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Abstract Whilst metabolic inflexibility and substrate constraint have been observed in heart failure for many years, their exact causal role 
remains controversial. In parallel, many of our fundamental assumptions about cardiac fuel use are now being challenged like never 
before. For example, the emergence of sodium–glucose cotransporter 2 inhibitor therapy as one of the four ‘pillars’ of heart failure 
therapy is causing a revisit of metabolism as a key mechanism and therapeutic target in heart failure. Improvements in the field of 
cardiac metabolomics will lead to a far more granular understanding of the mechanisms underpinning normal and abnormal human 
cardiac fuel use, an appreciation of drug action, and novel therapeutic strategies. Technological advances and expanding biorepo
sitories offer exciting opportunities to elucidate the novel aspects of these metabolic mechanisms. Methodologic advances include 
comprehensive and accurate substrate quantitation such as metabolomics and stable-isotope fluxomics, improved access to arter
io-venous blood samples across the heart to determine fuel consumption and energy conversion, high quality cardiac tissue biop
sies, biochemical analytics, and informatics. Pairing these technologies with recent discoveries in epigenetic regulation, 
mitochondrial dynamics, and organ-microbiome metabolic crosstalk will garner critical mechanistic insights in heart failure. In 
this state-of-the-art review, we focus on new metabolic insights, with an eye on emerging metabolic strategies for heart failure. 
Our synthesis of the field will be valuable for a diverse audience with an interest in cardiac metabolism.
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1. Introduction
The study of cardiac metabolism has its origins in the frog heart, followed 
by the development of the Langendorff isolated heart perfusion, the use of 
calorimetry, and the identification of sugar and fat use by the heart.1

Richard John Bing made the first inroads to the understanding of human 
myocardial metabolism in normal2 and diseased hearts.3 As then, critical 
advances in our understanding have included the study of hypoxia, glucose 
metabolism, anaerobic glycolysis, the relationship between pressure load
ing and self-renewal at transcriptional, translational, and post-translational 
levels, along with an improved understanding of mitochondrial function in 
obesity and diabetes.4 Recently, the application of multi-omic technology 
to transcardiac arterio-venous sampling has revealed novel insights into 
the relationship of left ventricular mechanical work to bioenergetics in nor
mally functioning and failing hearts.5,6

Unfortunately, pertinent insights into cardiac metabolism in basic sci
ence or related clinical fields such as endocrinology are often outside the 

attention of the cardiology mainstream. This review attempts to summar
ize for a cardiology audience the key recent advances in the field, their 
relevance for the field of heart failure (HF), and their impact on future ther
apies. To enable comprehension of a complex topic, we have synthesized 
the literature into two overarching sections—The Problem and The 
Solution—with subsections in each highlighting the most important issues.

2. The problem
2.1 Act I—‘a broken switch’
2.1.1 Substrate utilisation in the healthy heart
Cardiac energy is generated mostly from the oxidation of long-chain fatty 
acids (LCFAs, >12 carbons). LCFAs enter the cells via fatty acid translocase/ 
cluster of differentiation 36 (FAT/CD36) and are esterified to form fatty 
acyl-coenzyme A (CoA), which is then transported by carnitine palmitoyl
transferase (CPT) into the mitochondria (Figure 1).7 Medium-chain (MCFAs, 
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Figure 1 Cardiac energy metabolism in the healthy vs. failing heart and mitochondrial electron transport chain. Red arrows indicate changes in HFpEF 
whereas blue arrows indicate changes in HFrEF. ACAT, acetyl-CoA acetyltransferase; ADP, adenosine diphosphate; ATP, adenosine triphosphate; 
BCATm, mitochondrial branched-chain aminotransferase; BCKA, branched-chain ketoacids; BCKDH, branched-chain α-ketoacid dehydrogenase; 
βHB, β-hydroxybutyrate; BDH1, β-hydroxybutyrate dehydrogenase 1; CD36, cluster of differentiation 36; CoQ, coenzyme Q; CPT1, carnitine 
palmitoyltransferase-1; CPT2, carnitine palmitoyltransferase-2; CT, carnitine-acylcarnitine translocase; Cyt C, cytochrome C; FAD, oxidized flavin adenine 
dinucleotide; FADH2, reduced flavin adenine dinucleotide; FAT, fatty acid translocase; GLUT1, glucose transporter 1; GLUT4, glucose transporter 4; LDH, 
lactate dehydrogenase; LIVCS, branched-chain amino acid:cation symporter family; MCT1, monocarboxylase pyruvate transporter 1; MCT4, monocarbox
ylate transporter 4; MPC, mitochondrial pyruvate carrier; NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide hydrogen; 
PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; PDK4, pyruvate dehydrogenase kinase isoenzyme 4; SCOT, succinyl-CoA:3 oxoacid-CoA trans
ferase; TCA, tricarboxylic acid.
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6–12 carbons) and short-chain fatty acids (SCFAs, <6 carbons) enter the 
cell either via the monocarboxylate transporter 1 (MCT1), CPT1, or freely 
diffuse into the mitochondria. In the mitochondria, all fatty acids undergo 
β-oxidation to form acetyl-CoA that enters the tricarboxylic acid (TCA) 
cycle.

Myocardial glucose uptake is driven by insulin-independent glucose trans
porters (GLUT1) or insulin-sensitive GLUT4. Most glucose undergoes gly
colysis producing either pyruvate or is catalysed by lactate dehydrogenase 
(LDH) into lactate in anaerobic conditions. Conversion of glucose to lactate 
via anaerobic glycolysis yields two ATP molecules per glucose molecule and 
does not require oxygen. Under aerobic conditions, only about 3%–6% of 
pyruvate in the heart is converted to lactate,8 the rest is transported into 
the mitochondria and decarboxylated to acetyl-CoA, which enters the 
TCA cycle. Pyruvate can also undergo carboxylation to form oxaloacetate 
or be catalysed by malic enzyme to form malate to replenish TCA intermedi
ates (anaplerosis). Additionally, lactate is constantly taken up by the heart via 
the MCTs both at rest and with increased workload,9 contributing up to 
2.8% of ATP in the human heart during the fasted state.6 The reciprocal re
lationship between fatty acid and glucose utilisation where a decrease in fatty 
acid oxidation (FAO) causes an increase in glucose oxidation and vice-versa, 
is termed the Randle cycle (or glucose–fatty acid cycle).

Ketone bodies (i.e. β-hydroxybutyrate and acetoacetate) are taken up 
by the heart via MCT1 or MCT2. In the mitochondria, β-hydroxybutyrate 
is catalysed by β-hydroxybutyrate dehydrogenase 1 (BDH1) to acetoacetate, 
which is then converted to acetoacetyl-CoA and subsequently to 
acetyl-CoA by succinyl-CoA:3 oxoacid-CoA transferase (SCOT) and 
acetyl-CoA acetyltransferase (ACAT), respectively.

Branched-chain amino acids (BCAAs) (i.e. leucine, isoleucine, and valine) 
are transported into the cell by branched-chain amino acid:cation sym
porter family (LIVCS). In the mitochondria, BCAAs undergo reversible 
transamination, producing branched-chain α-keto acids (BCKAs), which 
are then oxidized to form either acetyl-CoA for the TCA cycle or 
succinyl-CoA for anaplerosis. BCAAs account for <2% of ATP produc
tion in the heart.6

FAO yields the greatest amount of ATP (105 mol ATP/mol palmitate) 
when compared to other substrates (31 mol ATP/mol glucose; 20 mol 
ATP/mol ketones).10 However, the oxygen demand is the highest for fatty 
acids as the heart consumes 23 molecules of O2 per palmitate molecule 
with a phosphate/oxygen [P/O] ratio of 2.33 when compared to glucose 
(P/O = 2.58) and β-hydroxybutyrate (P/O = 2.50).10

2.1.2 Metabolic remodelling in the failing heart
The concept that the failing heart is metabolically inflexible and unable to 
switch amongst different energy substrates to fulfil its metabolic demands 
is mainly derived from animal studies and may not represent the failing hu
man heart. In patients with non-ischaemic heart failure with reduced ejec
tion fraction (HFrEF), intra-venous infusion of insulin–glucose at rest 
increased cardiac glucose utilisation, whereas supply of free fatty acids by 
Intra-lipid infusion elevated fatty acid utilisation.11 Additionally, insulin– 
glucose infusion during increased cardiac workload induced by rapid atrial 
pacing increased LCFA uptake and oxidation.11 These results suggest that 
the failing heart has active substrate selection in response to acute exogen
ous administration of substrate and preference to fatty acids over glucose 
during increased workload. This study challenges the current notion that 
metabolic flexibility is impaired in the failing heart. Nevertheless, myocar
dial phosphocreatine (PCr) to ATP ratio and ATP level are consistently re
duced in both HFrEF12 and heart failure with preserved ejection fraction 
(HFpEF) patients.13 Disrupted metabolic homeostasis is closely coupled 
to cardiac dysfunction in HF and is postulated as the proximal driver.

The concept that the failing heart is an ‘engine out of fuel’ is decades 
old.14 Recently, Rodolico et al. pointed out that the failing myocardium 
will never run out of fuel when oxygen supply is sufficient, and that there 
is fuel overload in patients at risk of HF.15 Obesity and diabetes are inde
pendent risk factors associated with the development of HF. Obesity 
was associated with cardiac steatosis, and was an independent predictor 
of increased myocardial oxygen consumption and reduced myocardial 

efficiency.16 Myocardial lipid deposition was increased in participants 
with insulin resistance prior to the onset of diabetes,17 HFrEF,18 and 
HFpEF patients.13 These studies suggest that substrate availability in the 
failing heart is not depleted; instead, there is impaired capacity to utilize 
substrate with spillover in the form of lipid storage and concomitant reduc
tion in myocardial efficiency.

Whilst a decrease in fatty acid metabolism is frequently observed in 
HFrEF, changes in fatty acid metabolism are inconsistent in HFpEF. 
Myocardial fatty acid uptake was unaltered at an early stage of compen
sated left ventricular hypertrophy but reduced in a rodent model with se
vere congestive HF.19 Fatty acid uptake rather than oxidation was impaired 
in the myocardium of patients with end-stage, non-ischaemic dilated car
diomyopathy (DCM).20 Acute delivery of fatty acids via intra-venous infu
sion increased fatty acid utilisation and improved cardiac bioenergetics in 
non-ischaemic HFrEF patients.11 These studies suggest that fatty acid up
take and oxidation is dependent on the disease stage, with little impairment 
of both in the early stages of HF, but severe impairment of uptake with un
altered oxidation in advanced stages of non-ischaemic cardiomyopathy. 
Whilst acute elevation of fatty acid concentration may be beneficial, further 
studies are required to determine whether the degree of functional impair
ment or aetiology of HF would affect this response, whether this response 
is maintained over time, and to what extent it can be delivered without 
spillover, storage, or lipotoxicity.

HF is often characterized by an increased reliance on glucose. In HFrEF 
patients with DCM, myocardial glucose uptake and glycolysis were in
creased.21 Surprisingly, there was almost no glucose uptake by the heart 
in HFrEF patients in the fasted state, which could be due to a response to 
fasting.6 Increased glucose flux into glycolysis and anaplerosis in the TCA cy
cle increased aspartate synthesis and promoted cardiac hypertrophy in rat 
cardiomyocytes,22 suggesting that increased glycolysis may promote patho
logical hypertrophic responses in HF. Unlike HFrEF, SLC2A1 (solute carrier 
family 2 member 1) gene, which encodes GLUT1 was lower, but mitochon
dria pyruvate carriers, MPC1 was up-regulated in HFpEF patients.23

However, both MPC1 and MPC2 were down-regulated in end-stage ad
vanced HFrEF patients with DCM.24 These data suggest suppressed mito
chondrial pyruvate oxidation in HFrEF but not in HFpEF. Enhancing 
glucose oxidation by intra-coronary infusion of pyruvate25 or administration 
of dichloroacetate (a PDK inhibitor)19 improved cardiac function in HF pa
tients, suggesting that restoring glucose oxidation may be beneficial.

Increased glycolysis and reduced glucose oxidation in the failing heart 
may suggest that pyruvate is being converted to lactate in the cytosol in
stead of being oxidized in the mitochondria. Myocardial lactate consump
tion increased from 2.8% (in non-failing heart) to 5% for ATP generation in 
HFrEF patients in the fasted state.6 In older HFpEF patients (≥80 years of 
age), the expression of LDHB, which catalyses the conversion of lactate to 
pyruvate was reduced, and plasma lactate level was increased during acute 
decompensation.26 High blood lactate levels were associated with in
creased risk of mortality and poor prognosis in patients with acute decom
pensated HFrEF27 and cardiogenic shock.28 Inhibition of MCT4 (cellular 
lactate exporter) prevented cellular hypertrophy in cardiomyocytes and 
in a mouse model with cardiac hypertrophy, potentially by redirecting 
glycolytic carbon flux back towards mitochondrial pyruvate oxidation.24

At present, the mechanism of lactate oxidation in HF remains incompletely 
understood, and elevated plasma lactate level may be a potential biomarker 
to predict HF prognosis.

Circulating blood ketone bodies29 and myocardial ketone body utilisation6

are reportedly increased in HFrEF patients. Increased β-hydroxybutyrate 
uptake during ketosis was correlated to left ventricular remodelling and 
left ventricular mass, and inversely correlated to ejection fraction in chronic 
HFrEF patients.30 Conversely, increasing circulating ketone bodies acutely via 
either intra-venous infusion of β-hydroxybutyrate or a single-dose enteral 
treatment with ketone ester improved cardiac function in patients with 
HFrEF,31 cardiogenic shock,32 and pulmonary hypertension.33 A recent study 
also showed that oral administration of ketone ester in patients with stable 
HFrEF four times daily for 14 days improved resting cardiac output and ejec
tion fraction, and reduced pulmonary capillary wedge pressure (lower filling 
pressure) and NT-proBNP levels,34 suggesting the potential therapeutic 
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effects of ketone bodies in HF. However, due to a lack of clinical data in 
HFpEF, further studies are required to determine whether increasing ketone 
bodies is beneficial for the treatment of HFpEF.

Animal and human data show that cardiac BCAA and BCKA levels are 
elevated, and gene expression of enzymes involved in BCAA metabolism 
is reduced in both HFrEF and HFpEF, suggesting that myocardial BCAA oxi
dation is impaired in the failing heart.23,35 However, using in vivo isotope in
fusions, cardiac BCAA oxidation was increased rather than suppressed in a 
murine model of HFrEF.35 Direct assessment of BCAA oxidation in HF pa
tients is lacking. Accumulation of BCAA and BCKA in the failing heart due 
to impaired BCAA oxidation may induce mitochondrial oxidative stress,36

promote insulin resistance,37 and induce cardiac hypertrophy via chronic 
activation of mTOR.38 Stimulating BCAA catabolism improved cardiac 
function in DCM patients,36,37 suggesting that improving BCAA oxidation 
may be beneficial for HF treatment.

2.2 Act 2—‘a damaged furnace’
2.2.1 The impact of metabolic dysfunction on cardiac 
mitochondrial dynamics
Aristotle considered the heart to be the body’s furnace, radiating heat to 
support the body’s energy demands,39 but the true furnace is arguably 
the mitochondrion within the cardiomyocyte. The heart contains the high
est content of mitochondria of any tissue.40 This is required to meet the 
heart’s enormous energy requirements to sustain unrelenting mechanical 
work, as both contraction and relaxation are active processes requiring en
ergy. In the previous section, having outlined how the heart has a substan
tial capacity to utilize different substrates to generate ATP under normal 
and disease states, we will now discuss how mitochondrial function is a crit
ical mediator of these processes. We will focus on bioenergetics; other po
tential mechanistic roles of mitochondria in HF such as in oxidative stress, 
mitochondrial fission, and mitochondrial calcium regulation are outside the 
scope of this review.41 We focus on human data, but also discuss pre- 
clinical data that we believe advances mechanistic understanding of human 
pathological insights.

Previous attempts to address mitochondrial generation of ATP and FAO 
have not yielded clinically impactful and safe outcomes. For example, per
hexiline, a CPT1 inhibitor, increased the PCr/ATP ratio and improved 
New York Heart Association (NYHA) functional class, but did not improve 
left ventricular ejection fraction or cardiac substrate utilisation in DCM pa
tients.42 Perhexiline administration is also associated with hepatic and 
neurological adverse effects, which limit its use for HF therapy.43 In add
ition, a clinical trial involving the administration of etomoxir, another 
CPT1 inhibitor, had to be stopped pre-maturely due to the occurrence 
of hepatoxicity.44 Trimetazidine, an inhibitor of long-chain3-ketoacyl-CoA 
thiolase reduces HF hospitalisation and improves NYHA functional class 
and ejection fraction, but its effect on PCr/ATP is controversial.45,46

Nonetheless, the impetus for understanding the therapeutic potential 
offered by mitochondria has been reaffirmed with the emergence of HF 
pharmacotherapy with, perhaps serendipitous, effects on mitochondrial 
function. All previous HF therapies acted to reduce the workload on the 
failing heart and, in doing so, reset the heart’s energy demand threshold 
to a lower level.47 Although not addressing the energy imbalance, these ther
apies have favourable effects on deleterious cardiac remodelling. However, 
the reset to a lower energetic demand ignores the energetic ‘supply’ side of 
the equation and does not directly address the impaired bioenergetic capacity 
of the heart.48 Indeed, these therapies that systemically block maladaptive neu
rohormonal perturbation also lower blood pressure and development of new
er drugs for stepwise addition to these medications raise tolerability and safety 
concerns with regard to compounding hypotension and/or electrolyte disturb
ance.47 Therefore, an ideal novel therapy targeting myocardial bioenergetics 
would be hemodynamically neutral.

Ketone pathways are a potential target to improve mitochondrial func
tion in HF. Mitochondrial protein hyperacetylation was associated with a 
deficiency of nicotinamide adenine dinucleotide (NAD+) and impaired 
mitochondrial FAO in a 2-hit HFpEF murine model induced by a high-fat 
diet and L-NAME.49 In a 3-hit HFpEF murine model induced by aging, high- 

fat diet and desoxycorticosterone pivalate, elevation of β-hydroxybutyrate 
reduced mitochondrial protein acetylation, inflammation, cardiac brain 
natriuretic peptide (BNP) level, and attenuated cardiac stiffness.50 Elevating 
NAD+ by oral supplementation of nicotinamide riboside49,51 or nicotina
mide52 improved mitochondria respiration and rescued HFpEF in murine 
models. NAD+ repletion also elevates cardiomyocyte ketogenic enzymes 
and ketone levels (YC Koay, unpublished work). Thereby, a promising inter- 
section of NAD+ repletion, increased mitochondrial function, and ketogenic 
pathway signalling warrants dedicated study as a promising therapeutic realm 
in the mitochondrial biology of HF.

2.3 Act 3—‘post hoc governors’
2.3.1 DNA (CpG) methylation
In recent years, there has been a significant focus on understanding the 
epigenetic mechanisms linked to cardiac hypertrophy and HF pathophysi
ology, including DNA methylation, post-translational modifications of his
tones and non-coding RNAs (ncRNAs). These modifications (summarised 
in Figure 2) can affect gene expression by altering chromatin structure, 
which in turn affects DNA accessibility and gene transcription in relation 
to energy metabolism in the failing hearts.

DNA methylation of cytosine at the 5′ position of pyrimidine (CpG 
methylation), catalysed by DNA methyltransferases (DNMT), helps regu
late epigenetic gene expression,53 with promoter hypermethylation de
creasing gene expression and promoter hypomethylation leading to an 
increase in gene expression. Notably, de novo methylation is primarily regu
lated by DNMT3A and DNMT3B in the heart.54 DNMT3A knockout in en
gineered heart tissue generated from human induced pluripotent stem 
cell-derived cardiomyocytes impaired mitochondrial cristae structure 
and glucose metabolism, reduced respiration rate and ATP production, 
and altered contraction kinetics.55,56 Deletion of DNMT3B in mice com
promised heart function under normal conditions and worsened HF during 
hypertrophy-inducing stimuli such as pressure overload induced by trans
verse aortic constriction (TAC) or isoproterenol.57 Genomic regions are 
also differentially methylated during pre-natal development and post-natal 
maturation in human hearts.58 These studies show the important role of 
DNA methylation in regulating mitochondrial function, cardiac develop
ment, metabolism, energy output, and the heart’s response to stress.

DNA methylation potentiates alteration in cardiac gene expression in 
HF. Left ventricular tissue from end-stage HFrEF patients exhibited hypo
methylation and induction of glycolytic enzymes (i.e. phosphofructokinase, 
enolase) as well as hypermethylation and silencing of genes involved in TCA 
(i.e. succinate dehydrogenase), oxidative phosphorylation [i.e. cytochrome 
c oxidase (COX17)], and FAO (i.e. acetyl-CoA acyltransferase).59 Furthermore, 
HF aetiology-specific changes in DNA methylation were identified in inter- 
ventricular septal tissues obtained from patients with ischaemic cardiomy
opathy, DCM, and hypertrophic obstructive cardiomyopathy (HOCM) 
relative to matched non-failing donor hearts.60 In this study, MSR1 (macro
phage scavenger receptor 1, involved in inflammatory response and lipid 
homeostasis) was hypermethylated in HOCM biopsies; MMP2 (matrix 
metallopeptidase 2, a regulator of collagen turnover and fibrosis) and 
CTGF (connective tissue growth factor, involved in fibrosis) were hypomethy
lated in DCM tissues; whereas MYOM3 (myomesin 3, involved in muscle 
contractility and myofibril assembly) and COX17 were hypermethylated 
in ischaemic cardiomyopathy biopsies. These findings highlight the signifi
cant impact of DNA methylation on cardiac metabolism, HF development 
and aetiology, and suggest that DNA methylation may be a potential 
therapeutic target for HF.

2.3.2 Histone modifications
2.3.2.1 Histone acetylation and deacetylation
Acetylation typically occurs on the lysine residues of histone, and is facili
tated by histone acetyltransferases (HATs, ‘writer’) and histone deacety
lases (HDACs, ‘eraser’). There are two classes of HATs: type A HATs 
are localized in the nucleus and involved in chromatin remodelling and nu
cleosomal histone modifications whereas type B HATs are located in the 
cytoplasm and facilitate nucleosome formation.61 HDAC are categorized 
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into Class I (HDAC1, 2, 3, and 8), Class IIa (HDAC4, 5, 7, and 9), Class IIb 
(HDAC6 and 10), Class III HDAC (NAD + -dependent sirtuins 1–7), and 
Class IV (HDAC11).

Changes in pathological gene expression are accompanied by alterations 
in active histone marks (i.e. H3K9ac, H3K27ac, H3K4me3, and H3K36me3) 
as well as repressive marks (i.e. H3K27me3) in the failing human hearts.62

Hyperacetylation of histone 3 acetylated at lysine 9 (H3K9) is associated 
with cardiac hypertrophy.63 Reduced H3K9 acetylation by inhibiting 
HAT activity of p300 attenuated hypertrophy and improved cardiac func
tion in TAC-induced HFrEF mice.63 Furthermore, HDAC3 expression was 
reduced in peripheral blood mononuclear cells (PBMCs) isolated from cor
onary artery disease patients.64 Cardiac-specific deletion of HDAC3 in 
mice promoted cardiac hypertrophy, and this was associated with down- 
regulation of GLUT4, up-regulation of genes associated with FAO, and 
reduced mitochondria complex I activity.65 In contrast, HDAC6 protein 
expression was increased in TAC mice.66 HDAC6 deletion in mice rescued 
diastolic dysfunction and alleviated signs of HF.66 These studies suggest that 
epigenetic regulation is site specific and have different impacts towards the 
development of HF.

Alterations in Class III HDACs impair cardiac metabolism and contribute 
to HF. Sirt1 activity was higher in PBMCs isolated from HFrEF patients, but 
not different in HFpEF patients when compared to the non-HF controls.67

In contrast, Sirt1 expression was reduced in myocardial tissues of patients 
with advanced HF68 and type 2 diabetes.69 In db/db mice, treatment with 
recombinant Sirt1 rescued diabetes-induced cardiac dysfunction and this 
was associated with down-regulation of genes involved in lipid metabolism 

[i.e. CD36, Pparg (peroxisome proliferator-activated receptor γ)].69

Additionally, Sirt6 protein expression was reduced in the failing human 
hearts vs. non-failing controls.70 Administration of Sirt6 agonist MDL-800 in 
a pressure overload HF mouse model attenuated hyperacetylation of H3K9, 
alleviated mitochondrial ultrastructure damage, improved mitochondrial 
respiratory and cardiac function.71 Therefore, Class III HDAC may be a po
tential therapeutic target for HF.

2.3.2.2 Histone methylation and demethylation
Histone methylation is regulated by lysine methyltransferases (KMTs) and 
demethylases (KDMs). Alterations in histone methylation are closely linked 
to HF. Histone H3 lysine 4 trimethylation (H3K4me3, an active promoter 
mark of gene activation) was decreased in left ventricular tissues from 
DCM72 and ischaemic cardiomyopathy patients with reduced ejection frac
tion.73 Reduced H3K4 methylation was associated with down-regulation of 
SMYD1, which is a H3K4-specific lysine methyl transferase that is essential 
for heart development and regulates cardiac mitochondrial energetics.74

In left ventricular tissues from patients with end-stage ischaemic and idio
pathic cardiomyopathy, histone 3 lysine 36 trimethylation (H3K36me3) 
was enriched in active transcriptional regions of the genome, including 
protein-coding genes and ncRNA, and regulated the expression of double 
homeobox 4 (DUX4), which involved in early human embryo develop
ment.75 SET domain containing-2 (SETD2), a H3K36-specific trimethyl
transferase was up-regulated in myocardial tissues obtained from obese 
HFpEF patients and this was correlated with cardiomyocyte stiffness.76

In the same study, cardiomyocyte-specific deletion of SETD2 in mice 

Figure 2 The epigenome: an important player in the regulation of cardiac metabolism in heart failure. circRNA, circular RNA; DNMTs, DNA methyltrans
ferases; ETC, electron transport chain; FAO, fatty acid oxidation; HATs, histone acetyltransferases; HDACs, histone deacetylases; HDMTs, histone demethy
lases; HMTs, histone methyltransferases; lncRNA, long non-coding RNA; miRNA, microRNA; TCA, tricarboxylic acid.
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prevented hypertrophic remodelling and diastolic dysfunction. These find
ings suggest the involvement of histone methylation in HF pathogenesis.

Histone lysine demethylation is catalysed by lysine-specific demethylases 
(LSD) and Jumonji C domain-containing proteins (JMJD), which requires 
flavin adenine dinucleotide (FAD) and α-ketoglutarate as cofactors. The 
JMJD family such as JMJD2 and JMJD3 are α-ketoglutarate-dependent histone 
demethylases,77 and are sensitive to changes in TCA cycle intermediates. 
Under hypoxic conditions, the accumulation of metabolites such as 2- 
hydroglutaric acid, succinate, and fumarate inhibits JMJD activity, leading 
to global histone methylation changes.78 In contrast, increasing FAD produc
tion activates lysine-specific demethylase 1 enzyme (LSD1) and maintains 
phospholipid homeostasis is protective against ischaemia.79 Therefore, 
metabolic changes affect epigenetic regulation and contribute to HF.

Regulation of H3K36 demethylation by lysine demethylase 8 (KDM8) is 
critical for maintaining cardiac function by influencing mitochondrial func
tion and energy metabolism. KDM8 maintains an active mitochondrial gene 
network by repressing TBX15, thus preventing DCM and lethal HF.80

KDM8 was down-regulated in human hearts affected by DCM, and higher 
TBX15 expression was correlated with the down-regulation of genes en
coding mitochondrial proteins, suggesting that epigenetic dysregulation of 
metabolic gene networks, mediated by the KDM8-TBX15 axis, could initi
ate myocardial deterioration towards HF.80

2.3.3 Non-coding RNA
ncRNAs are functional RNA molecules that are not translated into pro
teins, but act as regulators for epigenetics and gene expression. ncRNA 
has attracted increasing attention in HF, and can be broadly classified 
into small [i.e. microRNAs (miRNAs)] or long ncRNAs [i.e. linear long 
ncRNAs (lncRNAs), circular RNAs (circRNAs)]. Here, we will discuss 
the implications of ncRNA on cardiac metabolism and mitochondrial func
tion in the context of HF with a focus on human data as the role of ncRNAs 
has been extensively described elsewhere.81

Alteration in ncRNAs expression affects cardiac energy metabolism and 
mitochondrial function in HF patients. For instance, miR-122-5p expres
sion was increased in patients with aortic valve stenosis82 and acute myo
cardial infarction.83 Bioinformatic analysis revealed that miR-122-5p was 
closely related to glucose metabolism pathways including gluconeogenesis 
and glycolytic pathways in diabetic patients.84 Deletion of miR-122-5p im
paired fatty acid metabolism in mice.85 miRNAs may also be used as poten
tial biomarkers to distinguish between HFpEF and HFrEF patients, where a 
combination of miRNAs including miR-107, miR-139-5p, and miR-150-5p 
discriminated HFpEF from HFrEF.86 Furthermore, differentially expressed 
lncRNAs (i.e. AK055347) in epicardial adipose samples obtained from pa
tients with atrial fibrillation vs. sinus rhythm,87 and between left atrial from 
the pulmonary vein vs. left atrial appendage in atrial fibrillation patients88

were associated with mitochondrial energy production, lipid metabolism, 
and stress response.

A recent study involving participants from the Helsinki Birth Cohort 
Study showed that increased maternal body mass index (BMI) was asso
ciated with elevated offspring serum miR-15b in humans.89 In the same 
study, overexpression of miR-15b-5p in embryonic rat cardiomyoblasts 
H9c2 cells impaired mitochondrial function and reduced FAO, suggesting 
that miR-15-b may contribute to cardiac metabolism dysregulation. 
Additionally, miRNA-132-3p was up-regulated in cardiac tissue in response 
to hypertrophic stimuli, which contributes to the development of HF.90

Overexpression of miRNA-132 down-regulated mitochondrial carnitine 
acyl-carnitine translocase, leading to the inhibition of β-oxidation,91 sug
gesting that increased miRNA-132 level is detrimental. Pre-clinical investi
gation in a porcine model of chronic HF showed that CDR132L, a miR-132 
inhibitor improved cardiac function, and reversed cardiac remodelling.92

These studies highlight the role of ncRNAs in regulating cardiac metabolism 
and suggest that ncRNAs are promising therapeutic targets for HF.

2.3.4 Simul—‘fermented disequilibrium’
The microorganisms that inhabit the gastrointestinal tract, collectively 
known as the gut microbiota, contribute significantly to the metabolites 

found in the human circulation. Several microbiota-produced metabolites 
affect cardiac function as summarized in Figure 3.

2.3.4.1 The gut microbiome and heart failure
It is relevant to note that there is a substantial change in the composition of 
gut microbiota of patients with HFpEF relative to healthy referents—these 
differences were independent of traditional risk factors such as age, sex, 
BMI, prevalence of hypertension, and diet.93 These changes were charac
terized by lower α-diversity (i.e. number and abundance of microbes) 
and abundance of Ruminococcus species, an important producer of 
SCFAs, amongst others.93 The clear separation between the microbiota 
of controls and cases, lower α-diversity and reduced prevalence of 
SCFA-producers have been also reported in patients with HFrEF.94

2.3.4.2 Gut permeability
An important phenomenon that may be present in HF patients is an in
creased permeability of the gut epithelial barrier, which allows the trans
location of microbes and/or their products to the host’s systemic 
circulation, eliciting inflammation.95 Markers of gut permeability (e.g. zonu
lin, intestinal fatty acid binding protein, lipopolysaccharide-binding protein) 
have been reported in patients with hypertension96 and with atrial fibrilla
tion.97 An in vivo assay was used to measure intestinal permeability in 29 
patients with decompensated HF—those with higher permeability had a 
higher risk of adverse outcomes in the 56-days they were followed.98

Collectively, these studies suggest that the gut microbiota is altered in pa
tients with HF and that the breakdown of the gut epithelial barrier may be 
observed before the development of HF, contributing to its development. 
Larger, multi-centre studies with well-phenotyped control participants are 
warranted to confirm these findings.

2.3.4.3 Short-chain fatty acids
Lower intake of dietary fibre is associated with higher coronary heart dis
ease incidence and mortality, with a dose-response relationship showing a 
benefit with more than ∼28 g of fibre consumed per day, especially with 
intake >35 g/day.99 This is of concern considering the global average intake 
of fibre is ∼11 g/day across low-, middle-, and high-income countries.100

Fibre reaches the large intestine undigested, where some types of fibre 
(e.g. resistant starches and some soluble fibres) are fermented by the gut 
microbiota.101 This fermentation leads to the release of SCFAs as by- 
products.101 The most abundantly released SCFAs are acetate, propionate, 
and butyrate—these have important inter-actions with the immune sys
tem,102 and priming103 and increasing the prevalence of anti-inflammatory 
immune cells such as T regulatory cells.104 Importantly, the heart is a major 
site of acetate uptake according to experiments using in vivo 11C-acetate and 
positron emission tomography (PET)–computed tomography scanning.105

Indeed, supplementation with acetate in the drinking water for 3-weeks 
modified the cardiac transcriptome in mice, modifying pathways relevant 
to HF including down-regulation of extracellular matrix receptor and the 
renin–angiotensin system.106 Other mechanisms may involve SCFA sensing 
receptors, such as G-protein coupled receptors GPR41, GPR43, and 
GPR109A, as lack of sensing via one or more of these receptors causes car
diac dysfunction.104 These may act via the breakdown of the gut epithelial 
barrier, regulation of the immune system, or via epigenetic mechanisms 
such as inhibition of histone deacetylases.95

Although there is evidence that levels of dietary fibre intake are reduced 
in HFpEF patients (17.6 ± 7.7 g vs. 23.2 ± 8.8 g/day)93 and HF patients in 
general have lower levels of SCFA-producing bacteria,93 we are not aware 
of any direct evidence that levels of SCFAs are decreased in HF. However, 
interventions with SCFAs, even when fibre intake was low, reduced cardiac 
hypertrophy and fibrosis and improved cardiac function in deoxycortico
sterone acetate/salt and angiotensin II experimental models.106 An oppor
tunity may be the use of SCFA-enriched fibres such as acetylated and 
butyrylated high amylose maize starch (HAMSAB), as below.107 Together, 
this evidence highlights the potential for SCFAs to improve cardiac function 
of HF patients.
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2.3.4.4 Trimethylamine N-oxide (TMAO)
The most studied gut microbiota-derived metabolite that contributes to 
cardiovascular disease risk is TMAO.108 Dietary choline and L-carnitine, 
found in red meat, eggs, and dairy products resulted in higher microbial le
vels of TMAO’s precursor, trimethylamine (TMA).108,109 This phenom
enon was not observed in germ-free mice, which lack microbiota.108,109

In the liver, TMA is converted to TMAO by the isoforms 1 and 3 of 
flavin-dependent monooxygenase (FMO). In a prospective study with 
720 HF patients and 300 healthy referents, TMAO levels were higher in 
HF patients, as well as associated with higher mortality and BNP levels 
compared to those with normal heart function.110 In another study with 
112 HF patients, TMAO was also associated with left ventricular diastolic 
dysfunction.111 Using a pressure-overload model of HF, choline and 
TMAO increased cardiac fibrosis, hypertrophy and reduced left ventricular 
ejection fraction relative to the control diet.112

Although L-carnitine is a precursor of TMAO, considerable studies 
have shown the benefits of L-carnitine supplementation in HF patients. 
Several meta-analyses of randomized controlled trials have revealed 
that L-carnitine supplementation is associated with improvement in left 
ventricular ejection fraction, cardiac output, and reduced BNP and 
NT-proBNP levels in patients with DCM113 and chronic HF.114 Similar 
improvement in ejection fraction has also been reported in patients with 
ischaemic HF undergoing coronary artery bypass graft surgery115 and 
in paediatric patients (<18 years of age) with impaired left ventricular 
function.116 In a rodent model of myocardial infarction, L-carnitine admin
istration exerts cardiac protective effects by suppressing oxidative stress 
and increasing antioxidant enzyme functions.117 These studies suggest 
that L-carnitine supplementation may exert cardioprotective effects in HF.

In addition, there is some controversy regarding the role of TMAO in 
cardiovascular disease.118 Some studies have found that plasma TMAO 

levels were also increased with healthy diets including with intake of 
fish,119 low glycaemic load,120 and resistant starches.121 For example, in a 
small cross-over trial, a diet high in resistant starches, when combined 
with low carbohydrate intake, resulted in higher plasma TMAO levels rela
tive to a diet low in resistant starch.121 These findings were replicated in 
high resistant starch-fed mice.118 This is likely explained by an increase in 
bile acids, which induce the expression of the FMO gene family.118

2.3.4.5 Indole-3-propionic acid (IPA)
We have previously demonstrated in mice that high fibre dietary interven
tion dramatically increased plasma levels of IPA (22-fold),122 which is a gut- 
microbe derived metabolite of tryptophan. IPA levels were reduced in 
HFpEF and IPA supplementation reduced diastolic dysfunction in a 
HFpEF mouse model by promoting the expression of SIRT3 and restoring 
NAD+ levels.123 Although there is emerging evidence that IPA plays a role 
in cardiac contractility and hypertension,124 its mechanistic roles remain to 
be elucidated.

3. The solution
Given the critical role of metabolism in maintaining cardiac function, ma
nipulating metabolic pathways has long been an unfulfilled target for im
proving heart function, although recent developments are showing 
promise. Here, we discuss various approaches to manipulating metabolism, 
including exercise, diet, drugs such as sodium–glucose cotransporter 2 in
hibitor (SGLT2i) and glucagon-like peptide-1 receptor agonists (GLP-1RA), 
and potential new therapies such as gene and RNA-based interventions. 
We will examine the evidence for each approach and discuss their thera
peutic implications for the prevention and treatment of HF.

Figure 3 The inter-play between dietary metabolism, the gut microbiome, and heart failure. Key metabolic pathways include the microbiota-mediated fer
mentation of indigestible fibre into SCFAs, known for their protective effects such as reducing inflammation and improving vascular tone. On the other hand, 
diet-derived nutrients, like choline, phosphatidylcholine, betaine, and L-carnitine, can be metabolized by the gut microbiota into TMA. TMA is then converted in 
the liver into TMAO via the FMO family of enzymes. High levels of TMAO have been associated with atherosclerosis development, inflammation, cardiac fi
brosis, and cardiac dysfunction, thereby increasing the risk of heart failure.
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3.1 Preventive metabolic strategies
The ACC/AHA 2022 Guidelines highlight Stage A HF as ‘at-risk for heart 
failure,’ which includes asymptomatic patients with readily identifiable 
risk factors including hypertension, diabetes, obesity, and existing cardio
vascular disease, but without structural/functional heart disease or abnor
mal biomarkers; Stage B ‘pre-heart failure’ patients have evidence of 
structural heart disease, increased filling pressures, and/or increased BNP 
levels or persistently elevated cardiac troponin in the absence of competing 
diagnoses.125 These early stages afford a critical opportunity to start pre
ventive strategies targeting metabolic health.

Although recent HF guidelines have included recognition of at-risk HF,125

further work is needed to increase awareness and institute early intervention. 
Cardiologists must be pro-active at investigating metabolic risk factors, includ
ing careful monitoring of glucose homeostasis. With the metabolic syndrome 
now present in >30% of adults and up to 50% of adults aged 60 or over,126 it is 
critical that interrogation of glucose homeostasis goes beyond fasting glucose 
or glycosylated haemoglobin (HbA1c) to include fasting insulin and oral glu
cose tolerance testing in overweight adults. Patients with metabolic syndrome 
have higher risk of developing type 2 diabetes, and early identification can pre
vent or delay diabetes and/or HF onset.

‘Metabolic unloading’ is a concept akin to unloading the heart from 
metabolic stress either via restriction of fuel supply or elimination of excess 
fuel.127 Weight loss is a critical subject to broach with at-risk patients. 
Dietary intervention for weight loss consists of several approaches includ
ing caloric restriction which entails a 30%–50% reduction in average daily 
energy intake128; time restriction involves a restriction on the daily eating 
window (i.e. intermittent fasting, time-restricted feeding); and dietary re
striction of macronutrients in food (i.e. carbohydrate, protein, or fat) or 
specialized diets. Studies have shown that 16 weeks of caloric restriction129

or 12 weeks of 10-h restricted eating (ad libitum feeding from 0800 to 1800 
and fasting between 1800 and 0800)130 reduced BMI, HbA1c level, and to
tal cholesterol, triglycerides, and improved diastolic function in overweight/ 
obese patients with type 2 diabetes. In HFpEF and HFrEF patients, caloric 
restriction (400–800 kcal deficit/day) induced weight loss, improved myo
cardial efficiency and lipid profiles,131,132 suggesting that weight loss may in
duce desirable effect on cardiac metabolism.

Specialized diets are impactful. The Mediterranean diet is characterized 
by a high consumption of fruits, vegetables, nuts, whole grains, and extra- 
virgin olive oil.133 Mediterranean diet has repeatedly demonstrated reduc
tion in cardiovascular events,134,135 and was associated with improved 
cardiometabolic risk factors such as BMI, waist circumference, blood pres
sure, insulin resistance, and lipid profile in patients with metabolic 
syndrome.136,137 Long-term adherence to a Mediterranean diet, inversely 
associated with cardiometabolic disease risk, was associated with 40 
microbial species, many of which are known SCFA producers such as 
Faecalibacterium prausnitzii, as well as an enrichment for microbial enzymes 
involved in fibre degradation and SCFA fermentation.138 However, in HF 
patients, adherence to the Mediterranean diet was not associated with a 
lower risk of all-cause and cardiovascular mortality.139 Clinical data are lim
ited, therefore further clinical trials are required to elucidate the safety and 
the role of dietary interventions in patients with established HF.

Bariatric surgery is associated with reduced systolic blood pressure, 
HbA1c, low-density lipoprotein levels, left ventricular mass, and improved 
ejection fraction and global longitudinal strain,140 extending the notion 
of unloading to the metabolic realm. PET imaging revealed decreased 
myocardial fatty acid utilisation in obese participants after gastric bypass 
surgery,141 suggesting that bariatric surgery may affect myocardial sub
strate utilisation. In women with HFpEF, bariatric surgery improved symp
toms, reversed cardiac remodelling, and improved diastolic function, but 
myocardial triglyceride was unchanged.142 Bariatric surgery was also asso
ciated with reduced risk of all-cause mortality and hospitalisation in HF 
patients.143 In terms of changes in the gut microbiome, type 2 diabetic pa
tients after bariatric surgery had increased F. prausnitzii abundance,144

which may exhibit anti-inflammatory effects.145 However, changes in hu
man gut microbiota after bariatric surgery are highly variable amongst 
individuals and its alterations in HF patients remain unclear.

Despite the debatable concept of the ‘obesity paradox’, which suggests a 
better prognosis in overweight/obese HF patients, intentional weight loss is 
beneficial in patients with established HF. Dietary intervention or exercise 
training in overweight or obese HFpEF patients improved exercise 
tolerance146 and cardiorespiratory fitness.147 A systematic review also sug
gests that weight loss intervention in HFpEF and HFrEF patients is promising, 
and may improve exercise capacity, NYHA classification and quality of life.148

In contrast, unintentional weight loss was associated with higher mortality and 
hospitalisation in both HFpEF149 and HFrEF patients.150 Unintentional weight 
loss is also associated with poor clinical prognosis and is indicative of cach
exia,151 which is an independent risk factor for mortality in HFrEF patients. 
Owing to the potential benefits of intentional weight loss in HF patients, a 
recent consensus statement stated that weight loss should be a specific target 
in HFpEF patients; however, bariatric surgery is currently not specifically re
commended for HF patients due to the lack of clinical trials.152

3.2 Available pharmacotherapies
3.2.1 Glucagon-like peptide-1 receptor agonists
GLP-1 is a hormone secreted by the gastrointestinal tract in response to 
food ingestion to lower post-prandial blood glucose by stimulating insulin 
production and suppressing glucagon secretion.153 GLP-1RA is approved 
by the United States Food and Drug Administration for the treatment of 
type 2 diabetes mellitus and obesity. GLP-1RA administration delays gastric 
emptying, increases gastric volumes, reduces food intake and appetite, 
and enhances fullness and satiety, consequently promoting weight loss.154

Treatment with GLP-1RA reduced the occurrence of cardiovascular 
events in obese or overweight participants without diabetes.155 A recent 
meta-analysis revealed that GLP-1RA reduced HF hospitalisation, all-cause 
mortality, and atherosclerotic events in type 2 diabetic patients without 
HF.156 Therefore, GLP-1RA may be beneficial in preventing the onset of 
HF in both obese/overweight and type 2 diabetes patients with no history 
of cardiovascular disease.

The effects of GLP-1RA on the biodiversity of gut microbiome and cardiac 
metabolism are equivocal. For example, liraglutide treatment (1.8 mg/day for 
12 weeks) has either no effect157 or increased158 the gut microbiome diver
sity by increasing the abundance of Bacteroidetes, Probacteria, and Bacilli in 
patients with type 2 diabetes. In terms of heart function, albiglutide treat
ment reduced infarct size, improved cardiac function, and increased myocar
dial glucose uptake in an ischaemic-reperfusion injury rodent model.159 In 
contrast, an overnight intra-venous infusion of GLP-1 (1.5 pmol/kg/min) in
creased myocardial glucose uptake under resting conditions only in lean par
ticipants, but not in type 2 diabetic patients.160 Similarly, 12-week albiglutide 
treatment in NYHA class II or III HFrEF patients did not affect myocardial 
glucose utilisation as determined by PET imaging.161 Therefore, further stud
ies are required to clarify the gut microbiome and cardiometabolic effects of 
GLP-1 in patients with metabolic syndrome and HF.

Although GLP-1RA may be beneficial for the prevention of HF in diabet
ic and obese patients, the use of GLP-1RA for HF treatment remains un
certain. GLP-1RA treatment reduced the risk of HF hospitalisation in 
patients with no history of HF, but this outcome was not observed in pa
tients with a history of HF.162 GLP-1RA treatment also did not improve left 
ventricular ejection fraction in HF patients with or without diabetes.163

GLP-1RA treatment in HF patients without diabetes has yielded conflicting 
results. In a recent STEP-HFpEF trial, once-weekly semaglutide treatment 
in obese, non-diabetic HFpEF patients for 52 weeks reduced HF-related 
symptoms, body weight, and NT-proBNP levels as well as improved phys
ical and exercise function and 6-min walk distance.164,165 However, the ef
fects of semaglutide on cardiac hemodynamics were not assessed in this 
study. In a small study involving 12 HFrEF patients without diabetes, 
5-week infusion of GLP-1 improved left ventricular ejection fraction and 
6-min walk distance when compared to patients receiving standard therapy 
alone.166 In contrast, 48-h GLP-1 infusion had no effect on ejection fraction 
and BNP level in 20 non-diabetic patients with ischaemic heart disease.167

Importantly, GLP-1RAs are known to elevate heart rate, and increased 
heart rate was associated with increased risk of adverse outcomes in 
HFrEF patients.168 Therefore, careful consideration regarding the presence 
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of comorbidities, types of HF, treatment dose and duration, and further 
study on the safety of GLP-1RA as a potential cardioprotective strategy 
in HF are warranted.

3.2.2 Sodium–glucose cotransport-2 inhibitors
SGLT2i was originally developed as an oral anti-hyperglycaemic medication 
for diabetes. Inhibition of sodium–glucose co-transporters in the proximal 
tubule of the kidney reduces glucose and sodium reuptake thereby lower
ing blood glucose. The EMPA-REG OUTCOME trial revealed that empagli
flozin reduced cardiovascular mortality, hospitalisation for HF, and death 
from any cause in patients with type 2 diabetes.169 A meta-analysis of 13 
large clinical trials involving over 90 000 participants confirmed these 
results in both HFpEF and HFrEF patients with and without diabetes.170

A recent study revealed that dapagliflozin treatment in HF with mildly re
duced ejection fraction or HFpEF patients caused an initial estimated glom
erular filtration rate decline of >10%; however, this was not associated with 
the subsequent risk of cardiovascular or kidney events.171 SGLT2i has now 
emerged as a new ‘pillar’ for HF treatment. In this section, we will discuss the 
potential mechanism of SGLT2i in HF with a focus on myocardial energetics 
and metabolic aspects. Other potential mechanisms such as natriuresis, so
dium–hydrogen exchange inhibition, and reduction of inflammation have 
been proposed, however, these are out of the scope of this review.172

Although it remains controversial whether cardiomyocytes express 
SGLT2,173,174 SGLT2i therapy may exert direct cardiac effects and reverse 
ventricular remodelling in HF. SGLT2i therapy improved diastolic function 
in HFpEF patients with diabetes,175 and normalized passive force and dia
stolic tension in cardiomyocytes and ventricular trabeculae isolated from 
end-stage HF patients.176 SGLT2i therapy also reduced left ventricular 
mass and NT-proBNP level, and improved left ventricular function in 
diabetic patients with left ventricular hypertrophy,177 coronary artery 
disease,178 non-obstructive hypertrophic cardiomyopathy,179 and in non- 
diabetic HFrEF patients.180,181 There is compelling evidence that SGLT2i 
exerts direct beneficial cardioprotective effects in both HFpEF and 
HFrEF patients regardless of diabetes status.

SGLT2i therapy is often associated with an increase in circulating ketone 
levels in HF.182 Therefore, it has been proposed that SGLT2i improves 
myocardial energetics by increasing ketone body metabolism. Human 
data on the effects of SGLT2i on myocardial energetics are scarce 
and limited to two studies in diabetic patients without HF.183,184 In a re
cent EMPA-VISION trial, Hundertmark et al. found that empagliflozin 
treatment for 12 weeks (10 mg once daily) did not improve myocardial 
PCr/ATP in patients with HFrEF or HFpEF, and no change in serum 
β-hydroxybutyrate level was observed12; however, ketonaemia was fre
quently seen in other clinical studies.182,185 In contrast, animal studies 
have shown increased cardiac ATP content following SGLT2i treatment 
with either increased185 or decreased ketone utilisation.186 Pre-clinical 
studies have yielded conflicting results. SGLT2i administration increased 
ketone body utilisation in a non-diabetic HF porcine model as indicated 
by increased myocardial ketone body uptake,185 but not in a diabetic 
db/db mouse model.186 In ex vivo hearts isolated from pressure-overload 
induced HF mice, the cardioprotective effects of SGLT2i were sustained 
even in the absence of changes in ketone bodies.187 These data may suggest 
that improved energetics is not the key mechanistic benefit underlying ke
tonaemia because SGLT2i exerts direct benefits on isolated hearts without 
changing ketone levels in HF. Therefore, signalling pathways downstream 
of ketonaemia may be the important mediators.

Elevated ketones are reproducibly seen with SGLT2i therapy,182,185 and 
ketogenesis is a hallmark of nutrient deprivation. Instead of serving as a fuel 
for ATP production,188 an increase in circulating ketone bodies following 
SGLT2i therapy may represent a stimulus that promotes nutrient depriv
ation signalling and autophagy. SGLT2i up-regulated sirtuins and improved 
cardiac function by enhancing autophagic flux in a murine doxorubicin- 
induced cardiomyopathy model.189 AMPK, which acts as an energy sensor, 
inhibits several ATP-consuming biosynthetic pathways when ATP level 
is low to promote energy restoration.190 SGLT2i therapy simultaneously 
increases AMPK phosphorylation (activation)185 and decreases mTOR 

phosphorylation,191 leading to improved heart function in HF. Activation 
of mTOR in response to growth factors and nutrients promotes cell 
growth and proliferation. Therefore, suppression of mTOR following 
SGLT2i therapy reduces cellular biogenesis, thereby conserving energy. 
This data may suggest that SGLT2i induces a nutrient deprived state 
with simultaneous up-regulation of AMPK and sirtuins, and decreases acti
vation of mTOR, which ultimately leads to reduced cellular stress and pro
motes cell survival.

3.3 Aspirational therapies
This section will focus on aspirational therapies for cardiac metabolism, 
including gene therapy, RNA-based therapeutics, and small-molecule 
activators/inhibitors. Metabolic profiling of the myocardium in the context 
of HFrEF and to a lesser extent HFpEF has provided some clues to prom
ising therapeutic targets. The ever-more impaired myocardial oxidative 
capacity seen with progression of HFrEF leads to a switch of substrate 
usage along a gradient of substrate oxygen requirement, from fatty acids 
(lowest P/O ratio) to glucose (highest P/O ratio). The energetic perturba
tions in HFpEF are more varied compared to those in HFrEF due to the 
heterogeneity of phenotypes within the HFpEF spectrum. For example, 
HFpEF patients with metabolic syndrome are associated with insulin- 
resistant, which affects the metabolism of glucose.192 In these cases, other 
substrates that are less costly in terms of oxygen consumption yet not de
pendent on insulin sensitivity, e.g. ketone bodies, become important sub
strates. However, recent data have suggested commonality of changes in 
myocardial fatty acid usage in HFrEF and HFpEF, despite a significant differ
ence in prevalence of diabetes.23 This work also suggested a decreased cap
acity of human HFpEF hearts to use alternative fuels (glucose, ketones, and 
BCAAs), consistent with a state of metabolic inflexibility. There was a con
sistent perturbation of metabolites in HFpEF hearts despite intra-group 
variability in obesity and other comorbidities, suggesting a common meta
bolic profile in HFpEF despite phenotypic variability.

It is worth considering whether the gate-keepers of metabolic 
regulation—transporters and enzymes—are amenable to gene therapy in 
HF. Decreased FAO in HFrEF results from decreased expression of the 
sarcolemmal fatty acid transporter CD36, along with decreased expression 
of CPT-1 and medium-chain acyl-coenzyme A dehydrogenase.23 However, 
an important caveat is the specific metabolic milieu in which the HF has de
veloped. Specifically, in the context of obesity related HF, CD36 expression 
may be increased and related to the development of lipotoxicity.193 As such, 
interventions focused on augmenting fatty acid transport or metabolism in 
HF may require a personalized approach to avoid the exacerbation of lipo
toxicity. Furthermore, glycerol-3-phosphate dehydrogenase (GPD) repre
sents the inter-section point between glycolysis and fatty acid metabolism. 
The expression of GPD2 is increased in the presence of ischaemia but its de
ficiency exacerbates cardiac dysfunction post-myocardial infarction.194

Recently, it has been demonstrated that miR210 targets the 3’UTR of the 
GPD gene and that a miR210 mimic provides potential protective effect in 
the setting of ischaemia.195 This observation supports a strategy to augment 
cardiac function via regulators of cardiac metabolism.

Regarding HDACs as targets in hypertrophic cardiomyopathy and HF, it 
was previously demonstrated that ITF2357 (givinostat), a clinical-stage in
hibitor of HDAC catalytic activity, mitigated diastolic dysfunction in two 
distinct murine models of diastolic dysfunction with preserved EF.196

ITF2357 attenuated diastolic dysfunction due to hypertension in Dahl 
salt-sensitive rats and mitigated aging-induced diastolic dysfunction in 
normotensive mice.196 HDAC inhibitor-mediated efficacy was not due 
to lowering blood pressure or inhibiting cellular and molecular events 
commonly associated with diastolic dysfunction, including cardiac fibrosis, 
cardiac hypertrophy, or changes in cardiac titin and myosin isoform expres
sion. These authors concluded that the mechanism was rather a previously 
unrecognized, myocyte-autonomous mechanism for diastolic dysfunction. 
Other tractable HDAC targets include class III HDACs/sirtuins, using 
NAD+ repletion. Indeed, several groups have demonstrated that NAD+ re
pletion can reverse HFpEF in murine models, using nicotinamide (NAM)52

or nicotinamide riboside,49 and recent clinical work demonstrated NAD+ 
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repletion was effective at suppressing inflammation in PBMCs in HF 
patients.197 Our group are currently undertaking two clinical trials of 
NAD+ repletion in HFpEF: CardioNAD (ACTRN12622000340730) and 
pEFNAD (ACTRN12622000372785).

A recent exciting development was the demonstration of blood pres
sure reduction in treatment naïve essential hypertension patients using 
pre-biotic supplementation enriched with SCFAs—this chemically- 
modified fibre delivers high levels of SCFAs to the large intestine via gut 
fermentation.107 In this study, led by F.Z.M., a 3-week pre-biotic acetylated 
and HAMSAB supplementation led to a clinically relevant (6.1 mmHg) re
duction in 24-h systolic blood pressure independent of age, sex, and BMI 
without any adverse side effects. HAMSAB increased SCFAs acetate and 
butyrate levels, shifted the microbial ecosystem, and expanded the preva
lence of SCFA producers. This study extended the observation of lowered 
blood pressure by SCFAs in experimental models. Remarkably, the reduc
tion in systolic blood pressure achieved by HAMSAB was equivalent to 
that achieved by conventional anti-hypertensive mono-treatment.198

However, SCFAs have a host of beneficial effects beyond blood pressure 

reduction that target several of the current gaps in treatment for HF, es
pecially HFpEF and particularly Stage A and B HF. For example, SCFAs 
provide beneficial metabolic and anti-inflammatory effects and in experi
mental models prevent cardiac hypertrophy, cardiorenal fibrosis, and 
HF.106 Promoting SCFA producing microbiota could also be beneficial 
in HF, such as Ruminococcus sp. that has a lower prevalence in patients 
with HF.93

The metabolite TMAO, derived from metabolism of dietary phosphatidyl
choline, is elevated in patients with adverse prognosis for HF. In a murine 
TAC model of HF, dietary withdrawal of TMAO as well as use of a gut 
microbe-targeted inhibitor of TMAO production attenuated adverse ven
tricular remodelling and improved cardiac function.199 This study is clinically 
relevant, as complete eradication of gut microbiota is not a desirable ap
proach given the many beneficial components of the gut microbiome, 
whereas the non-lethal TMA lyase inhibitor iodomethylcholine selectively 
targets a non-critical functional component maintaining essential functions 
of the microbiome. Another approach to inhibit gut microbial TMA produc
tion is the use of a structural analogue of choline, 3,3-dimethyl-1-butanol 
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Table 1 Summary of metabolic strategies in heart failure

Therapy Intervention Effects

Preventative 

(Stage A, B HF)

Diet • Calorie restriction induced weight loss, improved myocardial efficiency, and lipid profiles.129

• Time restriction reduced BMI, HbA1c level, total cholesterol, triglycerides, and improved diastolic function.130

• Dietary restriction (i.e. Mediterranean diet) reduced cardiovascular events,134,135 improved BMI, waist 

circumference, blood pressure, insulin resistance, and lipid profile.136,137

• Mediterranean diet was associated with enrichment of SCFA producers in the gut microbiota.138

Bariatric surgery • Reduced systolic blood pressure and HbA1c level.140

• Reduced myocardial fatty acid utilisation.141

• Reversed cardiac remodelling and improved cardiac function.142

• Reduced risk of all-cause mortality and hospitalisation in HF patients.143

• Increased gut F. prausnitzii abundance,144 which may exhibit anti-inflammatory effects.145

Exercise • Improved exercise tolerance.146

• Improved cardiorespiratory fitness.147

GLP-1RA • Delayed gastric emptying, increased gastric volumes, reduced food intake and appetite, and enhanced satiety.154

Pharmacotherapy 
(All stages, HFrEF   

and HFpEF)

GLP-1RA • Reduced cardiovascular events in obese or overweight participants without diabetes.155

• Reduced HF hospitalisation, all-cause mortality, and atherosclerotic events in diabetic patients without HF.156

• Reduced body weight, HF symptoms and NT-proBNP levels, improved physical, and exercise function in non-diabetic 

HFpEF patients.164,165

• Not recommended for HFrEF due to its effect to elevate heart rate.168

SGLT2i • Reduced HF hospitalisation and mortality.169

• Improved diastolic function.175

• Reduced left ventricular mass and NT-proBNP level, improved left ventricular function.177–181

• Increased circulating ketone bodies.182,185

• Up-regulated sirtuins and promoted autophagy.189

• Activated AMPK and promoted energy restoration.185

• Suppressed mTOR hence reduced cellular biogenesis and conserved energy.191

Aspirational Epigenetic therapy • Apabetalone (BET protein inhibitor) reduced HF hospitalisation and cardiovascular death.201

• miR210 targeting glycerol-3-phosphate dehydrogenase gene and protected against ischemic injury.195

• CDR132L (miR132 inhibitor) reduced plasma miR-132 and NT-proBNP levels in chronic HF.202

• Givinostat/ITF2357 (HDAC inhibitor) prevented left ventricular diastolic dysfunction.196

NAD+ repletion • Nicotinamide riboside improved mitochondrial function and reversed HFpEF phenotype.49

• Nicotinamide improved diastolic function, myocardial bioenergetics, cardiomyocyte relaxation, and passive stiffness.52

• Ongoing clinical trials: HFpEF: CardioNAD (ACTRN12622000340730) and pEFNAD (ACTRN12622000372785).
Pre-biotics/Gut 

microbiome

• HAMSAB supplementation decreased systolic blood pressure, shifted gut microbial ecosystem, and increased SCFA 

producers.107

• SCFAs provided anti-inflammatory effects, prevented cardiac hypertrophy, cardiorenal fibrosis, and HF.106

• Iodomethylcholine (TMA lyase inhibitor) attenuated adverse ventricular remodelling and improved cardiac function.199

• 3,3-Dimethyl-1-butanol inhibited TMA production and attenuated atherosclerosis.200
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(DMB), and was shown to inhibit TMA production from polymicrobial cul
ture of human intestinal contents and human faeces.200 Thus, this approach 
seems eminently feasible in humans, but clinical trials are awaited. The pro
posed mechanisms of the different therapies are summarized in Table 1.

4. Future directions
Despite recent insights in the field of cardiac metabolism, several challenges 
remain in the development of novel clinical therapies for HF. The concept 
of impaired metabolic flexibility in the failing heart is derived from a wealth 
of literature generated mainly from animal studies, albeit with ‘snapshots’ 
from human samples. It is important to consider that cardiac metabolism 
is dynamic. Hence, data derived from human tissues do not necessarily re
flect the dynamic changes in the heart especially in diseased states. For in
stance, Watson et al.11 has recently provided evidence that metabolic 
flexibility is preserved in HFrEF patients both at rest and during increased 
workload via direct measurement of arteriovenous metabolite gradients. 
Direct assessment of cardiac metabolic flux in HFpEF is still lacking.

Furthermore, factors such as different HF aetiologies, sex and age differ
ences, disease progression, fasting vs. non-fasting state, ‘snapshots’ vs. 
fluxomic measurements, inferences derived based on gene expression, 
protein level or enzymatic activity, targeted vs. untargeted metabolomics, 
variations in sample preparation, and whether studies have been focused 
on discrete metabolic pathways or unbiased comprehensive capture of 
the metabolome could contribute to the variations of the findings in the 
literature. Therefore, future studies should focus on in situ dynamic assess
ment of cardiac fuel utilisation and systematically address these variabilities 
using a standardized approach would improve our understanding on HF 
disease progression and accelerate the development of tailored therapy.

Recent technological advancement has opened an exciting area of re
search that enables simultaneous measurement of the dynamic metabolic 
changes and alterations in structure and function in the heart using magnet
ic resonance imaging (MRI). For instance, 31Phosphorus (31P) magnetic res
onance spectroscopy was used to determine the PCr/ATP ratio203 and the 
rate of ATP synthesis through creatine kinase flux204 in HF patients; where
as 1Proton (1H) was used to quantify myocardial creatine and triglyceride 
levels.205 Additionally, hyperpolarized 13carbon (13C), which employs mag
netic resonance spectroscopy using stable isotope 13C to trace carbon and 
the downstream 13C-labelled metabolites, allows real-time measurement 
of metabolic flux and contribution of individual energy substrates to the 
TCA cycle in human hearts in vivo.206 However, several challenges such 
as the requirement of specialized hardware and highly trained personnel 
may hinder the application of cardiac metabolic MRI in clinical and research 
settings. Nevertheless, cardiac metabolic MRI offers opportunities for dir
ect quantification of metabolic changes in vivo non-invasively and is a prom
ising approach to facilitate diagnosis and evaluate therapeutic outcome.

Pre-clinical models are highly valuable in facilitating the understanding of 
the pathophysiology of HF. However, limitations such as static environ
mental conditions, the lack of genetic diversity, differences in cardiac 
structure (i.e. myosin heavy chain isoform),207 and substrate utilisation be
tween rodent and human hearts should be considered when translating 
findings from animal studies to humans. The mouse heart has a higher 
glycolytic rate (18%) than human hearts (5%).208 Cardiac responses to 
pressure-overload induced by TAC surgery also differ in various mouse 
substrains.209 Furthermore, establishing a pre-clinical model that fully reca
pitulates clinical HF is challenging due to the complexity and heterogeneity 
of HF especially HFpEF. Nevertheless, pre-clinical models remain a robust 
tool to model HF disease progression and allow genetic modification for 
precise mechanistic studies. Translation of pre-clinical findings to humans 
can be improved by refining animal models that could better recapitulate 
relevant clinical HF phenotypes.

Epigenetic modulation offers a promising avenue for HF management. 
Although many epigenetic drugs were initially approved for cancer treat
ments, their potential for the treatment of cardiovascular diseases has now 
become increasingly recognized. In the BETonMACE trial, Apabetalone, a se
lective inhibitor of bromodomain and extra-terminal (BET) proteins, reduced 

HF hospitalisation and cardiovascular death in patients with type 2 diabetes 
and acute coronary syndrome.201 A Phase 1b clinical trial demonstrated 
that CDR132L (a miR-132 inhibitor) was safe and effectively reduced plasma 
miR-132 and NT-proBNP levels in patients with chronic HF.202 This subse
quently led to an ongoing phase 2 clinical trial to investigate the efficacy and 
safety of CDR132L in HFrEF patients (HF-REVERT) (NTC05350969).210

Epigenetic therapies hold great promise as novel therapies for HF, therefore 
further safety and later phase clinical trials are warranted.

5. Conclusion
Several recent developments have opened opportunities for targeting me
tabolism in HF including establishment of robust pre-clinical models, rapidly 
evolving metabolomic technology, careful clinical phenotyping, improved 
recognition of early (Stages A and B) HF, access to human cardiac bio- 
samples (transcardiac arterio-venous samples and cardiac biopsy), and 
novel pharmacotherapies. The establishment of SGLT2i as a pillar of HF 
treatment has reframed perspectives on HF therapy including roles of nu
trient deprivation signalling and autophagy. Emerging therapeutic targets 
with promise include histone deacetylation (directly with HDACi, or indir
ectly using NAD+ repletion), modulation of gut microbiome-derived med
iators of hypertension and inflammation, and epigenetic modifiers including 
BET inhibitors and CDR132L. In 2017, a Consensus Statement47 lamented 
an unfulfilled aspiration to address cardiac bioenergetics in HF; we may be 
at the dawn of an era in which this aspiration is finally realized.

Conflict of interest: The authors declare no conflicts of interest.

Funding
Y.C.K. is supported by a New South Wales Office for Health and Medical 
Research (NSW OHMR) Capacity Building grant and a National Heart 
Foundation Future Leader Fellowship (107180). F.Z.M. is supported by a 
Senior Medical Research Fellowship from the Sylvia and Charles Viertel 
Charitable Foundation, a National Heart Foundation Future Leader 
Fellowship (105663), and a National Health & Medical Research Council 
Emerging Leader Fellowship (GNT2017382). D.M.K. is the recipient of a 
National Health and Medical Research Council (NHMRC) Investigator 
Grant (Level 3). J.F.O. is supported by an NSW OHMR Early Career 
Fellowship (212784), NHMRC-Medical Research Future Fund (MRFF) 
Cardiovascular award (2024161), and a National Heart Foundation Future 
Leader Fellowship (Level 2) (104853).

Data Availability
No new data were generated or analysed in support of this research.

References
1. Beloukas AI, Magiorkinis E, Tsoumakas TL, Kosma AG, Diamantis A. Milestones in the his

tory of research on cardiac energy metabolism. Can J Cardiol 2013;29:1504–1511.
2. Bing RJ, Vandam LD, Gregoire F, Handelsman JC, Goodale WT, Eckenhoff JE. 

Catheterization of the coronary sinus and the middle cardiac vein in man. Proc Soc Exp 
Biol Med 1947;66:239–240.

3. Wendt VE, Stock TB, Hayden RO, Bruce TA, Gudbjarnason S, Bing RJ. The hemodynamics 
and cardiac metabolism in cardiomyopathies. Med Clin North Am 1962;46:1445–1469.

4. Leone TC, Kelly DP. Transcriptional control of cardiac fuel metabolism and mitochondrial 
function. Cold Spring Harb Symp Quant Biol 2011;76:175–182.

5. Li M, Parker BL, Pearson E, Hunter B, Cao J, Koay YC, Guneratne O, James DE, Yang J, Lal S, 
Sullivan O, O’Sullivan JF. Core functional nodes and sex-specific pathways in human ischae
mic and dilated cardiomyopathy. Nat Commun 2020;11:2843.

6. Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, Rabinowitz JD, Frankel 
DS, Arany Z. Comprehensive quantification of fuel use by the failing and nonfailing human 
heart. Science 2020;370:364–368.

7. Brandt JM, Djouadi F, Kelly DP. Fatty acids activate transcription of the muscle carnitine 
palmitoyltransferase I gene in cardiac myocytes via the peroxisome proliferator-activated 
receptor α. J Biol Chem 1998;273:23786–23792.

8. Panchal AR, Comte B, Huang H, Kerwin T, Darvish A, des Rosiers C, Brunengraber H, 
Stanley WC. Partitioning of pyruvate between oxidation and anaplerosis in swine hearts. 
Am J Physiol Heart Circ Physiol 2000;279:H2390–H2398.

Metabolic targets in heart failure                                                                                                                                                                            1845



9. Gertz EW, Wisneski JA, Stanley WC, Neese RA. Myocardial substrate utilization during 
exercise in humans. Dual carbon-labeled carbohydrate isotope experiments. J Clin Invest 
1988;82:2017–2025.

10. Chance B, Williams GR. Respiratory enzymes in oxidative phosphorylation: I. Kinetics of 
oxygen utilization. J Biol Chem 1955;217:383–393.

11. Watson WD, Green PG, Lewis AJM, Arvidsson P, De Maria GL, Arheden H, Heiberg E, 
Clarke WT, Rodgers CT, Valkovič L, Neubauer S, Herring N, Rider OJ. Retained metabolic 
flexibility of the failing human heart. Circulation 2023;148:109–123.

12. Hundertmark MJ, Adler A, Antoniades C, Coleman R, Griffin JL, Holman RR, Lamlum H, 
Lee J, Massey D, Miller JJJJ, Milton JE, Monga S, Mózes FE, Nazeer A, Raman B, Rider O, 
Rodgers CT, Valkovič L, Wicks E, Mahmod M, Neubauer S. Assessment of cardiac energy 
metabolism, function, and physiology in patients with heart failure taking empagliflozin: the 
randomized, controlled EMPA-VISION trial. Circulation 2023;147:1654–1669.

13. Mahmod M, Pal N, Rayner J, Holloway C, Raman B, Dass S, Levelt E, Ariga R, Ferreira V, 
Banerjee R, Schneider JE, Rodgers C, Francis JM, Karamitsos TD, Frenneaux M, 
Ashrafian H, Neubauer S, Rider O. The interplay between metabolic alterations, diastolic 
strain rate and exercise capacity in mild heart failure with preserved ejection fraction: a car
diovascular magnetic resonance study. J Cardiovasc Magn Reson 2018;20:88.

14. Neubauer S. The failing heart–an engine out of fuel. N Engl J Med 2007;356:1140–1151.
15. Rodolico D, Schiattarella GG, Taegtmeyer H. The lure of cardiac metabolism in the diag

nosis, prevention, and treatment of heart failure. JACC Heart Fail 2023;11:637–645.
16. Peterson LR, Herrero P, Schechtman KB, Racette SB, Waggoner AD, Kisrieva-Ware Z, 

Dence C, Klein S, Marsala J, Meyer T, Gropler RJ. Effect of obesity and insulin resistance 
on myocardial substrate metabolism and efficiency in young women. Circulation 2004; 
109:2191–2196.

17. McGavock JM, Lingvay I, Zib I, Tillery T, Salas N, Unger R, Levine BD, Raskin P, Victor RG, 
Szczepaniak LS. Cardiac steatosis in diabetes mellitus A 1H-magnetic resonance spectros
copy study. Circulation 2007;116:1170–1175.

18. Sharma S, Adrogue JV, Golfman L, Uray I, Lemm J, Youker K, Noon GP, Frazier OH, 
Taegtmeyer H. Intramyocardial lipid accumulation in the failing human heart resembles 
the lipotoxic rat heart. FASEB J 2004;18:1692–1700.

19. Kato T, Niizuma S, Inuzuka Y, Kawashima T, Okuda J, Tamaki Y, Iwanaga Y, Narazaki M, 
Matsuda T, Soga T, Kita T, Kimura T, Shioi T. Analysis of metabolic remodeling in compen
sated left ventricular hypertrophy and heart failure. Circ Heart Fail 2010;3:420–430.

20. Flam E, Jang C, Murashige D, Yang Y, Morley MP, Jung S, Kantner DS, Pepper H, Bedi KC Jr, 
Brandimarto J, Prosser BL, Cappola T, Snyder NW, Rabinowitz JD, Margulies KB, Arany Z. 
Integrated landscape of cardiac metabolism in end-stage human nonischemic dilated car
diomyopathy. Nat Cardiovasc Res 2022;1:817–829.

21. Diakos NA, Navankasattusas S, Abel ED, Rutter J, McCreath L, Ferrin P, McKellar SH, Miller 
DV, Park SY, Richardson RS, Deberardinis R, Cox JE, Kfoury AG, Selzman CH, Stehlik J, 
Fang JC, Li DY, Drakos SG. Evidence of glycolysis up-regulation and pyruvate mitochondrial 
oxidation mismatch during mechanical unloading of the failing human heart: implications for 
cardiac reloading and conditioning. J Am Coll Cardiol Basic Trans Sci 2016;1:432–444.

22. Ritterhoff J, Young S, Villet O, Shao D, Neto FC, Bettcher LF, Hsu Y-WA, Kolwicz SC, 
Raftery D, Tian R. Metabolic remodeling promotes cardiac hypertrophy by directing glu
cose to aspartate biosynthesis. Circ Res 2020;126:182–196.

23. Hahn VS, Petucci C, Kim MS, Bedi KC, Wang J, Mishra H, Koleini S, Yoo N, Margulies EJ, 
Arany KB, Kelly DP, Kass DA, Sharma K. Myocardial metabolomics of human heart failure 
with preserved ejection fraction. Circulation 2023;147:1147–1161.

24. Cluntun AA, Badolia R, Lettlova S, Parnell KM, Shankar TS, Diakos NA, Olson KA, Taleb I, 
Tatum SM, Berg JA, Cunningham CN, Van Ry T, Bott AJ, Krokidi AT, Fogarty S, Skedros S, 
Swiatek WI, Yu X, Luo B, Merx S, Navankasattusas S, Cox JE, Ducker GS, Holland WL, 
McKellar SH, Rutter J, Drakos SG. The pyruvate-lactate axis modulates cardiac hyper
trophy and heart failure. Cell Metab 2021;33:629–648.e610.

25. Hermann H-P, Pieske B, Schwarzmöller E, Keul J, Just H, Hasenfuss G. Haemodynamic ef
fects of intracoronary pyruvate in patients with congestive heart failure: an open study. 
Lancet 1999;353:1321–1323.

26. Anguita E, Chaparro A, Candel FJ, Ramos-Acosta C, Martínez-Micaelo N, Amigó N, 
Torrejón MJ, Llopis-García G, Suárez-Cadenas MDM, Matesanz M, González Del Castillo 
J, Martín-Sánchez FJ. Biomarkers of stable and decompensated phases of heart failure 
with preserved ejection fraction. Int J Cardiol 2022;361:91–100.

27. Uyar H, Yesil E, Karadeniz M, Orscelik O, Ozkan B, Ozcan T, Cicek Yilmaz D, Celik A. The 
effect of high lactate level on mortality in acute heart failure patients with reduced ejection 
fraction without cardiogenic shock. Cardiovasc Toxicol 2020;20:361–369.

28. Jentzer JC, Schrage B, Patel PC, Kashani KB, Barsness GW, Holmes DR, Blankenberg S, 
Kirchhof P, Westermann D. Association between the acidemia, lactic acidosis, and shock 
severity with outcomes in patients with cardiogenic shock. J Am Heart Assoc 2022;11: 
e024932.

29. Lommi J, Kupari M, Koskinen P, Näveri H, Leinonen H, Pulkki K, Härkönen M. Blood ketone 
bodies in congestive heart failure. J Am Coll Cardiol 1996;28:665–672.

30. Monzo L, Sedlacek K, Hromanikova K, Tomanova L, Borlaug BA, Jabor A, Kautzner J, 
Melenovsky V. Myocardial ketone body utilization in patients with heart failure: the impact 
of oral ketone ester. Metab Clin Exp 2021;115:154452.

31. Nielsen R, Møller N, Gormsen LC, Tolbod LP, Hansson NH, Sorensen J, Harms HJ, Frøkiær 
J, Eiskjaer H, Jespersen NR, Mellemkjaer S, Lassen TR, Pryds K, Bøtker HE, Wiggers H. 
Cardiovascular effects of treatment with the ketone body 3-hydroxybutyrate in chronic 
heart failure patients. Circulation 2019;139:2129–2141.

32. Berg-Hansen K, Christensen KH, Gopalasingam N, Nielsen R, Eiskjær H, Møller N, 
Birkelund T, Christensen S, Wiggers H. Beneficial effects of ketone ester in patients with 
cardiogenic shock: a randomized, controlled, double-blind trial. JACC Heart Fail 2023;11: 
1337–1347.

33. Nielsen R, Christensen KH, Gopalasingam N, Berg-Hansen K, Seefeldt J, Homilius C, 
Boedtkjer E, Andersen MJ, Wiggers H, Møller N, Bøtker HE, Mellemkjær S. 
Hemodynamic effects of ketone bodies in patients with pulmonary hypertension. J Am 
Heart Assoc 2023;12:e028232.

34. Berg-Hansen K, Gopalasingam N, Christensen KH, Ladefoged B, Andersen MJ, Poulsen SH, 
Borlaug BA, Nielsen R, Møller N, Wiggers H. Cardiovascular effects of oral ketone ester 
treatment in patients with heart failure with reduced ejection fraction: a randomized, con
trolled, double-blind trial. Circulation 2024;149:1474–1489.

35. Murashige D, Jung JW, Neinast MD, Levin MG, Chu Q, Lambert JP, Garbincius JF, Kim B, 
Hoshino A, Marti-Pamies I, McDaid KS, Shewale SV, Flam E, Yang S, Roberts E, Li L, 
Morley MP, Bedi KC, Hyman MC, Frankel DS, Margulies KB, Assoian RK, Elrod JW, Jang 
C, Rabinowitz JD, Arany Z. Extra-cardiac BCAA catabolism lowers blood pressure and 
protects from heart failure. Cell Metab 2022;34:1749–1764.e1747.

36. Sun H, Olson KC, Gao C, Prosdocimo DA, Zhou M, Wang Z, Jeyaraj D, Youn J-Y, Ren S, Liu 
Y, Rau CD, Shah S, Ilkayeva O, Gui W-J, William NS, Wynn RM, Newgard CB, Cai H, Xiao 
X, Chuang DT, Schulze PC, Lynch C, Jain MK, Wang Y. Catabolic defect of branched-chain 
amino acids promotes heart failure. Circulation 2016;133:2038–2049.

37. Uddin GM, Zhang L, Shah S, Fukushima A, Wagg CS, Gopal K, Al Batran R, Pherwani S, Ho 
KL, Boisvenue J, Karwi QG, Altamimi T, Wishart DS, Dyck JRB, Ussher JR, Oudit GY, 
Lopaschuk GD. Impaired branched chain amino acid oxidation contributes to cardiac insu
lin resistance in heart failure. Cardiovasc Diabetol 2019;18:86.

38. Neishabouri SH, Hutson SM, Davoodi J. Chronic activation of mTOR complex 1 by 
branched chain amino acids and organ hypertrophy. Amino acids 2015;47:1167–1182.

39. Amidon S, Amidon T. The Sublime engine: A biography of the human heart. Rodale, 
Pennsylvania, USA; 2011.

40. Barth E, Stämmler G, Speiser B, Schaper J. Ultrastructural quantitation of mitochondria and 
myofilaments in cardiac muscle from 10 different animal species including man. J Mol Cell 
Cardiol 1992;24:669–681.

41. Gallo G, Rubattu S, Volpe M. Mitochondrial dysfunction in heart failure: from pathophysio
logical mechanisms to therapeutic opportunities. Int J Mol Sci 2024;25:2667.

42. Beadle RM, Williams LK, Kuehl M, Bowater S, Abozguia K, Leyva F, Yousef Z, 
Wagenmakers AJ, Thies F, Horowitz J, Frenneaux MP. Improvement in cardiac energetics 
by perhexiline in heart failure due to dilated cardiomyopathy. JACC Heart Fail 2015;3: 
202–211.

43. Paliard P, Vitrey D, Fournier G, Belhadjali J, Patricot L, Berger F. Perhexiline maleate- 
induced hepatitis. Digestion 2009;17:419–427.

44. Holubarsch Christian JF, Rohrbach M, Karrasch M, Boehm E, Polonski L, Ponikowski P, 
Rhein S. A double-blind randomized multicentre clinical trial to evaluate the efficacy and 
safety of two doses of etomoxir in comparison with placebo in patients with moderate 
congestive heart failure: the ERGO (etomoxir for the recovery of glucose oxidation) study. 
Clin Sci 2007;113:205–212.

45. Fragasso G, Perseghin G, De Cobelli F, Esposito A, Palloshi A, Lattuada G, Scifo P, Calori G, 
Del Maschio A, Margonato A. Effects of metabolic modulation by trimetazidine on left ven
tricular function and phosphocreatine/adenosine triphosphate ratio in patients with heart 
failure. Eur Heart J 2006;27:942–948.

46. van de Bovenkamp AA, Geurkink KTJ, Oosterveer FTP, de Man FS, Kok WEM, Bronzwaer 
PNA, Allaart CP, Nederveen AJ, van Rossum AC, Bakermans AJ, Handoko ML. 
Trimetazidine in heart failure with preserved ejection fraction: a randomized controlled 
cross-over trial. ESC Heart Fail 2023;10:2998–3010.

47. Brown DA, Perry JB, Allen ME, Sabbah HN, Stauffer BL, Shaikh SR, Cleland JG, Colucci WS, 
Butler J, Voors AA, Anker SD, Pitt B, Pieske B, Filippatos G, Greene SJ, Gheorghiade M. 
Expert consensus document: mitochondrial function as a therapeutic target in heart failure. 
Nat Rev Cardiol 2017;14:238–250.

48. Wu F, Zhang J, Beard DA. Experimentally observed phenomena on cardiac energetics in 
heart failure emerge from simulations of cardiac metabolism. Proc Natl Acad Sci U S A 
2009;106:7143–7148.

49. Tong D, Schiattarella GG, Jiang N, Altamirano F, Szweda PA, Elnwasany A, Lee DI, Yoo H, 
Kass DA, Szweda LI, Lavandero S, Verdin E, Gillette TG, Hill JA. NAD repletion reverses 
heart failure with preserved ejection fraction. Circ Res 2021;128:1629–1641.

50. Deng Y, Xie M, Li Q, Xu X, Ou W, Zhang Y, Xiao H, Yu H, Zheng Y, Liang Y, Jiang C, Chen G, 
Du D, Zheng W, Wang S, Gong M, Chen Y, Tian R, Li T. Targeting mitochondria-inflammation 
circuit by β-hydroxybutyrate mitigates HFpEF. Circ Res 2021;128:232–245.

51. Koay YC, Liu RP, McIntosh B, Vigder N, Lauren S, Bai AY, Tomita S, Li D, Harney D, Hunter 
B, Zhang Y, Yang J, Bannon P, Philp A, Philp A, Kaye DM, Larance M, Lal S, O’Sullivan JF. The 
efficacy of risk factor modification compared to NAD+ repletion in diastolic heart failure. 
J Am Coll Cardiol Basic Trans Sci 2024;9:733–750.

52. Abdellatif M, Trummer-Herbst V, Koser F, Durand S, Adão R, Vasques-Nóvoa F, Freundt 
JK, Voglhuber J, Pricolo M-R, Kasa M, Türk C, Aprahamian F, Herrero-Galán E, Hofer SJ, 
Pendl T, Rech L, Kargl J, Anto-Michel N, Ljubojevic-Holzer S, Schipke J, Brandenberger 
C, Auer M, Schreiber R, Koyani CN, Heinemann A, Zirlik A, Schmidt A, von Lewinski D, 
Scherr D, Rainer PP, von Maltzahn J, Mühlfeld C, Krüger M, Frank S, Madeo F, Eisenberg 
T, Prokesch A, Leite-Moreira AF, Lourenço AP, Alegre-Cebollada J, Kiechl S, Linke WA, 
Kroemer G, Sedej S. Nicotinamide for the treatment of heart failure with preserved ejec
tion fraction. Sci Transl Med 2021;13:eabd7064.

1846                                                                                                                                                                                                      Y.H. Ng et al.



53. Boyes J, Bird A. Repression of genes by DNA methylation depends on CpG density and 
promoter strength: evidence for involvement of a methyl-CpG binding protein. EMBO J 
1992;11:327–333.

54. Nührenberg TG, Hammann N, Schnick T, Preißl S, Witten A, Stoll M, Gilsbach R, Neumann 
F-J, Hein L. Cardiac myocyte de novo DNA methyltransferases 3a/3b are dispensable for 
cardiac function and remodeling after chronic pressure overload in mice. PLoS One 2015; 
10:e0131019.

55. Madsen A, Krause J, Höppner G, Hirt MN, Tan WLW, Lim I, Hansen A, Nikolaev VO, Foo 
RSY, Eschenhagen T, Stenzig J. Hypertrophic signaling compensates for contractile and 
metabolic consequences of DNA methyltransferase 3A loss in human cardiomyocytes. 
J Mol Cell Cardiol 2021;154:115–123.

56. Madsen A, Höppner G, Krause J, Hirt MN, Laufer SD, Schweizer M, Tan WLW, Mosqueira 
D, Anene-Nzelu CG, Lim I, Foo RSY, Hansen A, Eschenhagen T, Stenzig J. An important 
role for DNMT3A-mediated DNA methylation in cardiomyocyte metabolism and con
tractility. Circulation 2020;142:1562–1578.

57. Vujic A, Robinson E, Ito M, Haider S, Ackers-Johnson M, See K, Methner C, Figg N, Brien P, 
Roderick HL. Experimental heart failure modelled by the cardiomyocyte-specific loss of an 
epigenome modifier, DNMT3B. J Mol Cell Cardiol 2015;82:174–183.

58. Gilsbach R, Schwaderer M, Preissl S, Grüning BA, Kranzhöfer D, Schneider P, 
Nührenberg TG, Mulero-Navarro S, Weichenhan D, Braun C, Dreßen M, Jacobs AR, 
Lahm H, Doenst T, Backofen R, Krane M, Gelb BD, Hein L. Distinct epigenetic programs 
regulate cardiac myocyte development and disease in the human heart in vivo. Nat 
Commun 2018;9:391.

59. Pepin ME, Drakos S, Ha CM, Tristani-Firouzi M, Selzman CH, Fang JC, Wende AR, 
Wever-Pinzon O. DNA methylation reprograms cardiac metabolic gene expression in 
end-stage human heart failure. Am J Physiol Heart Circ Physiol 2019;317:H674–H684.

60. Glezeva N, Moran B, Collier P, Moravec CS, Phelan D, Donnellan E, Russell-Hallinan A, 
O’Connor DP, Gallagher WM, Gallagher J, McDonald K, Ledwidge M, Baugh J, Das S, 
Watson CJ. Targeted DNA methylation profiling of human cardiac tissue reveals novel 
epigenetic traits and gene deregulation across different heart failure patient subtypes. 
Circ Heart Fail 2019;12:e005765.

61. Richman R, Chicoine LG, Collini MP, Cook RG, Allis CD. Micronuclei and the cytoplasm of 
growing tetrahymena contain a histone acetylase activity which is highly specific for free 
histone H4. J Cell Biol 1988;106:1017–1026.

62. Papait R, Cattaneo P, Kunderfranco P, Greco C, Carullo P, Guffanti A, Viganò V, Stirparo 
GG, Latronico MVG, Hasenfuss G, Chen J, Condorelli G. Genome-wide analysis of histone 
marks identifying an epigenetic signature of promoters and enhancers underlying cardiac 
hypertrophy. Proc Natl Acad Sci U S A 2013;110:20164–20169.

63. Shimizu K, Sunagawa Y, Funamoto M, Wakabayashi H, Genpei M, Miyazaki Y, Katanasaka Y, 
Sari N, Shimizu S, Katayama A, Shibata H, Iwabuchi Y, Kakeya H, Wada H, Hasegawa K, 
Morimoto T. The synthetic curcumin analogue GO-Y030 effectively suppresses the devel
opment of pressure overload-induced heart failure in mice. Sci Rep 2020;10:7172.

64. Monisha K, Mahema S, Chokkalingam M, Ahmad SF, Emran TB, Prabu P, Ahmed SSSJ. 
Elucidating the histone deacetylase gene expression signatures in peripheral blood mono
nuclear cells that correlate essential cardiac function and aid in classifying coronary artery 
disease through a logistic regression model. Biomedicines 2023;11:2952.

65. Montgomery RL, Potthoff MJ, Haberland M, Qi X, Matsuzaki S, Humphries KM, Richardson 
JA, Bassel-Duby R, Olson EN. Maintenance of cardiac energy metabolism by histone dea
cetylase 3 in mice. J Clin Invest 2008;118:3588–3597.

66. Ranjbarvaziri S, Zeng A, Wu I, Greer-Short A, Farshidfar F, Budan A, Xu E, Shenwai R, 
Kozubov M, Li C, Van Pell M, Grafton F, MacKay CE, Song X, Priest JR, Argast G, 
Mandegar MA, Hoey T, Yang J. Targeting HDAC6 to treat heart failure with preserved 
ejection fraction in mice. Nat Commun 2024;15:1352.

67. Conti V, Corbi G, Polito MV, Ciccarelli M, Manzo V, Torsiello M, De Bellis E, D’Auria F, 
Vitulano G, Piscione F, Carrizzo A, Di Pietro P, Vecchione C, Ferrara N, Filippelli A. 
Sirt1 activity in PBMCs as a biomarker of different heart failure phenotypes. Biomolecules 
2020;10:1590.

68. Lu T-M, Tsai J-Y, Chen Y-C, Huang C-Y, Hsu H-L, Weng C-F, Shih C-C, Hsu C-P. 
Downregulation of sirt1 as aging change in advanced heart failure. J Biomed Sci 2014;21:57.

69. Costantino S, Mengozzi A, Velagapudi S, Mohammed SA, Gorica E, Akhmedov A, Mongelli 
A, Pugliese NR, Masi S, Virdis A, Hülsmeier A, Matter CM, Hornemann T, Melina G, 
Ruschitzka F, Luscher TF, Paneni F. Treatment with recombinant Sirt1 rewires the cardiac 
lipidome and rescues diabetes-related metabolic cardiomyopathy. Cardiovasc Diabetol 
2023;22:312.

70. Sundaresan NR, Vasudevan P, Zhong L, Kim G, Samant S, Parekh V, Pillai VB, Ravindra PV, 
Gupta M, Jeevanandam V, Cunningham JM, Deng CX, Lombard DB, Mostoslavsky R, Gupta 
MP. The sirtuin SIRT6 blocks IGF-Akt signaling and development of cardiac hypertrophy by 
targeting c-jun. Nat Med 2012;18:1643–1650.

71. Wu S, Zhang J, Peng C, Ma Y, Tian X. SIRT6 mediated histone H3K9ac deacetylation in
volves myocardial remodelling through regulating myocardial energy metabolism in TAC 
mice. J Cell Mol Med 2023;27:3451–3464.

72. Liu CF, Abnousi A, Bazeley P, Ni Y, Morley M, Moravec CS, Hu M, Tang WHW. Global 
analysis of histone modifications and long-range chromatin interactions revealed the differ
ential cistrome changes and novel transcriptional players in human dilated cardiomyopathy. 
J Mol Cell Cardiol 2020;145:30–42.

73. Hohl M, Wagner M, Reil JC, Müller SA, Tauchnitz M, Zimmer AM, Lehmann LH, Thiel G, 
Böhm M, Backs J, Maack C. HDAC4 controls histone methylation in response to elevated 
cardiac load. J Clin Invest 2013;123:1359–1370.

74. Warren JS, Tracy CM, Miller MR, Makaju A, Szulik MW, Oka SI, Yuzyuk TN, Cox JE, Kumar 
A, Lozier BK, Wang L, Llana JG, Sabry AD, Cawley KM, Barton DW, Han YH, Boudina S, 
Fiehn O, Tucker HO, Zaitsev AV, Franklin S. Histone methyltransferase Smyd1 regulates 
mitochondrial energetics in the heart. Proc Natl Acad Sci U S A 2018;115:E7871–E7880.

75. Movassagh M, Choy MK, Knowles DA, Cordeddu L, Haider S, Down T, Siggens L, Vujic A, 
Simeoni I, Penkett C, Goddard M, Lio P, Bennett MR, Foo RS. Distinct epigenomic features 
in end-stage failing human hearts. Circulation 2011;124:2411–2422.

76. Ambrosini S, Mohammed SA, Gorica E, Herwig M, Karsay G, Hornemann T, Ruschitzka F, 
Hamdani N, Costantino S, Paneni F. The histone methyltransferase SETD2 drives cardio
metabolic heart failure with preserved ejection fraction. Eur Heart J 2022;43:ehac544.2963.

77. Whetstine JR, Nottke A, Lan F, Huarte M, Smolikov S, Chen Z, Spooner E, Li E, Zhang G, 
Colaiacovo M, Shi Y. Reversal of histone lysine trimethylation by the JMJD2 family of his
tone demethylases. Cell 2006;125:467–481.

78. Xiao M, Yang H, Xu W, Ma S, Lin H, Zhu H, Liu L, Liu Y, Yang C, Xu Y, Zhao S, Ye D, Xiong 
Y, Guan KL. Inhibition of α-KG-dependent histone and DNA demethylases by fumarate 
and succinate that are accumulated in mutations of FH and SDH tumor suppressors. 
Genes Dev 2012;26:1326–1338.

79. Wang P, Fan F, Li X, Sun X, Ma L, Wu J, Shen C, Zhu H, Dong Z, Wang C, Zhang S, Zhao X, 
Ma X, Zou Y, Hu K, Sun A, Ge J. Riboflavin attenuates myocardial injury via LSD1-mediated 
crosstalk between phospholipid metabolism and histone methylation in mice with experi
mental myocardial infarction. J Mol Cell Cardiol 2018;115:115–129.

80. Ahmed A, Syed JN, Chi L, Wang Y, Perez-Romero C, Lee D, Kocaqi E, Caballero A, Yang J, 
Escalante-Covarrubias Q, Ishimura A, Suzuki T, Aguilar-Arnal L, Gonzales GB, Kim KH, 
Delgado-Olguín P. KDM8 epigenetically controls cardiac metabolism to prevent initiation 
of dilated cardiomyopathy. Nat Cardiovasc Res 2023;2:174–191.

81. Li X, Sun M, Wang Z, Sun S, Wang Y. Recent advances in mechanistic studies of heart failure 
with preserved ejection fraction and its comorbidities-role of microRNAs. Eur J Clin Investig 
2024;54:e14130.

82. Hosen MR, Goody PR, Zietzer A, Xiang X, Niepmann ST, Sedaghat A, Tiyerili V, 
Chennupati R, Moore JB, Boon RA, Uchida S, Sinning J-M, Zimmer S, Latz E, Werner N, 
Nickenig G, Jansen F. Circulating MicroRNA-122-5p is associated with a lack of improve
ment in left ventricular function after transcatheter aortic valve replacement and regulates 
viability of cardiomyocytes through extracellular vesicles. Circulation 2022;146:1836–1854.

83. Wang Y, Chang W, Zhang Y, Zhang L, Ding H, Qi H, Xue S, Yu H, Hu L, Liu D, Zhu W, 
Wang Y, Li P. Circulating miR-22-5p and miR-122-5p are promising novel biomarkers 
for diagnosis of acute myocardial infarction. J Cell Physiol 2019;234:4778–4786.

84. Li L, Li C, Lv M, Hu Q, Guo L, Xiong D. Correlation between alterations of gut microbiota 
and miR-122-5p expression in patients with type 2 diabetes mellitus. Ann Trans Med 2020; 
8:1481.

85. Tsai W-C, Hsu S-D, Hsu C-S, Lai T-C, Chen S-J, Shen R, Huang Y, Chen H-C, Lee C-H, Tsai 
T-F, Hsu M-T, Wu J-C, Huang H-D, Shiao M-S, Hsiao M, Tsou A-P. MicroRNA-122 plays a 
critical role in liver homeostasis and hepatocarcinogenesis. J Clin Invest 2012;122: 
2884–2897.

86. Vilella-Figuerola A, Gallinat A, Escate R, Mirabet S, Padró T, Badimon L. Systems biology in 
chronic heart failure-identification of potential miRNA regulators. Int J Mol Sci 2022;23: 
15226.

87. Zhao L, Ma Z, Guo Z, Zheng M, Li K, Yang X. Analysis of long non-coding RNA and mRNA 
profiles in epicardial adipose tissue of patients with atrial fibrillation. Biomed Pharmacother 
2020;121:109634.

88. Chen G, Guo H, Song Y, Chang H, Wang S, Zhang M, Liu C. Long non-coding RNA 
AK055347 is upregulated in patients with atrial fibrillation and regulates mitochondrial en
ergy production in myocardiocytes. Mol Med Rep 2016;14:5311–5317.

89. Pantaleão LC, Loche E, Fernandez-Twinn DS, Dearden L, Córdova-Casanova A, Osmond 
C, Salonen MK, Kajantie E, Niu Y, de Almeida-Faria J, Thackray BD, Mikkola TM, Giussani 
DA, Murray AJ, Bushell M, Eriksson JG, Ozanne SE. Programming of cardiac metabolism by 
miR-15b-5p, a miRNA released in cardiac extracellular vesicles following ischemia- 
reperfusion injury. Mol Metab 2024;80:101875.

90. Ucar A, Gupta SK, Fiedler J, Erikci E, Kardasinski M, Batkai S, Dangwal S, Kumarswamy R, 
Bang C, Holzmann A, Remke J, Caprio M, Jentzsch C, Engelhardt S, Geisendorf S, Glas C, 
Hofmann TG, Nessling M, Richter K, Schiffer M, Carrier L, Napp LC, Bauersachs J, 
Chowdhury K, Thum T. The miRNA-212/132 family regulates both cardiac hypertrophy 
and cardiomyocyte autophagy. Nat Commun 2012;3:1078.

91. Soni MS, Rabaglia ME, Bhatnagar S, Shang J, Ilkayeva O, Mynatt R, Zhou YP, Schadt EE, 
Thornberry NA, Muoio DM, Keller MP, Attie AD. Downregulation of carnitine acyl- 
carnitine translocase by miRNAs 132 and 212 amplifies glucose-stimulated insulin secre
tion. Diabetes 2014;63:3805–3814.

92. Batkai S, Genschel C, Viereck J, Rump S, Bär C, Borchert T, Traxler D, Riesenhuber M, 
Spannbauer A, Lukovic D, Zlabinger K, Hašimbegović E, Winkler J, Garamvölgyi R, 
Neitzel S, Gyöngyösi M, Thum T. CDR132L improves systolic and diastolic function in a 
large animal model of chronic heart failure. Eur Heart J 2021;42:192–201.

93. Beale AL, O’Donnell JA, Nakai ME, Nanayakkara S, Vizi D, Carter K, Dean E, Ribeiro RV, 
Yiallourou S, Carrington MJ, Marques FZ, Kaye DM. The gut microbiome of heart failure 
with preserved ejection fraction. J Am Heart Assoc 2021;10:e020654.

94. Luedde M, Winkler T, Heinsen FA, Ruhlemann MC, Spehlmann ME, Bajrovic A, Lieb W, 
Franke A, Ott SJ, Frey N. Heart failure is associated with depletion of core intestinal micro
biota. ESC Heart Fail 2017;4:282–290.

95. O’Donnell JA, Zheng T, Meric G, Marques FZ. The gut microbiome and hypertension. 
Nat Rev Nephrol 2023;19:153–167.

Metabolic targets in heart failure                                                                                                                                                                            1847



96. Kim S, Goel R, Kumar A, Qi Y, Lobaton G, Hosaka K, Mohammed M, Handberg EM, 
Richards EM, Pepine CJ, Raizada MK. Imbalance of gut microbiome and intestinal epithelial 
barrier dysfunction in patients with high blood pressure. Clin Sci (Lond) 2018;132:701–718.

97. Blobaum L, Witkowski M, Wegner M, Lammel S, Schencke PA, Jakobs K, Puccini M, 
Reissner D, Steffens D, Landmesser U, Rauch U, Friebel J. Intestinal barrier dysfunction 
and microbial translocation in patients with first-diagnosed atrial fibrillation. Biomedicines 
2023;11:176.

98. Kitai T, Nemet I, Engelman T, Morales R, Chaikijurajai T, Morales K, Hazen SL, Tang WHW. 
Intestinal barrier dysfunction is associated with elevated right atrial pressure in patients 
with advanced decompensated heart failure. Am Heart J 2022;245:78–80.

99. Reynolds A, Mann J, Cummings J, Winter N, Mete E, Te Morenga L. Carbohydrate quality 
and human health: a series of systematic reviews and meta-analyses. Lancet 2019;393: 
434–445.

100. GBD 2017 Diet Collaborators. Health effects of dietary risks in 195 countries, 1990-2017: 
a systematic analysis for the Global Burden of Disease Study 2017. Lancet 2019;393: 
1958–1972.

101. Xu C, Marques FZ. How dietary fibre, acting via the gut microbiome, lowers blood pres
sure. Curr Hypertens Rep 2022;24:509–521.

102. Xie L, Alam MJ, Marques FZ, Mackay CR. A major mechanism for immunomodulation: diet
ary fibres and acid metabolites. Semin Immunol 2023;66:101737.

103. Avery EG, Bartolomaeus H, Rauch A, Chen C-Y, N’Diaye G, Löber U, Bartolomaeus TUP, 
Fritsche-Guenther R, Rodrigues AF, Tsvetkov D, Todiras M, Park J-K, Markó L, Maifeld A, 
Bader M, Kempa S, Kirwan JA, Forslund SK, Müller DN, Wilck N. Quantifying the impact of 
gut microbiota on inflammation and hypertensive organ damage. Cardiovasc Res 2023;119: 
1441–1452.

104. Kaye DM, Shihata W, Jama HA, Tsyganov K, Ziemann M, Kiriazis H, Horlock D, Vijay A, 
Giam B, Vinh A, Johnson C, Fiedler A, Donner D, Snelson M, Coughlan MT, Phillips S, 
Du XJ, El-Osta A, Drummond G, Lambert GW, Spector T, Valdes AM, Mackay CR, 
Marques FZ. Deficiency of prebiotic fibre and insufficient signalling through gut metabolite 
sensing receptors leads to cardiovascular disease. Circulation 2020;141:1393–1403.

105. Frost G, Sleeth ML, Sahuri-Arisoylu M, Lizarbe B, Cerdan S, Brody L, Anastasovska J, 
Ghourab S, Hankir M, Zhang S, Carling D, Swann JR, Gibson G, Viardot A, Morrison D, 
Louise Thomas E, Bell JD. The short-chain fatty acid acetate reduces appetite via a central 
homeostatic mechanism. Nat Commun 2014;5:3611.

106. Marques FZ, Nelson E, Chu PY, Horlock D, Fiedler A, Ziemann M, Tan JK, Kuruppu S, 
Rajapakse NW, El-Osta A, Mackay CR, Kaye DM. High-fiber diet and acetate supplemen
tation change the gut microbiota and prevent the development of hypertension and heart 
failure in hypertensive mice. Circulation 2017;135:964–977.

107. Jama HA, Rhys-Jones D, Nakai M, Yao CK, Climie RE, Sata Y, Anderson D, Creek DJ, Head 
GA, Kaye DM, Mackay CR, Muir J, Marques FZ. Prebiotic intervention with HAMSAB in 
untreated essential hypertensive patients assessed in a phase II randomized trial. Nat 
Cardiovasc Res 2023;2:35–43.

108. Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, Dugar B, Feldstein AE, Britt EB, Fu X, 
Chung YM, Wu Y, Schauer P, Smith JD, Allayee H, Tang WH, DiDonato JA, Lusis AJ, Hazen 
SL. Gut flora metabolism of phosphatidylcholine promotes cardiovascular disease. Nature 
2011;472:57–63.

109. Koeth RA, Wang Z, Levison BS, Buffa JA, Org E, Sheehy BT, Britt EB, Fu X, Wu Y, Li L, Smith 
JD, DiDonato JA, Chen J, Li H, Wu GD, Lewis JD, Warrier M, Brown JM, Krauss RM, Tang 
WH, Bushman FD, Lusis AJ, Hazen SL. Intestinal microbiota metabolism of L-carnitine, a 
nutrient in red meat, promotes atherosclerosis. Nat Med 2013;19:576–585.

110. Tang WH, Wang Z, Fan Y, Levison B, Hazen JE, Donahue LM, Wu Y, Hazen SL. Prognostic 
value of elevated levels of intestinal microbe-generated metabolite trimethylamine-N-oxide 
in patients with heart failure: refining the gut hypothesis. J Am Coll Cardiol 2014;64: 
1908–1914.

111. Tang WH, Wang Z, Shrestha K, Borowski AG, Wu Y, Troughton RW, Klein AL, Hazen SL. 
Intestinal microbiota-dependent phosphatidylcholine metabolites, diastolic dysfunction, 
and adverse clinical outcomes in chronic systolic heart failure. J Card Fail 2015;21:91–96.

112. Organ CL, Otsuka H, Bhushan S, Wang Z, Bradley J, Trivedi R, Polhemus DJ, Tang WH, Wu 
Y, Hazen SL, Lefer DJ. Choline diet and its gut microbe-derived metabolite, trimethylamine 
N-oxide, exacerbate pressure overload-induced heart failure. Circ Heart Fail 2016;9: 
e002314.

113. Weng Y, Zhang S, Huang W, Xie X, Ma Z, Fan Q. Efficacy of L-carnitine for dilated cardio
myopathy: a meta-analysis of randomized controlled trials. BioMed Res Int 2021;2021: 
9491615.

114. Song X, Qu H, Yang Z, Rong J, Cai W, Zhou H. Efficacy and safety of L-carnitine treatment 
for chronic heart failure: a meta-analysis of randomized controlled trials. Biomed Res Int 
2017;2017:6274854.

115. da Silva Guimarães S, de Souza Cruz W, da Silva L, Maciel G, Huguenin AB, de Carvalho M, 
Costa B, da Silva G, da Costa C, D’Ippolito JA, Colafranceschi A, Scalco F, Boaventura G. 
Effect of L-carnitine supplementation on reverse remodeling in patients with ischemic 
heart disease undergoing coronary artery bypass grafting: a randomized, placebo- 
controlled trial. Ann Nutr Metab 2017;70:106–110.

116. Ikeda N, Loomba RS, Patel R, Dorsey V, Yousaf F, Nelson-McMillan K. Effect of carnitine 
supplementation in pediatric patients with left ventricular dysfunction. Pediatr Cardiol 
2023;44:720–726.

117. Emran T, Chowdhury NI, Sarker M, Bepari AK, Hossain M, Rahman GMS, Reza HM. 
L-carnitine protects cardiac damage by reducing oxidative stress and inflammatory 

response via inhibition of tumor necrosis factor-alpha and interleukin-1beta against 
isoproterenol-induced myocardial infarction. Biomed Pharmacother 2021;143:112139.

118. Koay YC, Chen YC, Wali JA, Luk AWS, Li M, Doma H, Reimark R, Zaldivia MTK, Habtom 
HT, Franks AE, Fusco-Allison G, Yang J, Holmes A, Simpson SJ, Peter K, O’Sullivan JF. 
Plasma levels of trimethylamine-N-oxide can be increased with ‘healthy’ and ‘unhealthy’ 
diets and do not correlate with the extent of atherosclerosis but with plaque instability. 
Cardiovasc Res 2021;117:435–449.

119. Cheung W, Keski-Rahkonen P, Assi N, Ferrari P, Freisling H, Rinaldi S, Slimani N, 
Zamora-Ros R, Rundle M, Frost G, Gibbons H, Carr E, Brennan L, Cross AJ, Pala V, 
Panico S, Sacerdote C, Palli D, Tumino R, Kuhn T, Kaaks R, Boeing H, Floegel A, Mancini 
F, Boutron-Ruault MC, Baglietto L, Trichopoulou A, Naska A, Orfanos P, Scalbert A. A me
tabolomic study of biomarkers of meat and fish intake. Am J Clin Nutr 2017;105:600–608.

120. Barton S, Navarro SL, Buas MF, Schwarz Y, Gu H, Djukovic D, Raftery D, Kratz M, 
Neuhouser ML, Lampe JW. Targeted plasma metabolome response to variations in dietary 
glycemic load in a randomized, controlled, crossover feeding trial in healthy adults. Food 
Funct 2015;6:2949–2956.

121. Bergeron N, Williams PT, Lamendella R, Faghihnia N, Grube A, Li X, Wang Z, Knight R, 
Jansson JK, Hazen SL, Krauss RM. Diets high in resistant starch increase plasma levels of 
trimethylamine-N-oxide, a gut microbiome metabolite associated with CVD risk. Br J 
Nutr 2016;116:2020–2029.

122. Koay YC, Wali JA, Luk AWS, Macia L, Cogger VC, Pulpitel TJ, Wahl D, Solon-Biet SM, 
Holmes A, Simpson SJ, O’Sullivan JF. Ingestion of resistant starch by mice markedly in
creases microbiome-derived metabolites. FASEB J 2019;33:8033–8042.

123. Wang YC, Koay YC, Pan C, Zhou Z, Tang W, Wilcox J, Li XS, Zagouras A, Marques F, 
Allayee H, Rey FE, Kaye DM, O’Sullivan JF, Hazen SL, Cao Y, Lusis AJ. Indole-3-propionic 
acid protects against heart failure with preserved ejection fraction. Circ Res 2024;134: 
371–389.

124. Konopelski P, Chabowski D, Aleksandrowicz M, Kozniewska E, Podsadni P, Szczepanska A, 
Ufnal M. Indole-3-propionic acid, a tryptophan-derived bacterial metabolite, increases 
blood pressure via cardiac and vascular mechanisms in rats. Am J Physiol Regul Integr 
Comp Physiol 2021;321:R969–R981.

125. Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Colvin MM, Deswal A, Drazner 
MH, Dunlay SM, Evers LR, Fang JC, Fedson SE, Fonarow GC, Hayek SS, Hernandez AF, 
Khazanie P, Kittleson MM, Lee CS, Link MS, Milano CA, Nnacheta LC, Sandhu AT, 
Stevenson LW, Vardeny O, Vest AR, Yancy CW. 2022 AHA/ACC/HFSA guideline for 
the management of heart failure: a report of the American College of Cardiology/ 
American Heart Association Joint Committee on Clinical Practice Guidelines. Circulation 
2022;145:e895–e1032.

126. Hirode G, Wong RJ. Trends in the prevalence of metabolic syndrome in the United States, 
2011-2016. JAMA 2020;323:2526–2528.

127. Koutroumpakis E, Jozwik B, Aguilar D, Taegtmeyer H. Strategies of unloading the failing 
heart from metabolic stress. Am J Med 2020;133:290–296.

128. Weiss EP, Fontana L. Caloric restriction: powerful protection for the aging heart and vas
culature. Am J Physiol Heart Circ Physiol 2011;301:H1205–H1219.

129. Hammer S, Snel M, Lamb Hildo J, Jazet Ingrid M, van der Meer Rutger W, Pijl H, Meinders 
Edo A, Romijn Johannes A, de Roos A, Smit Johannes WA. Prolonged caloric restriction in 
obese patients with type 2 diabetes Mellitus decreases myocardial triglyceride content and 
improves myocardial function. J Am Coll Cardiol 2008;52:1006–1012.

130. Che T, Yan C, Tian D, Zhang X, Liu X, Wu Z. Time-restricted feeding improves blood glu
cose and insulin sensitivity in overweight patients with type 2 diabetes: a randomised con
trolled trial. Nutr Metab 2021;18:88.

131. Kitzman DW, Brubaker P, Morgan T, Haykowsky M, Hundley G, Kraus WE, Eggebeen J, 
Nicklas BJ. Effect of caloric restriction or aerobic exercise training on peak oxygen con
sumption and quality of life in obese older patients with heart failure with preserved ejec
tion fraction: a randomized clinical trial. JAMA 2016;315:36–46.

132. Evangelista LS, Heber D, Li Z, Bowerman S, Hamilton MA, Fonarow GC. Reduced body 
weight and adiposity with a high-protein diet improves functional status, lipid profiles, gly
cemic control, and quality of life in patients with heart failure: a feasibility study. J Cardiovasc 
Nurs 2009;24:207–215.

133. Bach-Faig A, Berry EM, Lairon D, Reguant J, Trichopoulou A, Dernini S, Medina FX, Battino 
M, Belahsen R, Miranda G, Serra-Majem L. Mediterranean diet pyramid today. Science and 
cultural updates. Public Health Nutr 2011;14:2274–2284.

134. Strengers JG, den Ruijter HM, Boer JMA, Asselbergs FW, Verschuren WMM, van der 
Schouw YT, Sluijs I. The association of the Mediterranean diet with heart failure risk in a 
Dutch population. Nutr Metab Cardiovasc Disease 2021;31:60–66.

135. Fan H, Wang Y, Ren Z, Liu X, Zhao J, Yuan Y, Fei X, Song X, Wang F, Liang B. Mediterranean 
diet lowers all-cause and cardiovascular mortality for patients with metabolic syndrome. 
Diabetol Metab Syndr 2023;15:107.

136. Tsaban G, Yaskolka Meir A, Rinott E, Zelicha H, Kaplan A, Shalev A, Katz A, Rudich A, 
Tirosh A, Shelef I, Youngster I, Lebovitz S, Israeli N, Shabat M, Brikner D, Pupkin E, 
Stumvoll M, Thiery J, Ceglarek U, Heiker JT, Körner A, Landgraf K, von Bergen M, 
Blüher M, Stampfer MJ, Shai I. The effect of green Mediterranean diet on cardiometabolic 
risk; a randomised controlled trial. Heart 2021;107:1054–1061.

137. Álvarez-Álvarez I, Martínez-González MÁ, Sánchez-Tainta A, Corella D, Díaz-López A, Fitó 
M, Vioque J, Romaguera D, Martínez JA, Wärnberg J, López-Miranda J, Estruch R, 
Bueno-Cavanillas A, Arós F, Tur JA, Tinahones FJ, Serra-Majem L, Martín V, Lapetra J, 
Más Fontao S, Pintó X, Vidal J, Daimiel L, Gaforio JJ, Matía P, Ros E, Ruiz-Canela M, Sorlí 
JV, Becerra-Tomás N, Castañer O, Schröder H, Navarrete-Muñoz EM, Zulet MÁ, 

1848                                                                                                                                                                                                      Y.H. Ng et al.



García-Ríos A, Salas-Salvadó J, Díez-Espino J, Toledo E. Adherence to an energy-restricted 
Mediterranean diet score and prevalence of cardiovascular risk factors in the 
PREDIMED-plus: a cross-sectional study. Rev Esp Cardiol (Engl Ed) 2019;72:925–934.

138. Wang DD, Nguyen LH, Li Y, Yan Y, Ma W, Rinott E, Ivey KL, Shai I, Willett WC, Hu FB, 
Rimm EB, Stampfer MJ, Chan AT, Huttenhower C. The gut microbiome modulates the 
protective association between a Mediterranean diet and cardiometabolic disease risk. 
Nat Med 2021;27:333–343.

139. Chang C-Y, Lee C-L, Liu W-J, Wang J-S. Association of adherence to the Mediterranean 
diet with all-cause mortality in subjects with heart failure. Nutrients 2022;14:842.

140. Hughes D, Aminian A, Tu C, Okushi Y, Saijo Y, Wilson R, Chan N, Kumar A, Grimm RA, 
Griffin BP, Tang WHW, Nissen SE, Xu B. Impact of bariatric surgery on left ventricular 
structure and function. J Am Heart Assoc 2024;13:e031505.

141. Lin CH, Kurup S, Herrero P, Schechtman KB, Eagon JC, Klein S, Dávila-Román VG, Stein RI, 
Dorn GW II, Gropler RJ, Waggoner AD, Peterson LR. Myocardial oxygen consumption 
change predicts left ventricular relaxation improvement in obese humans after weight 
loss. Obesity (Silver Spring) 2011;19:1804–1812.

142. Mikhalkova D, Holman SR, Jiang H, Saghir M, Novak E, Coggan AR, O’Connor R, Bashir A, 
Jamal A, Ory DS, Schaffer JE, Eagon JC, Peterson LR. Bariatric surgery-induced cardiac and 
lipidomic changes in obesity-related heart failure with preserved ejection fraction. Obesity 
(Silver Spring) 2018;26:284–290.

143. Mentias A, Desai MY, Aminian A, Patel KV, Keshvani N, Verma S, Cho L, Jacob M, Alvarez P, 
Lincoff AM, Van Spall HGC, Lam CSP, Butler J, Nissen SE, Pandey A. Trends and outcomes 
associated with bariatric surgery and pharmacotherapies with weight loss effects among 
patients with heart failure and obesity. Circ Heart Fail 2024;17:e010453.

144. Lee CJ, Florea L, Sears CL, Maruthur N, Potter JJ, Schweitzer M, Magnuson T, Clark JM. 
Changes in gut microbiome after bariatric surgery versus medical weight loss in a pilot ran
domized trial. Obes Surg 2019;29:3239–3245.

145. Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, Gratadoux J-J, 
Blugeon S, Bridonneau C, Furet J-P, Corthier G, Grangette C, Vasquez N, Pochart P, 
Trugnan G, Thomas G, Blottière HM, Doré J, Marteau P, Seksik P, Langella P. 
Faecalibacterium prausnitzii is an anti-inflammatory commensal bacterium identified by 
gut microbiota analysis of Crohn disease patients. Proc Natl Acad Sci U S A 2008;105: 
16731–16736.

146. El Hajj EC, El Hajj MC, Sykes B, Lamicq M, Zile MR, Malcolm R, O’Neil PM, Litwin SE. 
Pragmatic weight management program for patients with obesity and heart failure with 
preserved ejection fraction. J Am Heart Assoc 2021;10:e022930.

147. Pandey A, Parashar A, Kumbhani DJ, Agarwal S, Garg J, Kitzman D, Levine BD, Drazner M, 
Berry JD. Exercise training in patients with heart failure and preserved ejection fraction. Circ 
Heart Fail 2015;8:33–40.

148. McDowell K, Petrie MC, Raihan NA, Logue J. Effects of intentional weight loss in patients 
with obesity and heart failure: a systematic review. Obes Rev 2018;19:1189–1204.

149. Kamisaka K, Kamiya K, Iwatsu K, Iritani N, Imoto S, Adachi T, Iida Y, Yamada S. Impact of 
weight loss in patients with heart failure with preserved ejection fraction: results from the 
FLAGSHIP study. ESC Heart Fail 2021;8:5293–5303.

150. Zamora E, Díez-López C, Lupón J, de Antonio M, Domingo M, Santesmases J, Troya MI, 
Díez-Quevedo C, Altimir S, Bayes-Genis A. Weight loss in obese patients with heart failure. 
J Am Heart Assoc 2016;5:e002468.

151. Anker SD, Negassa A, Coats AJS, Afzal R, Poole-Wilson PA, Cohn JN, Yusuf S. Prognostic 
importance of weight loss in chronic heart failure and the effect of treatment with 
angiotensin-converting-enzyme inhibitors: an observational study. Lancet 2003;361: 
1077–1083.

152. Anker SD, Usman MS, Anker MS, Butler J, Böhm M, Abraham WT, Adamo M, Chopra VK, 
Cicoira M, Cosentino F, Filippatos G, Jankowska EA, Lund LH, Moura B, Mullens W, Pieske 
B, Ponikowski P, Gonzalez-Juanatey JR, Rakisheva A, Savarese G, Seferovic P, Teerlink JR, 
Tschöpe C, Volterrani M, von Haehling S, Zhang J, Zhang Y, Bauersachs J, Landmesser 
U, Zieroth S, Tsioufis K, Bayes-Genis A, Chioncel O, Andreotti F, Agabiti-Rosei E, 
Merino JL, Metra M, Coats AJS, Rosano GMC. Patient phenotype profiling in heart failure 
with preserved ejection fraction to guide therapeutic decision making. A scientific state
ment of the Heart Failure Association, the European Heart Rhythm Association of the 
European Society of Cardiology, and the European Society of Hypertension. Eur J Heart 
Fail 2023;25:936–955.

153. Orskov C, Jeppesen J, Madsbad S, Holst JJ. Proglucagon products in plasma of noninsulin- 
dependent diabetics and nondiabetic controls in the fasting state and after oral glucose and 
intravenous arginine. J Clin Invest 1991;87:415–423.

154. Delgado-Aros S, Kim DY, Burton DD, Thomforde GM, Stephens D, Brinkmann BH, Vella 
A, Camilleri M. Effect of GLP-1 on gastric volume, emptying, maximum volume ingested, 
and postprandial symptoms in humans. Am J Physiol Gastrointest Liver Physiol 2002;282: 
G424–G431.

155. Leite AR, Angélico-Gonçalves A, Vasques-Nóvoa F, Borges-Canha M, Leite-Moreira A, 
Neves JS, Ferreira JP. Effect of glucagon-like peptide-1 receptor agonists on cardiovascular 
events in overweight or obese adults without diabetes: a meta-analysis of placebo- 
controlled randomized trials. Diabetes Obes Metab 2022;24:1676–1680.

156. Ferreira JP, Saraiva F, Sharma A, Vasques-Nóvoa F, Angélico-Gonçalves A, Leite AR, 
Borges-Canha M, Carvalho D, Packer M, Zannad F, Leite-Moreira A, Neves JS. 
Glucagon-like peptide 1 receptor agonists in patients with type 2 diabetes with and without 
chronic heart failure: a meta-analysis of randomized placebo-controlled outcome trials. 
Diabetes Obes Metab 2023;25:1495–1502.

157. Smits MM, Fluitman KS, Herrema H, Davids M, Kramer MHH, Groen AK, Belzer C, de Vos 
WM, Cahen DL, Nieuwdorp M, van Raalte DH. Liraglutide and sitagliptin have no effect on 
intestinal microbiota composition: a 12-week randomized placebo-controlled trial in adults 
with type 2 diabetes. Diabetes Metab 2021;47:101223.

158. Ying X, Rongjiong Z, Kahaer M, Chunhui J, Wulasihan M. Therapeutic efficacy of liraglutide 
versus metformin in modulating the gut microbiota for treating type 2 diabetes mellitus 
complicated with nonalcoholic fatty liver disease. Front Microbiol 2023;14:1088187.

159. Bao W, Aravindhan K, Alsaid H, Chendrimada T, Szapacs M, Citerone DR, Harpel MR, 
Willette RN, Lepore JJ, Jucker BM. Albiglutide, a long lasting glucagon-like peptide-1 analog, 
protects the rat heart against ischemia/reperfusion injury: evidence for improving cardiac 
metabolic efficiency. PLoS One 2011;6:e23570.

160. Moberly SP, Mather KJ, Berwick ZC, Owen MK, Goodwill AG, Casalini ED, Hutchins GD, 
Green MA, Ng Y, Considine RV, Perry KM, Chisholm RL, Tune JD. Impaired cardiometa
bolic responses to glucagon-like peptide 1 in obesity and type 2 diabetes mellitus. Basic Res 
Cardiol 2013;108:365.

161. Lepore JJ, Olson E, Demopoulos L, Haws T, Fang Z, Barbour AM, Fossler M, Davila-Roman 
VG, Russell SD, Gropler RJ. Effects of the novel long-acting GLP-1 agonist, albiglutide, on 
cardiac function, cardiac metabolism, and exercise capacity in patients with chronic heart 
failure and reduced ejection fraction. JACC Heart Fail 2016;4:559–566.

162. Huixing L, Di F, Daoquan P. Effect of glucagon-like peptide-1 receptor agonists on progno
sis of heart failure and cardiac function: a systematic review and meta-analysis of rando
mized controlled trials. Clin Ther 2023;45:17–30.

163. Merza N, Akram M, Mengal A, Rashid AM, Mahboob A, Faryad M, Fatima Z, Ahmed M, 
Ansari SA. The safety and efficacy of GLP-1 receptor agonists in heart failure patients: a 
systematic review and meta-analysis. Curr Probl Cardiol 2023;48:101602.

164. Kosiborod MN, Abildstrøm SZ, Borlaug BA, Butler J, Rasmussen S, Davies M, Hovingh GK, 
Kitzman DW, Lindegaard ML, Møller DV, Shah SJ, Treppendahl MB, Verma S, Abhayaratna 
W, Ahmed FZ, Chopra V, Ezekowitz J, Fu M, Ito H, Lelonek M, Melenovsky V, Merkely B, 
Núñez J, Perna E, Schou M, Senni M, Sharma K, Van der Meer P, von Lewinski D, Wolf D, 
Petrie MC. Semaglutide in patients with heart failure with preserved ejection fraction and 
obesity. N Eng J Med 2023;389:1069–1084.

165. Kosiborod MN, Verma S, Borlaug BA, Butler J, Davies MJ, Jon Jensen T, Rasmussen S, Erlang 
Marstrand P, Petrie MC, Shah SJ, Ito H, Schou M, Melenovský V, Abhayaratna W, Kitzman 
DW, STEP-HFpEF Trial Committees and Investigators. Effects of semaglutide on symptoms, 
function, and quality of life in patients with heart failure with preserved ejection fraction and 
obesity: a prespecified analysis of the STEP-HFpEF trial. Circulation 2024;149:204–216.

166. Sokos GG, Nikolaidis LA, Mankad S, Elahi D, Shannon RP. Glucagon-like peptide-1 infusion 
improves left ventricular ejection fraction and functional status in patients with chronic 
heart failure. J Card Fail 2006;12:694–699.

167. Halbirk M, Nørrelund H, Møller N, Holst JJ, Schmitz O, Nielsen R, Nielsen-Kudsk JE, 
Nielsen SS, Nielsen TT, Eiskjaer H, Bøtker HE, Wiggers H. Cardiovascular and metabolic 
effects of 48-h glucagon-like peptide-1 infusion in compensated chronic patients with heart 
failure. Am J Physiol Heart Circ Physiol 2010;298:H1096–H1102.

168. Kurgansky KE, Schubert P, Parker R, Djousse L, Riebman JB, Gagnon DR, Joseph J. 
Association of pulse rate with outcomes in heart failure with reduced ejection fraction: 
a retrospective cohort study. BMC Cardiovasc Disord 2020;20:92.

169. Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, Mattheus M, Devins T, 
Johansen OE, Woerle HJ, Broedl UC, Inzucchi SE. Empagliflozin, cardiovascular outcomes, 
and mortality in type 2 diabetes. N Eng J Med 2015;373:2117–2128.

170. Baigent C, Emberson J, Haynes R, Herrington WG, Judge P, Landray MJ, Mayne KJ, Ng SYA, 
Preiss D, Roddick AJ, Staplin N, Zhu D, Anker SD, Bhatt DL, Brueckmann M, Butler J, 
Cherney DZI, Green JB, Hauske SJ, Haynes R, Heerspink HJL, Herrington WG, Inzucchi 
SE, Jardine MJ, Liu C-C, Mahaffey KW, McCausland FR, McGuire DK, McMurray JJV, 
Neal B, Neuen BL, Packer M, Perkovic V, Sabatine MS, Solomon SD, Vaduganathan M, 
Wanner C, Wheeler DC, Wiviott SD, Zannad F. Impact of diabetes on the effects of so
dium glucose co-transporter-2 inhibitors on kidney outcomes: collaborative meta-analysis 
of large placebo-controlled trials. Lancet 2022;400:1788–1801.

171. Mc Causland FR, Claggett BL, Vaduganathan M, Desai A, Jhund P, Vardeny O, Fang JC, de 
Boer RA, Docherty KF, Hernandez AF, Inzucchi SE, Kosiborod MN, Lam CSP, Martinez F, 
Saraiva JFK, McGrath MM, Shah SJ, Verma S, Langkilde AM, Petersson M, McMurray JJV, 
Solomon SD. Decline in estimated glomerular filtration rate after dapagliflozin in heart fail
ure with mildly reduced or preserved ejection fraction: a prespecified secondary analysis of 
the DELIVER randomized clinical trial. JAMA Cardiol 2024;9:144–152.

172. Lopaschuk GD, Verma S. Mechanisms of cardiovascular benefits of sodium glucose co- 
transporter 2 (SGLT2) inhibitors: a state-of-the-art review. J Am Coll Cardiol Basic Trans 
Sci 2020;5:632–644.

173. Van Steenbergen A, Balteau M, Ginion A, Ferté L, Battault S, Ravenstein CM, Balligand JL, 
Daskalopoulos EP, Gilon P, Despa F, Despa S, Vanoverschelde JL, Horman S, Koepsell H, 
Berry G, Hue L, Bertrand L, Beauloye C. Sodium-myoinositol cotransporter-1, SMIT1, 
mediates the production of reactive oxygen species induced by hyperglycemia in the heart. 
Sci Rep 2017;7:41166.

174. Marfella R, Scisciola L, D’Onofrio N, Maiello C, Trotta MC, Sardu C, Panarese I, 
FerraraccioF, Capuano A, Barbieri M, Balestrieri ML, Napoli C, Paolisso G. Sodium- 
glucose cotransporter-2 (SGLT2) expression in diabetic and non-diabetic failing human 
cardiomyocytes. Pharmacol Res 2022;184:106448.

175. Shim CY, Seo J, Cho I, Lee CJ, Cho I-J, Lhagvasuren P, Kang S-M, Ha J-W, Han G, Jang Y, Hong 
G-R. Randomized, controlled trial to evaluate the effect of dapagliflozin on left ventricular 
diastolic function in patients with type 2 diabetes mellitus. Circulation 2021;143:510–512.

Metabolic targets in heart failure                                                                                                                                                                            1849



176. Pabel S, Wagner S, Bollenberg H, Bengel P, Kovács Á, Schach C, Tirilomis P, Mustroph J, 
Renner A, Gummert J, Fischer T, Van Linthout S, Tschöpe C, Streckfuss-Bömeke K, 
Hasenfuss G, Maier LS, Hamdani N, Sossalla S. Empagliflozin directly improves diastolic 
function in human heart failure. Eur J Heart Fail 2018;20:1690–1700.

177. Brown AJM, Gandy S, McCrimmon R, Houston JG, Struthers AD, Lang CC. A randomized 
controlled trial of dapagliflozin on left ventricular hypertrophy in people with type two dia
betes: the DAPA-LVH trial. Eur Heart J 2020;41:3421–3432.

178. Verma S, Mazer CD, Yan AT, Mason T, Garg V, Teoh H, Zuo F, Quan A, Farkouh ME, 
Fitchett DH, Goodman SG, Goldenberg RM, Al-Omran M, Gilbert RE, Bhatt DL, Leiter 
LA, Jüni P, Zinman B, Connelly KA. Effect of empagliflozin on left ventricular mass in pa
tients with type 2 diabetes mellitus and coronary artery disease: the EMPA-HEART 
CardioLink-6 randomized clinical trial. Circulation 2019;140:1693–1702.

179. Subramanian M, Sravani V, Krishna SP, Bijjam S, Sunehra C, Yalagudri S, Saggu DK, 
Narasimhan C. Efficacy of SGLT2 inhibitors in patients with diabetes and nonobstructive 
hypertrophic cardiomyopathy. Am J Cardiol 2023;188:80–86.

180. Santos-Gallego CG, Vargas-Delgado AP, Requena-Ibanez JA, Garcia-Ropero A, Mancini D, 
Pinney S, Macaluso F, Sartori S, Roque M, Sabatel-Perez F, Rodriguez-Cordero A, Zafar 
MU, Fergus I, Atallah-Lajam F, Contreras JP, Varley C, Moreno PR, Abascal VM, Lala A, 
Tamler R, Sanz J, Fuster V, Badimon JJ. Randomized trial of empagliflozin in nondiabetic pa
tients with heart failure and reduced ejection fraction. J Am Coll Cardiol 2021;77:243–255.

181. Usman MS, Januzzi JL, Anker SD, Salman A, Parikh PB, Adamo M, Filippatos G, Khan MS, 
Lala A, Verma S, Metra M, Butler J. The effect of sodium–glucose cotransporter 2 inhibitors 
on left cardiac remodelling in heart failure with reduced ejection fraction: systematic review 
and meta-analysis. Eur J Heart Fail 2024;26:373–382.

182. Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, Mari A, Pieber TR, 
Muscelli E. Shift to fatty substrate utilization in response to sodium–glucose cotransporter 
2 inhibition in subjects without diabetes and patients with type 2 diabetes. Diabetes 2016; 
65:1190–1195.

183. Thirunavukarasu S, Jex N, Chowdhary A, Hassan IU, Straw S, Craven TP, Gorecka M, 
Broadbent D, Swoboda P, Witte KK, Cubbon RM, Xue H, Kellman P, Greenwood JP, 
Plein S, Levelt E. Empagliflozin treatment is associated with improvements in cardiac ener
getics and function and reductions in myocardial cellular volume in patients with type 2 
diabetes. Diabetes 2021;70:2810–2822.

184. Gaborit B, Ancel P, Abdullah AE, Maurice F, Abdesselam I, Calen A, Soghomonian A, 
Houssays M, Varlet I, Eisinger M, Lasbleiz A, Peiretti F, Bornet CE, Lefur Y, Pini L, 
Rapacchi S, Bernard M, Resseguier N, Darmon P, Kober F, Dutour A. Effect of empagliflozin 
on ectopic fat stores and myocardial energetics in type 2 diabetes: the EMPACEF study. 
Cardiovasc Diabetol 2021;20:57.

185. Santos-Gallego CG, Requena-Ibanez JA, San Antonio R, Ishikawa K, Watanabe S, Picatoste 
B, Flores E, Garcia-Ropero A, Sanz J, Hajjar RJ, Fuster V, Badimon JJ. Empagliflozin amelio
rates adverse left ventricular remodeling in nondiabetic heart failure by enhancing myocar
dial energetics. J Am Coll Cardiol 2019;73:1931–1944.

186. Verma S, Rawat S, Ho KL, Wagg CS, Zhang L, Teoh H, Dyck JE, Uddin GM, Oudit GY, 
Mayoux E, Lehrke M, Marx N, Lopaschuk GD. Empagliflozin increases cardiac energy pro
duction in diabetes: novel translational insights into the heart failure benefits of SGLT2 in
hibitors. J Am Coll Cardiol Basic Trans Sci 2018;3:575–587.

187. Byrne NJ, Parajuli N, Levasseur JL, Boisvenue J, Beker DL, Masson G, Fedak PWM, Verma S, 
Dyck JRB. Empagliflozin prevents worsening of cardiac function in an experimental model 
of pressure overload-induced heart failure. J Am Coll Cardiol Basic Trans Sci 2017;2:347–354.

188. Ferrannini E, Mark M, Mayoux E. CV protection in the EMPA-REG OUTCOME trial: a 
“thrifty substrate” hypothesis. Diabetes Care 2016;39:1108–1114.

189. Wang C-Y, Chen C-C, Lin M-H, Su H-T, Ho M-Y, Yeh J-K, Tsai M-L, Hsieh IC, Wen M-S. 
TLR9 binding to beclin 1 and mitochondrial SIRT3 by a sodium-glucose co-transporter 2 
inhibitor protects the heart from doxorubicin toxicity. Biology (Basel) 2020;11:369.

190. Garcia D, Shaw RJ. AMPK: mechanisms of cellular energy sensing and restoration of meta
bolic balance. Mol Cell 2017;66:789–800.

191. Li X, Lu Q, Qiu Y, do Carmo JM, Wang Z, da Silva AA, Mouton A, Omoto ACM, Hall ME, Li 
J, Hall JE. Direct cardiac actions of the sodium glucose co-transporter 2 inhibitor empagli
flozin improve myocardial oxidative phosphorylation and attenuate pressure-overload 
heart failure. J Am Heart Assoc 2021;10:e018298.

192. Savji N, Meijers WC, Bartz TM, Bhambhani V, Cushman M, Nayor M, Kizer JR, Sarma A, 
Blaha MJ, Gansevoort RT, Gardin JM, Hillege HL, Ji F, Kop WJ, Lau ES, Lee DS, Sadreyev 
R, van Gilst WH, Wang TJ, Zanni MV, Vasan RS, Allen NB, Psaty BM, van der Harst P, 
Levy D, Larson M, Shah SJ, de Boer RA, Gottdiener JS, Ho JE. The association of obesity 

and cardiometabolic traits with incident HFpEF and HFrEF. JACC Heart Fail 2018;6: 
701–709.

193. Yang J, Sambandam N, Han X, Gross RW, Courtois M, Kovacs A, Febbraio M, Finck BN, 
Kelly DP. CD36 deficiency rescues lipotoxic cardiomyopathy. Circ Res 2007;100: 
1208–1217.

194. Ishihama S, Yoshida S, Yoshida T, Mori Y, Ouchi N, Eguchi S, Sakaguchi T, Tsuda T, Kato K, 
Shimizu Y, Ohashi K, Okumura T, Bando YK, Yagyu H, Wettschureck N, Kubota N, 
Offermanns S, Kadowaki T, Murohara T, Takefuji M. LPL/AQP7/GPD2 promotes glycerol 
metabolism under hypoxia and prevents cardiac dysfunction during ischemia. FASEB J 2021; 
35:e22048.

195. Song R, Dasgupta C, Mulder C, Zhang L. MicroRNA-210 controls mitochondrial metabol
ism and protects heart function in myocardial infarction. Circulation 2022;145:1140–1153.

196. Jeong MY, Lin YH, Wennersten SA, Demos-Davies KM, Cavasin MA, Mahaffey JH, Monzani 
V, Saripalli C, Mascagni P, Reece TB, Ambardekar AV, Granzier HL, Dinarello CA, McKinsey 
TA. Histone deacetylase activity governs diastolic dysfunction through a nongenomic 
mechanism. Sci Transl Med 2018;10:eaao0144.

197. Zhou B, Wang DD, Qiu Y, Airhart S, Liu Y, Stempien-Otero A, O’Brien KD, Tian R. 
Boosting NAD level suppresses inflammatory activation of PBMCs in heart failure. J Clin 
Invest 2020;130:6054–6063.

198. Heran BS, Wong MM, Heran IK, Wright JM. Blood pressure lowering efficacy of angiotensin 
receptor blockers for primary hypertension. Cochrane Database Syst Rev 2008;2008: 
CD003822.

199. Organ CL, Li Z, Sharp TE III, Polhemus DJ, Gupta N, Goodchild TT, Tang WHW, Hazen SL, 
Lefer DJ. Nonlethal inhibition of gut microbial trimethylamine N-oxide production im
proves cardiac function and remodeling in a murine model of heart failure. J Am Heart 
Assoc 2020;9:e016223.

200. Wang Z, Roberts AB, Buffa JA, Levison BS, Zhu W, Org E, Gu X, Huang Y, 
Zamanian-Daryoush M, Culley MK, DiDonato AJ, Fu X, Hazen JE, Krajcik D, DiDonato 
JA, Lusis AJ, Hazen SL. Non-lethal inhibition of gut microbial trimethylamine production 
for the treatment of atherosclerosis. Cell 2015;163:1585–1595.

201. Nicholls SJ, Schwartz GG, Buhr KA, Ginsberg HN, Johansson JO, Kalantar-Zadeh K, 
Kulikowski E, Toth PP, Wong N, Sweeney M, Ray KK, BETonMACE Investigators. 
Apabetalone and hospitalization for heart failure in patients following an acute coronary syn
drome: a prespecified analysis of the BETonMACE study. Cardiovasc Diabetol 2021;20:13.

202. Täubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J, Rode L, Weigt H, Genschel C, 
Lorch U, Theek C, Levin AA, Bauersachs J, Solomon SD, Thum T. Novel antisense therapy 
targeting microRNA-132 in patients with heart failure: results of a first-in-human phase 1b 
randomized, double-blind, placebo-controlled study. Eur Heart J 2021;42:178–188.

203. Neubauer S, Krahe T, Schindler R, Horn M, Hillenbrand H, Entzeroth C, Mader H, Kromer 
EP, Riegger GA, Lackner K. 31P magnetic resonance spectroscopy in dilated cardiomyop
athy and coronary artery disease. Altered cardiac high-energy phosphate metabolism in 
heart failure. Circulation 1992;86:1810–1818.

204. Bottomley PA, Panjrath GS, Lai S, Hirsch GA, Wu K, Najjar SS, Steinberg A, Gerstenblith G, 
Weiss RG. Metabolic rates of ATP transfer through creatine kinase (CK flux) predict clin
ical heart failure events and death. Sci Trans Med 2013;5:215re213.

205. Nakae I, Mitsunami K, Yoshino T, Omura T, Tsutamoto T, Matsumoto T, Morikawa S, 
Inubushi T, Horie M. Clinical features of myocardial triglyceride in different types of cardio
myopathy assessed by proton magnetic resonance spectroscopy: comparison with myo
cardial creatine. J Card Fail 2010;16:812–822.

206. Chen H-Y, Gordon JW, Dwork N, Chung BT, Riselli A, Sivalokanathan S, Bok RA, Slater JB, 
Vigneron DB, Abraham MR, Larson PEZ. Probing human heart TCA cycle metabolism and 
response to glucose load using hyperpolarized [2-13C]pyruvate MRS. NMR Biomed 2024; 
37:e5074.

207. Hoyer K, Krenz M, Robbins J, Ingwall JS. Shifts in the myosin heavy chain isozymes in the 
mouse heart result in increased energy efficiency. J Mol Cell Cardiol 2007;42:214–221.

208. Aasum E, Hafstad AD, Larsen TS. Changes in substrate metabolism in isolated mouse 
hearts following ischemia-reperfusion. Mol Cell Biochem 2003;249:97–103.

209. Garcia-Menendez L, Karamanlidis G, Kolwicz S, Tian R. Substrain specific response to car
diac pressure overload in C57BL/6 mice. Am J Physiol Heart Circ Physiol 2013;305: 
H397–H402.

210. Bauersachs J, Solomon SD, Anker SD, Antorrena-Miranda I, Batkai S, Viereck J, Rump S, 
Filippatos G, Granzer U, Ponikowski P, de Boer RA, Vardeny O, Hauke W, Thum T. 
Efficacy and safety of CDR132L in patients with reduced left ventricular ejection fraction 
after myocardial infarction: rationale and design of the HF-REVERT trial. Eur J Heart Fail 
2024;26:674–682.

1850                                                                                                                                                                                                      Y.H. Ng et al.


	Leveraging metabolism for better outcomes in heart failure
	1. Introduction
	2. The problem
	2.1 Act I—‘a broken switch’
	2.1.1 Substrate utilisation in the healthy heart
	2.1.2 Metabolic remodelling in the failing heart

	2.2 Act 2—‘a damaged furnace’
	2.2.1 The impact of metabolic dysfunction on cardiac mitochondrial dynamics

	2.3 Act 3—‘post hoc governors’
	2.3.1 DNA (CpG) methylation
	2.3.2 Histone modifications
	2.3.2.1 Histone acetylation and deacetylation
	2.3.2.2 Histone methylation and demethylation

	2.3.3 Non-coding RNA
	2.3.4 Simul—‘fermented disequilibrium’
	2.3.4.1 The gut microbiome and heart failure
	2.3.4.2 Gut permeability
	2.3.4.3 Short-chain fatty acids
	2.3.4.4 Trimethylamine N-oxide (TMAO)
	2.3.4.5 Indole-3-propionic acid (IPA)



	3. The solution
	3.1 Preventive metabolic strategies
	3.2 Available pharmacotherapies
	3.2.1 Glucagon-like peptide-1 receptor agonists
	3.2.2 Sodium–glucose cotransport-2 inhibitors

	3.3 Aspirational therapies

	4. Future directions
	5. Conclusion
	Funding
	References




