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Abstract: Heart failure (HF) is a clinical condition defined by structural and functional abnormalities
in the heart that gradually result in reduced cardiac output (HFrEF) and/or increased cardiac
pressures at rest and under stress (HFpEF). The presence of asymptomatic individuals hampers HF
identification, resulting in delays in recognizing patients until heart dysfunction is manifested, thus
increasing the chance of poor prognosis. Given the recent advances in metabolomics, in this review
we dissect the main alterations occurring in the metabolic pathways behind the decrease in cardiac
function caused by HF. Indeed, relevant preclinical and clinical research has been conducted on the
metabolite connections and differences between HFpEF and HFrEF. Despite these promising results,
it is crucial to note that, in addition to identifying single markers and reliable threshold levels within
the healthy population, the introduction of composite panels would strongly help in the identification
of those individuals with an increased HF risk. That said, additional research in the field is required
to overcome the current drawbacks and shed light on the pathophysiological changes that lead to HF.
Finally, greater collaborative data sharing, as well as standardization of procedures and approaches,
would enhance this research field to fulfil its potential.

Keywords: metabolomics; heart failure with reduced ejection fraction; heart failure with preserved
ejection fraction; microbiota; biomarkers

1. Introduction

Heart failure (HF) is a pathological condition triggered by molecular and structural
alterations that, although preserving physiological heart functionality, can act as a double-
edged sword, finally leading to cardiac failure. Considering the enormous clinical and
socioeconomical burden of HF, there is an urgent need to find improved diagnostic tools
for both HF subtypes, “HFpEF” associated with preserved left ventricular ejection fraction
(LVEF) and “HFrEF” with reduced LVEF. So far, the diagnosis of HF relies on symp-
toms’ assessment, physical examination reinforced by instrumental investigation, and
the use of molecular biomarkers such as the natriuretic peptides and soluble suppression
of tumorigenicity-2 and galectin-3. However, a growing body of evidence suggests that
protein biomarkers are neither sufficiently sensitive nor specific and have limited diagnostic
accuracy in clinical practice due to their variation in relation to age, obesity, gender [1],
pulmonary, hepatic, and renal function [2,3]. The physiological mechanical flow of an adult
heart is granted by constant adenosine triphosphate (ATP) generation from substrates such
as fatty acids (FA) and glucose, as well as ketone bodies (KB), lactate, and amino acids (AA)
via highly interconnected metabolic pathways, which include β-oxidation, glycolysis, the
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tricarboxylic acid cycle (TCA cycle), KB oxidation, and AA catabolism in cardiomyocytes
mitochondria [4–6].

It is well-known that the clinical signs of HF are associated with a clear metabolic
remodeling, which is made of alterations in metabolite absorption, trafficking, and uti-
lization, finally culminating in decreased ATP production and, inevitably, cardiomyocytes
contractility [4]. In addition, it is broadly acknowledged that aging, female sex, obesity
atrial fibrillation, diabetes, and hypertension, together with other risk factors and sys-
temic comorbidities, are primarily involved in the onset of HF with HFpEF as a result of
endothelial dysfunction [7] (Figure 1).
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jury, and neurohormonal activation. HFpEF is a complex clinical heterogeneous syndrome. An emerg-
ing paradigm emphasizes that HFpEF onset is favored by the combination of contributing risk factors
(aging, female gender, obesity) and comorbidities (atrial fibrillation, hypertension, diabetes, kidney
dysfunction, and chronic obstructive pulmonary disease), which cause endothelial dysfunction.

HFrEF is primarily caused by direct myocardial damage, coronary artery disease,
myocardial infarction, cardiomyopathies, or inflammatory disorders and neurohormonal
activation. All these pathological events induce hypoperfusion and poor venous drainage
of visceral organs, thus leading to the development of co-morbidities, such as kidney, liver,
and intestine failure.

In addition, HFrEF appears to be primarily driven by myocardial injury and subse-
quent neurohormonal activation with a male predominance [7,8] (Figure 1).

Considering the well-known different etiologies and clinical symptoms between
HFrEF and HFpEF, as well as the rising use of metabolomics as a reliable prognostic
tool, in this review, we thoroughly evaluate the most recent clinical and preclinical evidence
to explore the full potential of key metabolic alterations in the onset and progression of
both HF subtypes.

1.1. Cardiac Metabolism of HFpEF and HFrEF and Preclinical Models

We acknowledge that HFrEF and HFpEF have distinct clinical manifestations in
humans, and that animal models do not entirely replicate those features [9,10]. Although
we recognize this limitation, we believe they might be effective in understanding more
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about the metabolic changes associated with HF. In reality, whereas HF slowly progresses
in humans, HF-induced animal models minimize disease latency and may not result in the
activation of the same molecular pathways, and hence biomarkers, along with bias due to
reproducibility issues across various studies [11]. Another source of biological variability
for HFpEF is the number of comorbidities in human illness, which is not considered
in animal models. A further cause of discrepancy between animal models and human
conditions is the unfortunate progression of HFpEF models into HFrEF, which is instead
known to be a rare event in patients [12].

As a result, for the sake of simplicity, and because preclinical studies on cardiac
metabolism rely on animal models that merely “mimic” clinical settings, we will use the
terms “HFpEF” for those conditions associated with preserved LVEF and “HFrEF” for
those associated with reduced LVEF throughout this review.

Different animal models have been developed for improving our understanding of
the different pathophysiological causes related to HF. HFrEF models are mainly obtained
through surgical procedures, such as transverse aortic constriction, coronary or abdominal
artery ligation or constriction, pulmonary artery banding, rapid ventricular pacing, or a
combination thereof. Additionally, transgenic animals have also been used to activate the
HFrEF phenotype [13].

In comparison to HFrEF, the number of animal models that mimic HFpEF is limited.
They replicate the principal factors known to trigger the development of HFpEF, specifically
ageing, diabetes mellitus (leptin-deficiency obese/obese, leptin receptor-deficiency dia-
betic/diabetic), and hypertension (Dahl salt-sensitive rats). Furthermore, HFpEF models
can be obtained via neurohormonal activation (Angiotensin II-treatment), and surgical
procedures finely tuned to avoid inducing a reduction in EF (compensated hypertrophy
induced by transverse aortic constriction) [13,14].

1.2. Fatty Acids Uptake and Oxidation

Fatty acids (FA) are the predominant energy source of cardiac cells in physiological
conditions, accounting for 50–70% of total energy consumption [4]. In the cytosol, short-
and medium-chain fatty acyl CoA can diffuse through the membrane inside mitochondria,
while long-chain fatty acyl-CoA are actively transported into the mitochondrial matrix via
acyl-CoA substitution with carnitine, generating the long-chain acyl carnitines (LCAC).
Inside mitochondria, FA undergo β-oxidation, generating acetyl CoA, nicotinamide adenine
dinucleotide (NADH), and flavin adenine dinucleotide (FADH2) [4].

Many studies on animal models with HFrEF andHFpEF reveal a significant downreg-
ulation of genes involved in pathways connected to FA uptake, transport, and catabolism,
with a marked trend in the HFrEF group [15–25]. Indeed, animal models with early HFrEF
(four weeks) have higher levels of medium- (MCAC) and long-chain acyl carnitines (LCAC)
when compared to controls and models with HFpEF (four weeks) [18]. Furthermore, other
studies found that the expression and activity of the MCAC processing enzymes did not
change prior to overt HF [17,22,23].

Consistent with these observations, a significant impairment in FA uptake and ox-
idation was demonstrated in advanced-stage HFpEF animal models (9 weeks) [16], but
not in the early stage (four weeks) [15,19,20]. Interestingly, cardiac degeneration from
compensated hypertrophy to heart failure HFpEF in animal models was accelerated (one
week) by the FA uptake-induced deficiency [24,25].

Recent clinical data indicate that HFpEF hearts obtain more energy from FA oxidation
(42%) than HFrEF (35%) [26]. Studies based on large populations suggest a direct correlation
between LCAC, MCAC, and the severity of LV systolic dysfunction [27–29]. A recent study
found a substantial increase in MCAC at six- and twelve-month follow-up in patients with
overt HF compared to healthy controls, lending validity to a stage-specific impact of MCAC
in HFrEF [30].
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However, studies including smaller cohorts of patients also showed higher LCAC
levels in the HFpEF group with respect to HFrEF [31,32], correlating with endothelial
dysfunction [33,34], arrhythmogenesis [35], and diabetes [36].

In summary, it could be assumed that an increase in plasmatic LCAC derived from
an early FA metabolic impairment is a key signal to monitor the early stage of HFrEF
as compared to early-stage HFpEF, where there is a smaller impairment and a larger
dependence. Furthermore, MCAC may play a role in the progression of HFrEF from
early to late stage, which is compatible with a neurohormonal and direct cardiac injury
origin. Importantly, clinical data validated the preclinical findings that increased plasmatic
LCAC and MCAC may be predictive of advanced HFrEF and HFpEF, consistent with a
shared maladaptive effect induced by either neurohormonal and direct cardiac damage or
microvascular dysfunction (Figure 2, Table 1).

Importantly, clinical data confirmed preclinical results that elevated plasmatic LCAC
and MCAC may be predictive of advanced HFrEF and HFpEF, consistent with mitochon-
drial oxidative stress being a common maladaptive effect in either neurohormonal and
direct cardiac injury or microvascular dysfunction.
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Figure 2. Suggested prognostic metabolites involved in FA metabolism. Increased plasmatic LCAC
as a result of rapid FA metabolic impairment is an attractive indicator for diagnosing the early
stages of HFrEF, as opposed to early-stage HFpEF, which has less impairment and a greater reliance.
Furthermore, MCAC (i.e., octanoyl acid) may play a role in the progression of HFrEF from early to
late stages, which is consistent with a neurohormonal and direct cardiac injury origin.
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Table 1. Summary of metabolic alterations and relative metabolites associated with HFrEF and
HFpEF. Physiological and pathological effects are listed according to the relative metabolic markers.

Metabolite, Pathway Early
HFrEF

Adv
HFrEF

Early
HFpEF

Adv
HFpEF Physiological Effect Pathological Effect Ref.

Fatty Acids, Acylcarnitines
oxidation − − − − − − = − − − Fatty Acids β-Oxidation FA accumulation [15–25]

Long-Chain
Acylcarnitines Oxidation + + = +

ATP production, ketone
bodies formation, FA

oxidation

Diabetes, reduced contractility,
inflammation,

arrhythmogenesis, lipotoxicity,
ROS production, nitric oxide

and ATP reduction

[26–29,31–41]

Medium-Chain
Acylcarnitines Oxidation + + = +

ATP production, ketone
bodies formation, FA

oxidation

Transition to HF, lipotoxicity,
ROS production, nitric oxide

and ATP reduction
[28,30,32]

Short-Chain
Acylcarnitines Oxidation + + = =/+

ATP production, ketone
bodies formation, FA

metabolism

Diabetes, hypertension, ROS
production, nitric oxide and

ATP reduction
[26,30,31,42,43]

Ketone bodies oxidation + − − − = − − − Ketone bodies oxidation KBs accumulation [43–52]

KBs Oxidation (Acetone,
Acetoacetate,

3-Hydroxybutyrate)
+ − = −

ATP production,
anti-inflammatory,

epigenomic regulation

Hypertension, Inflammation,
ROS production, nitric oxide

and ATP reduction
[26,32,43,45–47,49–61]

Succinate + − = −
TCA cycle intermediate,
ketone bodies formation,

FA oxidation

Ischemia, inflammation, and
hypoxic signaling, ROS

production, nitric oxide and
ATP reduction

[37,54–56,60,62–64]

Branched-Chain Amino
Acids oxidation − − − − = − − BCAA oxidation BCAA accumulation [5,18,65–71]

Leucine, Isoleucine,
Valine + + = +

Anaplerotic reactions,
ketone and short-chain

fatty acids oxidation

Pro-anti-hypertrophic and
pro-anti-inflammatory, FA

accumulation

[5,18,28,29,32,54,71–
74]

Glycolysis = + + + + + + + Glucose anaerobic
metabolism Lactate and protons accumulation [15,16,19,20,24,25,46,

47,75–81]

Protons = + + + ATP production

Reduced contractility, troponin
I calcium binding, calcium

current generation, and ATP
availability

[15,16,77,81]

Lactate + + = =/− Glycolysis, Glucose
Oxidation

Myocardial infarction,
contractile dysfunction,

increased mortality
[54,59,63,82–84]

TCA cycle/anaplerotic
reactions − − − − = − − −

Acetyl-CoA oxidation and
TCA cycle intermediates

replenishment

Reduced TCA cycle oxidative
metabolism

[16–
18,24,25,40,44,45,50–
53,56,60,75,76,78,80,

85–89]

Alanine = − − − TCA cycle, anaplerotic
reactions

Inflammation and ROS
production [31,54,72,74,90–92]

Glutamate + + = + TCA cycle and anaplerotic
reactions Stroke, cardiovascular diseases [29,72,73,93,94]

Phenylalanine + + = +

Glycolysis-glucose nitric
oxide production, ketone

bodies formation,
anaplerotic reactions

Hypertension, reduced tissue
perfusion, increased insulin
resistance, increased protein

breakdown, and
hypoalbuminemia

[28,72,95]

Tyrosine + + = +

Glycolysis-glucose nitric
oxide production, ketone

bodies formation,
anaplerotic reactions

Decreased synthesis of thyroid
hormones, catecholamines,

neurotransmitters, or serum
proteins

[28,29,63,72,95,96]

Electron Transport Chain
Oxidative Phosphorylation

(ETC-OXPHOS)
= − − − − − − − ATP production Reduced ATP production [4,15,18,44,61,78,79,

97–101]

Phosphatidylcholine,
Lysophosphatidylcholine,

Sphingomyelin
= − = − Membrane fluidity,

contractility, cell signaling

Membrane stiffness, ROS
production, nitric oxide and

ATP reduction, apoptosis,
inflammation, and ion
channels dysregulation

[4,28,32,59,61,92,99–
102]

Serine = − = − Nitric oxide production Oxidative stress, fibrosis [31,72,73,103,104]

Arginine = − = − Nitric oxide production,
anaplerotic reactions

Reduced nitric oxide,
hypertension [28,31,105,106]
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Table 1. Cont.

Metabolite, Pathway Early
HFrEF

Adv
HFrEF

Early
HFpEF

Adv
HFpEF Physiological Effect Pathological Effect Ref.

Dimethylarginine,
Symmetric

Dimethylarginine, and
N-monomethylarginine

= + = + Nitric oxide production Reduced nitric oxide,
hypertension [28,31,105,106]

Gut absorption and
microbiota activity +/− +/− +/− +/− Nutrients absorption Production of metabolites with

pathological effects [42,43,107–123]

Trimethylamine N-oxide,
trimethylamine = + = +

Phosphatidylcholine,
choline, and carnitine

metabolism, chaperone,
osmolyte, and piezolyte

Atherosclerosis and
thrombosis, renal and liver

function
[108–110,112,124]

Trimethylamine + + = +
TMAO precursor
endogenous and

esogenous

Obesity, diabetes,
cardiovascular, and renal

disorders
[113,114]

Short-chain fatty acids = + =/− +
ATP production, ketone

bodies formation, FA
metabolism

Hypertension, hypertrophy,
and fibrosis [42,43,110,115–117]

Bile acids − = = =

Vascular tone and blood
pressure regulation, fat
absorption, cholesterol,

lipid, glucose metabolism

Hypertension [110,118–123]

1.3. Ketone Bodies and Short-Chain Acyl Carnitines

Even though ketone bodies (acetoacetate, acetone, β-hydroxybutyrate (β-OHB)) and
short-chain acyl carnitines (SCAC, acetate, butyrate, and propanonate) account for a minor
portion of cardiac energy production, they are the most energy-efficient kinds of substrates
available to cells [4,43]. KB and SCAC are produced by the gut microbiota or by FA
breakdown in the liver; alternatively, KB are produced by protein catabolism [47]. Inside
mitochondria, KB are oxidized by β-hydroxybutyrate dehydrogenase 1, succinyl CoA:3-
oxoacid CoA transferase, and acetyl-CoA acetyltransferase 1, producing acetyl CoA and
reducing equivalents, while SCAC are processed via β-oxidation machinery [4] or can
be converted into FA and KB [110,115]. KB and SCAC metabolism plays a central role in
the natural history of HF. Findings suggest that SCAC are preferred over ketones under
physiological settings, and that this preference persists as heart failure progresses, as seen
in both animal models and HF patients [43].

However, KB enzymes and transporters’ expression and metabolic intermediates, such
as hydroxybutyryl carnitine, acetyl carnitine, and succinate, are more abundant in animal
models affected by early-stage HFrEF (four weeks) than in early-stage HFpEF models
(four weeks) [44]. Further preclinical studies pointed out that KB are a more efficient
energy source in animal models with early-stage HFrEF [45,46,51] (Figure 3, Table 1) than
in HFpEF [52], and cardiomyocyte-specific suppression of succinyl CoA:3-oxoacid CoA
transferase accelerates the progression from compensated hypertrophy to HFrEF in mice
subjected to transverse aortic constriction [48].

KB, SCAC, and succinate consumption may be useful markers to identify HFrEF in the
early stage as an adaptive energy source. Due to their maladaptive effect, KB and succinate
accumulation in advanced stages makes them relevant as indicators of both HF subtypes,
and congruent with clinical data supporting the neurohormonal and direct cardiac damage
assumption and the disease’s microvascular dysfunction hypothesis. SCAC may also be
important in advanced-stage HFrEF due to their maladaptive effect, which is coherent with
the disease’s neurohormonal- and direct cardiac injury-derived origin (Figure 3, Table 1).

Supplementation with KB and SCAC reduces FA oxidation [43], and both show the
ability to partly restore cardiac respiratory efficiency and proton driving force [43,45], as
well as anti-inflammatory [43,50,52] and epigenetic effects [43,49,52].

Patients with HF have higher serum concentrations of KB and SCAC [43,53,54,57,58]
as well as higher myocardial uptake and consumption in HFrEF patients compared to
HFpEF patients [26]. Coherently, KB consumption in patients with HFrEF is three times
higher than in HFpEF, and succinate release from cardiac tissues is slightly higher, but
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not significant, in HFrEF [26]. These findings suggest that higher KB and succinate levels
are related to the worsening of the cardiac symptoms and ongoing local inflammatory
conditions in patients with overt HFpEF and HFrEF [32,54,59].
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Of note, increased KB and succinate among patients with HFrEF are associated with
maladaptive effects, increased pro-brain natriuretic peptide [55], norepinephrine, growth
hormone, and interleukin-6 secretion in the heart [56,60,63], while succinate accumulation
was coupled with ischemia, mitochondrial reactive oxygen species (ROS) formation [62],
and inflammation [64]. Consistent with previous observations, studies including patients
with HF demonstrate that reduced SCAC plasmatic levels are inversely correlated with LV
systolic function [30] and have or may have effects on pressure control [42,115,116].

Therefore, KB, SCAC and succinate consumption may be useful markers to identify
HFrEF in the early stage as an adaptive energy source. Because of their maladaptive effect,
KBs and succinate accumulation in advanced stage makes them relevant as indicators of
both HF subtypes, and congruent with clinical data supporting the neurohormonal and
direct cardiac damage assumption and the disease’s microvascular dysfunction hypothesis.
SCAC may also be important in advanced-stage HFrEF due to their maladaptive effect,
which is coherent with the disease’s neurohormonal and direct cardiac injury derived origin
(Figure 3, Table 1).

1.4. Branched-Chain Amino Acids Oxidation

Branched-chain amino acids (BCAA, leucine, valine, isoleucine) are an energetic re-
source derived from protein catabolism for the whole human organism, including the heart.
Specifically, BCAA can enter either into the TCA cycle (anaplerotic/cataplerotic reactions,
valine, and isoleucine), or the KB oxidation path (ketogenic leucine, isoleucine), producing
ATP, NADH, FADH2, and guanosine triphosphate [125,126]. A large body of literature
demonstrates that BCAA, lipid, KB, and glucose oxidation are all closely related, and several
pathways that can cross-regulate their metabolism have been proposed [5,6,71,127].
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Several preclinical studies showed higher downregulation of the catabolic pathways
associated with BCAA, and thus more accumulation of both BCAA and their catabolites
in animals affected by HFrEF (both early- and advanced-stage) rather than in those with
early-stage HFpEF [18,67,68]. Furthermore, a disease progression model from day one
to four weeks [66] provided additional support in understanding the role of BCAA in
HFrEF development. Therefore, it is clear that a marked impairment in BCAA metabolism
begins in early-stage HFrEF and persists throughout the advanced phase [66], presum-
ably contributing to hypertrophy, inflammation, vascular FA buildup, and altered insulin
signaling [65,68–70].

Clinical data reveal that BCAA have a wide range of effects in HF
patients [28,68,74,128,129]. Indeed, even though cardiac tissues from HFpEF patients
absorb and likely consume more Ile and Leu than HFrEF patients [26], their buildup in
overt HFpEF suggests a relationship with endothelial dysfunction [130]. Furthermore,
it was proven that Leu and Ile oxidation is more dysregulated in HFrEF than in HFpEF
patients [72]. In addition, patients with at-baseline higher LV dysfunction had higher
plasmatic accumulation of valine, leucine [72], and Ile [72,73] than controls and patients
with lower LV dysfunction.

Consequently, the accumulation of BCAA or their catabolites may be suitable as
predictors of early HFrEF, which is compatible with the neurohormonal-mediated and
direct cardiac damage origin of the disease, as demonstrated in animal models. However,
as the disease progresses, both HFpEF and HFrEF accumulate BCAA, causing maladaptive
effects, and this also supports the dependence on the microvascular dysfunction along
with the previously mentioned neurohormonal-mediated effect and direct cardiac muscle
damage (Figure 4, Table 1).
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Figure 4. Suggested prognostic metabolites involved in BCAA metabolism: Accumulation of BCAAs
(valine, leucine, isoleucine) or their catabolites may be suitable as predictors of early HFrEF, which is
compatible with the neurohormonal and direct cardiac damage origins of the disease, as demonstrated
by animal models. However, as the disease progresses, both HFpEF and HFrEF accumulate BCAA,
causing maladaptive effects, which also supports the participation of the microvascular dysfunction
in addition to the previously indicated neurohormonal-mediated and direct cardiac damage origin of
the disease.
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1.5. Glycolysis and Glucose Oxidation

Glucose is the heart’s second most important energy source [4]: it crosses cell mem-
branes via glucose transporters and enters the glycolytic pathway to create pyruvate,
reducing equivalents, and ATP [131]. Pyruvate can be converted to lactate or transferred
across the mitochondrial membrane by pyruvate translocase, allowing it to reach the TCA
cycle [4].

The TCA cycle has a central role in metabolism consisting of different substrates and
enzymes that work in a loop to produce ATP and reducing equivalents from the acetyl-
CoA derived from glucose, FA, KBs, and AA [132]. TCA cycle activity is maintained by
anaplerotic/cataplerotic reactions, in which metabolic substrates (such as AA) replenish
TCA intermediates [125,126].

When HF worsens, the heart changes to a glycolysis-dependent (fetal metabolism)
phase to adapt, since glycolysis delivers an alternate source of ATP independent of oxidative
metabolism to fulfill the heart’s metabolic requirements [4,47,51]. Nonetheless, animal
studies show that distinct processes are implicated in the evolution of the glycolysis-
dependent stage in HFpEF and HFrEF. Indeed, it was demonstrated that prior to the onset
of diastolic dysfunction, HFpEF animal models (one to three weeks) show a rapid increase
in glycolysis [15,16]. In the absence of FA oxidation dysfunction [15,16,19,20], the increase
in glycolysis rate is followed by a reduced flux through the TCA cycle [19,20] with a null or
weak reduction in lactate oxidation [15,20] (Figure 5, Table 1), resulting in their uncoupling
and proton accumulation. As a result, proton accumulation favors pH reduction and lowers
ATP stocks, used to remove protons and to maintain sodium and calcium homeostasis,
resulting in decreased contractility [16,81].

Considering that insulin resistance, obesity, and diabetes are more frequent in HFpEF
than in HFrEF patients, it is possible that these comorbidities may increase the glycolysis
rate of the endothelial cells early in HFpEF, associating with vascular dysfunction [31,77].

Indeed, in animal models at early-stage HFrEF (one to three weeks), glycolysis remains
stable or is reduced [75,76,78]. Furthermore, TCA intermediates, along with increasing
lactate and the lactate/pyruvate ratio, begin to decline in the early stage (four weeks) [18]
and continue to decline throughout the advanced stage (eight weeks) [17,85,86] of HFrEF.
This was corroborated for HFrEF by showing stronger downregulation of genes involved in
proline, alanine, and tryptophan catabolism and accumulation of phenylalanine, asparagine,
aspartate, leucine, and Ile than in HFpEF animal models (four weeks) [18].

Previous results suggest a robust detrimental carbon flux block on the TCA cycle due to
the reduction of the anaplerotic reactions in HFrEF animal models [17,18,24,25,75,76,78,85,86],
consistently suggesting a delay in the glycolysis-dependent stage transition. The glycolysis-
dependent progression in HFrEF may be delayed by the different conditions established
during its onset (reduced FA and BCAA ox) in comparison to HFpEF, primarily via the
Randle cycle [56,60,87,89] and as a result of the variable substrate (KB, MCAC, and SCAC)
dependence during its progression [40,44,45,51,53,80,88,89].

As a result, the TCA carbon flow blockage in advanced HFrEF and the glycolysis-TCA
uncoupling during the onset of HFpEF, both of which lead to ATP deficit and contractile
dysfunction [16,40,44,53], may contribute to the clinically observed changes in lactate,
alanine, glutamate, phenylalanine, and tyrosine (Figure 5, Table 1).

Lactate concentration is a prognostic factor for poor performance in HFrEF patients
during the stress test [82], increased mortality in acute HF [63], myocardial infarction,
and severe dilated cardiomyopathy, indicating a direct contribution to cardiac injury and
HFrEF [83,84] (Figure 5, Table 1).

The plasmatic concentrations of glutamate [28,72,73], tyrosine [28,29,72,73], and pheny-
lalanine [28,29,72,73,96,133] are lower in HFpEF, or individuals with lower LV dysfunction,
and notably, other studies ascertained the opposite for Ala [31,54,72,92]. Alanine and
glutamate are glucogenic AA, while phenylalanine and tyrosine are both glucogenic and
ketogenic, and all of them are anaplerotic substrates that supply the TCA cycle [93].
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Figure 5. Suggested prognostic metabolites involved in glycolysis and TCA cycle metabolism: Even
though clinical findings show that when HF progresses, whether in HFpEF or HFrEF, the heart
compensates by switching to a glycolysis-dependent metabolism, indicating a direct and shared effect
of neurohormonal and cardiac damage, as well as microvascular dysfunction, some differences have
been discovered. To summarize, the rapid glycolysis-dependent progression of HFpEF caused by
glycolysis-TCA uncoupling is emphasized by protons and glutamate build-up and Ala and lactate
reduction, which may be used as biomarkers for early-stage HFpEF, thus reflecting its microvascular
dysfunction origin. In contrast to HFpEF, glycolysis-dependent evolution in HFrEF occurs in a
distinct manner, in accordance with a neurohormonal- and direct cardiac injury-derived origin. It
begins in the early phase as a TCA carbon flux block (increased lactate), mainly derived from a
reduction of the anaplerotic reactions accumulating glutamate, tyrosine, and phenylalanine, but it is
probably slowed by the different metabolic conditions established during HFrEF onset.

Alanine is directly associated with an increase in glycolysis [90] and under pathological
conditions with increased aerobic glycolysis/Warburg effect [91]. Furthermore, increased
alanine is connected with microvascular disease, inflammation, and ROS production [31,74],
and higher glutamate is instead related to cardiovascular disease and stroke [94].

Increased circulating phenylalanine levels have been linked to insulin resistance
and greater protein catabolism [73,133]. Tyrosine in acute HF patients directly correlates
with higher mortality at three months, via reduced synthesis of thyroid hormones, cate-
cholamines, and neurotransmitters [63]. Notably, considering that a reduced Fischer’s ratio
(the ratio of BCAA to aromatic amino acids phenylalanine and tyrosine) has been linked to
hypoperfusion, impaired liver function, and HFrEF, it is reasonable to speculate that the
rise in phenylalanine and tyrosine is related to such comorbidities [63,95].

As a result, while clinical data show that in overt HF, either HFpEF or HFrEF, the heart
compensates by switching to a glycolysis-dependent metabolism, indicating a direct and
shared effect of neurohormonal and cardiac damage as well as microvascular dysfunction,
preclinical data reveal some differences.

In summary, the rapid glycolysis-dependent progression of HFpEF produced by
glycolysis-TCA uncoupling is emphasized by protons and glutamate accumulation and
alanine and lactate reduction, which may be utilized as indicators for early-stage HFpEF,
thus reflecting its microvascular dysfunction origin.
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In contrast to HFpEF, glycolysis-dependent evolution in HFrEF occurs in a distinct
manner, in accordance with a neurohormonal- and direct cardiac injury-derived origin.
It begins as a TCA carbon flux block (increased lactate) in the early phase, mostly gener-
ated from a decrease of the anaplerotic reactions accumulating glutamate, tyrosine, and
phenylalanine, but is likely retarded by the different conditions established during its onset
(Figure 5, Table 1).

1.6. Mitochondrial Dysfunction

The metabolic chain’s end purpose is ATP synthesis via oxidative phosphorylation
(OXPHOS), whereby coupling oxidation to phosphorylation produces more than 95%
of the ATP. During the process, highly energetic electrons from NADH and FADH2 are
transferred through the five electron transport chain complexes (ETC) [4,134], across the
inner mitochondrial membrane, to create an electrochemical gradient producing ATP, via
ATP synthase (complex V) [4,134,135] (Figure 6, Table 1).
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Figure 6. Suggested prognostic metabolites involved in ETC-OXPHOS dysfunction: Preclinical results
suggest that mitochondrial dysfunction and decreased ETC-OXPHOS activity occur later after the
beginning of both HF subtypes and are characterized by increased mitochondrial lipids, succinate, KB
(mitochondrial dysfunction), asymmetric dimethylarginine (ADMA), symmetric dimethylarginine
(SDMA), and N-monomethylarginine (NMMA) (oxidative stress), TMAO, or decreased phospholipids
(respirasomes dissociation, complexes I, II, III, IV and V), arginine, and serine (oxidative stress).
According to the microvascular dysfunction origin of the disease of HFpEF, decreased arginine
and serine, as well as increased asymmetric dimethylarginine, symmetric dimethylarginine, and
N-monomethylarginine, may be appropriate biomarkers at this stage, indicating mitochondrial
dysfunction. Reduced phosphatidylcholine and an increase in TMAO in HFrEF may be useful
indicators of mitochondrial dysfunction associated with neurohormonal dysfunction and direct
cardiac damage disease-related origin.
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The phosphocreatine to ATP ratio decrease is a hallmark of both HF subtypes in overt
conditions, indicating a deterioration in mitochondrial ETC-OXPHOS activity and ATP
production [4,136].

It was revealed that ETC-OXPHOS and phosphocreatine to ATP ratio impairment
develops in HFrEF animal models only 2–3 weeks after the procedure [78], and studies
comparing early-stage HFrEF (four weeks) and HFpEF (four weeks) showed also modest
impairment of genes associated to ETC-OXPHOS [18,44] and ATP synthase activity [15].
As a result, ETC-OXPHOS and ATP deficiency does not appear to be central during HF
onset [15,18,44,78]. The ETC complexes are organized into respirasomes whose function
is finely controlled according to the composition of the membranes [100,102]. Changes
in the phospholipids’ composition result in respirasome dissociation [4,99,101], which
reduces membrane fluidity and signal transmission [102,137], finally resulting in ETC-
OXPHOS dysfunction, decreased ATP synthesis, and ROS generation [99]. Indeed, animal
models with hereditary cardiomyopathy, that are characterized by a variable degree of LV
dysfunction [97], have fewer phosphatidylcholine along with phosphatidylethanolamine
and cardiolipin compared to wildtype animals [98].

As evidence, patients with HFpEF or HFrEF had lower levels of phosphatidylcho-
line [32,59,92], lysophosphatidylcholines [32,59,92], and sphingomyelins [32] than healthy
individuals. In line with this, various authors suggest that increasing levels of trimethy-
lamine N-oxide (TMAO), derived from phosphatidylcholine, choline, and carnitine in the
liver, reflect a higher risk of atherosclerosis, thrombosis, and HFrEF [109–111], and it is also
connected to patients with concomitant HFpEF and renal dysfunction, as evidenced by
comparative investigations [108]. Numerous clinical studies on both HF subtypes have
also shown that an imbalance in ROS generation, combined with increased mitochondrial
accumulation of lipids [28,30–32,37–39,41], KB [26,32,53–58,60,61], and succinate [54,62,64],
impairs OXPHOS/ETC activities. The final effect will be to induce mitochondrial dam-
age via oxidative stress, inflammation, decreased nitric oxide, and ATP synthesis [4,79]
(Figure 6, Table 1).

Moreover, while serine administration lowers cardiac fibrosis [103,104], its deficiency
correlates with higher oxidative stress in both HFpEF [31,72] and HFrEF [73] (Figure 6,
Table 1).

Lower levels of arginine are associated with higher levels of its catabolites (nitric oxide
inhibitors), such as asymmetric dimethylarginine (ADMA), symmetric dimethylarginine
(SDMA), and N-monomethylarginine (NMMA), which were found to be prognostic for
HFpEF and endothelial dysfunction [31]. Additionally, a higher arginine reduction was
demonstrated in a bigger cohort of HFrEF than in HFpEF [28], thus suggesting its relation
with hypertension [105,106] (Figure 6, Table 1).

In conclusion, preclinical results suggest that mitochondrial dysfunction and decreased
ETC-OXPHOS activity occur after the onset of both HF subtypes. In addition, they are
characterized by increased lipids, succinate, KB, ADMA, NMMA, SDMA, TMAO, or
decreased phospholipids, arginine, and serine. According to the microvascular dysfunction
origin of the disease of HFpEF, decreased arginine and serine, as well as increased ADMA,
NMMA, and SDMA, may be appropriate biomarkers at this stage, indicating mitochondrial
dysfunction. Reduced phosphatidylcholine and an increase in TMAO in HFrEF may be
useful indicators of mitochondrial dysfunction associated with neurohormonal-related
origin and direct cardiac damage (Figure 6, Table 1).

1.7. The Microbiota Effect

Aside from the fact that HF is caused by intrinsic cell metabolic dysfunction, there is
increasing evidence that nutrition, digestion, and microbiota are highly relevant. Indeed,
the gut microbiota differs across genders and individuals, as well as in response to nutrition,
resulting in variances that can either change nutrients’ absorption or produce metabolites
with pathological effects.
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Recently, an HFpEF animal model has been established by diet supplementation
and mineralocorticoid treatment [107]. In addition, several authors suggest that levels of
TMAO are associated with an increased risk of atherosclerosis, thrombosis, and kidney
dysfunction [108–110], and with the risk of developing HFrEF [108,109,111]. However, it is
still being discussed in the field that TMAO’s plasmatic negative effects are concentration-
dependent (>10 µM), having either a positive (chaperone, osmolyte, and piezolyte) or a
negative effect (atherosclerosis, thrombosis) [112]. It is also worth mentioning that TMAO
is the metabolic byproduct of trimethylamine, which is produced either by the gut bacteria
(exogenously) or endogenously, starting in either case from phosphatidylcholine, choline,
and carnitine. Trimethylamine levels are associated with cardiovascular diseases [113,114]
and potentially with HFrEF.

Moreover, the gut microbiota also produces short-chain fatty acids, the lack of which
has been linked to hypertension, hypertrophy, fibrosis, and diabetes [42,110,115,116], and
with HFpEF [117], thus suggesting their involvement in asymptomatic or early-stage disease.

In addition to their role in cholesterol/lipid absorption and glucose metabolism, bile
acids have a direct influence on heart function and vascular tone via the farnesoid X receptor,
the muscarinic M2 receptor [118,119], and the calcium-activated potassium channels [120].
Pathological effects are associated with increasing secondary/primary bile acids ratios [121],
and both HF patients and HFrEF-induced animals (8 weeks) treated with primary bile salts
showed an improved cardiac function through cardio-protection [122,123].

As a result, according to the disease’s neurohormonal and direct cardiac damage origin,
increased trimethylamine synthesis and absorption may be a signal of early-stage HFrEF,
and it may be important in overt HFrEF when combined with TMAO (Figure 6, Table 1).
Due to their involvement in lipid adsorption and cardio-protection, primary and secondary
bile acids ratio should be investigated in early-stage HFrEF (Figure 2, Table 1). Finally,
while short-chain fatty acids are used as an adaptive energy source in early-stage HFrEF,
their concentration in early-stage HFpEF should be assessed due to their relationship to
comorbidities and gut dysbiosis, implying that the disease is caused by microvascular
dysfunction (Figure 3, Table 1).

1.8. Metabolomic Fingerprinting and Clinical Perspective

A considerable amount of preclinical evidence is based on metabolomics, but cor-
relative clinical findings are rare. Therefore, we believe that metabolomics has a huge
potential that can only be achieved by testing and exploring its clinical application. In fact,
metabolomics fingerprints of HF patients may enhance clinical experts’ prognostic and diag-
nostic methods in a variety of ways, whether in subclinical or clinical settings. To improve
the current prognostic and diagnostic tools by integrating data from the metabolomics
fingerprint, we propose a flowchart of a standard operating procedure (Figure 7).

In the absence of any signs, symptoms, or clinical history, a known familiarity of HF,
combined with the patient’s anamnesis, would be the first evidence for a systematic and
planned metabolic profile. Even though the technique’s versatility allows for the examina-
tion of either metabolites for HFpEF or HFrEF combined, the established traditional risk
factors may indicate which subtype to analyze more specifically. In fact, according to the
Framingham Study, HFpEF is two times as frequent in women [138] and more often associ-
ated with hypertension, obesity, and diabetes type 2 [139]. The fact that women are more
likely to have HFpEF [7,31,139–142] is reflected in the evidence that low estrogen levels are
associated with increased oxidative stress, inflammation, and endothelial dysfunction [143].
Men, on the other hand, are more susceptible than women to developing HFrEF as a result
of direct damage and neurohormonal activation, whereas older men with chronic renal
insufficiency are more likely to develop HFpEF [144].
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In this scenario, early-stage markers for HFpEF (protons, alanine, glutamate, and short-
chain fatty acids) should be investigated in women or older men with renal insufficiency as
a first choice, while early-stage HFrEF metabolic markers (LCAC, BCAA, bile salts, and
trimethylamine) should be first investigated in men.

In the presence of a clinical history and the existence of comorbidities associated to
HF pathology, the decision would be guided by clinical data and anamnesis. As previously
stated, the onset of HFpEF is related to atrial fibrillation, hypertension, diabetes, kidney
dysfunction, and chronic obstructive pulmonary disease. Therefore, those comorbidities
suggest a specific metabolic fingerprint directed toward the search of the subclinical HFpEF
metabolic markers. Therefore, in a direct proportional manner to the timeframe, duration,
and intensity of the comorbidities, monitoring the levels of metabolites associated with
early-stage HFpEF, such as protons, alanine, glutamate, and short-chain fatty acids, and
then for BCAA and LCAC, would be a possible strategy.

In contrast, individuals that experienced coronary artery disease, myocardial infarc-
tion, cardiomyopathies, or inflammatory disorders should be identified as potential sub-
clinical HFrEF patients. Therefore, proportionally to the event timeframe and duration
of the comorbidities, checking for the presence of metabolites such as LCAC, BCAA, bile
salts, or trimethylamine, and then MCAC, lactate, glutamate, phenylalanine, and tyrosine,
would be the first aim at this stage.

Patients presenting with no clinical history but with symptoms such as dyspnea, fa-
tigue, or orthopnea require the identification of the underlying etiology. In this context, the
medical history and the physical examination can rule out whether the symptoms have a
cardiac or non-cardiac origin, and metabolomics might be extremely useful in diagnosing



Biomolecules 2022, 12, 969 15 of 22

and treating subclinical situations of either HFpEF or HFrEF rather than overt HF. In addi-
tion, when dealing with people with no clinical history but evidencing symptoms, either
the New York Heart Association Functional Classification (NYHA) or the guideline for
the management of heart failure from the American Heart Association/American College
of Cardiology (ACCF/AHA) may be useful. In fact, the NYHA and AHA classifications
might be utilized to individuate the relative stage and thus perform a specific metabolic
profiling. Given the existence of established risk factors, a NYHA class I or an ACCF/AHA
stage A might be matched to an early stage of both HF subtypes and thus evaluated for
early-stage indicators. Moreover, a NYHA class III or an ACCF/AHA stage C-D patient
should be screened for early-stage as well as metabolic markers involving β-oxidation,
BCAA impairment in HFpEF patients, or early-stage HFrEF markers, and metabolites
involved in glycolysis TCA cycle uncoupling in HFrEF subclinical patients. Additionally, a
NYHA class IV or an ACCF/AHA stage D case should be analyzed for late-stage metabolic
indicators of mitochondrial failure (KB, succinate phospholipids, lipids, serine, arginine,
ADMA, SDMA, MMA, and TMAO (trimethylamine)).

2. Conclusions

Here, we reviewed both preclinical and clinical studies showing distinctive metabolic
profiles that evolved in relation to either the early or advanced stage of the different
subtypes of HF. Namely, while HFpEF onset seems to rely on glycolysis (Ala, protons,
lactate, and Glu), showing minor FA oxidation impairment (SCAC), early HFrEF clearly
appears to be dependent on KB and SCAC oxidation, having greater FA adsorption (bile
salts), transport, and oxidation (LCAC, MCAC), as well as BCAA catabolic deficiency. That
said, it is plausible that the block of the carbon flux (phenylalanine, tyrosine, glutamate),
together with the increased glycolysis-TCA uncoupling, in HFrEF, and the increasing FA
and BCAA catabolic impairment in HFpEF, force both disease subtypes to progress from
an early to an advanced stage. Finally, a marked alteration of phospholipids, TMAO
(trimethylamine), LCAC, MCAC, SCAC, KB, succinate, serine, arginine, ADMA, NMMA,
and SDMA leads to an increased ETC-OXPHOS impairment, mitochondrial oxidative stress,
and inflammation in both HF subtypes.

Even though animal studies show substantial differences between the HF subtypes,
clinical results reveal greater heterogeneity, echoing the large inter- and intra-individual
variability, also dependent on dietary habits and microbiota, within each cohort.

However, the main reasons why we do not routinely use metabolomics in clinical
settings are due to the presence of issues related to equipment settings, experimental
validation, method standardization, and the interpretability of reliable and reproducible
data [145]. Furthermore, as with other plasmatic or humoral indicators, effective threshold
values within the healthy population are missing. Hopefully, by fostering collaboration
among different research groups, simplifying data exchange, and comparing bigger datasets
across different cohorts, it will be possible to boost the clinical applications of metabolomics.
Clusters and societies are already blooming, aiming to both reduce the heterogeneity and
variability of the metabolomics results and improve the predictive power of the data. In fact,
Biocrates (https://biocrates.com, accessed on 1 July 2022), Metabolomics Society (http://
metabolomicssociety.org, accessed on 16 June 2021), COnsortium of METabolomics Studies
(COMETS) (https://epi.grants.cancer.gov/comets, accessed on 16 June 2021), and Phenome
and Metabolome aNalysis (PhenoMeNal) (https://phenomenal-h2020.eu, accessed on
1 July 2022) are four of such groups. Furthermore, identifying and selecting stage- and
subtype-specific metabolic panels would make a significant advance in the early diagnosis
of individuals at higher risk of developing HF. Metabolomics, in this context, has the
strong potential to become a key tool within the concept of P4 medicine: prevent, predict,
personalize, and participate, also enabling the development of new metabolic modulators
with therapeutic effects.

https://biocrates.com
http://metabolomicssociety.org
http://metabolomicssociety.org
https://epi.grants.cancer.gov/comets
https://phenomenal-h2020.eu
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