoA acetyltransfer-
ase 1 (ACAT1) (Figure 2C). BDH1 and SCOT expression are increased
in the hearts of animal models and human heart failure.27,28 Increased cir-
culating ketone levels have been reported in heart failure patients, sup-
porting the notion that the failing heart increases ketone body
utilization.90

An important question raised by these observations is whether the
increased reliance on ketone bodies is adaptive or maladaptive for the
failing heart.89,91 The heart oxidizes ketone bodies in proportion to their
availability, as SCOT operates at near equilibrium. SCOT KO mice dem-
onstrate impaired ketone body utilization, but normal substrate utiliza-
tion and cardiac function. However, after pressure overload, SCOT KO

..............................................................................................................................................................................................................................

Table 2 Signalling metabolites and their receptor

Ligand Receptor Receptor expression Cardiac function Reference

Succinate GPR91/Sucnr1 Kidney, liver, intestine, central nervous system, heart Increased expression

in hypertrophy

105-107

a-Ketoglutarate GPR99/Oxgr1 Skeletal muscle, central nervous system,

adrenal gland, testis, kidney, heart

Increased expression

in hypertrophy

109, 110-113

b-Hydroxybutyrate GPR109A/Niacr1 Adipocytes, immunce cells, intestinal epithelium N/A 115, 116

GPR41/FFAR3 N/A

Lactate GPR81/HCAR1 adipocytes, brain, cancer cells, kidney, skeletal muscle, heart N/A 117, 119
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mice exhibited exacerbated cardiac dysfunction and worsened patholog-
ical remodelling.91 This suggests that the ability to oxidize ketone bodies
is important for the diseased heart, indicating that an increased reliance
on ketone bodies is an adaptive process for energy provision during
stress.

3.4 Branched-chain amino acid metabolism
Cardiac metabolism of amino acids, especially BCAAs, has recently
received increasing attention. BCAAs include leucine, isoleucine, and
valine; they share structural features in side-chain and are metabolized
through a common catabolic pathway. BCAAs enter the cell through
specialized amino acid transporters.92 They are catabolized in the mito-
chondria and eventually oxidized in the TCA cycle (Figure 2D). The rate-
limiting enzyme of BCAA catabolism is the branched-chain a-keto acids
dehydrogenase complex (BCKDH), whose activity is inhibited by phos-
phorylation. Dephosphorylation of BCKDH by the mitochondrial-
localized 2C-type protein phosphatase (PP2Cm) promotes the BCAA
catabolism (Figure 2D).30 In hearts with pathological hypertrophy, BCAA
catabolism is impaired and the expression of the catabolic enzymes
reduced, resulting in accumulation of BCAAs and branched-chain a-
keto-acids (BCKAs).29

To elucidate if impaired BCAA catabolism contributes to cardiac dys-
function, two mouse models have been utilized. First, PP2Cm KO mice
demonstrate accumulation of BCAAs and BCKAs.30 Although these
mice had normal cardiac function at baseline, they exhibited accelerated
transition to heart failure after pressure overload. In the second model,
deletion of mitochondrial branched-chain aminotransferase (BCATm
KO) results in accumulation of BCAAs but not BCKAs.93 BCATm KO
mice had increased mTORC1 activation and cardiac hypertrophy.93

Both studies support the notion that impaired BCAA catabolism is mal-
adaptive for the heart, while the second animal model suggests that accu-
mulation of BCAAs is responsible for cardiac hypertrophy. The
mechanistic link between impaired BCAA catabolism and the adverse
outcome in animal models of heart failure is poorly understood. As dis-
cussed above, leucine is a potent regulator of mTORC1 signalling.
Leucine accumulation could therefore stimulate cardiomyocyte growth
or alter autophagy.94,95 Additionally, it has been suggested that BCCA
accumulation impairs mitochondrial function by triggering loss of mito-
chondrial membrane potential and opening of the mitochondrial perme-
ability transition pore,30,96,97 whereas BCKAs have been shown to
trigger reactive oxygen species formation (ROS).98,99

4. New roles of metabolites beyond
energy provision

4.1 Metabolites as signalling molecules
It is increasingly recognized that the heart can secrete bioactive mole-
cules, referred to as cardiokines, which can have autocrine, paracrine
and/or endocrine functions. One of the well-known cardiokines is atrial
natriuretic peptide (ANP), which is produced and secreted from the
heart but can also affect non-cardiac cells.100 Interestingly, several
metabolites have recently been identified to function like cardiokines,
acting via G-protein coupled receptor (GPCR) signalling mechanisms
(Table 2).101 Additionally, metabolites can have intracellular signalling
roles, expanding the classical secretory pathway for cardiokines.

Succinate is a TCA cycle intermediate that also plays important regu-
latory roles. For example, succinate stabilizes the transcription factor

Hif-1a in tumour cells; it can post-translationally modify proteins by
being covalently attached to a lysine residue.102,103 In the heart, protein
succinylation has been reported to contribute to cardiomyocyte matu-
ration, and increased protein succinylation also correlates with cardiac
dysfunction.103,104 Most recently, succinate and its newly identified
receptor GPCR 91 (GPR91/Sucnr1) have been shown to be increased in
pathological hypertrophy.105–108 Oral administration of succinate was
able to activate GPR91 signalling and subsequently induced cardiomyo-
cyte hypertrophy via the PI3K/Akt cascade, supporting its role as a cardi-
okine.107 Although succinate levels are increased in pathological
hypertrophy, it remains unclear if succinate is actively secreted by
cardiomyocytes.108

Another TCA cycle intermediate, a-ketoglutarate (aKG), has also
been identified to play an important role in mTORC1 regulation and car-
diomyocyte growth.109–111 Recently, its receptor (GPR99/Oxgr1) has
been demonstrated to be increased in cardiac pathological hypertrophy,
while cellular aKG levels are reduced.108,112,113 aKG itself is cell imper-
meable, supporting the idea of receptor-mediated signalling. Yet, even
though a recent report demonstrated that aKG administration activated
GPR99 signalling in skeletal muscle hypertrophy, a direct role of aKG in
cardiomyocyte hypertrophy remains to be determined.109 It also needs
to be established if aKG gets actively secreted from cardiomyocytes.

One of the ketone bodies, bOHB, can bind to at least two cell surface
receptors, GPR109A/Niacr1 and free fatty acid receptor 3 (FFAR3/
GPR41).114,115 At the present, the bOHB-induced GPR109A signalling
has mainly been characterized in adipocytes116; expression of either
receptor in the heart has not been confirmed, neither has been the
secretion of bOHB from cardiomyocytes. Thus, a direct role of bOHB
in receptor-mediated signalling in the heart needs to be determined.
However, in light of increased ketone body availability in late stage heart
failure, the signalling role of bOHB in the heart is worth attention.

It has been shown that circulating lactate can be taken up by distal tis-
sues and organs or stimulate GPCR signalling through its receptor,
GPR81/HCAR1.115,117 Lactate has also been referred to as ‘lactormone’,
executing classical hormonal functions.118 Although GPR81 is mainly
expressed on adipocytes, is can be detected at lower levels in the heart,
suggesting a potential autocrine role of locally produced lactate on car-
diac function.119

4.2 Metabolites as cofactors for the
epigenetic machinery
It is increasingly recognized that products of intermediary metabolism
play important biological roles other than energy provision, for example,
in regulating epigenetic modifications through histone acetylation and
DNA methylation. By serving as cofactors for chromatin- or DNA-
modifying enzymes, important intermediates of cell metabolism allow
the integration of metabolic information and transcriptional control.
Fluctuating metabolite concentrations might therefore provide signalling
cues for continual adjustment of gene expression by modulating the epi-
genome or influencing chromatin dynamics.120,121 Here, we will briefly
outline a few studies on metabolites that regulate the epigenetic
machinery.

One of the key metabolites generated from substrate metabolism,
acetyl-CoA, serves as substrate for histone acetyltransferases (HATs) or
more general, lysine acetyltransferase (KAT) in addition to feed into the
TCA cycle, thereby directly linking energy metabolism with gene expres-
sion and protein activity.120 A direct relationship between changes in
intracellular acetyl-CoA concentrations and histone acetylation has been
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demonstrated in yeast, yet this has not been confirmed in mammals or in
the heart.122 However, increased mitochondrial export of aKG and
cytosolic acetyl-CoA formation from citrate by ATP citrate lyase have
recently been linked to epigenetic remodelling and impaired cardiac
function.123 aKG itself is a co-substrate for chromatin demethylases and
might regulate chromatin methylation.120 Increased fat intake has also
been link to widespread chromatin remodelling and a recent study has
suggested that multiple acyl-CoAs can act as endogenous KAT inhibi-
tors.124 Similarly, bOHB was recently found to be an endogenous inhibi-
tor of histone deacetylases (HDACs), however there has been no
evidence so far for this regulatory pathway in the heart.125

5. Conclusion

It has long been recognized that substrate metabolism is altered in the
heart under stress conditions. The shift of fuel preference from FAO
towards glucose in pathological hypertrophy is well documented.
Studies in the past decades have focused on the functional significance of
the shift using bioengineered mouse models. As discussed above, the
results of these studies do not provide a simple answer as to whether
the metabolic remodelling is adaptive or maladaptive. Instead, they show
that increased utilization of one particular fuel is not harmful as long as
the uptake and utilization is balanced and the energetic demand of the
heart met. However, the loss of the metabolic flexibility associated with
the shift of substrate preference can impair the stress response, either
during a change of substrate availability or a change in energy supply.
Furthermore, recent studies have revealed novel and interesting role of
substrate metabolism beyond energy provision. These include amino
acid and ketone body metabolism, as well as multiple compounds of
intermediary metabolism that play intriguing roles in cell growth and sur-
vival. Thus, every substrate has a role in the development of cardiomy-
opathy; a shift in substrate preference impacts the flexibility of the
metabolic network for energy generation and other regulatory
functions.
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