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Abstract

Heart failure (HF) is a clinical syndrome caused by a decline in cardiac systolic or diastolic function, which leaves the heart
unable to pump enough blood to meet the normal physiological requirements of the human body. It is a serious disease burden
worldwide affecting nearly 23 million patients. The concept that heart failure is “an engine out of fuel” has been generally
accepted and metabolic remodeling has been recognized as an important aspect of this condition; it is characterized by defects in
energy production and changes in metabolic pathways involved in the regulation of essential cellular functions such as the
process of substrate utilization, the tricarboxylic acid cycle, oxidative phosphorylation, and high-energy phosphate metabolism.
Advances in second-generation sequencing, proteomics, and metabolomics have made it possible to perform comprehensive tests
on genes and metabolites that are crucial in the process of HF, thereby providing a clearer and comprehensive understanding of
metabolic remodeling during HF. In recent years, new metabolic changes such as ketone bodies and branched-chain amino acids
were demonstrated as alternative substrates in end-stage HF. This systematic review focuses on changes in metabolic substrate
utilization during the progression of HF and the underlying regulatory mechanisms. Accordingly, the conventional concepts of
metabolic remodeling characteristics are reviewed, and the latest developments, particularly multi-omics studies, are compiled.
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Heart failure (HF) is a clinical syndrome caused by a decline in
cardiac systolic or diastolic function, which is a serious disease
burden worldwide affecting nearly 23 million patients [1, 2]. In
recent years, with increasing resuscitation rates of myocardial
infarction, the incidence of HF has gradually increased as some
patients with myocardial infarction progress into HF [3]. In the
last 30 years, great progress has been made in both basic re-
search and clinical treatments for HF, and the risk of sudden
death in HF patients has significantly decreased [4, 5].
However, the overall mortality of HF patients remains high;
the 5-year survival rate is only 50% [6].

The pathophysiological process of HF contains a concealed
phase, compensated stage, and decompensated stage. And it can
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be defined as HF with preserved ejection fraction (HFpEF) or HF
with reduced ejection fraction (HFrEF) in clinical practice [2].
This review mainly focused on HFrEF, because HFpEF was
complicated and poorly recognized until recently. In the compen-
satory stage of HFrEF, the cardiac systolic function is still intact
with the occurrence of compensatory cardiac hypertrophy. The
decompensated HF phase is HF in the traditional sense, in which
systolic function is decreased with distinct clinical presentations
of HF. During end-stage HF, cardiac function is severely im-
paired and cannot maintain basic vital functions [7]. During the
entire process of HF progression, there are adaptive or maladap-
tive alterations in myocardial metabolism, which usually pre-
cedes changes in cardiac function [8].

The concept that HF is “an engine out of fuel” has been
generally accepted [9] and research studies on its specific mech-
anisms have become increasingly complex. Metabolic alter-
ations are one of the most significant changes in HF, and mainly
manifest as a 30% decrease in ATP concentration and inhibition
of ATP transport through the creatine kinase (CK) system. The
alterations are accompanied by the switching of main energy
substrates from fatty acids (FAs) to glucose [10]. This study
systematically reviews the traditional view and recent advances
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of substrate utilization alterations during HF progression and
the underlying molecular mechanisms.

Substrate utilization in the normal heart

The heart is a huge energy-consuming organ that consumes
about 6 kg ATP a day to pump out 10 tons of blood throughout
the body [7]. The procedures underlying cardiac energy metab-
olism can be divided into three parts: (1) Substrate utilization.
This process includes nutrient intake, degradation (e.g., fatty acid
[3-oxidation, glycolysis), and the tricarboxylic acid (TCA) cycle.
(2) Oxidative phosphorylation. In this process, nicotinamide ad-
enine dinucleotide (NADH) and flavin adenine dinucleotide
(FADH,) produced from the substrate utilization are passed
through the electron transport chain (ETC) in the inner mitochon-
drial membrane to phosphorylate ADP to synthesize the high-
energy phosphate compound ATP. (3) ATP transport and utiliza-
tion through creatine kinase (CK) system [7].

Substrate utilization is the first step of energy metabolism
in the heart. Under fasting conditions, more than 70% of the
energy required by a normal heart is mainly provided by fatty
acid oxidation (FAO), while glucose, lactic acid, and amino
acids provide the remaining 30% [11]. Studies have shown
that under different conditions, the proportion of FAO in en-
ergy metabolism of the heart can range from very small per-
centage to almost 100%. This shows that the conversion of
substrate utilization under normal and disease states plays an
important role in energy metabolism in the heart [12].

Glucose metabolic pathways and their regulatory
mechanisms

Glucose uptake in cardiomyocytes is mainly regulated by
membrane translocation of the glucose transporter 1
(GLUT1) and 4 (GLUT4), followed by phosphorylation into
6-phosphoglucose (G6P) by hexokinase. Adult
cardiomyocytes mainly express GLUT4 and hexokinase II,
while the fetal heart mainly expresses GLUT1 and hexokinase
I [13]. G6P can be stored as glycogen and can also enter
glycolysis through the action of phosphofructokinase 1, after
which, it is converted into pyruvate. Pyruvate can then under-
go anaerobic oxidation in the cytoplasm to synthesize lactic
acid and can also enter the mitochondria through pyruvate
transporters. Under the action of pyruvate dehydrogenase
(PDH), acetyl-CoA is synthesized and enters the TCA cycle
[7]. Glucose oxidation is mainly regulated by the PDH com-
plex, which includes PDH, PDH kinase (PDK), and PDH
phosphorylase (PDP), all of which undergo multiple regula-
tions. PDK phosphorylation suppresses PDH activity, whereas
PDP can dephosphorylate PDH and reverse this suppression
effect [14]. A decrease in acetyl-coenzyme A (CoA)/CoA and
NADH/NAD" ratios and pyruvate can suppress PDK,
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whereas an increase in the calcium (Ca®*)/magnesium
(Mg®*) ratio can promote PDP activity, thereby activating
PDH [11]. In addition, glucose can enter into the pentose
phosphate pathway, which promotes the production of reac-
tive oxygen species (ROS). Therefore, inhibition of this path-
way can effectively decrease oxidative stress responses and
improve energy metabolism in the failing heart [15] (Fig. 1).

FA metabolism and the regulatory mechanisms

FAs that are supplied to the myocardium are mainly free fatty
acids (FFAs) and FAs released from triacylglycerol (TAG).
They enter cells through passive diffusion or carrier-
mediated pathways. Carriers that participate in the uptake of
FAs include fatty acid translocase (FAT/CD36), the plasma
membrane isoform of fatty acid-binding protein (FABPpm),
and fatty acid transport protein (FATP1/6). FAT/CD36 is rec-
ognized as the major factor that affects FA uptake in
cardiomyocytes. In fact, 50-60% of FAs in the heart are
transported through FAT/CD36, and knockdown of CD36 in
3T3-L1 adipocytes resulted in a significant decrease in both
basal and insulin-stimulated FA uptake. Myocardial contrac-
tions promote the translocation of FAT/CD36 between intra-
cellular endosomes and the plasma membrane, which also
regulates FA uptake [12] (Fig. 1).

FAs that have entered cells are converted into fatty acyl-
CoA catalyzed by long-chain acyl-CoA synthetases. Fatty
acyl-CoAs can participate in the synthesis of a variety of in-
tracellular lipid intermediates such as TAG, diacylglycerol,
and glycerides in the cytoplasm [12]. These lipid intermedi-
ates participate in development of insulin resistance, cardiac
insufficiency, and HF. Therefore, in theory, increasing FAO
could decrease the production of lipid intermediates, thereby
inhibiting their toxic effects on the myocardium, but this has
not been consistently shown among studies [16]. Moreover,
the catabolism of endogenous TAG also plays an important
role in myocardial energy metabolism [17]. When the myo-
cardium is infused with glucose, FAs derived from endoge-
nous TAGs supply 36% of energy to the heart, while this
percentage will decrease to 11% when FFA (palmitic acid)
was infused to the heart.

An essential metabolic pathway for long-chain fatty acyl-
CoAs in the cytoplasm is catalysis by carnitine
palmitoyltransferase (CPT-1) on the outer mitochondrial mem-
brane into long-chain acylcarnitines to enter the mitochondria.
This step is regulated at multiple levels, of which allosteric inhi-
bition of CPT-1 by malonyl-CoA is the essential mechanism
[18]. Acetyl-CoA is converted into malonyl-CoA by acetyl-
CoA carboxylase (ACC), which could also be converted to
acetyl-CoA by malonyl-CoA decarboxylase (MCD). The bal-
ance between these two processes determines the concentration
of malonyl-CoA [19]. ACC has two isoforms in the myocardi-
um, ACCox and ACC[3, with the latter predominating. ACC and
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Fig. 1 Glucose and fatty acid
metabolic pathways. G6P,
glucose 6-phosphate; ACC,
acetyl-CoA carboxylase; MCD,
malonyl-CoA decarboxylase;
TCA, tricarboxylic acid; OAA,
oxaloacetate; Su-CoA, Succinyl-
CoA; x-KG, a-ketoglutarate;
UCP, uncoupling proteins;
NADH, nicotinamide adenine
dinucleotide; FADH2, flavin
adenine dinucleotide 2

FAO in the myocardium are negatively correlated and ACC
activity is mainly regulated by AMPK. AMPK can phosphory-
late ACCx and ACCJ3, leading to their inactivation, which de-
creases malonyl-CoA levels [20]. In addition, it was verified in
skeletal muscles that MCD can be phosphorylated by AMPK,
thereby increasing its activity and promoting the conversion of
malonyl-CoA to acetyl-CoA (this phenomenon is not seen in the
myocardium) [21] (Fig. 1).

AMPK plays the role of “energy sensor” as increases in ADP/
ATP and creatine (Cr)-PCr ratios can activate AMPK, thereby
increasing FAO, glucose uptake, and glycolysis. At the same
time, AMPK can inhibit oxidative stress during HF progression
[22]. However, mice with heart-specific AMPK deficiency show
a dilated cardiomyopathy phenotype, which is accompanied by
decreases in myocardial protein phosphorylation and calcium
signal dysfunction, but not abnormalities in glucose and FA me-
tabolism [23]. This indicated that AMPK can carry out energy
regulation through its complex and synergistic effects.

Long-chain acylcarnitines that have entered the mitochondria
penetrate the inner mitochondrial membrane through the action
of camitine: acylcarnitine translocase (CACT), followed by re-
conversion to acyl-CoA by carnitine palmitoyltransferase-2
(CPT2) to prepare for FAO. FA3-oxidation involves four types
of enzymes: acyl-CoA dehydrogenases, enoyl-CoA hydratase,
hydroxyacyl-CoA dehydrogenase, and 3-ketoacyl-CoA thiolase
(3-KAT), all of which are negatively regulated by oxidation prod-
ucts. Among these products, the most important is feedback
inhibition of 3-KAT by acetyl-CoA [24]. When energy demand
is decreased with the decrease of TCA cycle and ETC activity,
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the accumulation of acetyl-CoA and NADH can suppress FAO
enzymes to inhibit (3-oxidation. At the same time, the PDH com-
plex in glucose metabolism can promote the synthesis of acetyl-
CoA and NADH, and has direct inhibitory effects on (3-oxidation
[12]. Therefore, FAO is dependent on the energy demand of the
heart and availability of glucose substrates (Fig. 1).

The transcriptional regulation of enzymes and transporters
associated with FA metabolism is of particular concern. The
major transcription factors are peroxisome proliferator-
activated receptor (PPARs) family and peroxisome
proliferator-activated receptor gamma coactivator 1
(PGC1-a/f3). PPARs are members of the ligand-activated nu-
clear receptor superfamily, and can dimerize with the retinoid
X receptor (RXR) to bind to the PPAR response elements
(PPRE) on the promoter of target genes to promote the tran-
scription. The ligands of PPARs include FAs and intracellular
lipid intermediates [25]. One family member of PPARs,
PPAR«, is highly expressed in the myocardium and is the
main transcriptional regulator of FA metabolism. The target
genes of PPARx cover fatty acid uptake (FAT/CD36), storage
(DGAT, FABP), mitochondrial fatty acid uptake (CPT1), 3-
oxidation (medium-chain acyl-CoA dehydrogenase [MCAD],
3-KAT), mitochondrial uncoupling proteins (UCP2/3), and
glucose oxidation (PDK4) [12]. Overexpression of PPARx
in the heart or treatment with PPAR« agonist (GW7647) can
significantly promote the expression of these enzymes and
thus increase FA utilization; the addition of PPAR«x ligands
can further strengthen this effect [26]. Conversely, PPARx
double knockouts were shown to cause a decrease in FA
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oxidation and increase in glucose oxidation levels [27]. In
addition, PPAR« is regulated at multiple levels by upstream
regulators such as KLF5 [28].

Another member of the PPAR family, PPAR[3/8, was re-
cently shown to participate in the regulation of 3-oxidation
but does not increase FA uptake. It was found that mice with
conditional double knockout of PPAR[3/5 in the heart had
decreased FAO, which was accompanied by cardiomyopathy
due to lipid accumulation in cardiomyocytes. [29].
Conversely, mice overexpressing PPAR 3/6 had a high expres-
sion of genes associated with FA oxidation, and did not show
lipid accumulation and had normal cardiac function. Those
mice also presented increased glucose uptake and oxidation
[30]. The transcriptional coactivators PGC1-« and PGC-1[3
are highly expressed in cardiac tissue and participate in mito-
chondrial biogenesis. Its co-activated nuclear receptor super-
family members include PPARs, the estrogen-related receptor
(ERR), and nuclear respiratory factor-1 (Nrf-1) [31].
Pathological (diabetes, fasting) or physiological (physical
training) upregulation of PGC-1 can significantly increase mi-
tochondrial biogenesis, FAO, and oxidative phosphorylation,
whereas the downregulation of PGC-1 (fetal heart, cardiac
hypertrophy, HF) had the opposite effects [31].

Interactions between FA and glucose metabolism
(Randle cycle)

As two major energy substrates of heart metabolism, FA and
glucose oxidation can maintain relative homeostasis under
mutual regulation, a phenomenon known as the Randle cycle
[7]. It is also known as the glucose-FA cycle, as this metabolic
process involves the competition of glucose and FAs for sub-
strate utilization. FFA acts as ligands to activate PPAR«,
which upregulates PDK expression, and PDK phosphoryla-
tion inactivates PDH to prevent pyruvate from entering the
mitochondria, resulting in suppression of glucose oxidation.
Simultaneously, acetyl-CoA and NADH produced during
FAO can upregulate PDK activity to produce similar effects
[32]. At the same time, citrate, the intermediate metabolite of
TCA, can inhibit PFK1 and indirectly inhibit hexokinase ac-
tivity by increasing G6P. Conversely, acetyl-CoA formed
from glucose oxidation metabolism can inhibit 3-KAT, while
NADH can inhibit hydroxyacyl-CoA dehydrogenase and
acyl-CoA dehydrogenase to inhibit FAO. Acetyl-CoA is car-
boxylated by ACC to become malonyl-CoA, thereby
inhibiting CPT-1 and preventing the translocation of acyl-
CoA into the mitochondria [33]. The inhibitory effects of
FAO on aerobic glucose oxidation far exceed its inhibitory
effects on glycolysis. This causes glycolysis to be decoupled
from glucose oxidation, resulting in elevated intracellular lac-
tic acid levels and increased cellular acidity. Elimination of
these protons requires the accumulation of more Ca®* and
Na*, which consumes large amounts of ATP [33].

@ Springer

Energy metabolism during compensated HF

During the compensated phase of HF, the heart ejection frac-
tion is still preserved, and the hearts mostly present as left
ventricular hypertrophy (LVH), although some cases of right
ventricular hypertrophy due to pulmonary hypertension [34].
Although cardiac function is preserved at this phase, structural
and metabolic remodeling of the ventricle already occurs.
These patients can be classified as pressure overload-
induced cardiac hypertrophy, volume overload-induced cardi-
ac hypertrophy, and hypertrophy after myocardial infarction,
according to etiology. This review mainly examines pressure
overload-induced cardiac hypertrophy, which is more com-
monly seen in clinical practice.

Substrate utilization remodeling

It is perplexing that different types of HF animal model or
even the same animal model with a different condition have
inconsistent results regarding metabolic phenotype of cardiac
failure, which adds to the difficulty in understanding HF met-
abolic mechanisms. In the spontaneously hypertensive rat
model of LVH, FAO was significantly inhibited (60-80% re-
duction), while glucose oxidation was moderately increased
and the glucose/FA oxidation ratio was increased by 4~5-fold.
This ensured and met the cardiac energy requirements for
beating [35]. In a LVH swine model induced by ascending
aortic banding, there were no differences in glucose, lactic
acid, and FFA uptake in the LVH group in the resting state
between LVH and control group, while glucose uptake and
oxidation and anaerobic glycolysis were significantly in-
creased under dobutamine stimulation in the LVH group
[36]. Yet, different metabolic characteristics have been ob-
served in recent studies. In a rat model of supra-renal aortic
constriction, there was no evidence on switching of substrate
utilization from FA to glucose with different degrees of com-
pensatory hypertrophy [37], but the lactic acid levels were
increased, an indication that anaerobic glycolysis was in-
creased [38]. A similar phenomenon was observed in Dahl
salt-sensitive rats with high-salt diet [39]. Another rat model
induced by transverse aorta constriction also showed no
changes in exogenous FA metabolism during the LVH, while
endogenous TAG oxidation was increased [40].

In recent years, multi-omics study give a chance to compre-
hensively illustrate the metabolic remodeling in the myocardi-
um regardless of animal model or human-derived myocardium.
Through combination of metabolome and transcriptome profil-
ing of pressure-overload mouse model of HF, it was demon-
strated that the genes associated with glycolysis and FAO were
still preserved, while the tissue metabolite profiles revealed ac-
tivation of glucose oxidation in the LVH stage [41]. Most re-
cently, Transcriptomics profiling were used to demonstrate that
the genes associated with glucose metabolism pathways were



Heart Fail Rev (2019) 24:143-154

147

significantly upregulated in a LVH stage of PLN?*“* dilated
cardiomyopathy mouse model, but no significant changes oc-
curred in genes associated with FA metabolism pathways [42].
Based on evidences from more and more large-scale profiling
study, it is tempting to assume that FA metabolism is unchanged
(or slightly increased) while glucose metabolism (aerobic oxi-
dation and anaerobic glycolysis) is increased during the com-
pensated phase of HF.

Currently, there is still a debate on whether changes in
energy metabolism in LVH are adaptive or pathological
changes and various metabolic modulating agents/drugs
have obtained many inconsistent conclusions in animal
models and clinical studies [43, 44]. Recent studies have
shown that glucose uptake is increased before LVH,
which causes intracellular G6P accumulation and systolic
dysfunction. In addition, G6P can promote activation of
mechanistic target of rapamycin (mTOR) and an increase
in endoplasmic reticulum stress, which increases
cardiotoxicity. It has been postulated that increased glu-
cose metabolism is a type of pathological response rather
than an adaptive or compensatory response. This hypoth-
esis was also confirmed in transgenic mice study.
Decreased glucose utilization due to GLUT1 deficiency
does not accelerate HF progression [45], whereas the up-
regulation of GLUTT increases glucose uptake and oxida-
tion and decreases FAO, which can decrease myocardial
metabolic adaptability and promote systolic dysfunction
[46]. Therefore, clinical application of employing
fluorodeoxyglucose (FDG)-positron emission tomography
(PET) to track glucose uptake has important significance
in the early diagnosis of HF. In addition, early interven-
tion to prevent glucose uptake using medication (i.e., pro-
pranolol) can prevent pathological metabolic remodeling
and preserve cardiac function [47].

Substrate utilization modeling during HF

HF occurs when cardiac energy metabolism is insufficient
to maintain the requirements for work, thereby resulting
in signs and symptoms of cardiac dysfunction. At the
molecular level, there is a significant reduction of ATP
and PCr in failing myocardium, which results from the
entire process of metabolism involving substrate utiliza-
tion, oxidative phosphorylation, and the CK system.
There have been many studies on substrate utilization in
HF but with heterogeneous results. Among these results,
there is a consensus that FA metabolism is reduced in
human failing heart [48] and most decompensated HF
models including volume overload, pressure overload,
and pacing in murine or dogs, [9, 49-53] whereas changes
in glucose metabolism are still a subject of debate.

Glucose utilization and its regulation

There has been much dispute on the role of glucose me-
tabolism in HF progression. PET scans in clinical studies
showed that FA uptake was decreased while glucose up-
take and overall metabolic rates were increased in idio-
pathic dilated cardiomyopathy (IDCM) [54]. There has
been a large heterogeneity in the results from animal
models. It was found that glucose uptake was decreased
in a transverse aortic constriction mouse model [55],
while glucose uptake was generally unchanged in a rat
model of HF after myocardial infarction [56]. However,
glucose uptake was even increased in Dahl salt-sensitive
rats [39] and pacing-induced dog HF models [57], which
was thought to be associated with switching of glucose
transporters from GLUT4 to GLUTI1 [13]. Considering
that glucose may present different metabolic status in dif-
ferent stages/degree of HF from these controversial stud-
ies, it is important to illustrate the dynamic alterations of
glucose utilization including glucose uptake and oxidation
during progression of HF. As glucose oxidation levels
cannot be measured using non-invasive methods, most
evidences were from well-defined animal models [10].
In a transverse aortic constriction rat model of HF with
continuous monitoring from a normal heart to a failing
heart, it was found that glucose oxidation was initially
increased, remained unchanged during the compensated
HF phase, and decreased at the decompensated phase
(end-stage HF) which was accompanied by the decreased
expression of glycolysis-associated enzymes (i.e.,
GAPDH, PGM, PFK) and the PDH complex [58]. It was
reported that decreased utilization of glucose at end-stage
HF might be associated with downregulation of HIF-1«x
expression and insulin resistance [39]. In recent years,
multi-omics techniques such as transcriptomics, proteo-
mics, and metabolomics have been used to profile com-
prehensive cardiac energy metabolism characteristics in
normal and failing human heart. And the results are con-
sistent that genes associated with glucose uptake and gly-
colysis are significantly downregulated with the decrease
of intermediate metabolites involved in glucose utilization
in end-stage human failing heart [59].

There is a tendency to believe that aerobic glucose oxida-
tion is increased during the early stages of HF progression,
which increases cardiac efficiency to maintain heart function.
As the disease progresses, acrobic oxidation is gradually re-
duced. And a significant reduction in glucose utilization is
observed because of insulin resistance and other factors at
end-stage HF. Furthermore, due to mitochondrial dysfunction,
accompanied by impaired oxidative phosphorylation, anaero-
bic glycolysis is increased for energy supply with lactate acid
accumulation as “fetal heart metabolic profile”, which further
exacerbates energy deficiency in the heart [60, 61].
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FA utilization

It is widely accepted that FA utilization shows a continuous
decrease during HF progression and end-stage HF [48, 62,
63]. FA uptake shows a consistent decrease in high-salt in-
duced and pacing-induced HF models, which is accompanied
by the reduced expression of genes associated with fatty acid
transport (e.g., FAT, ACS, CPT1) [7, 58]. This phenomenon
was verified by in vivo non-invasive evaluation of HF patients
as well as gene expression analysis of failing myocardium
from heart transplant [41, 59]. As the same time, fatty acid
oxidation also presents a significant decrease at decompensat-
ed HF stage, which is the consensus from different animal
models and clinical studies.

In recent years, the development and application of multi-
omics technologies have enabled us to better understand the
metabolic remodeling in the failing heart. An integrated
omics-based analysis of a guinea pig model of HF showed
that mitochondrial proteins like FAO and anti-oxidant en-
zymes were significantly decreased, accompanied by a signif-
icant decrease in fatty acid oxidation intermediate metabolites
such as acyl-CoA [64]. A mouse transverse aortic constriction
HF model showed similar effects [53]. An integrated geno-
mics, proteomics, and metabolomics study verified that the
expression of enzymes associated with FAO and pyruvate
metabolism were significantly downregulated in end-stage
HF human ventricular myocardium, which was accompanied
by a significant decrease in short-chain acylcarnitines and
TCA cycle intermediates [59]. At the same time, due to de-
fects in long-chain fatty acid uptake and oxidation by mito-
chondria, levels of long-chain acylcarnitines were significant-
ly elevated in the peripheral blood of HF patients [65, 66],
which was associated with the malignant prognosis of pa-
tients. In addition, plasma long-chain acylcarnitine levels de-
creased after treatment with left ventricular assist devices
(LVADs), suggesting improvements in FA utilization [67].

Regulation of FA supply

It is currently unclear whether FA metabolic remodeling is
an adaptive or maladaptive change. It has traditionally
been believed that elevated plasma FFA levels in chronic
HF patients inhibit glucose uptake, promote insulin resis-
tance, and increase ROS levels to cause cardiac dysfunc-
tion, and increase mitochondrial UCP levels to increase
ineffective thermogenesis. Reduced FAO levels cause the
accumulation of long-chain acyl-CoAs, TAG, and other
toxic lipid metabolic intermediates to accelerate HF pro-
gression. However, hypolipidemic agents did not show
consistent outcomes when used in HF patients. Clinical
studies have shown that the use of trimetazidine to de-
crease blood FFA levels promoted the switching of meta-
bolic substrate from FA to glucose, increased cardiac
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efficiency, improved cardiac function, and delayed HF
progression [68, 69], However, in clinical trials in which
acipimox was given to IDCM patients and normal pa-
tients, it was found that the rapid downregulation of
FFA inhibited cardiac function and reduced cardiac effi-
ciency in HF patients, whereas decreased myocardial ox-
ygen consumption and increased efficiency were observed
in healthy hearts. Alternatively, in IDCM, there was a
larger decrease in cardiac efficiency, which was accompa-
nied by a greater reduction in FFA uptake and higher (3-
oxidation levels, indicating that IDCM patients need suf-
ficient FFAs for proper cardiac function [70, 71]. The
abovementioned studies show that the remodeling of sub-
strate utilization in HF may involve other complex regu-
latory mechanisms, and that the rapid correction of sub-
strates should be avoided in clinical practice. The mecha-
nism of metabolic substrate supply influencing HF re-
quires further study.

Regulation of FA oxidation

A large number of studies have verified that the expres-
sion and activity of proteins associated with FA uptake
and oxidation during the progressive stage of HF are de-
creased. Martin et al. [72] examined the samples from a
heart transplant, and found that CPT2 activity was signif-
icantly decreased in HF explanted hearts, while CPT1
activity was unchanged, compared to normal donor hearts.
Clinicopathological study showed that the mRNA and
protein levels of enzymes involved in the (3-oxidation
pathway, particularly long-chain fatty acyl CoA dehydro-
genase and MCAD, showed significantly decreased in the
hearts from HF patients [73]. An end-stage HF dog model
induced by rapid ventricular rate also showed downregu-
lation of enzymes associated with FAO and reduced CPT1
activity, and similar conclusions were obtained in various
swine and murine HF models [39, 58, 74]. The downreg-
ulation of mRNA is usually more significant than changes
in protein expression and enzyme activity. This shows that
besides the feedback regulation between intermediate me-
tabolites and interactions between glucose and FA metab-
olism (Randle cycle) as mentioned in previous papers, the
regulation of transcriptional levels also plays an important
role in this process [12]. Studies on the transcriptional
regulation of FA metabolism have mainly focused on a
few important transcriptional factors, particularly PPARs
and its co-activator PGC-1 [75]. As aforementioned,
PPAR, RXR, and PGC-1« form the PPAR/RXR/PGC-1«x
complex, which participates in the regulation of almost all
steps in FA oxidation.

It was widely observed that PPARx expression and
activity is decreased during HF progression, accompanied
by the downregulation of genes associated with FA
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oxidation, which was verified by clinicopathology studies
of HF patients as well as in vivo and in vitro studies from
different swine, dog, and murine HF models [12]. The
regulation of cardiac FA metabolism through PPARs has
been verified to some extent in animal models, but the
effect has not been consistent [25]. In a transverse aortic
constriction mouse model, overexpression of PPAR« in
the early stage of HF maintained energy metabolism and
preserved cardiac function [76]. Another study showed
that the PPAR« agonist GW7647 alleviated post-
ischemic contractile dysfunction in neonatal rabbits [26].
Moreover, a recent study has shown that silent informa-
tion regulator 1 (Sirt 1) can compete with RXR for bind-
ing to PPAR« to form Sirt]-PPAR« heterodimers without
transcriptional activity, thereby inhibiting FA metabolism
and accelerating HF progression [77]. However, rats with
myocardial infarction-induced HF showed increased
MCAD activity after treatment with PPARx agonist
fenofibrate, but left ventricular function was not improved
[78]. Furthermore, in a severe aortic hypertensive rat
model, treatment with fenofibrate led to the upregulation
of the expression of PPARw-associated lipid metabolism
genes, and aggravated left ventricular dysfunction [79]. A
similar worsening effect was observed in a porcine
tachycardia-induced HF model treated with fenofibrate
[80]. These studies indicate that inhibition of FA oxida-
tion gene expression via the downregulation of PPAR«x
may not be the cause for the pathological progression of
HF, but could be adaptive compensatory effects.
Research on PPAR[3/8 has also garnered interest in
recent years. It was found that the expression of [3-
oxidation genes was decreased in PPAR[3/5-deficient
mice, while lipid accumulation was observed in
cardiomyocytes at the same time [81]. Overexpression of
PPARf/6 increases glucose utilization and does not cause
lipid accumulation or cardiac dysfunction [30]. Treatment
of infarct-induced HF rats with the PPAR(3/0 agonist
GW610742X switched substrate utilization to mainly glu-
cose metabolism without alteration in the expression of
genes associated with FA metabolism, and this remodel-
ing did not influence ventricular remodeling and HF pro-
gression [12]. A recent study found that myocardial ische-
mia can induce the production of miR-199a-214 in a
pressure-overload mouse HF model, which represses
PPARS expression, thereby downregulating FAO and ac-
celerating the worsening of HF [82]. There have been an
increasing number of research studies on PPAR{3/8; drugs
against this target will aid in revealing its role in cardiac
metabolism [29]. The expression of PGC-1«x and its co-
activator ERR were found to be downregulated in the
failing heart of HF patients, and changes in the PGC-1ax
targeted FA oxidation genes showed a negative correlation
with left ventricular ejection fraction [83]. In a pressure-

overload HF rat model, PGC-1f3 deficiency led to a de-
crease in glucose metabolism and increased oxidative
stress, which accelerated HF progression [84]. These stud-
ies show that PGC-1 is an important regulatory factor that
participates in FA metabolic remodeling in HF.

Alternative substrate utilization and metabolism

With the rapid development of lipidomics, metabolomics,
transcriptomics, and proteomics, studies on HF are no lon-
ger limited to glucose and FA metabolism, as more metab-
olites have been found to participate in the pathophysiolog-
ical process of HF [85, 86]. Recent lipidomics and mito-
chondrial proteomics studies confirmed that intermediate
metabolites and crucial enzymes in glucose and lipid me-
tabolism showed varying degrees of downregulation in a
mouse HF model. However, key enzymes in ketone metab-
olism pathways, such as 3-hydroxybutyrate dehydrogenase
1 (BDH1), showed significantly upregulated, which was
accompanied by significant activation of ketone (such as
3-hydroxybutyrate and acetoacetic acid) metabolism.
Therefore, it can be hypothesized that ketone bodies may
act as alterative substrates in the failing heart when the glu-
cose and lipid metabolism is decreased [62]. In the failing
heart, glucose and fatty acid utilization is significantly sup-
pressed due to insulin resistance and other factors; and ke-
tone bodies are small molecular energy substrates that are
rapidly metabolized, and can be utilized by the heart, there-
by increasing cardiac efficiency [87]. At the same time,
lipidomics and metabolomics studies on end-stage human
failing heart from heart transplant confirmed that the failing
heart utilizes ketone bodies as substrates for alternative me-
tabolism, and levels of ketone bodies (3-hydroxybutyrate
and acetoacetic acid) in the peripheral blood of HF patients
are significantly higher than those in normal subjects, sug-
gesting a cross-talk between the liver and heart to produce
more ketone bodies for myocardial utilization in HF patients
[48]. Exhaled ketone body (acetone) concentration and
plasma ketone concentration are also demonstrated to be
associated with cardiac function and the malignant progno-
sis in chronic HF patients [88, 89]. These studies confirmed
that the end-stage failing heart utilizes large amounts of
ketone bodies for oxidation to supply energy, which may
provide a new direction for the treatment of this condition
[90, 91] (Fig. 2).

Recent studies have shown that branched-chain amino acids
(BCAAS) similarly play important roles in the pathophysiology
of end-stage HF. A combination of gas chromatography-mass
spectrometry and liquid chromatography-mass spectrometry
(LC-MS)-based metabolomics techniques showed that BCAA
metabolism was significantly increased in mouse models of HF
that underwent transverse aortic constriction [53]. Sun et al.
[63] further performed transcriptome analysis for this HF model
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Fig. 2 Metabolic remodeling of glucose and fatty acid oxidation and
alternative substrate utilization from non-failing to end-stage heart failure.
3-OHB, (-hydroxybutyrate; AcAc, acetoacetate; AcAc-CoA,

to demonstrate that the expression of BCAA catabolic
genes in the failing heart was significantly decreased,
which was accompanied by the significant accumulation
of branched-chain «-keto acids (BCKAs) in the myocar-
dium, compared with un-failing hearts. Transgenic mouse
models (PP2Cm-Knock Out) revealed that BCAA cata-
bolic defects promoted pressure overload-induced HF pro-
gression, which manifested as BCKA-mediated inhibition
of mitochondrial respiration and ROS production in myo-
cardium, all of which promoted mitochondrial dysfunc-
tion, resulting in HF. Similar results were also observed
in infarct-induced HF murine models [92]. Furthermore,
increasing BCAA metabolism in myocardium can effec-
tively improve cardiac function and ameliorate HF pro-
gression in transverse aortic constriction-induced mouse
model [63], which was confirmed in rats [93]. An explor-
atory clinical trial on the efficacy of BCAA supplementa-
tion in combination with cardiac rehabilitation for HF
patients is launched to determine whether BCAA addition
could improve cardiac function and exercise capacity for
HF patients [94]. Thus, in addition to changes in glucose
and FA metabolism during HF, metabolic remodeling of
small molecular substrates such as ketone bodies and ami-
no acids also plays important roles in the occurrence and
development of HF [95]. Understanding the pathophysio-
logical mechanisms of these metabolic pathways may pro-
vide new targets for HF treatment. (Fig. 2).
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Mitochondrial fusion/fission and regulation
of myocardial energy metabolism

In recent years, the process of mitochondrial dynamics has been
gradually recognized, particularly in oncology. The mitochondria
are a highly dynamic organelle that shows significant dynamic
changes in number, subcellular spatial distribution, and morpho-
logical structure in response to external environmental stimuli.
Dynamic changes in the morphological structure of mitochondria
were first discovered in the 1950s, when it was found that stim-
ulation with CoA or dinitrophenol can stimulate the fusion and
fission of mitochondria [96]. Mitochondrial fusion can result in
the formation of a continuous reticular structure so that various
mitochondrial components are sufficiently mixed to facilitate res-
piration and ATP synthesis efficiency. On the contrary, mitochon-
drial fission can cause the formation of smaller individual mito-
chondria that can facilitate different functions, including elimi-
nating damaged mitochondria through mitochondrial autophagy,
promotion of mitochondrial apoptosis, and producing new mito-
chondria for cell growth, division, and proliferation via biosyn-
thesis process [97]. Mitochondrial fusion and fission are core
mechanisms in mitochondrial dynamics, which can affect their
total number and subcellular distribution. These are highly ma-
tured biological systems that require the participation of a series
of proteins. Proteins known to participate in mitochondrial fusion
include MFN1, MFN2, and OPA1, whereas proteins that involve
fusion include DRP1, FIS1, and MFF. Defects in mitochondrial
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dynamics can result in various cardiovascular diseases such as
ischemia/reperfusion injury [97], HF, and diabetic cardiomyopa-
thy [98]. An example is that imbalanced OPA1 processing,
which leads to mitochondrial fragmentation, can cause HF in
mice [99]. Key proteins that participate in mitochondrial fusion
and fission (such as OPA1 and DRP1) are regulated at various
levels including transcription, post-translation modifications
(PTMs), and proteasome-dependent protein degradation [98,
100]. One such regulation that is of concern is the regulatory
effects of PGC-1 on mitochondrial fusion and fission [101]. In
PGC-1a-/PGC-13-deficient neonatal mice, the levels of mito-
chondrial fusion proteins (Mfn1, Opal) were significantly down-
regulated while levels of fission genes (Drpl, Fisl) were upreg-
ulated and mitochondria showed fragmentation, demonstrating
energy deficiency and even a lethal cardiomyopathy phenotype
[101]. In addition, mitochondrial ROS produced in the failing
heart can further induce the PTM of DRP1 and OPA1 to promote
mitochondrial fission, aggravating energy deficiency in the heart
[102]. Further studies are needed to understand the role of mito-
chondrial fusion and fission during HF development, and the
relationship between mitochondrial dynamics and metabolic sub-
strates selectivity. The regulation of mitochondrial dynamics may
provide new targets for HF treatment.

Perspectives

There have been decades of research on HF energy metabolism,
and large numbers of metabolic regulation targets have been
identified. A limited number of metabolic drugs have been used
for HF patients, and small-scale clinical trials are being con-
ducted for some drugs, while a considerable number of these
drugs are still in the preclinical research phase. Improvements
in transcriptomics, proteomics, and metabolomics will provide
a comprehensive understanding of the energy metabolism pro-
cesses and regulation mechanisms that occur in the normal and
failing heart. Most recently, an emerging technology, namely
isotope metabolites flux, has led to a clear understanding of the
spectrum of energy metabolism in vivo [103, 104]. In addition
to tracing metabolites for animal models in vivo or
Langendorff-perfused murine hearts ex vivo [105, 106], this
technique is currently being applied to illustrate human tumor
metabolism in which researchers intravenously inject isotope-
labeled metabolic substrates (such as '*C-glucose) into the
body before tumor resection surgery. Subsequently, metabolo-
mics tests (using LC-MS/MS) will be performed on the resected
tissues immediately after surgical resection of the tumor to an-
alyze the whole metabolic processes of the isotope-labeled sub-
strates [103]. Similarly, the use of the above technique will
further provide direct in vivo evidence of energy metabolism
remodeling during HF progression by examining human heart
tissue derived from biopsy, LVAD implant, or heart transplant.
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