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A B S T R A C T

Heart Failure with preserved Ejection Fraction (HFpEF) is a complex condition that stems from intricate 
biochemical changes in the heart tissue. The loss of metabolic flexibility, a hallmark of unhealthy myocardium, 
may play a role in its progression. However, the impact of myocardial metabolic changes on the development of 
HFpEF and the relationship with its diverse clinical presentations remains unclear. The heterogeneous nature of 
HFpEF poses a challenge to research and management, highlighting the pressing need for a deeper understanding 
of its pathophysiology and more accurate differentiation of its phenotypes. Multi-omics, driven by artificial in
telligence and machine learning, is a source of inspiration in the field of HFpEF research. This method has the 
potential to reveal insights into the metabolic changes and phenotypes of HFpEF that were previously inacces
sible. By revealing non-traditional biomarkers that go beyond basic clinical and demographic criteria, it also 
inspires the development of targeted therapies for specific patient groups. This review aims to explore the current 
understanding of how myocardial metabolic changes and metabolic inflexibility contribute to the pathogenesis of 
HFpEF. By drawing on the latest multi-omics studies, it also aims to identify an omics signature for HFpEF that 
could be instrumental in unearthing new biomarkers for diagnosis, phenotyping, risk stratification, and the 
development of tailored therapies, thereby advancing personalized medicine in the field of HFpEF.

1. Introduction

Heart failure with preserved ejection fraction (HFpEF) is a hetero
geneous clinical syndrome characterized by diastolic dysfunction (DD), 
normal left ventricular ejection fraction (EF), and a variety of myocar
dial structural, functional, and metabolic abnormalities. HFpEF 

develops through complex biochemical changes in myocardial tissue, 
and the loss of metabolic flexibility, a hallmark of unhealthy myocar
dium, may contribute to its progression [1,2]. The impact of myocardial 
metabolic changes on HFpEF development is unclear, and it remains 
uncertain if the metabolic inflexibility model fits the heterogeneous 
nature of HFpEF [3]. In fact, HFpEF can be viewed as a systemic 
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syndrome, rather than just an isolated heart condition, linked to the 
aging process and multiple comorbidities, including hypertension, 
obesity, type 2 diabetes, atherosclerosis, chronic renal disease, pulmo
nary hypertension, atrial fibrillation, ischemic heart disease, valvulop
athy, anemia, sarcopenia, and chronic obstructive pulmonary disease 
[4]. Comorbidities and aging contribute to the development of HFpEF, 
leading to coronary microvascular dysfunction, interstitial fibrosis, and 
systemic inflammation primarily caused by metabolic stress and referred 
to as "meta-inflammation" [5]. Thus, they lead to heterogeneous 
phenotypic presentations of HFpEF, each requiring different manage
ment strategies and having different prognoses. Currently, three HFpEF 
phenotypes are defined based on demographic and clinical features: 
phenotype 1 consists of younger patients with few comorbidities; 
phenotype 2 includes older patients more likely to have atrial fibrillation 
and cardiorenal disease; and phenotype 3 features intermediate-aged 
individuals with a high burden of comorbidities like type 2 diabetes 
and obesity [4,6]. The heterogeneity of HFpEF complicates research and 
management, underscoring the need to understand better its patho
physiological mechanisms and to differentiate its phenotypes more 
precisely.

By combining omics technologies with artificial intelligence (AI) and 
machine learning (ML), we can develop advanced diagnostic and ther
apeutic models that provide profound insights into the biological pro
cesses underlying disease. The multi-omics approach, particularly 
promising for understanding the metabolic changes of HFpEF, its phe
notyping based on non-traditional biomarkers that extend beyond sim
ple clinical and demographic criteria, and the development of targeted 
therapies for specific patient groups, is a source of inspiration for further 
research and understanding in the field [7–9].

This review aims to explore the current understanding of how 
myocardial metabolic changes and metabolic inflexibility contribute to 
the pathogenesis of HFpEF. By considering the latest multi-omics 
studies, it also aims to identify an omics signature for HFpEF that 
could be crucial in discovering new biomarkers for diagnosis, pheno
typing, risk stratification, and tailored therapies.

2. Methods

In conducting this comprehensive review, we utilized a range of 
electronic databases, including PubMed, Scopus, and Google Scholar, as 
well as thorough searches of reference lists. Our search strategy was 
strategically drafted to include critical key terms relevant to our topic, 
encompassing a comprehensive body of literature published between 
1985 and 2025. To guarantee the highest quality of included studies, we 
utilized standardized assessment tools appropriate to the study design. 
This rigorous evaluation focused on methodological integrity, potential 
risks of bias, and the essential relevance to our research objectives. By 
adhering to these stringent criteria, we aim to deliver insights that not 
only inform but also inspire further exploration and understanding in 
the field.

3. Metabolic flexibility in physiological states and stress 
conditions: brief insights into pathophysiology

To evaluate how myocardial metabolic changes and metabolic 
inflexibility contribute to the pathogenesis of HFpEF, it is essential to 
explore the concept of metabolic flexibility and its implications in 
physiological states and stress conditions.

Metabolic flexibility refers to the heart’s ability to adapt its meta
bolism to meet varying ATP demands using different energy sources. 
Myocardial metabolism involves intricate pathways that utilize various 
substrates, which are crucial for the heart’s high oxygen demand. Car
diomyocytes can efficiently use various substrates based on their 
availability and oxygen levels, thereby maintaining energy production 
in both normal and pathological conditions [10–12]. Disruptions in 
oxygen supply or ATP production can significantly impact cardiac 

health, underscoring their importance in the development of heart dis
ease. Under normal conditions, 95 % of total ATP is produced through 
mitochondrial oxidative phosphorylation, which requires significant 
oxygen consumption, especially during the activity of the electron 
transport chain (ETC). The remaining 5 % of ATP is generated by 
glycolysis, an anaerobic process [13].

Fatty acids (FAs) are the primary ATP source for the myocardium but 
must be continuously imported from the bloodstream due to limited 
intracellular storage. They bind to plasma albumin or triglycerides in 
lipoproteins like chylomicrons and very low-density lipoproteins (VLDL) 
before entering cardiomyocytes, where they undergo β-oxidation to 
provide intermediate products to the tricarboxylic acid (TCA) cycle and 
the oxidative phosphorylation [14,15]. Although FAs produce the most 
ATP per molecule, they require more oxygen than other substrates. 
During low oxygen conditions, such as ischemia, glucose becomes the 
preferred fuel because it is more oxygen-efficient, enabling ATP syn
thesis through anaerobic glycolysis and mitochondrial oxidation of py
ruvate [16].

During intense physical activity or stress conditions, lactate is pre
sent in high plasma concentrations and becomes an important energy 
substrate. Through conversion to pyruvate by lactate dehydrogenase, 
lactate can enter the mitochondria and fuel oxidative metabolism [17]. 
During prolonged fasting or in pathological conditions such as heart 
failure (HF), ketone bodies, particularly β-hydroxybutyrate (βOHB), 
serve as an efficient alternative energy source for the heart, particularly 
in meeting oxygen demand. βOHB supports the TCA cycle by being 
converted into acetyl-CoA within the mitochondria [18]. Additionally, 
branched-chain amino acids (BCAAs) contribute to the TCA cycle after 
undergoing transamination and oxidative decarboxylation in the cyto
plasm and mitochondria of cardiomyocytes [19] [Fig. 1].

Metabolic flexibility enables the heart to adapt effectively to varying 
energy demands and oxygen availability, ensuring optimal cardiac 
output in both physiological and stressful situations. It becomes clear 
that a loss of metabolic flexibility can contribute to several cardiovas
cular issues, including all types of HF and ischemic heart disease [20].

4. The role of metabolic inflexibility and mitochondrial 
dysfunction in the development of HFpEF

HFpEF is characterized by several key alterations that compromise 
myocardial function. Myocardial fibrosis is prominent and results from 
the accumulation of extracellular matrix proteins secreted by activated 
fibroblasts, which increases tissue stiffness and impairs diastolic filling 
[21,22]. Additionally, cardiomyocyte hypertrophy develops as an 
adaptive response to pressure overload, contributing to reduced ven
tricular compliance. These structural changes are not merely reactive 
bystanders; they directly contribute to DD, which is one of the hallmarks 
of HFpEF [23]. Another structural change is microvascular rarefaction, 
which occurs secondary to the reduction in small blood vessels within 
the myocardium. Patients with HFpEF have a lower 
capillary-to-myocyte ratio than nonfailing hearts, which means reduced 
blood flow reserve at the tissue level. This loss of capillary density limits 
oxygen and nutrient delivery to cardiac tissue, promoting local ischemia 
and amplifying metabolic stress, which worsens cardiac performance 
and fuels disease progression [24]. Additionally, elevated ventricular 
filling pressures in HFpEF can compress the microvasculature, creating a 
vicious cycle of ischemia and stiffness. Clinically, coronary microvas
cular dysfunction in HFpEF has been evidenced by reduced myocardial 
perfusion reserve on imaging and frequent angina-like symptoms 
despite no evidence of epicardial coronary artery stenosis [25]. All these 
structural alterations contribute to the development of DD, which occurs 
when the left ventricle (LV) has impaired relaxation and increased 
stiffness while maintaining a normal EF [26].

From a cellular point of view, DD is closely related to abnormalities 
in calcium handling within cardiomyocytes. During diastole, calcium 
must be rapidly sequestered in the sarcoplasmic reticulum by the 
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sarcoplasmic reticulum calcium-ATPase pump (SERCA2a) and extruded 
through the Na+ /Ca2 + exchanger to allow myofilament relaxation. In 
HFpEF, SERCA2a activity is often energetically limited and functionally 
downregulated. It leads to a prolonged transient calcium decay and 
incomplete relaxation of myofilaments in late diastole [27]. The result is 
an increase in diastolic cytosolic calcium, which keeps actin-myosin 
cross-bridges active, hindering myofilament relaxation and resulting in 
increased resting tension [28]. Being a highly ATP-dependent process, 
altered SERCA activity in HFpEF is related to the reduced ATP produc
tion resulting from early mitochondrial dysfunction observed within 
unhealthy cardiomyocytes. Structural assessments, including electron 
microscopy, have demonstrated disorganized mitochondrial 
morphology, characterized by altered cristae architecture, variable 
organelle size, and reduced mitochondrial density [29]. These 
morphological changes are accompanied by evident functional impair
ments, with a reduction in mitochondrial oxidative phosphorylation 
capacity and ATP synthesis. Additionally, mitochondrial dysfunction 
promotes excessive generation of reactive oxygen species (ROS), 
particularly from complexes I and III of the ETC. Elevated ROS levels can 

lead to oxidative damage of proteins, lipids, and DNA, further impairing 
mitochondrial function and promoting pathological remodeling [30]. 
Mitochondrial failure contributes to a state of "energy starvation" in the 
myocardium, and even modest reductions in ATP availability can delay 
myocardial relaxation and promote elevated filling pressures [30,31]. 
Multiple comorbidities associated with HFpEF may also affect the af
finity of SERCA for calcium by modifying the phosphorylation of 
phospholamban, its regulator.

These findings support the hypothesis that mitochondrial dysfunc
tion may represent an early pathophysiological feature of HFpEF and 
that it may be responsible for the development of the more rigid meta
bolic profile observed in HFpEF. However, the biochemical processes 
occurring in cardiomyocytes across the various phenotypic pre
sentations of HFpEF remain a topic of ongoing debate with conflicting 
results reported in both preclinical and clinical studies. One possible 
explanation for these inconsistencies is that the characteristic metabolic 
inflexibility of the disease is associated with a reliance on different en
ergy substrates, depending on the specific HFpEF phenotype presented. 
Hypertension and metabolic syndrome-related comorbidities appear to 

Fig. 1. The metabolic flexibility of the heart. The myocardium adapts to energy demands in various conditions, primarily using mitochondrial oxidative phos
phorylation (95 %) and anaerobic glycolysis (5 %). Fatty acid oxidation contributes 40–60 % of mitochondrial ATP production, while the rest comes from pyruvate 
(derived by glucose and lactate), ketone bodies, and branched-chain amino acids. Although fatty acids yield more ATP per molecule, they require more oxygen, 
limiting their use. In contrast, glucose is the most oxygen-efficient fuel for the heart, supporting ATP synthesis during low-oxygen conditions, such as ischemia. 
Lactate serves as a key energy substrate during intense physical activity or stress due to its increased concentration in the blood. Ketone bodies serve as an alternative 
energy source during fasting or in conditions such as heart failure, providing a more oxygen-efficient energy option than fatty acids. BCAA support contractile 
function in various physiological and pathological conditions. Acetyl-CoA: Acetil-Coenzima A, ACSL 1: Acyl-CoA Synthetase Long-chain family member 1, Acyl-coA: 
Acil-Coenzima A, ADP: Adenosina Difosfato, α-KG: Alfa-Chetoglutarato, ATP: Adenosina Trifosfato, BC-acyl coAs: Branched-Chain acyl-CoAs, BCAA: Branched-Chain 
Amino Acids, BCATm: mitochondrial Branched-Chain Amino Acid Transaminase, BCKA: Branched-Chain Keto Acids, CPT1/2: Carnitina Palmitoiltransferasi 1 e 2, 
Cyt C: Citocromo C, DHAP: Dihydroxyacetone Phosphate, Fas: Fatty acids, MCT: Monocarboxylate Transporter, MPC: Mitochondrial Pyruvate Carrier, NAD⁺: Nic
otinammide Adenina Dinucleotide (oxidized), NADH: Nicotinammide Adenina Dinucleotide (reduced), OAA: Ossaloacetato, SLC16A1: MCT isoform specific for the 
transport of ketone bodies, SLC7a5: Solute Carrier Family 7 Member 5, SucCoa: Succinil-Coenzima A, TCA cycle: Ciclo degli acidi tricarbossilici.
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exert opposing influences on cardiac substrate metabolism. In experi
mental models focused solely on hypertension, there is evidence of a 
metabolic shift favoring increased glucose utilization and reduced FAs 
oxidation, a pattern reminiscent of that observed in heart failure with 
reduced ejection fraction (HFrEF) [32]. However, whereas hypertensive 
models shift toward glucose utilization, animal models of metabolic 
dysfunction (es, db/db mice, Zucker diabetic fatty (ZDF) rats, and 
streptozocin/high-fat diet rat models) typically demonstrate elevated 
rates of FAs oxidation. This shift is likely driven by underlying insulin 
resistance, which impairs myocardial glucose uptake and forces a 
greater reliance on lipid-based energy substrates [33–35]. Metabolomics 

studies [36] reveal that human failing hearts, including those in HFpEF, 
rely heavily on FAs β-oxidation, while glucose uptake is notably 
diminished, even in fasting [Fig. 2]. The suppression of glucose utili
zation is thought to be partly driven by systemic insulin resistance, a 
hallmark of the metabolic syndrome frequently present in HFpEF pop
ulations. With insulin-dependent glucose uptake and oxidation impair
ment, the myocardium shifts toward a greater reliance on FAs 
metabolism [37]. In obesity and diabetes, the heart readily absorbs 
elevated levels of circulating free FAs. However, when the influx of FAs 
exceeds the capacity for oxidation, it leads to the accumulation of lipid 
intermediates like ceramides and diacylglycerols [38]. These lipotoxic 

Fig. 2. Experimental metabolomics preclinical model of lipotoxic cardiomyopathy characterized by mitochondrial dysfunction in HFpEF phenotypes 
linked to insulin resistance: Overexpression of free fatty acid transport proteins in mouse cardiomyocytes raises energy substrate demands for β-oxidation due to 
the cells’ glucose utilization issues linked to insulin resistance, leading to lipid intermediate accumulation, including ceramides (Ce) and diacylglycerols (DAG). These 
lipotoxic molecules lead to mitochondrial dysfunction, characterized by a disorganized mitochondrial morphology with an altered cristae architecture, variable 
organelle size, and reduced mitochondrial density. These changes result in the early downregulation of mitochondrial respiratory enzymes, which compromises 
oxidative phosphorylation and ATP synthesis. Modest reductions in ATP production can delay myocardial relaxation and increase filling pressures by impairing ATP- 
dependent diastolic processes, such as actomyosin detachment and calcium reabsorption into the sarcoplasmic reticulum. Additionally, mitochondrial dysfunction 
leads to the excessive production of reactive oxygen species (ROS), resulting in oxidative damage to proteins, lipids, and DNA. The damage leads to cellular injury, 
apoptosis, interstitial fibrosis, and stiffening of cardiomyocytes, ultimately worsening diastolic function. Acetyl-CoA: Acetil-Coenzima A, ADP: Adenosina Difosfato, 
ATP: Adenosina Trifosfato, Ce: ceramides, CoQ: Coenzyme Q (Ubiquinone), Cyt C: Citocromo C, DAG: diacylglycerols, e⁻: Electrons, FAD: Flavin Adenine Dinu
cleotide, FADH₂: Flavin Adenine Dinucleotide (reduced), H⁺: Protons (Hydrogen ions), H₂O: Water, NAD⁺: Nicotinammide Adenina Dinucleotide (oxidized), NADH: 
Nicotinammide Adenina Dinucleotide (reduced), O₂: Oxygen, ROS: Reactive Oxygen Species, RyR2: Ryanodine Receptor 2, SERCA2a: Sarcoplasmic Reticulum Ca²⁺- 
ATPase isoform 2a.
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molecules contribute to increased oxidative stress, disrupt mitochon
drial function, and activate pathways associated with cellular injury and 
apoptosis, leading to interstitial fibrosis and cardiomyocyte stiffening, 
which worsens diastolic function [39]. Experimental models support the 
theory that overexpression of FAs transport proteins in mice leads to 
lipotoxic cardiomyopathy characterized by DD, increased myocardial 
fibrosis, and hypertrophy, but need further confirmation with clinical 
trials [40–42]. In addition to glucose and lipid metabolism alterations, 
ketone bodies emerge as a possible alternative energy source in HFpEF. 
The heart typically oxidizes ketone bodies in proportion to their release, 
in direct competition with the use of FAs and glucose. The myocardium 
is the consumer of the highest ketone body for a unitary mass. Circu
lating ketone body concentrations increase in HF patients with rising 
cardiac filling pressures, but their significance is unclear. They may 
serve as more efficient energy substrates than FAs, producing more en
ergy available for the synthesis of ATP for oxygen molecules, or poten
tially have cardioprotective effects by supporting the TCA Cycle and 
mitochondrial integrity. However, these experimental hypotheses 
require further clinical validation, particularly in relation to their 
pertinence to a specific phenotype of HFpEF [43,44]. Recent metab
olomic and proteomic studies highlight increased amino acid catabolism 
in the HFpEF heart. Analyses of arterio-venous gradients across the 
human myocardium have shown a net release of nitrogen-containing 
amino acids, such as glutamine and alanine, suggesting an elevated 
rate of proteolysis and protein turnover [36]. This catabolic phenotype 
indicates that the heart is breaking down endogenous proteins to supply 
TCA intermediates via anaplerosis, further reflecting a state of metabolic 
inflexibility and energy stress. These changes can also contribute to the 
inflammation and remodeling of tissues, as the degradation of proteins 
can trigger immune responses and compromise cell homeostasis, sug
gesting that they may prevail in the phenotypes of HFpEF associated 
with comorbidities related to inflammation.

Considering the explanations provided, it is reasonable to conclude 
that mitochondrial dysfunction and metabolic inflexibility are key fac
tors in the pathological biochemical mechanisms of HFpEF, creating an 
energy stress state for the myocardium. Although this metabolic 
reprogramming may be beneficial at first, it becomes maladaptive over 
time. This maladaptation favors mitochondrial dysfunction, promotes 
oxidative stress, and drives structural remodeling associated with 
HFpEF, such as fibrosis, hypertrophy, and microvascular rarefaction. It 
can also be hypothesized that the variation in HFpEF presentations may 
be linked to the utilization of different biochemical substrates, as in 
HFpEF phenotypes associated with metabolic syndrome and insulin 
resistance. Although the current findings are too preliminary to draw 
definitive conclusions, they have potential clinical implications and 
offer a glimmer of hope for future therapeutic options by identifying 
mitochondrial health and substrate utilization as therapeutic targets.

5. Multi-omics studies on HFpEF

Myocardial metabolic changes in HFpEF and their contribution to its 
development and its multiple manifestations represent a rich area for 
research, especially in the application of new AI and ML techniques. The 
identification of an omic signature for HFpEF through multi-omics 
studies could be crucial for shedding light on the link between these 
mechanisms and HFpEF, as well as for discovering new biomarkers for 
diagnosis, phenotyping, risk stratification, and personalized therapies.

Omics analyses are fundamental in precision medicine for tailoring 
medical treatment. They have been utilized to identify the metabolic 
fingerprints of specific individuals and groups in various pathologies 
and are increasingly employed to develop new risk stratification ap
proaches in CVD [45,46]. Thus, omics studies have proven to be valu
able tools to improve our understanding of the pathophysiology of 
HFpEF. However, this approach suffers from several significant limita
tions, including non-standardized methods, incomplete databases, a lack 
of healthy controls (HCs), and challenges in translating findings from 

preclinical models to clinical settings, resulting in insufficient or un
certain evidence. Additionally, omics techniques face technical limita
tions, such as batch effects and platform differences, which may 
undermine their value or lead to inconsistent results [47–49]. Some of 
these challenges can be addressed by integrating multiple omics ana
lyses. This approach is promising in the study of HFpEF [50] [Table 1].

5.1. Pathophysiological insights

As in the case of HFrEF [51], a multi-omics perspective could suggest 
important evidence to understand the role of myocardial metabolic 
changes in the development of HFpEF. A metabolomic and tran
scriptomic study in kittens with HFpEF caused by ascending aortic 
banding revealed the presence of early cardiac remodeling with LV 
hypertrophy and interstitial fibrosis, which occurred before functional 
decline [52]. This cardiac remodeling correlated with alterations in 99 
genes related to transcriptional regulation, epigenetic modifications, 
mitochondrial function, and immune response in the LV. Metabolomic 
analysis enlightens the link between impaired oxidative metabolism, 
mitochondrial dysfunction, and the early fibrotic response in HFpEF. In 
later stages of HFpEF, kittens at four months post-banding showed 
changes in gene expression in ACADVL, PDK1, and TIGAR, indicating a 
shift from oxidative metabolism to aerobic glycolysis. Additionally, gene 
alterations related to glycerolipid synthesis, protein glycosylation, 
serine metabolism, and post-translational modifications suggested 
enhanced metabolic regulation, accompanied by normalized mito
chondrial dysfunction. During this stage, metabolomics revealed 
changes in 67 metabolites favoring glycolysis over oxidative phos
phorylation and a metabolic remodeling of the amino acid superfamily 
responsible for cardiac fibrosis with an increase in the abundance of 
branched-chain amino acids (BCAAs). The findings indicate that mito
chondrial dysfunction and impaired oxidative metabolism are key fac
tors in the early stages of HFpEF development. Compensatory 
mechanisms, like promoting glycolysis, emerge later to enhance meta
bolic regulation and address mitochondrial issues. Thus, the reliance on 
alternative substrates and metabolic inflexibility seems to be an adap
tation to mitochondrial dysfunction. However, the preclinical nature of 
the study highlights the need for further research to verify the roles of 
these biochemical mechanisms in a clinical setting.

Omics techniques have also provided support for the hypothesis that 
inflammation is a key pathological mechanism for HFpEF, involving 
mechanisms different than HFrEF, such as the PI3K− Akt and IL-6 
signaling pathways. At the same time, there is a relatively minor acti
vation of pathways involving NO and endothelial cell damage [50, 
53–59]. These kinds of mechanisms, although adaptive, could play a 
predominant role in the pathogenesis of HFpEF phenotypes associated 
with comorbidities involving meta-inflammation. Further insight into 
the role of IL-6 and the PI3K− Akt signaling pathway certainly provides 
interesting insights for future research.

5.2. Novel biomarkers

Omics studies provide robust support for uncovering novel bio
markers that can enhance the diagnosis of HFpEF and augment the 
predictive power of traditional diagnostic factors. A clinical lipidomics 
study highlighted significant correlations between specific plasma lipid 
species and echocardiographic parameters, such as the correlation be
tween specific phosphatidylcholines and left atrial volume (LAV) index 
[60]. Dutta et al. [61] examined the metabolomic and lipidomic profiles 
of the Framingham Offspring human cohort affected by HF, discovering 
that energy storage metabolites and lipids were associated with LV wall 
thickness and mass. Culler et al. [9] correlated 47 circulating metabo
lites with several echocardiographic measures and NT-proBNP among 
older adults without HF in the Multi-Ethnic Study of Atherosclerosis 
(MESA). 10 metabolites associated with glucose and amino acid meta
bolism correlated with at least one echocardiographic measure, with 
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Table 1 
Summary of the current targets and results of the preclinical and clinical multi-omics studies on HFpEF.

First Autor Sample studied Target Omic techniques Main findings

Wegermann K 
[4]

Patients with NAFLD and 
HFpEF

Metabolites linked to HFpEF in NAFLD 
patients to identify shared mechanisms.

Serum metabolomic. 73.6 % of the fifty-three metabolites linked to HFpEF 
in NAFLD patients were lipid metabolites, indicating 
that lipid metabolism may connect HFpEF to NAFLD.

Culler KL [6] Cohort 1: Older patients 
without HF (MESA cohort) 
Cohort 2: HFpEF Patients 
(Northwestern cohort)

Cohort 1: Associations between metabolites 
and NT-proBNP. Genetic variants linked to 
major metabolites correlated with 
echocardiographic measures and NT- 
proBNP. 
Cohort 2: Differences in metabolites between 
HFpEF and comorbidity-matched controls.

Serum metabolomic. Cohort 1: Myo-inositol, glucose, dimethylsulfone, and 
carnitine were linked to higher NT-proBNP levels, 
while 2-D-mannose and acetone were associated with 
lower levels. Genetic analyses revealed that one of the 
six known loci for Myo-inositol conferred the risk of 
NT-proBNP. 
Cohort 2: Higher Myo-inositol levels were observed 
compared to comorbidity-matched controls.

Murashige D 
[33]

HF patients vs. HC Human cardiac substrate consumption Plasma metabolomics. The heart with HF primarily consumed FA, using less 
glucose, produced more ketones and lactate, and had 
higher rates of proteolysis compared to HC.

Abudurexiti 
Mc [47]

HFpEF patients vs. HC Compare the proteomic and metabolomic 
profiles of HFpEF patients and HC.

Untargeted plasma 
metabolomics and 
proteomics.

In HFpEF patients, a total of 102 metabolites and 46 
proteins were significantly differentially expressed 
and related to enriched pathways for tuberculosis and 
African trypanosomiasis, revealing distinct 
inflammatory and immune response pathways in 
HFpEF compared to HC.

Jovanovic N 
[48]

HFpEF patients with NT- 
proBNP > 125 pg/ML vs. HC

Plasma lipid profiles linked to 
echocardiographic parameters in HFpEF.

Shotgun plasma 
lipidomics.

The HFpEF group showed significantly stronger 
correlations between cholesteryl esters and 
phosphatidylcholines and LAV, LV end-diastolic 
diameters, and HR. The HC group showed 
significantly stronger negative correlations between 
phosphatidylcholines and sphingomyelins and LV 
mass index and BP.

Dutta S [49] HF patients from the 
Framingham Heart Study 
Offspring and Women’s 
Health Initiative cohorts

Correlate plasma metabolites and lipid 
concentrations with echocardiographic 
parameters, sleep apnea, HFrEF, HFpEF, and 
sleep indices.

Plasma metabolomics 
and lipidomics.

Energy metabolites are linked to cardiac function, 
while energy storage metabolites and lipids are 
correlated with LV wall thickness and mass. Plasma 
cotinine levels were associated with increased time 
spent with oxygen saturation below 90 % during 
sleep.

Lai L [50] Mouse model: 8-week-old 
female C57BL/6 J mice

Compare compensated, decompensated (in 
HF), and physiological (due to endurance 
training) hypertrophy.

Myocardial 
transcriptomics and 
metabolomics.

A progressive downregulation of transcripts encoding 
proteins and enzymes involved in FA transport and 
oxidation in myocytes took place during the 
development of HF, indicating significant regulation 
at the post-transcriptional level. Metabolomic 
signatures were observed, and it could differentiate 
between pathological and physiological cardiac 
hypertrophy, suggesting changes in carbon substrate 
flux within the Krebs Cycle.

Gibb AA [51] Animal model: 2-month-old 
male kittens underwent 
aortic constriction

Define metabolic and transcriptional 
changes in a large HFpEF animal model.

Myocardial 
transcriptomics and 
metabolomics.

One month post-banding, mitochondrial function, 
and oxidative metabolism changed, returning to 
normal by four months. Mitochondrial dysfunction 
and energy deficits were observed in skeletal muscle 
at both early and late stages of the disease, indicating 
that cardiac signaling impacts peripheral tissue 
adaptation in HFpEF.

Liu G [52] HF patients from the ARIC 
Study

Identify metabolites linked to the incidence 
of HF and examine their risk prediction in at- 
risk populations.

Untargeted serum 
metabolomics.

Among the sixty metabolites associated with HF, 
mannonate was identified. A MRS, based on selected 
metabolites, was associated with an 80 % increased 
HF risk. The highest MRS quartile had an 8.7-fold 
greater risk of developing HFpEF compared to the 
lowest quartile. Adding MRS to clinical risk factors 
and NT-proBNP enhanced 5-year HF risk prediction in 
older adults.

Wang YC 
[53]

HFpEF mouse model: 
C57BL/6 J mice on a high-fat 
diet and nitric oxide synthase 
inhibition. 
Validation cohorts: 
Cleveland Clinical patients 
without HF and HFpEF 
outpatients.

Study IPA in mouse models and two human 
cohorts of HFpEF.

Metagenomics and 
myocardial and plasma 
metabolomics.

In mice, dietary supplementation with IPA attenuated 
DD, metabolic remodeling, oxidative stress, 
inflammation, gut microbiota dysbiosis, and 
intestinal epithelial barrier damage. In the heart, IPA 
suppressed nicotinamide N-methyltransferase 
expression, restoring nicotinamide, NAD+ /NADH, 
and SIRT3 levels. 
IPA was significantly lower in HFpEF patients across 
two independent cohorts, indicating a protective role 
in both humans and mice.

Hahn VS [58] HFpEF vs. HFrEF and HC in 
human cohort.

Energy source changes in HFpEF vs. HFrEF. Myocardial and plasma 
metabolomics and 
transcriptomics.

HFpEF myocardium showed lower FA metabolites 
compared to HFrEF, as well as reduced ketones, TCA, 
and BCAA cycle metabolites, indicating insufficient 
use of alternative energy sources and significant 
energy rigidity in this syndrome.

(continued on next page)
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notable gender differences. Of the 10 metabolites, myoinositol was 
associated with higher NT-proBNP levels also in the Northwestern 
validation cohort that included patients with HFpEF. Additionally, ge
netic analysis identified one variant (rs10037610) of myo-inositol 
associated with increased NT-proBNP risk. To further evaluate the role 
of multi-omics techniques in enhancing traditional risk factors, Liu et al. 
[62] identified metabolites linked to HF and evaluated their predictive 
power over five years in individuals aged ≥ 65 from the Atherosclerosis 
Risk in Communities (ARIC) cohort compared to traditional risk factors 
such as clinical parameters and NT-proBNP. They identified 60 metab
olites linked to HF, with 31 positively and 29 negatively associated. A 
metabolite risk score (MRS) was generated from 40 metabolites, indi
cating an 80 % increased risk of HF. Participants in the highest MRS 
quartile faced over five times the HF risk compared to those in the 
lowest. The MRS was more strongly associated with HFpEF than HFrEF, 
showing consistent effects across race and sex. Incorporating MRS into 
existing clinical risk models improved 5-year HF risk prediction by 3.3. 
Higher MRS levels also correlated with increased LV dimensions and 
pressure, but reduced circumferential strain. In addition to supporting 
traditional risk factors in the diagnosis of HFpEF, the identification of an 
omics signature has provided preliminary data to advance hypotheses 
on the correlation between specific metabolites and comorbidities 
commonly associated with HFpEF, such as exercise intolerance, central 
sleep apnea, and MASLD [7,52,61,63–65]. These preliminary findings 
are important, given the complexity of HFpEF management due to its 
heterogeneous nature, and hold great promise for improving and opti
mizing diagnostic and therapeutic pathways. However, to strengthen 
our understanding, further validation is essential, as the current data are 

preclinical or derived from population samples that fail to capture the 
full diversity of potential HFpEF phenotypes.

Radiomics research demonstrates significant potential to enhance 
cardiovascular risk prediction in HFpEF by augmenting the predictive 
power of traditional diagnostic methods. Epicardial adipose tissue (EAT) 
has garnered considerable attention due to its association with HF 
incidence and the occurrence of major adverse cardiovascular events 
(MACE). Advanced imaging and deep learning (DL) techniques for 
evaluating EAT radiomic features from standard non-contrast CT scans 
are effective in predicting HF risk in both diabetic and non-diabetic 
patients. This method is comparable to traditional approaches that 
rely on prior medical history, costly imaging tests, and invasive blood 
tests [66]. A novel ML model has been shown to effectively predict 
positive coronary artery remodeling by analyzing EAT and calcification 
features from low-cost or free screening non-contrast CT calcium scoring 
(CTCS) scans [67]. Additionally, DL models can predict MACE using 
features derived from EAT assessed in non-contrast CTCS images [68]. 
Radiomics marks a significant advancement in the creation of person
alized, cost-effective strategies for preventing and managing HFpEF. It 
can serve as a valuable tool for assessing cardiovascular risk and eval
uating the cardioprotective effects of drug therapies. This approach can 
enhance patient outcomes and improve quality of life.

5.3. Differentiating between HFpEF and HFrEF

Distinguishing between HFpEF and HFrEF is crucial for targeted 
therapies. The pathophysiology of HFpEF is intrinsically related to its 
comorbidities, while HFrEF results from myocardial damage due to 

Table 1 (continued )

First Autor Sample studied Target Omic techniques Main findings

Naeem F [59] Penn Medicine BioBank: 
HFrEF patients vs. HFpEF 
patients vs. HC

Detect plasma metabolic signatures in HF to 
find biomarkers for HFpEF and HFrEF.

Plasma metabolomics. Unsaturated medium/long-chain acylcarnitines and 
3-hydroxybutyrate levels were higher in the HFrEF 
group compared to HFpEF and HC, while asymmetric 
dimethylarginine was elevated in HFpEF.

Hunter WG 
[60]

CATHGEN Biorepository: 
Patients underwent cardiac 
catheterization

Identify metabolic abnormalities and 
differentially altered pathways in HFpEF 
compared to HFrEF.

Plasma metabolomics. Long-chain acylcarnitine levels were higher in HFrEF 
than HFpEF and, in both cases, higher than in non-HF 
controls, indicating dysregulated FA oxidation.

Zordoky BN 
[61]

Alberta HEART Project: 
Patients with HFpEF, HFrEF, 
and age-matched non-HF 
controls.

Uncover a novel metabolomic fingerprint of 
HFpEF to understand its pathophysiology 
and identify new biomarkers for diagnosis 
and differentiation from HFrEF.

Serum metabolomics. HFpEF patients exhibited higher serum levels of 
acylcarnitines, carnitine, creatinine, betaine, and 
amino acids while showing lower levels of 
phosphatidylcholines, lysophosphatidylcholines, and 
sphingomyelins compared to non-HF controls. 
Medium- and long-chain acylcarnitines and ketone 
bodies were also elevated in HFpEF patients relative 
to HFrEF patients. Two novel metabolite panels 
identified via logistic regression can differentiate 
HFpEF patients from both non-HF controls and HFrEF 
patients.

Lanfear DE 
[62]

HF patients divided into 
derivation and validation 
cohorts.

Plasma metabolite profiling to predict HF Plasma targeted 
metabolomics.

Identification and validation of a PMP score 
associated with mortality in HF subgroups, 
demonstrating improved survival compared to 
conventional predictors.

Ruiz M [63] Cohort 1: HF patients 
recruited at the Montreal 
Heart Institute 
Validation cohort: HF 
patients recruited at 
Washington University

Insights into systemic metabolic 
perturbations in HF.

Plasma targeted and 
shotgun metabolomics.

Patients with HFrEF exhibit altered acylcarnitine 
levels, indicating FA metabolism dysregulation in 
mitochondria and peroxisomes, which may 
contribute to lipid disturbances in HF.

Bai B [65] HFpEF patients vs. non-HF 
control.

Assess the link between neutrophil/ 
lymphocyte ratio, genetic signatures, 
inflammation, and DD in HFpEF patients.

Transcriptomics. An elevated neutrophil/lymphocyte ratio linked to 
neutrophil activation indicates systemic 
inflammation and worsening function in HFpEF 
patients, suggesting a potential role of neutrophils in 
the disease’s pathogenesis.

Ma YL [78] Mouse model: male C57BL/ 
6 J mice.

Impact of Semaglutide on cardiomyocyte 
metabolism under pressure overload.

Myocardial-targeted 
metabolomics and 
transcriptomics.

Semaglutide improves cardiac function and reduces 
hypertrophy and fibrosis by modulating energy 
metabolism in a mouse model of pressure overload- 
induced HF.

BCAAs: Branched-chain amino acids, BP: blood pressure, DD: diastolic dysfunction, FA: fatty acids, HC: healthy controls, HF: heart failure, HFpEF: Heart failure with 
preserved ejection fraction, HFrEF: Heart failure with reduced ejection fraction, HR: Heart ratio, IPA: Indole-3-propionic acid, LAV: left atrial volume, LV: left ventricle, 
MRS: metabolite risk score, NT-pro BNP: N-terminal pro-B-type natriuretic peptide, PMP: prognostic metabolite profile, TCA: tricarboxylic acid cycle.
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ischemia-reperfusion, infection, or toxicity [69]. The pathophysiological 
differences between HFpEF and HFrEF have provided an interesting 
starting point for the application of multi-omics in the differential 
diagnosis of HFrEF and HFpEF.

Efforts to identify an omic signature in the metabolic changes 
occurring in HFpF and HFrEF have often met with conflicting results 
both in animal and human trials. However, a key finding is the evidence 
supporting the presence of FAs metabolism dysregulation in mitochon
dria and peroxisomes, which plays a significant role in contributing to 
metabolic inflexibility characteristic of HFpEF [70–75]. The contradic
tory results can be attributed to the inherent limitations of omics tech
niques, as well as the diversity within the population samples. Adopting 
a more standardized approach to these methods and making a concerted 
effort to translate preclinical models into clinical settings with more 
homogeneous phenotypic characteristics will undoubtedly lead to 
clearer and more consistent results.

In addition to providing a ground for pathophysiological hypotheses, 
the application of integrated omics techniques has been used to identify 
potential biomarkers that distinguish between HFpEF and HFrEF. Pou
leur et al. [8] revealed elevated plasma myoinositol levels in Belgian and 
Canadian HFpEF and HFrEF human cohorts compared to HCs. The in
crease was more pronounced in the HFpEF population. Higher levels of 
myoinositol were associated with NT-proBNP, troponin, cardiac fibrosis, 
impaired renal function, and poor clinical outcomes in HFpEF patients. 
This result suggests that myoinositol, with its potential as a valuable 
diagnostic and prognostic tool for HFpEF, is an area of research that 
holds promise for intriguing future applications.

5.4. Therapeutic targets

The application of omics techniques represents an effective strategy 
for identifying novel therapeutic targets. Novel preclinical results have 
identified two key aspects that could serve as innovative therapeutic 
targets: Indole-3-propionic acid (IPA) deficiency and the decrease in 
Xbp1s expression leading to overactivated FoxO1. IPA, derived from 
dietary tryptophan by gut microbes, is vital for mucosal homeostasis, 
mitochondrial function, reducing type 2 diabetes risk, and regulating DD 
in HFpEF. IPA modulates HFpEF-related dysfunction via the NAD+ / 
NADH pathway, elevating sirtuin 3 expression through the aryl hydro
carbon receptor (AhR), while also reducing inflammation and levels of 
nicotinamide N-methyltransferase (NNMT). Wang et al. [76] analyzed 
IPA levels in a mouse model of HFpEF. They validated their findings in 
human cohorts, discovering reduced IPA levels in the heart and plasma 
of HFpEF patients compared to HCs. Additionally, IPA supplementation 
in HFpEF mice improved metabolic homeostasis and reduced DD, 
metabolic remodeling, oxidative stress, and inflammation. Schiattarella 
et al. identified the Xbp1s-FoxO1 axis as a potential therapeutic target. 
The established link between cardiac lipid overload and HFpEF appears 
to result from the disruption of endoplasmic reticulum (ER) homeostasis 
in cardiomyocytes under disease-induced stress [77,78]. The unfolded 
protein response (UPR) is activated in response to ER stress, involving 
three transmembrane ER sensor proteins, including Inositol-Requiring 
Kinase 1α(IRE1α). IRE1α is crucial in generating spliced X-box binding 
protein 1 (Xbp1s), a potent transcription factor essential for the stress 
response with a cardioprotective role in HFpEF. Indeed, suppression of 
the IRE1α/Xbp1s pathway of the UPR is a distinct alteration seen in 
HFpEF and contributes to lipotoxic alterations in cardiomyocytes and 
cardiometabolic disease [79]. In a mouse model of HFpEF, a decrease in 
Xbp1s expression was associated with reduced degradation of FoxO1, 
which leads to lipid accumulation in the cardiomyocytes affected by 
HFpEF. Overactivated FoxO1 results in cardiomyocyte steatosis. 
Conversely, deleting FoxO1 or overexpressing Xbp1 in cardiomyocytes 
can improve the HFpEF phenotype by reducing cardiac steatosis. 
Exploring strategies to increase IPA levels, such as direct supplementa
tion or modifying the gut microbiota, and promoting Xbp1s expression 
or inhibiting FoxO1, represents a promising direction for further 

research and potential clinical applications.
Another effective strategy for identifying novel therapeutic targets 

involves a multi-omics approach to study the gut microbiota. Recog
nizing alterations in gut microbiota composition and metabolites related 
to dysbiosis is essential for understanding the gut-heart axis, which plays 
a significant role in the multisystemic pathogenesis of HFpEF [80]. In 
HFpEH, the gut microbiota exhibits reduced α and β diversity, along 
with a lowered Firmicutes-to-Bacteroidetes ratio [81]. Additionally, 
pro-inflammatory flora seems to dominate over anti-inflammatory flora 
[82]. In addition to IPA, the production of other microbial metabolites 
changes during dysbiosis. In the obesity-related HFpEF rat model, serum 
trimethylamine N-oxide (TMAO) was significantly elevated and showed 
a positive correlation with the severity of diastolic dysfunction [83]. 
Elevated TMAO levels are an independent predictor that can be useful 
for risk stratification in HFpEF patients, both on their own and in 
conjunction with BNP levels [84,85]. Short-chain fatty acids (SCFAs) 
have anti-inflammatory and antioxidant properties that help prevent 
cardiac steatosis and heart remodeling. In cases of HFpEF, a reduction in 
SCFA levels in the bloodstream is associated with a decline in gut bac
teria that produce SCFAs, such as Ruminococcus [81]. The gut-heart axis 
plays a crucial role in the development of HFpEF, making it a promising 
target for therapeutic interventions.

6. Therapeutic implications in HFpEF

Although emerging evidence highlights myocardial energy meta
bolism as a promising therapeutic target in HFpEF, effective treatment 
options are still lacking.

Several therapies aim to restore metabolic flexibility in the 
myocardium by shifting substrate utilization, improving mitochondrial 
function, and reducing oxidative stress [Fig. 3]. These metabolic ther
apies show significant potential in the treatment of HFpEF, offering hope 
for more effective and targeted treatments in the future.

Targeting FAs oxidation may be a promising therapeutic option. As 
previously described, excessive FAs oxidation in HFpEF contributes to 
inefficiency, as it requires more oxygen per ATP molecule than glucose. 
Trimetazidine and ranolazine are partial FAs oxidation inhibitors that 
promote a shift toward glucose oxidation. Trimetazidine inhibits mito
chondrial long-chain 3-ketoacyl CoA thiolase, while ranolazine acts via 
late sodium current inhibition, indirectly improving metabolic effi
ciency. Both have shown improvements in diastolic function in experi
mental models, though large clinical trials in HFpEF remain lacking 
[86]. Recently, Serag and colleagues have demonstrated that a 
three-month treatment with trimetazidine improved diastolic function 
parameters, LV global longitudinal strain, dyspnea severity, and LDL-C 
levels in a small cohort of diabetic patients with DD [87]. Supplemen
tation with L-Carnitine, an important metabolite in FAs oxidation, has 
improved diastolic and systolic function in hemodialysis patients [88]. 
However, the evidence regarding the treatment of HFpEF remains 
limited.

Mitochondrial dysfunction is a promising future therapeutic strat
egy. Nicotinamide riboside or nicotinamide mononucleotide (NMN) 
enhances NAD+ pools, restoring mitochondrial respiration and 
reducing myocardial fibrosis. Studies in Sirtuin 7 knockout mice 
demonstrate that treatment with NMN inhibits adverse cardiac remod
eling and delays the progression of HF [89].

GLP-1 receptor agonists (GLP-1RAs), including liraglutide and sem
aglutide, have shown promise in targeting the metabolic abnormalities 
that contribute to HFpEF, especially in patients with obesity or insulin 
resistance. Preclinical studies suggest these agents enhance myocardial 
energy efficiency by improving glucose utilization and promoting FAs 
oxidation, reducing lipid accumulation, and preserving mitochondrial 
function [90]. Inflammatory signaling, particularly from visceral adi
pose tissue, appears attenuated with GLP-1RA treatment, even when 
weight loss is matched, indicating mechanisms beyond simple weight 
reduction [91–93]. Endothelial function is another potential target: 
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GLP-1RAs may improve nitric oxide availability and microvascular 
perfusion, which are often impaired in HFpEF [89]. The STEP-HFpEF 
trial reported that semaglutide improved symptoms, exercise toler
ance, and cardiac biomarkers in patients with HFpEF and obesity. These 
improvements were accompanied by reductions in systemic inflamma
tion, as measured by high-sensitivity CRP [90]. Further studies are 
needed to determine their long-term impact on cardiac structure and 
clinical outcomes across diverse HFpEF populations.

Sodium-glucose cotransporter-2 inhibitors (SGLT2is) have emerged 
as a leading therapeutic class for HFpEF. Initially developed for glycemic 
control in type 2 diabetes, SGLT2is like dapagliflozin and empagliflozin 
have demonstrated cardiovascular benefits across many patients, 
including those without diabetes [94–96].

In HFpEF, SGLT2is are believed to exert part of their benefit through 
metabolic reprogramming. These agents mildly induce ketogenesis, shift 
substrate utilization toward ketone bodies, and improve cardiac ener
getics. Ketone bodies, particularly βOHB, are efficient fuels that reduce 
oxygen consumption per ATP produced and support mitochondrial 
function by activating enzymes like citrate synthase and reducing pro
tein acetylation [97].

However, the extent to which SGLT2is increase ketone levels in 
HFpEF is debated. In the PRESERVED-HF trial, targeted metabolomic 
profiling of dapagliflozin showed no significant increase in circulating 

ketone concentrations, a result echoed in EMPA-VISION. These findings 
suggest that, unlike in HFrEF or diabetes, the ketone-related effects of 
SGLT2is may not be central in HFpEF [98,99]. Despite this, SGLT2is 
have been consistently shown to improve functional status, quality of 
life, and hospitalization rates in HFpEF patients. Their mechanism of 
benefit likely involves a combination of mild diuresis, natriuresis, 
reduced preload/afterload, and anti-inflammatory effects alongside 
modest metabolic modulation.

7. Future perspectives and limitations

AI is revolutionizing disease management by facilitating precision 
medicine through predictive analytics, risk stratification, and treatment 
optimization. AI encompasses various technologies that simulate human 
intelligence computationally. ML, a subset of AI, utilizes mathematical 
frameworks to identify patterns in data and make predictions [100]. DL 
is an evolution of ML that uses large-scale artificial neural networks to 
automatically extract features from raw data through a multilayer ar
chitecture, in contrast to traditional ML methods like Random Forest, 
which require manually engineered features. By combining phenotypic 
and multi-omics data, ML and DL algorithms can identify pathophysi
ological mechanisms and enhance risk prediction, facilitating person
alized care. They also reflect changes in the body in response to 
treatments, allowing timely adjustments to therapy [101]. These tech
niques are commonly applied to diagnose and manage 
non-communicable diseases, such as CVD and cardiometabolic diseases 
[102–104]. Integrating multi-omics data using ML models has enhanced 
the risk prediction of CVD and HF, surpassing the predictive accuracy of 
traditional clinical risk scores, which are limited at the individual level. 
These techniques have highlighted complex associations and nonlinear 
interactions that traditional methods may overlook. [105–109]. 
Furthermore, DL algorithms are used to automate the assessment of 
echocardiograms, cardiac MRI, and CT scans in HF.

The evidence gathered so far, although preliminary and based on 
preclinical or exploratory clinical studies, suggests a promising future. 
The integration of ML and DL with comprehensive multi-omic analysis 
has the potential to provide a multidimensional understanding of 
HFpEF. AI integrated with a multi-omics approach has the potential to 
address the complex and heterogeneous nature of HFpEF with important 
implications for critical issues such as early diagnosis, identifying 
personalized treatments, and discontinuing ineffective therapies. 
Moreover, it offers a reassuring potential to reduce overall healthcare 
costs [110–114].

Although their application has increased significantly, AI and ML 
techniques still present several limitations. The primary challenges 
include some important methodological issues, such as the volume and 
lack of standardization of omics data, the diversity of collected samples, 
technical artifacts like batch effects that occur during sequencing, and 
the integration of multi-omics data. Although the volume of omics data 
in public databases is rapidly increasing due to advances in data 
collection methods, their use faces challenges related to the lack of 
standardized methods for data collection and pre-processing. Further
more, the integration of data from different omics platforms can 
generate biases that compromise the effectiveness of the analysis [101, 
108]. Prospectively, it will therefore be essential to identify precise 
methodologies to counteract the high dimensionality and heterogeneity 
of the data and evaluate the accuracy and reproducibility of the model 
across different biobank datasets [115–119]. Another important limi
tation relates to translational considerations. The integration of 
multi-omics into clinical practice will increasingly require a multidis
ciplinary approach to interpreting complex data. Translational research, 
which serves as a bridge to clinical application, will be crucial in this 
process [112]. Preclinical models enable controlled studies of genetic 
and environmental variables; however, translating findings to humans 
can be challenging due to the genetic complexity and environmental 
diversity [115]. As a result, advancements in technology will necessitate 

Fig. 3. The main therapeutic targets currently used in HFpEF. The primary 
therapeutic targets in HFpEF include modifying substrate utilization, enhancing 
mitochondrial function, and decreasing oxidative stress to restore myocardial 
metabolic efficiency. Sodium-glucose cotransporter 2 inhibitors (SGLT2i) 
moderately induce ketogenesis, shifting substrate utilization toward ketone 
bodies, which are efficient fuels by reducing oxygen consumption for ATP 
production and supporting mitochondrial function. In addition to modest 
metabolic modulation, their mechanism of benefit in HFpEF likely involves a 
combination of mild diuresis, natriuresis, preload and afterload reduction, as 
well as anti-inflammatory effects. GLP-1 receptor agonists (GLP-1 RA) improve 
glucose utilization, fatty acid oxidation, and mitochondrial function, especially 
in patients with obesity or insulin resistance. They also target endothelial 
function, enhance nitric oxide availability, and improve microvascular perfu
sion, which can be compromised in HFpEF, while reducing systemic inflam
matory signaling linked to visceral adipose tissue. Ranolazine (Ran) and 
Trimetazidine (Trim) partially inhibit fatty acid oxidation, promoting a shift 
toward glucose oxidation, which requires less oxygen per ATP molecule. L- 
carnitine (L-car) supplementation enhances diastolic and systolic function in 
hemodialysis patients by improving energy metabolism and facilitating the 
transport of long-chain fatty acids to the mitochondria. Nicotinamide riboside 
(NMN) boosts NAD+ levels, improving mitochondrial respiration and reducing 
myocardial fibrosis. GLP-1 RA: Glucagon-Like Peptide-1 receptor agonists, 
NMN: Nicotinamide riboside, Ran: Ranolazine, SGLT2i: Sodium-glucose 
cotransporter 2 inhibitors, Trim: Trimetazidine, L-car: L-carnitine.
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substantial efforts in translational research to integrate these new 
techniques into clinical practice effectively [120]. Finally, the applica
tion of AI and MI models requires rigorous ethical considerations. The 
unethical collection of omics data can lead to biased results based on 
gender and race, or to the violation of privacy protection protocols 
[121–124]. Therefore, it is crucial to establish regulatory and societal 
standards that explicitly include and protect privacy. It will be essential 
to optimize benefits while minimizing associated risks, and it is a re
sponsibility that the scientific community must uphold.

8. Conclusion

The intricate pathophysiology of HFpEF is significantly influenced by 
myocardial metabolic changes, particularly mitochondrial dysfunction 
and metabolic inflexibility. Delving into these complexities through 
multi-omics holds promise for unraveling the biological processes that 
contribute to the development of HFpEF. Emerging evidence highlights 
the potential of multi-omics to identify innovative biomarkers and 
therapeutic targets, paving the way for exciting new avenues in research 
and the pursuit of personalized treatment strategies. However, to fully 
harness the potential of AI and ML, combined with multi-omics, in the 
management of HFpEF and to ensure that personalized and accessible 
care becomes a reality for all patients, it is essential to address and 
overcome current limitations. This task is a central focus of ongoing 
research and development efforts, guiding us toward a future where 
targeted therapies can make a significant difference.
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