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A better understanding of additional mechanisms of heart failure (HF) progression may allow a different and more complete phenotyping of
the disease and identification of novel therapeutic targets. Persistent latent myocardial inflammation/immune activation in HF may represent
an attempt to restore tissue homeostasis in the failing heart, where cardiomyocytes and immune cells undergo metabolic reprogramming,
which allows them to deal with decreased availability of nutrients and oxygen. This status can trigger a metabolic crosstalk between immune
cells and cardiomyocytes which, depending on the outcome, can either perpetuate the maladaptive remodelling of the heart, or determine
an adaptive response. Therefore, the interplay between immune activation and metabolism is gaining recognition as a potential therapeutic
framework. On these premises, future studies addressing novel HF treatments should attempt to evaluate the potential therapeutic role of
direct metabolic and immunological crosstalk modulation. The aim of the present scientific statement from the Heart Failure Association of
the ESC is to summarize the current evidence for the connection between inflammatory and immune activation and metabolic adaptation in
the onset and progression of HF, in order to promote future strategies for the development of targeted-disease preventive and therapeutic
measures.
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Introduction
The pathophysiological pathways that initiate and perpetuate heart
failure (HF) are complex. Multiple maladaptive and adaptive com-
pensatory mechanisms exist, which span from the subcellular level
to organ-to-organ interactions. The contemporary treatments
for HF aim at counteracting the haemodynamic impairment and
the pathological neurohormonal hyperactivation that characterize
the evolution of the syndrome. Nevertheless, increasing evidence
shows that other mechanisms, including immunoinflammatory
activation and metabolic adaptation, are active part of disease pro-
gression, are tightly interconnected to each other, and play a central
role in the pathophysiology of HF. Systemic metabolism and the
immune system respond in a coordinated manner to stress, such
as infection, cancer, or other organ and tissue injuries. Haemo-
dynamic impairment is a trigger for cardiac inflammation and
changes in cellular metabolism. Immune cells also play important
non-immune functions, including neural development, and modula-
tion of cardiovascular function and metabolism. Experimental and
clinical studies on HF pathophysiology have highlighted the role of
these factors in the onset and progression of HF, but their compre-
hension is still partial and a large gap remains in the understanding
of their dynamic interplay. The concept of immunometabolism
may advance our knowledge of the complex interaction
between energetic metabolism pathways and immune cell
response.1

The aim of the present scientific statement from the Heart Fail-
ure Association (HFA) of the European Society of Cardiology (ESC)
is to summarize current evidence on the connection between
inflammatory, immune activation and metabolic adaptation in the
development and progression of HF, in order to outline future
strategies for the identification of targeted-disease preventive and
therapeutic measures.

Metabolic and immune adaptation
in heart failure: pathophysiological
concepts
Cardiac metabolic changes in heart
failure
The heart requires a large amount of adenosine triphosphate (ATP)
to sustain contractile function, which is obtained from mitochon-
drial oxidative phosphorylation and glycolysis. The healthy heart is
‘metabolically flexible’, and readily shifts between fatty acids, lac-
tate, glucose, ketones, and amino acids as fuel sources to maintain
ATP production.2 In contrast, the failing heart loses its metabolic
flexibility and can become energy deficient due to a decrease in ATP
production,3–5 primarily due to a reduced mitochondrial oxida-
tive capacity and impaired mitochondrial creatine kinase energy
metabolism.6–11 These altered mitochondrial dynamics are impor-
tant contributors to the overall reduction in mitochondrial oxida-
tive capacity and therefore ATP production in HF (Figure 1).

Decreased mitochondrial oxidative metabolism in HF leads
to the induction of glycolysis in an attempt to compensate ..
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.. for the decrease in mitochondrial ATP production.3–5 However,
this increase in glycolysis is inefficient and not accompanied by
enhanced mitochondrial oxidation of pyruvate derived from gly-
colysis.12–22 Inhibition of cardiac mitochondrial pyruvate uptake
results in the development of HF in mice.23,24 The reduction in
pyruvate utilization may also contribute to adverse left ventricular
remodelling.15,23,25–27

Heart failure is also associated with alterations in cardiac fatty
acid oxidation. It is reported that reductions in mitochondrial
fatty acid oxidation occur in HF, but data are not consistent
across different studies.23,26,28–39 Myocardial fatty acid oxidation
also increases in response to conditions such as type 2 diabetes
(T2D), obesity and insulin resistance.40–43 Despite the close asso-
ciation, a causal role for increased fatty acid oxidation rates in
cardiac dysfunction under obesity or diabetic conditions is less
certain. Since cardiac lipid uptake is increased in these models, an
imbalance between lipid uptake and oxidation likely contributes to
lipotoxicity.

Cardiac ketone oxidation is also altered in the failing hearts. The
increase in ketone metabolism is thought to be an adaptive process
in HF,44 and may provide the ‘starving’ failing heart with an extra
source of ATP.

In summary, the failing heart is energy deficient, primarily due
to a decrease in mitochondrial oxidative capacity, an increased
glycolysis uncoupled with glucose oxidation, and either a decrease
or no change in fatty acid oxidation. In contrast, if there is increased
fatty acid availability, as occurs in obesity, an increase in cardiac fatty
acid oxidation may occur. These energy metabolic changes result
in the failing heart becoming less efficient.

Immunological changes in heart failure
The primary role of an inflammatory response is to resolve the
source of the disturbance, thereby allowing the involved tissues to
ultimately restore their function. In the setting of chronic HF, while
some inflammation may be required to repair a short-term injury
and therefore be protective, a persistent myocardial and systemic
inflammatory state takes place and can contribute to disease pro-
gression.45 The enduring expression of pro-inflammatory cytokines
and ongoing inflammation that have been demonstrated in the fail-
ing heart indicate a state of ongoing chronic inflammation that is
intermediate between normality and acute inflammation.46 These
pro-inflammatory cytokines contribute to the pathogenesis and
progression of HF primarily by left ventricular remodelling and dys-
function, and secondarily by interacting with the neurohormonal
system and cardiac metabolism.47 Activation of neurohormonal
systems in HF further contributes to maintain systemic and cardiac
inflammation.48 Both the innate and adaptive immune systems have
a pro-inflammatory role in HF. The immune response-triggered
inflammation mechanism is called immune or sterile inflammation.
This intermediate state has also been termed para-inflammation,
and does not require overt tissue injury or infection for it to
be sustained, but instead represents a sustained inflammatory
response aimed at restoring tissue functionality.49 Since HF is gen-
erally characterized by decreased availability of nutrients and oxy-
gen, cardiomyocytes and non-cardiomyocytes, including fibroblasts
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Figure 1 Cardiac energy metabolism in heart failure with reduced ejection fraction (HFrEF). Mitochondrial fatty acid oxidation, glucose
oxidation, ketone oxidation, lactate oxidation and amino acid oxidation are the main sources of adenosine triphosphate (ATP) production in
the heart. Cytoplasmic glycolysis is also a source of ATP production. In HFrEF, overall mitochondrial oxidative metabolism and ATP production
is decreased, with glucose oxidation being markedly impaired. Fatty acid oxidation can also decrease as the severity of heart failure increases, or
increase in settings such as obesity. In contrast, both glycolysis and ketone oxidation increase in HFrEF. Red arrows indicate direction of change
in HFrEF. Blue text indicates the relative contribution of the various metabolic pathways to ATP production. ADP, adenosine diphosphate;
NADH, nicotinamide adenine dinucleotide; TCA, tricarboxylic acid.

and immune cells, undergo metabolic reprogramming in order to
adapt to this condition.50 Competition for nutrients and increased
production of signalling metabolites initiate a metabolic crosstalk
between immune cells and cardiomyocytes, which is proposed to
tip the balance between resolution of inflammation versus adverse
cardiac remodelling.51 With glucose metabolism and ATP genera-
tion being deeply involved in immune cell activation, proliferation,
trafficking and effector functions, reprogramming of the metabolic
status of immune cells leads to changes in their functional prop-
erties and supports phenotype switching between different sub-
types52–56 (Figure 2).

Diet and HF-associated gut microbiota further affect immune
cell metabolism and foster chronic inflammation and ineffective
adaptive immunity. This implies that therapeutic modulation of sys-
temic metabolism can re-establish immune cell homeostasis and
modulate adverse cardiac remodelling. Caloric excess shortens
lifespan, promotes systemic inflammation and increases the risk
of cardiometabolic diseases.57 In contrast, caloric restriction and
fasting have been shown to be inversely associated with cardio-
vascular diseases, and there is now an increasing attention to its
therapeutic potential.58 In HF, and especially in obese patients with ..
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.. a preserved ejection fraction phenotype, caloric restriction or fast-

ing programmes, alone or in association with exercise training,
improved peak oxygen uptake at cardiopulmonary excercise testing
and quality of life.59,60

However, prolonged fasting and reduction in caloric intake can
have also negative effects, particularly on immunity regulation. Dur-
ing starvation, organs and systems set a sparing energy process
with a survival-driven hierarchy. The production of immune cells
slows down relatively early in the process of conserving resources,
potentially increasing the infective risk. A recent study has shown
that during nutrient scarcity the marrow is a safe haven for mono-
cytes and re-feeding prompts mobilization culminating in monocy-
tosis of chronologically older and transcriptionally distinct mono-
cytes.61 These shifts could alter the adaptation to external stres-
sors response, outlining that diet, in particular a diet temporal
dynamic balance, modulates monocyte lifespan, with consequences
on regulating the immune response, inflammation, and tissue repair.
An appropriate regulation of immune cells turnover is vital for
overall health and immune function, therefore the definition of the
optimal balance is necessary to preserve the organism’s immuno-
logical response.
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Figure 2 Immunological changes in heart failure. Myocardial injury can trigger the pathological process leading to heart failure involving
multiple mechanisms. Indeed, the classical neurohormonal activation mediated by the circulatory and mechanical stress is paired with
immunometabolic changes which flow in a state of persistent inflammation. The process is mediated by the activation of both adaptive
and innate immunity and their interaction. The maladaptive remodelling of the heart resulting from the negative effects of each of the
involved mechanisms is characterized by several alterations in cellular functions and a pro-fibrotic state. ECM, extracellular matrix; NOD,
nucleotide-binding oligomerization domain-like; TLR, Toll-like receptor.

Adaptive role of immunity and interplay
between metabolism and inflammation
Although immune activation is typically maladaptive in HF, it
is crucial to acknowledge that inflammation is a fundamentally
adaptive process (Figure 3). In response to viral myocarditis for
instance, inflammation initially serves an adaptive purpose, but
excessive immune cell activation can cause a switch from host
defence to injury.62 In fact, in HF the adaptive immune system
is dysregulated, with an exaggerated inflammatory response that
contributes to the progression of the disease. Macrophages, neu-
trophils, T cells, B cells, and humoral immunity all play key roles
in driving chronic inflammation, fibrosis, and tissue remodelling.
Understanding the complex interactions between these immune
cells and pathways is crucial for developing targeted therapies
to modulate the immune response and potentially slow the
progression of HF. ..
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. Macrophages are central to the inflammatory process in HF and
play both protective and detrimental roles, depending on their
polarization and activation state. In HF, mechanisms of activa-
tion are altered, which contributes to chronic inflammation, fibro-
sis, and adverse cardiac remodelling. M1 macrophages secrete
pro-inflammatory cytokines such as tumour necrosis factor-α,
interleukin (IL)-1, and IL-6, which exacerbate cardiac inflammation
and injury. Increased recruitment and activation of macrophages in
the heart tissue may contribute to myocardial inflammation, fibro-
sis, and remodelling by secreting various cytokines, chemokines,
and matrix metalloproteinases.63

Neutrophils are part of the innate immune response and are
actively involved during acute exacerbations or after myocardial
infarction, infiltrating the heart and releasing pro-inflammatory
cytokines, reactive oxygen species (ROS) and enzymes that
contribute to tissue damage and amplification of inflamma-
tion. In chronic HF, sustained neutrophil activation contributes

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 3 Adaptive role of immunity and interplay between metabolism and inflammation in heart failure. Inflammation plays a significant role
in the pathophysiology of heart failure, acting both as a potentially adaptive response (blue lines) and as a contributor to disease progression
(violet lines). Heart failure is both driven by and exacerbates a state of chronic inflammation, characterized by elevated levels of inflammatory
cytokines, which are involved in recruiting immune cells to sites of injury, helping the removal of dead cells and promoting tissue repair
and remodelling. Inflammatory signals can also stimulate angiogenesis. Additionally, inflammation contributes to the structural and functional
remodelling of the heart in response to injury or stress by promoting adaptive cardiac hypertrophy. Finally, inflammatory cytokines are involved
in remodelling the extracellular matrix of the heart by regulation of matrix metalloproteinases. Activated immune cells, such as macrophages
and T cells, shift their metabolism towards glycolysis. This metabolic shift supports rapid proliferation and function of immune cells, promoting
their activation and prolonging the adaptive inflammatory response. Inflammatory signals can also contribute to energy metabolism modification
in cardiac cells to meet the increased energy demands during stress. This includes a shift from fatty acid oxidation to glucose utilization, which is
a more efficient metabolic pathway, especially under ischaemic conditions. Inflammatory cytokines can activate the sympathetic nervous system
(SNS) and the renin–angiotensin–aldosterone system (RAAS) which help to maintain blood pressure and perfusion of vital organs. Brown lines
represent functions with conflicting or unclear evidence. While inflammation serves adaptive purposes, chronic and excessive inflammation
can become maladaptive, contributing to the progression of heart failure. Persistent inflammation can lead to continuous cardiac remodelling,
myocyte apoptosis and drive systemic effects contributing to cachexia and worsening overall health.

to ongoing inflammation, oxidative stress, and endothelial
dysfunction.64

T cells have been found to play both beneficial and harmful roles
in HF, contributing to both the adaptive immune response and the
chronic inflammation. T helper cells, particularly Th1 and Th17
cells, are associated with increased inflammation and tissue damage
in HF with the production of cytokines such as interferon-γ and
IL-17, which are promoters of enhanced macrophagic response and
inflammatory activation, myocardial fibrosis and adverse remod-
elling.65 Regulatory T cells, that typically act as down-modulators
of immune activation and inflammation, are down-regulated in HF.
There is also evidence suggesting that cytotoxic T cells (CD8+) may
contribute to myocardial injury by inducing cell death in the heart
tissue, exacerbating the inflammatory milieu and HF progression.66

B cells in HF may produce autoantibodies leading to autoim-
munity. For example, autoantibodies directed against β-adrenergic
receptors have been observed in HF patients.67 These antibodies
can impair receptor function, contributing to cardiac dysfunction.
In some forms of HF, particularly in the context of myocarditis or
autoimmune diseases, B cells may infiltrate the myocardium and
contribute to local inflammation and tissue damage.68
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. Additionally, multiple cardiac cell types, including myocytes,
fibroblasts, and vascular cells, actively contribute to inflammation
in response to pressure overload, suggesting that cardiac inflam-
mation may also serve initially as an adaptive response to cardiac
stress.69 For example, the NLRP3 inflammasome is the activated
downstream of calcium signalling pathways in response to haemo-
dynamic stress, which implies that inflammation is partly driven by
cardiac autonomous mechanisms.70 Furthermore, while inhibition
of immune cell activation in HF models decreases disease sever-
ity and slows down the progression of cardiac hypertrophy and
fibrosis, anti-cytokine therapies have not yet provided significant
clinical benefits in patients with HF.71 Nevertheless, since persis-
tent inflammation can lead to continuous cardiac remodelling and
myocyte apoptosis and determine systemic effects contributing to
cachexia and worsening overall health, further research into ther-
apeutic anti-inflammatory strategies is warranted.

The interplay between inflammation and metabolism is gaining
recognition as a potential underlying factor in HF.72 Of particular
interest are the recent observations relative to the potential
harmful role of epicardial adipose tissue via paracrine or vasocrine
secretion of pro-inflammatory and pro-fibrotic cytokines, leading

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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to both local and systemic inflammation.73 In particular, inflamed
epicardial adipose tissue may provide a direct source of cardiac
inflammation due to its close proximity to the myocardium.74

Second, research has revealed that inflammatory cytokines, such
as IL-6, can induce pathological cardiomyocyte hypertrophy, which
could contribute to the typical metabolic changes observed in
HF.69 Third, cytokines have the ability to directly target metabolic
pathways, as evidenced by the insulin resistance and suppression
of the metabolic sensor AMPK that was observed following IL-6
infusion in a HF with preserved ejection fraction (HFpEF) model.75

Finally, the increase in ROS production associated with inflamma-
tion can lead to mitochondrial damage and dysfunction, further
exacerbating metabolic derangements.69 A confounding aspect is
that the interplay between inflammation and metabolism may differ
between HF with reduced ejection fraction (HFrEF) and HFpEF.
In general, inflammation is retained to develop during the course
of HF as a response to remodelling, haemodynamic impairment
and neurohormonal activation in patients with HFrEF, whereas it
may be the primary cause of diastolic dysfunction and hypertrophy
in HFpEF as a consequence to extra-cardiac conditions such as
diabetes, metabolic syndrome, chronic kidney disease.76 These
findings underscore the critical interplay between inflammation
and metabolic dysregulation in HF, supporting the need for more
in-depth research into the mechanisms.

Metabolically trained immunity
Long-term epigenetic reprogramming of innate immune cells in
response to microbes is known as ‘trained immunity’, and causes
prolonged altered cellular functionality to protect from sec-
ondary infections.77 Immune cells, especially macrophages, repro-
gram their metabolic pathways to support an enhanced inflam-
matory response. This often involves a shift from oxidative
phosphorylation to glycolysis, which supports a robust immune
response. In addition to metabolic reprogramming, trained immu-
nity involves epigenetic modifications that alter gene expression.
‘Trained’ immune cells can provide a stronger response to infec-
tions and inflammatory injuries. This has positive effects in terms
of effective pathogens’ clearance but can also be responsible for a
hyper-inflammatory response.

In a recent animal study, a sterile trigger of inflammation such as
western diet feeding, has been shown to generate increased pro-
liferation and enhanced innate immune response, with the NLRP3
inflammasome appearing to be critical for this response.77 Hence,
the use of small molecule inhibitors that block the NLRP3 sig-
nalling pathway could represent a new therapeutic approach to bet-
ter modulate the innate immune response following inflammatory
triggers and thereby mediate the potentially deleterious effects of
trained immunity in chronic inflammatory conditions.

Immunometabolic abnormalities
in specific conditions
Ageing
The principal characteristic of cardiac ageing is a decrease of
tissue capacity of recovery and regeneration (Figure 4). Along with ..
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.. increased development of tissue fibrosis, the number of cardiomy-
ocytes and their turnover declines progressively with ageing.78,79

As discussed above, the immune system plays an important role
in the development of cardiac damage and progression of HF,
especially in the elderly.80 It is well established that the inflamma-
tory system is chronically over activated in patients with HF, and
that there is an association with patient outcome.81 The immune
response is also dynamically remodelled with ageing, determining
a phenomenon described as ‘immunosenescence’.82,83 This phe-
nomenon increases susceptibility to multiple clinical conditions
such as infections, autoimmune disorders, and malignancies, and
causes a subclinical chronic pro-inflammatory state also known
as ‘inflamm-aging’.84,85 A possible sequence of events could be
initiated by cardiac ageing, which is associated with decline in
mitochondrial function and accumulation of dysfunctional mito-
chondria86,87 producing and accumulating ROS that, in turn, could
lead to accumulation of damaged DNA, proteins, and lipids as well
as mitochondrial DNA damage and release.88 In older subjects,
ROS could increase the release of mitochondrial DNA from the
cellular cytosol,89 which produces damage-associated molecu-
lar patterns, and is considered to be a driver of inflammatory
responses.90 Inflammatory cells release fibrogenic cytokines and
growth factors stimulating the reparative process, characterized by
fibroblasts undergoing proliferation to replace lost cardiomyocytes
and resulting in remodelling and fibrosis.91 In this context, preser-
vation of mitochondrial morphology, dynamics, and function might
be a therapeutic approach to prevent cardiac ageing. There are
several potential drugs and nutraceuticals that could potentially
improve age-related mitochondrial dysfunction and, thus, attenuate
the process of cardiac ‘inflamm-aging’.92–95 Interestingly, physical
exercise has also been shown to preserve mitochondrial health and
metabolism and, as a consequence, to reduce ‘inflamm-aging’.96,97

Finally, clonal haematopoiesis of indeterminate potential (CHIP),
the clonal expansion of blood stem cells with preleukemic acquired
genetic variants, is an age-related condition affecting approximately
10% of individuals aged at least 70 years.98 Recent work suggests
CHIP is also an independent risk factor for incident HF, with
experimental models indicating a role for CHIP in the development
of cardiac dysfunction through inflammatory dysregulation and
fibrotic remodelling.99 These findings may have implications for
the prevention and management of HF in the elderly, including
development of targeted therapies.

In conclusion, the balance between adaptive and maladaptive
immune activation and metabolism in senescence is crucial for
determining the overall impact on health and ageing. Understanding
this balance can guide therapeutic strategies to promote healthy
ageing and prevent age-related diseases.

Obesity
In obesity, metabolic alterations and immune dysregulation
are intertwined.72,100 Changes in systemic- and tissue-specific
metabolism drive immune alterations and vice versa, participating
to the pathogenesis of HF in subjects with obesity.101,102 The
crosstalk between immunity and metabolism in concomitant
obesity and HF is bidirectional. The perspective of identifying an

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 4 Cardiac ageing. The principal characteristic of cardiac ageing is a decreased tissue capacity for recovery and regeneration, and
development of cardiac fibrosis and heart failure. A possible sequence of events could be initiated by a decline in mitochondrial function
and accumulation of dysfunctional mitochondria producing and accumulating reactive oxygen species (ROS) that, in turn, could give rise to
accumulation of damaged DNA as well as mitochondrial DNA damage and release. Additionally, mitochondrial dysfunction contributes to
telomere shortening. The immune system is highly sensitive to shortening of telomeres as its competence depends on cell renewal and clonal
expansion of T- and B-cell populations. These effects drive immunosenescence and consequent inflammasome activation. In fact, the vicious
circle between mitochondrial dysfunction and DNA damage can lead to a state of chronic low-grade inflammation. Additionally, ROS could
increase the release of mitochondrial DNA from the cellular cytosol, becoming a driver of inflammatory responses. In this context, preservation
of mitochondrial morphology, dynamics, and function might be a main therapeutic approach to prevent cardiac ageing.

inflammatory signature coupled with alterations of cardiac energy
substrate metabolism—a concept which can be encompassed in
the term of immunometabolism—in HF is becoming of growing
interest.

Obesity-driven changes of both innate and adaptive immunity
dysregulate a number of signal pathways which impact on cardiac
metabolism in HF. For example, the role of adipose tissue dysfunc-
tion and the alterations of its immune compartment in HF patho-
genesis are still unclear.103 Both the metabolic reprogramming of
the heart in response to systemic, chronic low-grade inflammation
in obesity and the immune phenotype of this condition have not
been elucidated in depth.

Metabolic inflammation—that has been specifically termed
‘metainflammation’—refers to a systemic, chronic, low-grade
inflammation promoted in response to nutrient overload.104

In obesity, adipose tissue expansion leads to the secretion of
chemokines, thereby initiating immune cells recruitment.105,106

It is known that signals from a particular microenvironment
direct immune cell activation as well as macrophage polarization,
and T-cell activation. The increase in immune cell infiltration
is a hallmark of adipose tissue inflammation in obesity.107

In this setting, the secretion of systemic pro-inflammatory
mediators (e.g. cytokines) has detrimental effects on cardiac
function.50,108 In particular, in HFpEF, this may be mediated by
both epicardial adipose tissue and microvascular endothelial
dysfunction.109–113
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.. Cardiomyocytes have limited capacity to store lipids. When in
excess, lipids may enter harmful non-oxidative pathways, yielding
the production of toxic intermediates which impacts on immune
system function(s).114 In particular, ceramides are known critical
pro-inflammatory molecules and lipotoxic mediators.115 To con-
trast toxic lipid spillover, it has been proposed that visceral adi-
pose tissue expansion acts as a buffer and prevents the detrimental
effects caused by lipid accumulation in non-adipose tissues.116 Lipid
metabolism and inflammatory pathways are highly integrated, but
the contribution of lipotoxicity to metabolic inflammation in HF is
still incompletely understood.

Diabetes
Patients with T2D are at increased risk of developing HF, either
HFrEF or HFpEF, and the coexistence of T2D and HF is asso-
ciated with a worse prognosis.117 Although common causes of
HF in patients with T2D are represented by coronary artery dis-
ease and/or hypertension, insulin resistance and hyperglycaemia
may also have direct effects on the myocardium, and a distinc-
tive cardiac phenotype known as diabetic cardiomyopathy has been
described.118–120 The presence of this distinct entity has been dif-
ficult to prove, but several interactions of systemic, myocardial
and cellular/molecular manifestations have been demonstrated as
contributing mechanisms to T2D-associated HF.121 Insulin resis-
tance and/or reduced insulin signalling in adipose tissue, liver and
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skeletal muscle play a pathophysiological role in T2D-associated
HF, but also abnormal cardiac extracellular matrix deposition,
metabolic disturbances, oxidative stress and inflammatory path-
ways may contribute to adverse cardiac remodelling.122,123 The
interplay between cardiomyocytes and non-myocytes in the heart
(fibroblasts, vascular cells, autonomic neurons, and immune cells)
is crucial.118 Excessive and sustained local inflammation in response
to a persistent stress/trigger such as T2D may be ‘maladap-
tive’ and favour cardiac injury. T2D-mediated oxidative stress
enhances a pro-inflammatory milieu and promotes the mobi-
lization of leucocytes (neutrophils, monocytes, macrophages and
lymphocytes).118,121 Rather than favouring the polarization of
macrophages towards a reparative M2 phenotype, the secre-
tion of pro-inflammatory cytokines by neutrophils alters the
macrophage function and promotes an inflammatory M1-like phe-
notype, further enhancing macrophage-mediated local inflamma-
tion and injury.118,124 Abnormalities in T-cell signalling and regu-
lation have also been described, further contributing to cardiac
inflammation, hypertrophy and fibrosis.118,125–128 Furthermore,
cardiac autoimmunity may have a role, especially among patients
with type 1 diabetes. In both type 1 and type 2 diabetes, chronic
hyperglycaemia causes subclinical myocardial injury with conse-
quent exposure of heart muscle proteins to the immune system,
thus a dysregulated adaptive immune system (typical of type 1 dia-
betes with poor glycaemic control) may overreact, leading to a local
pro-inflammatory state and to the development of autoantibodies
to cardiac antigens.129,130

Gut microbiome
In the presence of HF, low cardiac output and venous fluid overload
contribute to a decrease in intestinal perfusion, mucosal ischaemia,
and ultimately in a disrupted intestinal mucosa and increased gut
permeability.131,132 By this means, gut microbiome-derived metabo-
lites, like trimethylamine-N-oxide (TMAO), can reach the sys-
temic circulation, fuel metabolic inflammation and HF exacerba-
tions.133,134 TMAO levels are in fact a strong predictor of clinical
outcomes in patients with HF regardless of the underlying aeti-
ology.135 The HF-associated gut luminal hypoxia and decrease in
mucosal pH further alter the microbiota to pathogenic microbiota
and lead to loss of microbial diversity or ‘gut dysbiosis’, which
in turn contributes to the raise in gut permeability and systemic
inflammation.136,137 On the other hand, different gut microbiome
compositions have varying abilities to generate TMAO, and higher
levels of circulating TMAO can be attributable to a TMA-producing
microbiome harbouring TMA lyases.138

Vice versa, there is accumulating evidence showing that under
the influence of certain environmental factors and host genetic
susceptibility, interactions between the microbiome and the host
immune system contribute to cardiovascular disease and HF.139

Risk factors of HF, including Western lifestyle with high salt
composition, can lead to hypertension and cardiovascular disease
involving reduced survival of Lactobacillus murinus and increased
TH17 cells.140 Western diet, characterized by a high intake of
fat and a low intake of fiber, decreases the production of short
chain fatty acids (SCFAs) by intestinal microbiota, accounting ..
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.. for the altered regulatory T-cell frequency in mesenteric lymph
nodes.141 On the other hand, caloric restriction modulates gut
microbiota composition, leading to regulatory T-cell expansion.142

In obesity, microbiome-mediated tryptophan metabolites mod-
ulate white adipose tissue inflammation,143 fostering low-grade
systemic inflammation and HFpEF.76 In metabolic dysfunction,
the gut contains increased numbers of (γδ)T cells, macrophages,
dendritic cells, NK cells, CD8+ cells (αß TCR) and Th1 T cells but
less T regulatory cells,144 linked to intestinal barrier dysfunction,
and intestinal dysbiosis. Evidence for the specific involvement of
gut immune cells in cardiovascular disease and HF comes from
integrin β7 (ITGb7) knockout mice, which lack intraepithelial (αβ)
and (γδ)T cells, B cells and myeloid cells in the gut.145 ITGb7, LDLr
knockout mice fed with a high cholesterol diet exhibit lower adi-
pose tissue inflammation, reduced numbers of Ly6Chigh monocytes
and smaller aortic lesions.146 ITGb7 knockout mice are further
protected from hypertension, obesity and diabetes and have higher
levels of the gut incretin hormone glucagon-like peptide-1 (GLP-1)
due to absence of gut immune cells expressing GLP-1 receptor.146

GLP-1 is increased in HF independent of food intake as an endoge-
nous protective counter-regulatory response.147 GLP-1 receptor
agonists have been shown to decrease hospitalization for HF in
T2D patients by 11%.148,149 Further, prospective randomized con-
trolled clinical trials in patients with HFpEF and obesity, comparing
the GLP-1 receptor agonist semaglutide with placebo, have shown
a decrease in body weight with an improvement in quality of life and
exercise tolerance altogether with a reduction in C-reactive pro-
tein and N-terminal pro-B-type natriuretic peptide (NT-proBNP)
plasma concentrations, consistent with a reduction in inflamma-
tory activation and an improvement in diastolic function with the
study drug.150,151 A pre-specified pooled analysis of these trials has
also shown better outcomes with semaglutide versus placebo.152

Besides the abovementioned mutual interplay between HF
and microbiota/dysbiosis-induced systemic inflammation and
(extra)-intestinal immunity, it has been shown that cardiac
myosin-specific TH17 cells can be generated, imprinted in the
intestine by a commensal Bacteroides species peptide mimic,
promoting progression of myocarditis to lethal heart disease.153

This is supported by both the successful prevention of lethal
disease in mice by antibiotic therapy and the significantly elevated
Bacteroides-specific CD4+ T-cell and B-cell responses observed
in myocarditis patients. Taken together, these findings highlight
a strong mutual inter-relation between the gut and the heart,
involving metabolism and the immune system.

Gender
The differences between men and women in epidemiology, patho-
physiology, outcomes and treatment of HF are very broad.154 The
hormonal background is considered to yield a protective effect
on the cardiovascular system in young women. In women, after
menopause the loss of the hormonal balance leads to several
changes which increase the risk of HF, and in particular HFpEF.155,156

Metabolic dysregulation and pro-inflammatory state are only two
of the multiple mechanisms behind the different pathogenesis and
manifestation of HF in the two sexes.
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Microvascular dysfunction, together with the hyperactivation of
systemic and local inflammation, is a major determinant of HFpEF
especially in women, whereas in men the typical atherosclerotic
degeneration of the epicardial coronary circulation predom-
inates.157 Impaired activation of the endothelial nitric oxide
pathway and release of pro-angiogenic factors trigger microvas-
cular dysfunction enhanced by the post-menopausal reduction
in oestrogens.156,158 An additional contribution to microvascular
alterations in women comes from the immune-mediated predispo-
sition to endothelial inflammation. Adipokines and inflammatory
markers such as leptin and C-reactive protein, both central in the
pathogenesis of HFpEF, are indeed expressed to a greater extent
in women compared with men, regardless of the post-menopausal
period.159 This is linked with the differences in immune response
which is enhanced in women, ensuring prompter recovery from
infection and higher protection towards cancer, but the increased
systemic inflammatory activation and the stimulation of multiple
pro-inflammatory pathways mediated by the stronger immune
response indirectly expose women to higher risk of HFpEF.160

It is of interest and worthy of more deep investigations that
sex-specific risk factors (i.e. sex hormones, pregnancy and breast
cancer therapy) are strongly linked each other and involved in the
pathogenesis of sex-specific diseases or sex-prevalent diseases,
such as peripartum cardiomyopathy and stress cardiomyopathy.
The common pathophysiological mechanisms behind these dis-
eases involve indeed endothelial inflammation and microvascular
dysfunction.161,162

Dysfunctional tissue and systemic metabolism characterizing
HF also presents some discrepancies in women and men. In men,
increased afterload leads to more pronounced down-regulation
of lipid and energy metabolism related genes and this implies
less preservation of mitochondrial function compared with
women.163,164 On the other hand, females show an up-regulation
of peroxisome-dependent lipid utilization genes representing an
alternative pathway to cover greater energy demand for the
myocardium exposed to increased afterload.165 Oestrogens are
important mediators of mitochondrial function, exerting through
different mechanisms a protective effect under the influence of
detrimental stressors,166–168 and also stimulate the activation of
antioxidative pathways.

Therapeutic approaches to
inflammation and metabolism in
heart failure
Therapeutic targets
As outlined above, it is evident that normal cellular homeostasis
relies on the crosstalk between the immune system and metabolic
regulation, and that several diseases are produced and exacer-
bated by their dysfunction and crosstalk. Apart from primary
inflammatory/metabolic/immune diseases, the plausible biolog-
ical mechanism in most chronic HF phenotypes is primarily a
mechanical incompetence which, in turn, determines metabolic
adaptation and inflammatory/immune consequences. The targets ..
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.. of the presently available drugs for the treatment of HF are
mainly maladaptive neurohormonal activation and, consequently,
improving cardiac mechanical function, which ultimately regulates
also metabolic and immune adaptations. This precise sequence of
events is deduced by the unsuccessful results of clinical trials of
anti-inflammatory therapies in HF, despite the fact that the chronic
inflammatory state associated with progression and complications
of HF had identified this dysregulated immunologic state as a
potential additional therapeutic target.169,170 On the other hand,
improvement of metabolic efficiency may limit inflammation by
promoting endogenous anti-inflammatory effects, providing strong
evidence for the therapeutic potential also in targeting metabolic
processes as for controlling immune effector functions and thereby
alleviating pathological inflammation,171 again likely consequent
to cardiac mechanical incompetence. Nevertheless, intensive71

research is still active to define the potential therapeutic role of
anti-cytokine therapy in HF. Some studies employing anakinra,
canakinumab and colchicine have shown a significant reduction in
inflammatory biomarkers along with an improvement in exercise
performance and quality of life and a reduction in natriuretic
peptides.172,173 A clinical trial with ziltivekimab is still ongoing.174

In the real world, evidence-based treatments for HF may con-
tribute to modulate the metabolic and immunological crosstalk in
HF52,175 (Table 1). HF induces neurohormonal and immune activa-
tion, which directly and indirectly modify myocardial metabolism.
The autonomic nervous system contributes to the regulation of
cardiac function. Enhanced sympathetic stimulation induced by
cardiac mechanical failure increases myocardial energy metabolic
requirements. Additionally, sympathetic hyperactivity is associ-
ated with increased production of myeloid immune cells in the
bone marrow, resulting in higher numbers of circulating myeloid
immune cells.176 Recent studies have shown that microglia, known
as brain-resident immune cells, may play an important role in
regulating sympathetic nervous system activities and cardiovas-
cular function by releasing cytokines, chemokines, and growth
factors.176–178 Beta-blockers blunt the cardiovascular response
to adrenergic stimulation and, apart from reducing ischaemia
and protecting the infarcted myocardium, have also been shown
to directly affect myocardial energetics, by reducing circulating
levels of free fatty acids (FFA) and, due to substrate competition,
inducing a shift of heart energy metabolism towards a greater
utilization of carbohydrates179–181 (Table 1). The observed increase
in cardiac carbohydrate metabolism after beta-blockade probably
results from decreased FFA delivery and oxidation, as well as
from augmented arterial glutamate availability.182–186 Therefore, a
higher rate of carbohydrate utilization induced by beta-blockade
may result in a greater cardiac energy production at similar
levels of oxygen consumption. Interestingly, there are profound
differences in the metabolic profile of the non-cardioselective and
selective beta-blockers, the former causing significant inhibition
of the lipolytic, glycogenolytic and the growth hormone-releasing
effects of adrenaline when compared with the cardioselective
ones.187 Additionally, catecholamines play an important role in the
regulation of the physiological immune response and, therefore,
the efficacy of beta-blockers in HF may also depend by their cru-
cial immunoregulatory role in modifying a dysregulated cytokine
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Table 1 Immunometabolic effects of established and potential medical therapies for heart failure

Drug Metabolic effects
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Beta-blockers • Reduction of peripheral lipolysis
• Increased carbohydrate utilization
• Improved insulin sensitivity
• Immunoregulatory role in modifying a dysregulated cytokine network

RAAS inhibitors • Improved glucose homeostasis by increased blood flow in skeletal
muscle

• More efficient insulin release
• Reduction of lipolysis
• Anti-inflammatory effect

Partial fatty acid oxidation inhibitors • Enhancement of insulin sensitivity
• Increased glucose oxidation
• Modulation of late sodium current, thereby reducing the accumulation

of intracellular Ca++

• Attenuation of macrophage infiltration and pro-inflammatory
responses in sepsis-induced myocardial dysfunction

Coenzyme Q10 • Inhibition of the mitochondrial permeability transition pore
• Inactivation of apoptotic cascades and the oxidative inactivation of key

proteins involved in ATP production
SGLT2i • Increased bioavailability and myocardial utilization of ketone bodies

• Ketone body-mediated anti-inflammatory effects
• Inhibition of epicardial adipose tissue accumulation and inflammation

Statins • Positive influence on pro-inflammatory cytokine production, immune
cell migration and T-cell signalling

• Inhibition of epicardial adipose tissue accumulation and inflammation
GLP-1 receptor agonists • Mitigation of inflammation in visceral fat adipocytes

• Modulation of the immune system
Adipose triglyceride lipase inhibitors • Improved adipose tissue storage capacities

• Reduced lipolytic activity
• Anti-apoptotic, anti-fibrotic, and anti-inflammatory actions

Ketone bodies and short-chain fatty acids • Alternative fuel sources
• Inhibition of NLRP3 inflammasome formation

ATP, adenosine triphosphate; GLP-1, glucagon-like peptide-1; RAAS, renin–angiotensin–aldosterone system; SGLT2i, sodium–glucose cotransporter 2 inhibitor.

network.188–191 Indeed, in patients with HF, beta-blockers have
been shown to reduce the expression of inflammation, regardless
of left ventricular functional response.192

The renin–angiotensin–aldosterone system (RAAS) is another
system that is hyperactivated in presence of cardiac mechanical
dysfunction. Apart from regulating blood pressure, angiotensin
II is also an important modulator of cardiac energy metabolism
and function. Angiotensin II damages mitochondria in the car-
diomyocyte by increasing ROS production,193,194 and affects
mitochondrial oxidative phosphorylation, including FFA oxida-
tion.19,193 There is also evidence that angiotensin II regulates
glucose oxidation and that inhibition of angiotensin II may exert
beneficial metabolic effects.195–198 In addition, by decreasing oxida-
tive metabolism, angiotensin II can reduce ATP production.199 In
this context, apart from blood pressure and fluid balance regula-
tion, angiotensin II antagonism represents an attractive therapeutic
approach to target metabolic deregulation in HF. Additionally,
as for beta-blockers, RAAS antagonism has been shown to yield
a significant reduction in markers of inflammation in different
cardiological contexts. Angiotensin-converting enzyme inhibitors ..
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.. (ACEi), compared with angiotensin receptor blockers, appear to
produce a more robust anti-inflammatory effect.200 However, the
role of ACEi in inflammation is still debated. Intrinsic ACE has
been detected in macrophages and neutrophils, where its overex-
pression results in enhanced immune responses, independent of
angiotensin II. In contrast, ACE activity is also elevated in certain
autoimmune diseases and its inhibition benefits patient outcome
where inflammatory immune cells are overactive. Further research
on the potential role of ACEi in modulating immune response are
definitely warranted.201

Cardiac metabolism in HF can also be beneficially targeted by
specific drugs, by improving mitochondrial membrane stability,
mainly dependent on cardiolipin and coenzyme Q10.202,203 Coen-
zyme Q10 is an obligatory component of the respiratory chain
in mitochondria and plays an essential role in ATP formation in
most tissues, including the heart. In addition, Q10 has antioxi-
dant properties and protects circulating low-density lipoprotein
particles from oxidation. Its inhibition of the mitochondrial per-
meability transition pore prevents the activation of apoptotic cas-
cades and the oxidative inactivation of key proteins involved in
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Statins

GLP1-RA

Ectopic accumulation of lipids
Increased lipolytic activity
Elevated plasma lipids

Mitochondrial dysfunction
Oxidative stress
Cardiomyocyte apoptosis
and necrosis
Fibrosis

Increased plasma lipid intake

Accelerated atherosclerosis

Anti-oxidative

Anti-hypertrophic

Atheroprotective

Diabetes
Obesity

disorders

Statins, metformin, SGLT2i, MRA

Experimental: ATGL inhibitors

Obese visceral adipose tissue

Epicardial adipose tissue

SStatins, metformin, SGff LT2i, MRALL

EExperimental: ATAA GL inhibitors

GLP1-RA

Statins

Figure 5 Targeting other sources of inflammation. Statins exert several beneficial pleiotropic effects in the vasculature and cardiac tissue.
Obese visceral adipose tissue and epicardial adipose tissue promote pro-inflammatory and lipid-associated pathological effects as well
as pro-fibrotic actions, negatively impacting on cardiomyocyte function and survival as well as on cardiac fibrosis. Statins and several
other established (in part non-cardiac) and experimental pharmacological treatments inhibit these negative effects, positively influencing
immunometabolism of the heart. ATGL, adipose triglyceride lipase; GLP1-RA, glucagon-like peptide-1 receptor agonist; MRA, mineralocorticoid
receptor antagonist; SGLT2i, sodium–glucose cotransporter 2 inhibitor.

ATP production204 (Table 1). Lower levels of coenzyme Q10 are
associated with worse HF symptoms, lower ejection fraction and
higher NT-proBNP.205,206 However, association between its values
and mortality remains controversial.207 Coenzyme Q10 supple-
mentation improved HF symptoms and reduced major cardiovas-
cular outcomes in patients with HF in a randomized controlled
trial.208 However, a more recent meta-analysis, due to the low
quality of available data, concluded for no convincing evidence sup-
porting the use of coenzyme 10 in patients with HF.209

In addition, beneficial effects on cardiac metabolism can be
achieved with the direct inhibition of oxidative phosphorylation
by shifting energy production from fatty acid to glucose oxida-
tion by selective block of mitochondrial long chain 3-ketoacyl
coenzyme A thiolase (3-KAT) activity, the last enzyme involved
in beta-oxidation210 (Table 1). This approach has been shown to
preserve phosphocreatine and ATP intracellular levels in the failing
heart and to exert significant beneficial effects in patients with
ischaemic and non-ischaemic left ventricular dysfunction, espe-
cially in HF patients who also have diabetes.211–213 More recently,
partial FFA oxidation inhibition with trimetazidine has been
shown to attenuate macrophage infiltration and pro-inflammatory
responses in sepsis-induced myocardial dysfunction. These effects
are achieved by normalizing the inflammatory response pathway
in macrophages.214 Similar anti-inflammatory effects have been
observed with ranolazine, another partial FFA oxidation inhibitor,
which has also been shown to inhibit the cellular late inward
sodium current.215–217 In particular, the demonstration that func-
tional Na+ shuttling is required for a full cellular response to
inflammation and that inhibition of Na+–Ca2+ exchange during ..
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. inflammation by ranolazine reduces the inflammatory response
in human endothelial cells in vitro, in a mouse atherosclerotic
disease model and in human patients, opens a new potential
immunometabolic therapeutic target.215

Moderate caloric restriction could also represent an attractive
therapeutic tool targeting the immunometabolic crosstalk in HF.
It could improve transcriptional reprogramming in adipose tis-
sue through pathways regulating mitochondrial bioenergetics and
anti-inflammatory responsivity,218,219 possibly by a conveyed reduc-
tion of sympathetic activity.220 Caloric restriction exerts potent
anti-inflammatory effects in different pathological conditions by
supporting the function of memory T cells and inducing a metabolic
switch from glycolysis and fatty acid synthesis to fatty acid oxi-
dation and lipolysis,221,222 with mechanisms related to increased
ketone bodies availability.27,223–226 Additional studies are warranted
to evaluate the clinical role of nutritional intervention in different
pathologic conditions, including HF.227,228

Targeting other sources
of inflammation
Other drugs than evidence-based pharmacotherapy are frequently
used in patients with HF due to the frequent coexistence of
multiple comorbidities. In randomized controlled trials, statins did
not clearly show a prognostic benefit in patients with HFrEF.229,230

A possible selection bias due to the exclusion of patients with
strong primary indication for statins cannot be excluded. Two
large observational studies suggested a possible benefit with statins
in HFrEF with an ischaemic aetiology, where they are indicated

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026



Immune activation and metabolism in HF 1711

regardless of HF,231,232 whereas in HFpEF the observed benefit was
independent of the aetiology. It was hypothesized that in HFpEF
the underlying effect on systemic inflammation or on microvascular
dysfunction might be implicated (Table 1, Figure 5).233 Statins
are mainly involved in vasculoprotective and anti-atherosclerotic
effects; however, they were also shown to mediate direct effects on
cardiac tissue, including cardiac endothelium, cardiomyocytes and
connective tissue, as for example anti-oxidative, anti-hypertrophic
and anti-fibrotic effects, among others through regulating small
GTP-binding proteins.234–236

White adipose tissue serves as endocrine organ which systemi-
cally secretes adipokines and cytokines.237 Adipokines are involved
in metabolic processes and regulate insulin signalling, glucose
uptake, FFA oxidation and other energy-producing processes;
cytokines mediate regulation of inflammation and adaptive angio-
genesis. Lean, healthy adipose tissue secretes anti-inflammatory
adipokines and cytokines, whereas obese adipose tissue switches
to an inflammatory phenotype, secreting both locally and system-
ically pro-inflammatory cytokines and chemo-attractants, and is
characterized by immune cell infiltration.237 Obese adipose tissue
inflammation negatively impacts remote organ function, including
the heart.103,237 Interestingly, epicardial adipose tissue may be
involved in chronic inflammatory disorders, especially those lead-
ing to HFpEF, by switching to an inflammatory adipocyte phenotype
which, by secreting pro-inflammatory adipokines, may cause atrial
and ventricular fibrosis.108 Thus, epicardial adipose tissue may
be a transducer of the adverse effects of systemic inflammation
and metabolic disorders on the heart, and may therefore rep-
resent an interesting therapeutic target. Drugs such as statins,
metformin, sodium–glucose cotransporter 2 inhibitors (SGLT2i)
or mineralocorticoid receptor antagonists may inhibit epicardial
adipose tissue accumulation and inflammation108 (Table 1, Figure 5).
GLP-1 receptor agonists mitigate inflammation in visceral fat
adipocytes, exert pleiotropic anti-inflammatory properties in
different tissues and may modulate the immune system, with
potential beneficial effects on cardiac immunometabolism238,239

(Table 1, Figure 5).
Neutrophils secrete myeloperoxidase, which has been impli-

cated in the comorbidity-inflammation-microvascular dysfunction
paradigm for HFpEF, and inhibition of myeloperoxidase with
mitiperstat (AZD4831) appears promising in HFpEF.110,240

Low-grade inflammation of adipose tissue promotes the ectopic
accumulation of lipids in other organs, including the heart, and
catecholamine-derived increased lipolytic activity in adipose tis-
sue results in elevated plasma lipids. Elevated lipid uptake and
insufficient lipid oxidation in cardiomyocytes may cause mitochon-
drial dysfunction and oxidative stress, and consequently cardiac
apoptosis, necrosis, fibrosis and inflammation.241 Novel experi-
mental therapies, such as adipose triglyceride lipase inhibitors,
leading to improved adipose tissue storage capacities and reduced
lipolytic activity as well as to anti-apoptotic, anti-fibrotic, and
anti-inflammatory actions in cardiac tissue, showed promising
results on cardiac metabolism and cardiac dysfunction in experi-
mental disease models, and may therefore represent new promising
pharmacological tools to treat pathological metabolic phenotypes
of HF241 (Table 1, Figure 5). ..
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.. Finally, iron is essential for cardiovascular processes, including
bioenergetics, electrical activity, and programmed cell death. Iron
deficiency leads to impaired immune function and metabolism,
while iron overload causes oxidative stress, chronic inflammation,
and increased susceptibility to infections and metabolic disor-
ders.242 Therefore, maintaining iron homeostasis is crucial for
both immune health and overall metabolic balance. Specifically,
several studies have shown that a dysregulated systemic iron
homeostasis can determine and/or worsen HF.243 The evidence
of the beneficial effects of iron-modulating therapeutics in HF
demonstrate the importance of maintaining iron homeostasis in
the cardiovascular system.244

The role of metabolic substrate
availability
Traditionally, metabolic drug development for HF aimed to stim-
ulate glucose oxidation or inhibit FFA oxidation.2 An alternative
approach to restoring cardiac energetics may lie in providing the
heart with alternative fuel sources that can bypass the roadblocks
in cardiac metabolism that occur in failing cardiomyocytes.2,245,246

Ketone bodies are efficient fuel that are easily oxidized by both
failing and non-failing hearts.225,246,247 Failing hearts have a signifi-
cant capacity to further increase ketone oxidation, suggesting that
strategies to increase ketone delivery to the heart may serve as
a viable treatment for HF.225,247–249 SGLT2i have been shown to
induce a state of mild ketosis and improve myocardial energet-
ics, and it has been proposed that the beneficial effects of SGLT2i
may at least partially depend on enhanced myocardial ketone oxi-
dation.250–252 Moreover, ketone treatment has also been shown
to ameliorate cardiac dysfunction and restore myocardial energet-
ics in small and large animal models of HFpEF and HFrEF.225,249,253

Short-term ketone infusion or ingestion strategies also resulted in
acute improvements in cardiac function in healthy volunteers and
patients with HF.225 In a preliminary small-sized randomized con-
trolled trial, short-term treatment with ketone ester improved rest
and exercise haemodynamics in HFrEF.254 Multiple clinical trials are
currently ongoing to determine the effects of acute and chronic
ketone treatment strategies on clinical endpoints in HF.225

Short-chain fatty acids (SCFA) are another promising alternative
energy source for the failing heart due to their ability to bypass
the down-regulation of the CPT1 shuttle.255 Supplementing iso-
lated perfused hearts with the SCFA butyrate resulted in robust
improvements in cardiac performance, surpassing the benefits
of ketone bodies in this model.247 The potential of butyrate as
a cardiac fuel provides a strong rationale for exploring SCFA as
metabolic treatments for HF, although it may be challenging to
reach sufficient circulating concentrations to serve as fuels.

Ketone bodies and SCFAs have also been shown to modulate
cellular signalling and suppress inflammation through a variety of
pathways. Ketone bodies inhibit NLRP3 inflammasome formation
and reduced pro-inflammatory cytokine-triggered mitochon-
drial dysfunction and fibrosis in a murine model of HFpEF.253

β-hydroxybutyrate also reduces NLRP3 activity in macrophages
isolated from diabetic patients.256 SCFAs, in particular butyrate,
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share many of these anti-inflammatory and signalling properties
with ketone bodies, but appear to do so at low concentra-
tions.245,257 This suggests that ketone bodies and SCFAs may offer
cardioprotective benefits beyond fuelling the heart by reducing
inflammation and fibrosis.

Benefits of exercise
Physical inactivity is linked to the development of many chronic dis-
eases through a chronic low-grade inflammation state.258 In chronic
HF, exercise deprivation has been specifically related to further
deterioration of left ventricular remodelling.259 Exercise elicits a
strong anti-inflammatory response and systemic effects on immune
function, inflammation, and host metabolism independently of
weight loss and can be a useful non-pharmacologic strategy to
counteract low-grade inflammation conditions, including HF.260

Physical exercise inhibits the inflammatory response by various
molecular mechanisms.261,262 Accumulating data from the field of
exercise immunology indicate that exercise affects immune func-
tion via cellular metabolism.263 Apart from its role on skeletal and
cardiac muscle metabolism, exercise interferes with the regulation
and function of leucocyte metabolism.264 T cells and macrophages
show high sensitivity to changes in their metabolic environment,
which indirectly or directly affects their central functions.265 Under-
standing the interactions between the level of physical activity and
the metabolic status of immune cells could be helpful to target the
dysregulated immune system in primary and secondary prevention
of HF. In these contexts, future research shall eventually dissect
out the differential effects of acute exercise and chronic exercise
training on immunometabolism, and potential differences in the
effects of exercise between immune cell types and subsets.266

Conclusions
Heart failure is an ongoing epidemic. Despite remarkable thera-
peutic progress, hospitalizations for HF remain both frequent and
costly. In this context, the complete understanding of alternative
mechanisms of disease progression may allow a different and more
complete phenotyping of the disease and the identification of novel
therapeutic targets. Persistent latent myocardial inflammation in
HF probably represents an attempt to restore tissue homeosta-
sis in the failing heart, where cardiomyocytes and immune cells
undergo metabolic reprogramming, which allow them to deal with
decreased availability of nutrients and oxygen. This status can trig-
ger a metabolic crosstalk between immune cells and cardiomy-
ocytes which can perpetuate the maladaptive remodelling of the
heart. Therefore, the interrelation between immune activation and
metabolism is gaining recognition as a potential therapeutic frame-
work. The traditional cornerstones of HF treatment are mainly
directed at counteracting the neurohormonal activation induced
by haemodynamic incompetence and the abnormal metabolic and
immune adaptations can be mitigated indirectly as a consequence
of reverse remodelling and improved mechanical function. Never-
theless, chronic inflammatory/immune activation remains associ-
ated with the progression of HF and indicates that this dysregu-
lated immunologic state is not merely the result of the overall HF ..
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.. process but an active player which could be tackled with specific
treatments. On the other hand, improving the metabolic efficiency
of the failing circulatory system might itself alleviate the patho-
logical inflammation breaking the vicious circle that contributes
to the progression of the syndrome. We are still far from com-
pletely understanding the shape and extent of cardiac and systemic
metabolic alterations in HF impacting on immune function. How-
ever, it is becoming increasingly clear that the investigation of this
conundrum—metabolism and immunity—in HF, is emerging as a
priority research target for HF pathophysiology and therapeutic
strategies. On these premises, future studies addressing novel HF
treatments should attempt to evaluate the potential therapeutic
role of direct metabolic and immunological crosstalk modulation.

Conflict of interest: G.F. has received honoraria for lectures by
Servier international. D.S. has received honoraria for lectures and fees
for expert advice from AstraZeneca, Novo Nordisk, Novartis, Janssen,
Dompè, Gossamer Bio and Merck; all unrelated to the current article.
A.B.G. reports personal fees from/or participated in boards for Abbott,
Amgen, AstraZeneca, Bayer, Boehringer Ingelheim, Cytokinetics, Edwards,
Medtronic, Novartis, Recor, Servier and Bayer, Roche Diagnostics, Vifor
during the conduct of the study. O.C. reports Servier support for ESC
Congress 2022 and 2023. S.H. receives personal fees for scientific pre-
clinical advice from AstraZeneca, CSL Behring and Ribocure; research
contract with AstraZeneca and CSL Behring. P.S.J. reports speaker fees
from AstraZeneca, Novartis, Alkem Metabolics, ProAdWise Commu-
nications, Sun Pharmaceuticals, Intas Pharmaceuticals; advisory board
fees from AstraZeneca, Boehringer Ingelheim, Novartis; research funding
from AstraZeneca, Boehringer Ingelheim, Analog Devices Inc; P.S.J.’s
employer the University of Glasgow has also been remunerated for clinical
trial work from AstraZeneca, Bayer AG, Novartis, and Novo Nordisk;
Director, Global Clinical Trial Partners. B.S.L. reports consulting fees from
Janssen Research and Development and from Idorsia. G.D.L. receives
research support from Boehringer Ingelheim and Applied Therapeutics,
and is a shareholder in Metabolic Modulators Research Ltd. L.H.L. is
supported by Karolinska Institutet, the Swedish Research Council [grant
523-2014-2336], the Swedish Heart Lung Foundation [grants 20190310,
20220540], and the Stockholm County Council [grants 20190525 and
FoUI-974 688]; relationships with industry: grants, consulting, honoraria:
Alleviant, AstraZeneca, Bayer, Biopeutics, Boehringer Ingelheim, Edwards,
Merck/MSD, Novartis, Novo Nordisk, Owkin, Pharmacosmos; stock own-
ership: AnaCardio. M.P. has received personal fees from Abbott Vascular,
AstraZeneca, Boehringer Ingelheim, Novartis, Roche Diagnostics and
Vifor Pharma. C.G.T. is supported by two grants from the Italian Ministry
of Health (PNRR-MAD-2022-12376632 and RF-2016-02362988), and
reports honoraria or consultation fees from VivaLyfe, Univers Formazione,
Solaris, Summeet, Astra Zeneca, Myocardial Solutions, Medtronic; fund-
ing from Amgen and MSD, and is listed as an inventor of two patents
related to heart failure, outside the submitted work. P.v.d.M. reports
that UMCG, his employer, received consultancy fees and/or grants from
Novartis, Pharmacosmos, Vifor Pharma, AstraZeneca, Pfizer, Pharma
Nord, BridgeBio, Novo Nordisk, Daiichi Sankyo, Boehringer Ingelheim
and Ionis. S.V.L. was supported by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation, SFB-1470-A07). B.D.W. has received
consulting fees from Boehringer Ingelheim, AstraZeneca and Novartis as
well as research fees from Siemens. M.M. has received consulting hono-
raria from Abbott structural, AstraZeneca, Bayer, Edwards Lifesciences,
Pharmacosmsos, Roche Diagnostics and Novo Nordisk in the last 3 years.
G.S. reports grants and personal fees from Vifor, Boehringer Ingelheim,
AstraZeneca, Novartis, Cytokinetics, Pharmacosmos, personal fees from

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026



Immune activation and metabolism in HF 1713

Servier, Medtronic, Abbott, TEVA, INTAS, Edwards Lifesciences, grants
from Boston Scientific, Merck, outside the submitted work. All other
authors have nothing to disclose.

References
1. O’Neill LA, Kishton RJ, Rathmell J. A guide to immunometabolism for immu-

nologists. Nat Rev Immunol 2016;16:553–565. https://doi.org/10.1038/nri.2016
.70

2. Lopaschuk GD, Karwi QG, Tian R, Wende AR, Abel ED. Cardiac energy
metabolism in heart failure. Circ Res 2021;128:1487–1513. https://doi.org/10
.1161/CIRCRESAHA.121.318241

3. Bottomley PA, Panjrath GS, Lai S, Hirsch GA, Wu K, Najjar SS, et al. Metabolic
rates of ATP transfer through creatine kinase (CK flux) predict clinical heart
failure events and death. Sci Transl Med 2013;5:215re213. https://doi.org/10
.1126/scitranslmed.3007328

4. Neubauer S. The failing heart – an engine out of fuel. N Engl J Med
2007;356:1140–1151. https://doi.org/10.1056/NEJMra063052

5. Neubauer S, Horn M, Cramer M, Harre K, Newell JB, Peters W, et al. Myocardial
phosphocreatine-to-ATP ratio is a predictor of mortality in patients with dilated
cardiomyopathy. Circulation 1997;96:2190–2196. https://doi.org/10.1161/01.cir
.96.7.2190

6. Ingwall JS, Weiss RG. Is the failing heart energy starved? On using chemical
energy to support cardiac function. Circ Res 2004;95:135–145. https://doi.org
/10.1161/01.RES.0000137170.41939.d9

7. Zhou B, Tian R. Mitochondrial dysfunction in pathophysiology of heart failure.
J Clin Invest 2018;128:3716–3726. https://doi.org/10.1172/JCI120849

8. Knowlton AA, Chen L, Malik ZA. Heart failure and mitochondrial dysfunction:
The role of mitochondrial fission/fusion abnormalities and new therapeutic
strategies. J Cardiovasc Pharmacol 2014;63:196–206. https://doi.org/10.1097/01

.fjc.0000432861.55968.a6
9. Kumar AA, Kelly DP, Chirinos JA. Mitochondrial dysfunction in heart failure

with preserved ejection fraction. Circulation 2019;139:1435–1450. https://doi
.org/10.1161/CIRCULATIONAHA.118.036259

10. Song M, Mihara K, Chen Y, Scorrano L, Dorn GW 2nd. Mitochondrial fission
and fusion factors reciprocally orchestrate mitophagic culling in mouse hearts
and cultured fibroblasts. Cell Metab 2015;21:273–286. https://doi.org/10.1016
/j.cmet.2014.12.011

11. Keceli G, Gupta A, Sourdon J, Gabr R, Schar M, Dey S, et al. Mitochondrial
creatine kinase attenuates pathologic remodeling in heart failure. Circ Res
2022;130:741–759. https://doi.org/10.1161/CIRCRESAHA.121.319648

12. Zhang L, Jaswal JS, Ussher JR, Sankaralingam S, Wagg C, Zaugg M, et al. Cardiac
insulin-resistance and decreased mitochondrial energy production precede the
development of systolic heart failure after pressure-overload hypertrophy. Circ
Heart Fail 2013;6:1039–1048. https://doi.org/10.1161/CIRCHEARTFAILURE
.112.000228

13. Zhabyeyev P, Gandhi M, Mori J, Basu R, Kassiri Z, Clanachan A, et al.
Pressure-overload-induced heart failure induces a selective reduction in glucose
oxidation at physiological afterload. Cardiovasc Res 2013;97:676–685. https://doi
.org/10.1093/cvr/cvs424

14. Schroeder MA, Lau AZ, Chen AP, Gu Y, Nagendran J, Barry J, et al. Hyper-
polarized 13C magnetic resonance reveals early- and late-onset changes to in
vivo pyruvate metabolism in the failing heart. Eur J Heart Fail 2013;15:130–140.
https://doi.org/10.1093/eurjhf/hfs192

15. Fernandez-Caggiano M, Kamynina A, Francois AA, Prysyazhna O, Eykyn TR,
Krasemann S, et al. Mitochondrial pyruvate carrier abundance mediates patho-
logical cardiac hypertrophy. Nat Metab 2020;2:1223–1231. https://doi.org/10
.1038/s42255-020-00276-5

16. Thakker GD, Frangogiannis NG, Zymek PT, Sharma S, Raya JL, Barger PM,
et al. Increased myocardial susceptibility to repetitive ischemia with high-fat
diet-induced obesity. Obesity (Silver Spring) 2008;16:2593–2600. https://doi.org
/10.1038/oby.2008.414

17. Holzem KM, Marmerstein JT, Madden EJ, Efimov IR. Diet-induced obesity
promotes altered remodeling and exacerbated cardiac hypertrophy following
pressure overload. Physiol Rep 2015;3:e12489. https://doi.org/10.14814/phy2
.12489

18. Mori J, Basu R, McLean BA, Das SK, Zhang L, Patel VB, et al. Agonist-induced
hypertrophy and diastolic dysfunction are associated with selective reduc-
tion in glucose oxidation: A metabolic contribution to heart failure with nor-
mal ejection fraction. Circ Heart Fail 2012;5:493–503. https://doi.org/10.1161

/CIRCHEARTFAILURE.112.966705
19. Mori J, Alrob OA, Wagg CS, Harris RA, Lopaschuk GD, Oudit GY. ANG II

causes insulin resistance and induces cardiac metabolic switch and inefficiency: ..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. A critical role of PDK4. Am J Physiol Heart Circ Physiol 2013;304:H1103–H1113.

https://doi.org/10.1152/ajpheart.00636.2012
20. Christe ME, Rodgers RL. Cardiac glucose and fatty acid oxidation in the

streptozotocin-induced diabetic spontaneously hypertensive rat. Hypertension
1995;25:235–241. https://doi.org/10.1161/01.hyp.25.2.235

21. Sankaralingam S, Abo Alrob O, Zhang L, Jaswal JS, Wagg CS, Fukushima A, et al.
Lowering body weight in obese mice with diastolic heart failure improves cardiac
insulin sensitivity and function: Implications for the obesity paradox. Diabetes
2015;64:1643–1657. https://doi.org/10.2337/db14-1050

22. Lopaschuk GD, Folmes CD, Stanley WC. Cardiac energy metabolism in obe-
sity. Circ Res 2007;101:335–347. https://doi.org/10.1161/CIRCRESAHA.107
.150417

23. Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, et al.
Comprehensive quantification of fuel use by the failing and nonfailing human
heart. Science 2020;370:364–368. https://doi.org/10.1126/science.abc8861

24. Mori J, Patel VB, Abo Alrob O, Basu R, Altamimi T, Desaulniers J, et al.
Angiotensin 1-7 ameliorates diabetic cardiomyopathy and diastolic dysfunc-
tion in db/db mice by reducing lipotoxicity and inflammation. Circ Heart Fail
2014;7:327–339. https://doi.org/10.1161/CIRCHEARTFAILURE.113.000672

25. Badolia R, Ramadurai DKA, Abel ED, Ferrin P, Taleb I, Shankar TS, et al.
The role of nonglycolytic glucose metabolism in myocardial recovery upon
mechanical unloading and circulatory support in chronic heart failure. Circulation
2020;142:259–274. https://doi.org/10.1161/CIRCULATIONAHA.119.044452

26. McCommis KS, Kovacs A, Weinheimer CJ, Shew TM, Koves TR, Ilkayeva
OR, et al. Nutritional modulation of heart failure in mitochondrial pyruvate
carrier-deficient mice. Nat Metab 2020;2:1232–1247. https://doi.org/10.1038
/s42255-020-00296-1

27. Zhang H, Tang K, Ma J, Zhou L, Liu J, Zeng L, et al. Ketogenesis-generated
beta-hydroxybutyrate is an epigenetic regulator of CD8+ T-cell memory devel-
opment. Nat Cell Biol 2020;22:18–25. https://doi.org/10.1038/s41556-019-0440
-0

28. Barger PM, Kelly DP. Fatty acid utilization in the hypertrophied and failing heart:
Molecular regulatory mechanisms. Am J Med Sci 1999;318:36–42. https://doi
.org/10.1097/00000441-199907000-00006

29. Perrone-Filardi P, Bacharach SL, Dilsizian V, Panza JA, Maurea S, Bonow RO.
Regional systolic function, myocardial blood flow and glucose uptake at rest in
hypertrophic cardiomyopathy. Am J Cardiol 1993;72:199–204. https://doi.org/10
.1016/0002-9149(93)90160-e

30. Kato T, Niizuma S, Inuzuka Y, Kawashima T, Okuda J, Tamaki Y, et al.
Analysis of metabolic remodeling in compensated left ventricular hypertro-
phy and heart failure. Circ Heart Fail 2010;3:420–430. https://doi.org/10.1161

/CIRCHEARTFAILURE.109.888479
31. Davila-Roman VG, Vedala G, Herrero P, de las Fuentes L, Rogers JG, Kelly

DP, et al. Altered myocardial fatty acid and glucose metabolism in idiopathic
dilated cardiomyopathy. J Am Coll Cardiol 2002;40:271–277. https://doi.org/10
.1016/s0735-1097(02)01967-8

32. Tuunanen H, Engblom E, Naum A, Nagren K, Hesse B, Airaksinen KE, et al.
Free fatty acid depletion acutely decreases cardiac work and efficiency in
cardiomyopathic heart failure. Circulation 2006;114:2130–2137. https://doi.org
/10.1161/CIRCULATIONAHA.106.645184

33. Neglia D, De Caterina A, Marraccini P, Natali A, Ciardetti M, Vecoli C, et al.
Impaired myocardial metabolic reserve and substrate selection flexibility during
stress in patients with idiopathic dilated cardiomyopathy. Am J Physiol Heart Circ
Physiol 2007;293:H3270–H3278. https://doi.org/10.1152/ajpheart.00887.2007

34. Sack MN, Rader TA, Park S, Bastin J, McCune SA, Kelly DP. Fatty acid oxida-
tion enzyme gene expression is downregulated in the failing heart. Circulation
1996;94:2837–2842. https://doi.org/10.1161/01.cir.94.11.2837

35. Osorio JC, Stanley WC, Linke A, Castellari M, Diep QN, Panchal AR,
et al. Impaired myocardial fatty acid oxidation and reduced protein expres-
sion of retinoid X receptor-alpha in pacing-induced heart failure. Circulation
2002;106:606–612. https://doi.org/10.1161/01.cir.0000023531.22727.c1

36. Heather LC, Cole MA, Lygate CA, Evans RD, Stuckey DJ, Murray AJ, et al.
Fatty acid transporter levels and palmitate oxidation rate correlate with ejection
fraction in the infarcted rat heart. Cardiovasc Res 2006;72:430–437. https://doi
.org/10.1016/j.cardiores.2006.08.020

37. Taylor M, Wallhaus TR, Degrado TR, Russell DC, Stanko P, Nickles RJ, et al.
An evaluation of myocardial fatty acid and glucose uptake using PET with
[18F]fluoro-6-thia-heptadecanoic acid and [18F]FDG in patients with congestive
heart failure. J Nucl Med 2001;42:55–62.

38. Funada J, Betts TR, Hodson L, Humphreys SM, Timperley J, Frayn KN, et al.
Substrate utilization by the failing human heart by direct quantification using
arterio-venous blood sampling. PLoS One 2009;4:e7533. https://doi.org/10.1371

/journal.pone.0007533
39. Voros G, Ector J, Garweg C, Droogne W, Van Cleemput J, Peersman N,

et al. Increased cardiac uptake of ketone bodies and free fatty acids in human

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1161/CIRCRESAHA.121.318241
https://doi.org/10.1126/scitranslmed.3007328
https://doi.org/10.1126/scitranslmed.3007328
https://doi.org/10.1126/scitranslmed.3007328
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1056/NEJMra063052
https://doi.org/10.1161/01.cir.96.7.2190
https://doi.org/10.1161/01.cir.96.7.2190
https://doi.org/10.1161/01.cir.96.7.2190
https://doi.org/10.1161/01.RES.0000137170.41939.d9
https://doi.org/10.1161/01.RES.0000137170.41939.d9
https://doi.org/10.1161/01.RES.0000137170.41939.d9
https://doi.org/10.1172/JCI120849
https://doi.org/10.1172/JCI120849
https://doi.org/10.1097/01.fjc.0000432861.55968.a6
https://doi.org/10.1097/01.fjc.0000432861.55968.a6
https://doi.org/10.1097/01.fjc.0000432861.55968.a6
https://doi.org/10.1161/CIRCULATIONAHA.118.036259
https://doi.org/10.1161/CIRCULATIONAHA.118.036259
https://doi.org/10.1161/CIRCULATIONAHA.118.036259
https://doi.org/10.1016/j.cmet.2014.12.011
https://doi.org/10.1016/j.cmet.2014.12.011
https://doi.org/10.1016/j.cmet.2014.12.011
https://doi.org/10.1161/CIRCRESAHA.121.319648
https://doi.org/10.1161/CIRCRESAHA.121.319648
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000228
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000228
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000228
https://doi.org/10.1093/cvr/cvs424
https://doi.org/10.1093/cvr/cvs424
https://doi.org/10.1093/cvr/cvs424
https://doi.org/10.1093/eurjhf/hfs192
https://doi.org/10.1093/eurjhf/hfs192
https://doi.org/10.1038/s42255-020-00276-5
https://doi.org/10.1038/s42255-020-00276-5
https://doi.org/10.1038/s42255-020-00276-5
https://doi.org/10.1038/oby.2008.414
https://doi.org/10.1038/oby.2008.414
https://doi.org/10.1038/oby.2008.414
https://doi.org/10.14814/phy2.12489
https://doi.org/10.14814/phy2.12489
https://doi.org/10.14814/phy2.12489
https://doi.org/10.1161/CIRCHEARTFAILURE.112.966705
https://doi.org/10.1161/CIRCHEARTFAILURE.112.966705
https://doi.org/10.1161/CIRCHEARTFAILURE.112.966705
https://doi.org/10.1152/ajpheart.00636.2012
https://doi.org/10.1152/ajpheart.00636.2012
https://doi.org/10.1161/01.hyp.25.2.235
https://doi.org/10.1161/01.hyp.25.2.235
https://doi.org/10.2337/db14-1050
https://doi.org/10.2337/db14-1050
https://doi.org/10.1161/CIRCRESAHA.107.150417
https://doi.org/10.1161/CIRCRESAHA.107.150417
https://doi.org/10.1161/CIRCRESAHA.107.150417
https://doi.org/10.1126/science.abc8861
https://doi.org/10.1126/science.abc8861
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000672
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000672
https://doi.org/10.1161/CIRCULATIONAHA.119.044452
https://doi.org/10.1161/CIRCULATIONAHA.119.044452
https://doi.org/10.1038/s42255-020-00296-1
https://doi.org/10.1038/s42255-020-00296-1
https://doi.org/10.1038/s42255-020-00296-1
https://doi.org/10.1038/s41556-019-0440-0
https://doi.org/10.1038/s41556-019-0440-0
https://doi.org/10.1038/s41556-019-0440-0
https://doi.org/10.1097/00000441-199907000-00006
https://doi.org/10.1097/00000441-199907000-00006
https://doi.org/10.1097/00000441-199907000-00006
https://doi.org/10.1016/0002-9149(93)90160-e
https://doi.org/10.1016/0002-9149(93)90160-e
https://doi.org/10.1016/0002-9149(93)90160-e
https://doi.org/10.1161/CIRCHEARTFAILURE.109.888479
https://doi.org/10.1161/CIRCHEARTFAILURE.109.888479
https://doi.org/10.1161/CIRCHEARTFAILURE.109.888479
https://doi.org/10.1016/s0735-1097(02)01967-8
https://doi.org/10.1016/s0735-1097(02)01967-8
https://doi.org/10.1016/s0735-1097(02)01967-8
https://doi.org/10.1161/CIRCULATIONAHA.106.645184
https://doi.org/10.1161/CIRCULATIONAHA.106.645184
https://doi.org/10.1161/CIRCULATIONAHA.106.645184
https://doi.org/10.1152/ajpheart.00887.2007
https://doi.org/10.1152/ajpheart.00887.2007
https://doi.org/10.1161/01.cir.94.11.2837
https://doi.org/10.1161/01.cir.94.11.2837
https://doi.org/10.1161/01.cir.0000023531.22727.c1
https://doi.org/10.1161/01.cir.0000023531.22727.c1
https://doi.org/10.1016/j.cardiores.2006.08.020
https://doi.org/10.1016/j.cardiores.2006.08.020
https://doi.org/10.1016/j.cardiores.2006.08.020
https://doi.org/10.1371/journal.pone.0007533
https://doi.org/10.1371/journal.pone.0007533
https://doi.org/10.1371/journal.pone.0007533


1714 F. Gabriele et al.

heart failure and hypertrophic left ventricular remodeling. Circ Heart Fail
2018;11:e004953. https://doi.org/10.1161/CIRCHEARTFAILURE.118.004953

40. Peterson LR, Herrero P, Schechtman KB, Racette SB, Waggoner AD,
Kisrieva-Ware Z, et al. Effect of obesity and insulin resistance on
myocardial substrate metabolism and efficiency in young women. Circulation
2004;109:2191–2196. https://doi.org/10.1161/01.CIR.0000127959.28627.F8

41. Rijzewijk LJ, van der Meer RW, Lamb HJ, de Jong HW, Lubberink M, Romijn
JA, et al. Altered myocardial substrate metabolism and decreased diastolic
function in nonischemic human diabetic cardiomyopathy: Studies with cardiac
positron emission tomography and magnetic resonance imaging. J Am Coll Cardiol
2009;54:1524–1532. https://doi.org/10.1016/j.jacc.2009.04.074

42. Barouch LA, Berkowitz DE, Harrison RW, O’Donnell CP, Hare JM. Disruption
of leptin signaling contributes to cardiac hypertrophy independently of body
weight in mice. Circulation 2003;108:754–759. https://doi.org/10.1161/01.CIR
.0000083716.82622.FD

43. Christoffersen C, Bollano E, Lindegaard ML, Bartels ED, Goetze JP, Andersen
CB, et al. Cardiac lipid accumulation associated with diastolic dysfunction
in obese mice. Endocrinology 2003;144:3483–3490. https://doi.org/10.1210/en
.2003-0242

44. Horton JL, Davidson MT, Kurishima C, Vega RB, Powers JC, Matsuura TR, et al.
The failing heart utilizes 3-hydroxybutyrate as a metabolic stress defense. JCI
Insight 2019;4:e124079. https://doi.org/10.1172/jci.insight.124079

45. Mann DL. Innate immunity and the failing heart: The cytokine hypothesis revis-
ited. Circ Res 2015;116:1254–1268. https://doi.org/10.1161/CIRCRESAHA
.116.302317

46. Torre-Amione G, Kapadia S, Lee J, Durand JB, Bies RD, Young JB, et al. Tumor
necrosis factor-alpha and tumor necrosis factor receptors in the failing human
heart. Circulation 1996;93:704–711. https://doi.org/10.1161/01.cir.93.4.704

47. Zhang Y, Bauersachs J, Langer HF. Immune mechanisms in heart failure. Eur
J Heart Fail 2017;19:1379–1389. https://doi.org/10.1002/ejhf.942

48. Adamo L, Rocha-Resende C, Prabhu SD, Mann DL. Reappraising the role of
inflammation in heart failure. Nat Rev Cardiol 2020;17:269–285. https://doi.org
/10.1038/s41569-019-0315-x

49. Medzhitov R. Origin and physiological roles of inflammation. Nature
2008;454:428–435. https://doi.org/10.1038/nature07201

50. Mouton AJ, Hall JE. Novel roles of immunometabolism and nonmyocyte
metabolism in cardiac remodeling and injury. Am J Physiol Regul Integr Comp Physiol
2020;319:R476–R484. https://doi.org/10.1152/ajpregu.00188.2020

51. Marelli-Berg FM, Aksentijevic D. Immunometabolic cross-talk in the inflamed
heart. Cell Stress 2019;3:240–266. https://doi.org/10.15698/cst2019.08.194

52. Steffens S, Van Linthout S, Sluijter JPG, Tocchetti CG, Thum T, Madonna R. Stim-
ulating pro-reparative immune responses to prevent adverse cardiac remod-
elling: Consensus document from the joint 2019 meeting of the ESC Working
Groups of cellular biology of the heart and myocardial function. Cardiovasc Res
2020;116:1850–1862. https://doi.org/10.1093/cvr/cvaa137

53. Norata GD, Caligiuri G, Chavakis T, Matarese G, Netea MG, Nicoletti A, et al.
The cellular and molecular basis of translational immunometabolism. Immunity
2015;43:421–434. https://doi.org/10.1016/j.immuni.2015.08.023

54. Zhang S, Weinberg S, DeBerge M, Gainullina A, Schipma M, Kinchen JM,
et al. Efferocytosis fuels requirements of fatty acid oxidation and the elec-
tron transport chain to polarize macrophages for tissue repair. Cell Metab
2019;29:443–456.e5. https://doi.org/10.1016/j.cmet.2018.12.004

55. Shi LZ, Wang R, Huang G, Vogel P, Neale G, Green DR, et al.
HIF1alpha-dependent glycolytic pathway orchestrates a metabolic checkpoint
for the differentiation of TH17 and Treg cells. J Exp Med 2011;208:1367–1376.
https://doi.org/10.1084/jem.20110278

56. Wu J, Sun P, Chen Q, Sun Y, Shi M, Mang G, et al. Metabolic reprogramming
orchestrates CD4+ T-cell immunological status and restores cardiac dysfunc-
tion in autoimmune induced-dilated cardiomyopathy mice. J Mol Cell Cardiol
2019;135:134–148. https://doi.org/10.1016/j.yjmcc.2019.08.002

57. Dehghan M, Mente A, Zhang X, Swaminathan S, Li W, Mohan V, et al.;
Prospective Urban Rural Epidemiology (PURE) Study Investigators. Associations
of fats and carbohydrate intake with cardiovascular disease and mortality in 18
countries from five continents (PURE): A prospective cohort study. Lancet 2017
390(10107):2050–2062. https://doi.org/10.1016/S0140-6736(17)32252-3

58. Brandhorst S, Longo VD. Dietary restrictions and nutrition in the prevention
and treatment of cardiovascular disease. Circ Res 2019;124:952–965. https://doi
.org/10.1161/CIRCRESAHA.118.313352

59. Kitzman DW, Brubaker P, Morgan T, Haykowsky M, Hundley G, Kraus WE,
et al. Effect of caloric restriction or aerobic exercise training on peak oxygen
consumption and quality of life in obese older patients with heart failure with
preserved ejection fraction: A randomized clinical trial. JAMA 2016;315:36–46.
https://doi.org/10.1001/jama.2015.17346

60. Brubaker PH, Nicklas BJ, Houston DK, Hundley WG, Chen H, Molina AJA,
et al. A randomized, controlled trial of resistance training added to caloric ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. restriction plus aerobic exercise training in obese heart failure with preserved
ejection fraction. Circ Heart Fail 2023;16:e010161. https://doi.org/10.1161

/CIRCHEARTFAILURE.122.010161

61. Janssen H, Kahles F, Liu D, Downey J, Koekkoek LL, Roudko V, et al. Monocytes
re-enter the bone marrow during fasting and alter the host response to
infection. Immunity 2023;56:783–796.e7. https://doi.org/10.1016/j.immuni.2023
.01.024

62. Tschope C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB, et al.
Myocarditis and inflammatory cardiomyopathy: Current evidence and future
directions. Nat Rev Cardiol 2021;18:169–193. https://doi.org/10.1038/s41569
-020-00435-x

63. Vilahur G, Juan-Babot O, Pena E, Onate B, Casani L, Badimon L. Molecular
and cellular mechanisms involved in cardiac remodeling after acute myocardial
infarction. J Mol Cell Cardiol 2011;50:522–533. https://doi.org/10.1016/j.yjmcc
.2010.12.021

64. Antipenko S, Mayfield N, Jinno M, Gunzer M, Ismahil MA, Hamid T, et al.
Neutrophils are indispensable for adverse cardiac remodeling in heart failure.
J Mol Cell Cardiol 2024;189:1–11. https://doi.org/10.1016/j.yjmcc.2024.02.005

65. Bansal SS, Ismahil MA, Goel M, Patel B, Hamid T, Rokosh G, et al. Acti-
vated T lymphocytes are essential drivers of pathological remodeling in
ischemic heart failure. Circ Heart Fail 2017;10:e003688. https://doi.org/10.1161

/CIRCHEARTFAILURE.116.003688
66. Varda-Bloom N, Leor J, Ohad DG, Hasin Y, Amar M, Fixler R, et al. Cytotoxic T

lymphocytes are activated following myocardial infarction and can recognize and
kill healthy myocytes in vitro. J Mol Cell Cardiol 2000;32:2141–2149. https://doi
.org/10.1006/jmcc.2000.1261

67. Zweck E, Karschnia M, Scheiber D, Heidecke H, Dechend R, Barthuber C,
et al. Receptor autoantibodies: Associations with cardiac markers, histol-
ogy, and function in human non-ischaemic heart failure. ESC Heart Fail
2023;10:1258–1269. https://doi.org/10.1002/ehf2.14293

68. Mo F, Luo Y, Yan Y, Li J, Lai S, Wu W. Are activated B cells involved in the process
of myocardial fibrosis after acute myocardial infarction? An in vivo experiment.
BMC Cardiovasc Disord 2021;21:5. https://doi.org/10.1186/s12872-020-01775-9

69. Mishra S, Kass DA. Cellular and molecular pathobiology of heart failure with
preserved ejection fraction. Nat Rev Cardiol 2021;18:400–423. https://doi.org
/10.1038/s41569-020-00480-6

70. Suetomi T, Willeford A, Brand CS, Cho Y, Ross RS, Miyamoto S, et al.
Inflammation and NLRP3 inflammasome activation initiated in response to
pressure overload by Ca2+/calmodulin-dependent protein kinase II delta sig-
naling in cardiomyocytes are essential for adverse cardiac remodeling. Circu-
lation 2018;138:2530–2544. https://doi.org/10.1161/CIRCULATIONAHA.118
.034621

71. Mann DL, McMurray JJ, Packer M, Swedberg K, Borer JS, Colucci WS, et al.
Targeted anticytokine therapy in patients with chronic heart failure: Results
of the Randomized Etanercept Worldwide Evaluation (RENEWAL). Circulation
2004;109:1594–1602. https://doi.org/10.1161/01.CIR.0000124490.27666.B2

72. Schiattarella GG, Rodolico D, Hill JA. Metabolic inflammation in heart failure
with preserved ejection fraction. Cardiovasc Res 2021;117:423–434. https://doi
.org/10.1093/cvr/cvaa217

73. Iacobellis G. Epicardial adipose tissue in contemporary cardiology. Nat Rev
Cardiol 2022;19:593–606. https://doi.org/10.1038/s41569-022-00679-9

74. van Woerden G, van Veldhuisen DJ, Westenbrink BD, de Boer RA, Rienstra M,
Gorter TM. Connecting epicardial adipose tissue and heart failure with pre-
served ejection fraction: Mechanisms, management and modern perspectives.
Eur J Heart Fail 2022;24:2238–2250. https://doi.org/10.1002/ejhf.2741

75. Ko HJ, Zhang Z, Jung DY, Jun JY, Ma Z, Jones KE, et al. Nutrient stress activates
inflammation and reduces glucose metabolism by suppressing AMP-activated
protein kinase in the heart. Diabetes 2009;58:2536–2546. https://doi.org/10
.2337/db08-1361

76. Paulus WJ, Tschope C. A novel paradigm for heart failure with preserved
ejection fraction: Comorbidities drive myocardial dysfunction and remodeling
through coronary microvascular endothelial inflammation. J Am Coll Cardiol
2013;62:263–271. https://doi.org/10.1016/j.jacc.2013.02.092

77. Christ A, Gunther P, Lauterbach MAR, Duewell P, Biswas D, Pelka K, et al.
Western diet triggers NLRP3-dependent innate immune reprogramming. Cell
2018;172:162–175.e14. https://doi.org/10.1016/j.cell.2017.12.013

78. Olivetti G, Melissari M, Capasso JM, Anversa P. Cardiomyopathy of the
aging human heart. Myocyte loss and reactive cellular hypertrophy. Circ Res
1991;68:1560–1568. https://doi.org/10.1161/01.res.68.6.1560

79. Bergmann O, Bhardwaj RD, Bernard S, Zdunek S, Barnabe-Heider F, Walsh S,
et al. Evidence for cardiomyocyte renewal in humans. Science 2009;324:98–102.
https://doi.org/10.1126/science.1164680

80. Lainscak M, Vitale C. Biological and chronological age in heart failure: Role of
immunosenescence. J Cardiovasc Med (Hagerstown) 2016;17:857–859. https://doi
.org/10.2459/JCM.0000000000000448

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1161/CIRCHEARTFAILURE.118.004953
https://doi.org/10.1161/CIRCHEARTFAILURE.118.004953
https://doi.org/10.1161/01.CIR.0000127959.28627.F8
https://doi.org/10.1161/01.CIR.0000127959.28627.F8
https://doi.org/10.1016/j.jacc.2009.04.074
https://doi.org/10.1016/j.jacc.2009.04.074
https://doi.org/10.1161/01.CIR.0000083716.82622.FD
https://doi.org/10.1161/01.CIR.0000083716.82622.FD
https://doi.org/10.1161/01.CIR.0000083716.82622.FD
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1172/jci.insight.124079
https://doi.org/10.1172/jci.insight.124079
https://doi.org/10.1161/CIRCRESAHA.116.302317
https://doi.org/10.1161/CIRCRESAHA.116.302317
https://doi.org/10.1161/CIRCRESAHA.116.302317
https://doi.org/10.1161/01.cir.93.4.704
https://doi.org/10.1161/01.cir.93.4.704
https://doi.org/10.1002/ejhf.942
https://doi.org/10.1002/ejhf.942
https://doi.org/10.1038/s41569-019-0315-x
https://doi.org/10.1038/s41569-019-0315-x
https://doi.org/10.1038/s41569-019-0315-x
https://doi.org/10.1038/nature07201
https://doi.org/10.1038/nature07201
https://doi.org/10.1152/ajpregu.00188.2020
https://doi.org/10.1152/ajpregu.00188.2020
https://doi.org/10.15698/cst2019.08.194
https://doi.org/10.15698/cst2019.08.194
https://doi.org/10.1093/cvr/cvaa137
https://doi.org/10.1093/cvr/cvaa137
https://doi.org/10.1016/j.immuni.2015.08.023
https://doi.org/10.1016/j.immuni.2015.08.023
https://doi.org/10.1016/j.cmet.2018.12.004
https://doi.org/10.1016/j.cmet.2018.12.004
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1084/jem.20110278
https://doi.org/10.1016/j.yjmcc.2019.08.002
https://doi.org/10.1016/j.yjmcc.2019.08.002
https://doi.org/10.1016/S0140-6736(17)32252-3
https://doi.org/10.1016/S0140-6736(17)32252-3
https://doi.org/10.1161/CIRCRESAHA.118.313352
https://doi.org/10.1161/CIRCRESAHA.118.313352
https://doi.org/10.1161/CIRCRESAHA.118.313352
https://doi.org/10.1001/jama.2015.17346
https://doi.org/10.1001/jama.2015.17346
https://doi.org/10.1161/CIRCHEARTFAILURE.122.010161
https://doi.org/10.1161/CIRCHEARTFAILURE.122.010161
https://doi.org/10.1161/CIRCHEARTFAILURE.122.010161
https://doi.org/10.1016/j.immuni.2023.01.024
https://doi.org/10.1016/j.immuni.2023.01.024
https://doi.org/10.1016/j.immuni.2023.01.024
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1038/s41569-020-00435-x
https://doi.org/10.1016/j.yjmcc.2010.12.021
https://doi.org/10.1016/j.yjmcc.2010.12.021
https://doi.org/10.1016/j.yjmcc.2010.12.021
https://doi.org/10.1016/j.yjmcc.2024.02.005
https://doi.org/10.1016/j.yjmcc.2024.02.005
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1161/CIRCHEARTFAILURE.116.003688
https://doi.org/10.1006/jmcc.2000.1261
https://doi.org/10.1006/jmcc.2000.1261
https://doi.org/10.1006/jmcc.2000.1261
https://doi.org/10.1002/ehf2.14293
https://doi.org/10.1002/ehf2.14293
https://doi.org/10.1186/s12872-020-01775-9
https://doi.org/10.1186/s12872-020-01775-9
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1161/CIRCULATIONAHA.118.034621
https://doi.org/10.1161/CIRCULATIONAHA.118.034621
https://doi.org/10.1161/CIRCULATIONAHA.118.034621
https://doi.org/10.1161/01.CIR.0000124490.27666.B2
https://doi.org/10.1161/01.CIR.0000124490.27666.B2
https://doi.org/10.1093/cvr/cvaa217
https://doi.org/10.1093/cvr/cvaa217
https://doi.org/10.1093/cvr/cvaa217
https://doi.org/10.1038/s41569-022-00679-9
https://doi.org/10.1038/s41569-022-00679-9
https://doi.org/10.1002/ejhf.2741
https://doi.org/10.1002/ejhf.2741
https://doi.org/10.2337/db08-1361
https://doi.org/10.2337/db08-1361
https://doi.org/10.2337/db08-1361
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1016/j.jacc.2013.02.092
https://doi.org/10.1016/j.cell.2017.12.013
https://doi.org/10.1016/j.cell.2017.12.013
https://doi.org/10.1161/01.res.68.6.1560
https://doi.org/10.1161/01.res.68.6.1560
https://doi.org/10.1126/science.1164680
https://doi.org/10.1126/science.1164680
https://doi.org/10.2459/JCM.0000000000000448
https://doi.org/10.2459/JCM.0000000000000448
https://doi.org/10.2459/JCM.0000000000000448


Immune activation and metabolism in HF 1715

81. Nymo SH, Hulthe J, Ueland T, McMurray J, Wikstrand J, Askevold ET, et al.
Inflammatory cytokines in chronic heart failure: Interleukin-8 is associated with
adverse outcome. Results from CORONA. Eur J Heart Fail 2014;16:68–75.
https://doi.org/10.1093/eurjhf/hft125

82. Walford RL. The immunologic theory of aging. Gerontologist 1964;4:195–197.
https://doi.org/10.1093/geront/4.4.195

83. Seeger T, Haffez F, Fischer A, Koehl U, Leistner DM, Seeger FH, et al.
Immunosenescence-associated microRNAs in age and heart failure. Eur J Heart
Fail 2013;15:385–393. https://doi.org/10.1093/eurjhf/hfs184

84. Franceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E,
et al. Inflamm-aging. An evolutionary perspective on immunosenescence.
Ann N Y Acad Sci 2000;908:244–254. https://doi.org/10.1111/j.1749-6632.2000
.tb06651.x

85. Barcena ML, Aslam M, Pozdniakova S, Norman K, Ladilov Y. Cardiovascu-
lar inflammaging: Mechanisms and translational aspects. Cells 2022;11:1010.
https://doi.org/10.3390/cells11061010

86. Bakula D, Scheibye-Knudsen M. MitophAging: Mitophagy in aging and disease.
Front Cell Dev Biol 2020;8:239. https://doi.org/10.3389/fcell.2020.00239

87. Chen G, Kroemer G, Kepp O. Mitophagy: An emerging role in aging and
age-associated diseases. Front Cell Dev Biol 2020;8:200. https://doi.org/10.3389
/fcell.2020.00200

88. Harman D. Aging: A theory based on free radical and radiation chemistry.
J Gerontol 1956;11:298–300. https://doi.org/10.1093/geronj/11.3.298

89. Pinti M, Cevenini E, Nasi M, De Biasi S, Salvioli S, Monti D, et al. Circulating
mitochondrial DNA increases with age and is a familiar trait: Implications for
“inflamm-aging”. Eur J Immunol 2014;44:1552–1562. https://doi.org/10.1002/eji
.201343921

90. Dela Cruz CS, Kang MJ. Mitochondrial dysfunction and damage associated
molecular patterns (DAMPs) in chronic inflammatory diseases. Mitochondrion
2018;41:37–44. https://doi.org/10.1016/j.mito.2017.12.001

91. Lu L, Guo J, Hua Y, Huang K, Magaye R, Cornell J, et al. Cardiac fibrosis
in the ageing heart: Contributors and mechanisms. Clin Exp Pharmacol Physiol
2017;44:55–63. https://doi.org/10.1111/1440-1681.12753

92. Madonna R, Doria V, Minnucci I, Pucci A, Pierdomenico DS, De Cate-
rina R. Empagliflozin reduces the senescence of cardiac stromal cells and
improves cardiac function in a murine model of diabetes. J Cell Mol Med
2020;24:12331–12340. https://doi.org/10.1111/jcmm.15699

93. Kulkarni AS, Gubbi S, Barzilai N. Benefits of metformin in attenuating the
hallmarks of aging. Cell Metab 2020;32:15–30. https://doi.org/10.1016/j.cmet
.2020.04.001

94. Park SJ, Ahmad F, Philp A, Baar K, Williams T, Luo H, et al. Resveratrol
ameliorates aging-related metabolic phenotypes by inhibiting cAMP phospho-
diesterases. Cell 2012;148:421–433. https://doi.org/10.1016/j.cell.2012.01.017

95. Ochoa JJ, Quiles JL, Huertas JR, Mataix J. Coenzyme Q10 protects from
aging-related oxidative stress and improves mitochondrial function in heart of
rats fed a polyunsaturated fatty acid (PUFA)-rich diet. J Gerontol A Biol Sci Med
Sci 2005;60:970–975. https://doi.org/10.1093/gerona/60.8.970

96. Nilsson MI, Bourgeois JM, Nederveen JP, Leite MR, Hettinga BP, Bujak AL, et al.
Lifelong aerobic exercise protects against inflammaging and cancer. PLoS One
2019;14:e0210863. https://doi.org/10.1371/journal.pone.0210863

97. Bautmans I, Salimans L, Njemini R, Beyer I, Lieten S, Liberman K. The effects of
exercise interventions on the inflammatory profile of older adults: A systematic
review of the recent literature. Exp Gerontol 2021;146:111236. https://doi.org
/10.1016/j.exger.2021.111236

98. Jaiswal S, Fontanillas P, Flannick J, Manning A, Grauman PV, Mar BG, et al.
Age-related clonal hematopoiesis associated with adverse outcomes. N Engl
J Med 2014;371:2488–2498. https://doi.org/10.1056/NEJMoa1408617

99. Wang Y, Sano S, Yura Y, Ke Z, Sano M, Oshima K, et al. Tet2-mediated clonal
hematopoiesis in nonconditioned mice accelerates age-associated cardiac dys-
function. JCI Insight 2020;5:e135204. https://doi.org/10.1172/jci.insight.135204

100. Schiattarella GG, Alcaide P, Condorelli G, Gillette TG, Heymans S, Jones EAV,
et al. Immunometabolic mechanisms of heart failure with preserved ejection
fraction. Nat Cardiovasc Res 2022;1:211–222. https://doi.org/10.1038/s44161

-022-00032-w
101. Karlsson T, Rask-Andersen M, Pan G, Hoglund J, Wadelius C, Ek WE, et al.

Contribution of genetics to visceral adiposity and its relation to cardiovascular
and metabolic disease. Nat Med 2019;25:1390–1395. https://doi.org/10.1038
/s41591-019-0563-7

102. Powell-Wiley TM, Poirier P, Burke LE, Despres JP, Gordon-Larsen P, Lavie CJ,
et al.; American Heart Association Council on Lifestyle and Cardiometabolic
Health; Council on Cardiovascular and Stroke Nursing; Council on Clinical
Cardiology; Council on Epidemiology and Prevention; and Stroke Council.
Obesity and cardiovascular disease: A scientific statement from the American
Heart Association. Circulation 2021;143:e984–e1010. https://doi.org/10.1161

/CIR.0000000000000973 ..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. 103. Oikonomou EK, Antoniades C. The role of adipose tissue in cardiovascular

health and disease. Nat Rev Cardiol 2019;16:83–99. https://doi.org/10.1038
/s41569-018-0097-6

104. Hotamisligil GS. Foundations of immunometabolism and implications for
metabolic health and disease. Immunity 2017;47:406–420. https://doi.org/10
.1016/j.immuni.2017.08.009

105. Osborn O, Olefsky JM. The cellular and signaling networks linking the immune
system and metabolism in disease. Nat Med 2012;18:363–374. https://doi.org
/10.1038/nm.2627

106. McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic disease. Immu-
nity 2014;41:36–48. https://doi.org/10.1016/j.immuni.2014.05.010

107. Saltiel AR, Olefsky JM. Inflammatory mechanisms linking obesity and metabolic
disease. J Clin Invest 2017;127:1–4. https://doi.org/10.1172/JCI92035

108. Packer M. Epicardial adipose tissue may mediate deleterious effects of obesity
and inflammation on the myocardium. J Am Coll Cardiol 2018;71:2360–2372.
https://doi.org/10.1016/j.jacc.2018.03.509

109. D’Amario D, Laborante R, Bianchini E, Ciliberti G, Paglianiti DA, Galli M, et al.
Impact of coronary microvascular dysfunction in heart failure with preserved
ejection fraction: A meta-analysis. ESC Heart Fail 2024;11:2063–2075. https://doi
.org/10.1002/ehf2.14626

110. Michaelsson E, Lund LH, Hage C, Shah SJ, Voors AA, Saraste A, et al. Myeloper-
oxidase inhibition reverses biomarker profiles associated with clinical outcomes
in HFpEF. JACC Heart Fail 2023;11:775–787. https://doi.org/10.1016/j.jchf.2023
.03.002

111. Venkateshvaran A, Faxen UL, Hage C, Michaelsson E, Svedlund S, Saraste A,
et al. Association of epicardial adipose tissue with proteomics, coronary flow
reserve, cardiac structure and function, and quality of life in heart failure with
preserved ejection fraction: Insights from the PROMIS-HFpEF study. Eur J Heart
Fail 2022;24:2251–2260. https://doi.org/10.1002/ejhf.2709

112. Sanders-van Wijk S, Tromp J, Beussink-Nelson L, Hage C, Svedlund S, Saraste A,
et al. Proteomic evaluation of the comorbidity-inflammation paradigm in heart
failure with preserved ejection fraction: Results from the PROMIS-HFpEF study.
Circulation 2020;142:2029–2044. https://doi.org/10.1161/CIRCULATIONAHA
.120.045810

113. Shah SJ, Lam CSP, Svedlund S, Saraste A, Hage C, Tan RS, et al. Prevalence and
correlates of coronary microvascular dysfunction in heart failure with preserved
ejection fraction: PROMIS-HFpEF. Eur Heart J 2018;39:3439–3450. https://doi
.org/10.1093/eurheartj/ehy531

114. Harmancey R, Wilson CR, Taegtmeyer H. Adaptation and maladaptation of
the heart in obesity. Hypertension 2008;52:181–187. https://doi.org/10.1161

/HYPERTENSIONAHA.108.110031

115. Mathias S, Pena LA, Kolesnick RN. Signal transduction of stress via ceramide.
Biochem J 1998;335:465–480. https://doi.org/10.1042/bj3350465

116. Virtue S, Vidal-Puig A. Adipose tissue expandability, lipotoxicity and the
metabolic syndrome – an allostatic perspective. Biochim Biophys Acta
2010;1801:338–349. https://doi.org/10.1016/j.bbalip.2009.12.006

117. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et al.; ESC
Scientific Document Group. 2019 ESC Guidelines on diabetes, pre-diabetes, and
cardiovascular diseases developed in collaboration with the EASD. Eur Heart J
2020;41:255–323. https://doi.org/10.1093/eurheartj/ehz486

118. Phang RJ, Ritchie RH, Hausenloy DJ, Lees JG, Lim SY. Cellular interplay between
cardiomyocytes and non-myocytes in diabetic cardiomyopathy. Cardiovasc Res
2023;119:668–690. https://doi.org/10.1093/cvr/cvac049

119. Seferovic PM, Paulus WJ. Clinical diabetic cardiomyopathy: A two-faced disease
with restrictive and dilated phenotypes. Eur Heart J 2015;36:1718–1727.
https://doi.org/10.1093/eurheartj/ehv134

120. Aon MA, Tocchetti CG, Bhatt N, Paolocci N, Cortassa S. Protective mech-
anisms of mitochondria and heart function in diabetes. Antioxid Redox Signal
2015;22:1563–1586. https://doi.org/10.1089/ars.2014.6123

121. Marwick TH, Ritchie R, Shaw JE, Kaye D. Implications of underlying mechanisms
for the recognition and management of diabetic cardiomyopathy. J Am Coll Cardiol
2018;71:339–351. https://doi.org/10.1016/j.jacc.2017.11.019

122. Tan Y, Zhang Z, Zheng C, Wintergerst KA, Keller BB, Cai L. Mechanisms of
diabetic cardiomyopathy and potential therapeutic strategies: Preclinical and
clinical evidence. Nat Rev Cardiol 2020;17:585–607. https://doi.org/10.1038
/s41569-020-0339-2

123. Borghetti G, von Lewinski D, Eaton DM, Sourij H, Houser SR, Wallner M. Dia-
betic cardiomyopathy: Current and future therapies. Beyond glycemic control.
Front Physiol 2018;9:1514. https://doi.org/10.3389/fphys.2018.01514

124. Rao X, Zhong J, Sun Q. The heterogenic properties of monocytes/macrophages
and neutrophils in inflammatory response in diabetes. Life Sci 2014;116:59–66.
https://doi.org/10.1016/j.lfs.2014.09.015

125. Zeng C, Shi X, Zhang B, Liu H, Zhang L, Ding W, et al. The imbalance of
Th17/Th1/Tregs in patients with type 2 diabetes: Relationship with metabolic

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1093/eurjhf/hft125
https://doi.org/10.1093/eurjhf/hft125
https://doi.org/10.1093/geront/4.4.195
https://doi.org/10.1093/geront/4.4.195
https://doi.org/10.1093/eurjhf/hfs184
https://doi.org/10.1093/eurjhf/hfs184
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.3390/cells11061010
https://doi.org/10.3390/cells11061010
https://doi.org/10.3389/fcell.2020.00239
https://doi.org/10.3389/fcell.2020.00239
https://doi.org/10.3389/fcell.2020.00200
https://doi.org/10.3389/fcell.2020.00200
https://doi.org/10.3389/fcell.2020.00200
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1093/geronj/11.3.298
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1002/eji.201343921
https://doi.org/10.1016/j.mito.2017.12.001
https://doi.org/10.1016/j.mito.2017.12.001
https://doi.org/10.1111/1440-1681.12753
https://doi.org/10.1111/1440-1681.12753
https://doi.org/10.1111/jcmm.15699
https://doi.org/10.1111/jcmm.15699
https://doi.org/10.1016/j.cmet.2020.04.001
https://doi.org/10.1016/j.cmet.2020.04.001
https://doi.org/10.1016/j.cmet.2020.04.001
https://doi.org/10.1016/j.cell.2012.01.017
https://doi.org/10.1016/j.cell.2012.01.017
https://doi.org/10.1093/gerona/60.8.970
https://doi.org/10.1093/gerona/60.8.970
https://doi.org/10.1371/journal.pone.0210863
https://doi.org/10.1371/journal.pone.0210863
https://doi.org/10.1016/j.exger.2021.111236
https://doi.org/10.1016/j.exger.2021.111236
https://doi.org/10.1016/j.exger.2021.111236
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1172/jci.insight.135204
https://doi.org/10.1172/jci.insight.135204
https://doi.org/10.1038/s44161-022-00032-w
https://doi.org/10.1038/s44161-022-00032-w
https://doi.org/10.1038/s44161-022-00032-w
https://doi.org/10.1038/s41591-019-0563-7
https://doi.org/10.1038/s41591-019-0563-7
https://doi.org/10.1038/s41591-019-0563-7
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1161/CIR.0000000000000973
https://doi.org/10.1038/s41569-018-0097-6
https://doi.org/10.1038/s41569-018-0097-6
https://doi.org/10.1038/s41569-018-0097-6
https://doi.org/10.1016/j.immuni.2017.08.009
https://doi.org/10.1016/j.immuni.2017.08.009
https://doi.org/10.1016/j.immuni.2017.08.009
https://doi.org/10.1038/nm.2627
https://doi.org/10.1038/nm.2627
https://doi.org/10.1038/nm.2627
https://doi.org/10.1016/j.immuni.2014.05.010
https://doi.org/10.1016/j.immuni.2014.05.010
https://doi.org/10.1172/JCI92035
https://doi.org/10.1172/JCI92035
https://doi.org/10.1016/j.jacc.2018.03.509
https://doi.org/10.1016/j.jacc.2018.03.509
https://doi.org/10.1002/ehf2.14626
https://doi.org/10.1002/ehf2.14626
https://doi.org/10.1002/ehf2.14626
https://doi.org/10.1016/j.jchf.2023.03.002
https://doi.org/10.1016/j.jchf.2023.03.002
https://doi.org/10.1016/j.jchf.2023.03.002
https://doi.org/10.1002/ejhf.2709
https://doi.org/10.1002/ejhf.2709
https://doi.org/10.1161/CIRCULATIONAHA.120.045810
https://doi.org/10.1161/CIRCULATIONAHA.120.045810
https://doi.org/10.1161/CIRCULATIONAHA.120.045810
https://doi.org/10.1093/eurheartj/ehy531
https://doi.org/10.1093/eurheartj/ehy531
https://doi.org/10.1093/eurheartj/ehy531
https://doi.org/10.1161/HYPERTENSIONAHA.108.110031
https://doi.org/10.1161/HYPERTENSIONAHA.108.110031
https://doi.org/10.1161/HYPERTENSIONAHA.108.110031
https://doi.org/10.1042/bj3350465
https://doi.org/10.1042/bj3350465
https://doi.org/10.1016/j.bbalip.2009.12.006
https://doi.org/10.1016/j.bbalip.2009.12.006
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1093/eurheartj/ehz486
https://doi.org/10.1093/cvr/cvac049
https://doi.org/10.1093/cvr/cvac049
https://doi.org/10.1093/eurheartj/ehv134
https://doi.org/10.1093/eurheartj/ehv134
https://doi.org/10.1089/ars.2014.6123
https://doi.org/10.1089/ars.2014.6123
https://doi.org/10.1016/j.jacc.2017.11.019
https://doi.org/10.1016/j.jacc.2017.11.019
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.3389/fphys.2018.01514
https://doi.org/10.3389/fphys.2018.01514
https://doi.org/10.1016/j.lfs.2014.09.015
https://doi.org/10.1016/j.lfs.2014.09.015


1716 F. Gabriele et al.

factors and complications. J Mol Med (Berl) 2012;90:175–186. https://doi.org
/10.1007/s00109-011-0816-5

126. Nevers T, Salvador AM, Grodecki-Pena A, Knapp A, Velazquez F, Aronovitz M,
et al. Left ventricular T-cell recruitment contributes to the pathogenesis
of heart failure. Circ Heart Fail 2015;8:776–787. https://doi.org/10.1161

/CIRCHEARTFAILURE.115.002225
127. Frati G, Schirone L, Chimenti I, Yee D, Biondi-Zoccai G, Volpe M, et al.

An overview of the inflammatory signalling mechanisms in the myocardium
underlying the development of diabetic cardiomyopathy. Cardiovasc Res
2017;113:378–388. https://doi.org/10.1093/cvr/cvx011

128. Li J, Wang L, Wang S, Zhu H, Ye P, Xie A, et al. The Treg/Th17 imbal-
ance in patients with idiopathic dilated cardiomyopathy. Scand J Immunol
2010;71:298–303. https://doi.org/10.1111/j.1365-3083.2010.02374.x

129. Triposkiadis F, Xanthopoulos A, Bargiota A, Kitai T, Katsiki N, Farmakis D, et al.
Diabetes mellitus and heart failure. J Clin Med 2021;10:3682. https://doi.org/10
.3390/jcm10163682

130. Sousa GR, Pober D, Galderisi A, Lv H, Yu L, Pereira AC, et al. Glycemic
control, cardiac autoimmunity, and long-term risk of cardiovascular disease in
type 1 diabetes mellitus. Circulation 2019;139:730–743. https://doi.org/10.1161

/CIRCULATIONAHA.118.036068
131. Van Linthout S, Tschope C. Inflammation – cause or consequence of heart

failure or both? Curr Heart Fail Rep 2017;14:251–265. https://doi.org/10.1007
/s11897-017-0337-9

132. Sandek A, Bauditz J, Swidsinski A, Buhner S, Weber-Eibel J, von Haehling S, et al.
Altered intestinal function in patients with chronic heart failure. J Am Coll Cardiol
2007;50:1561–1569. https://doi.org/10.1016/j.jacc.2007.07.016

133. Tilg H, Zmora N, Adolph TE, Elinav E. The intestinal microbiota fuelling
metabolic inflammation. Nat Rev Immunol 2020;20:40–54. https://doi.org/10
.1038/s41577-019-0198-4

134. Nagatomo Y, Tang WH. Intersections between microbiome and heart failure:
Revisiting the gut hypothesis. J Card Fail 2015;21:973–980. https://doi.org/10
.1016/j.cardfail.2015.09.017

135. Tang WH, Wang Z, Fan Y, Levison B, Hazen JE, Donahue LM, et al. Prog-
nostic value of elevated levels of intestinal microbe-generated metabolite
trimethylamine-N-oxide in patients with heart failure: Refining the gut hypoth-
esis. J Am Coll Cardiol 2014;64:1908–1914. https://doi.org/10.1016/j.jacc.2014
.02.617

136. Krack A, Richartz BM, Gastmann A, Greim K, Lotze U, Anker SD, et al. Studies
on intragastric PCO2 at rest and during exercise as a marker of intestinal
perfusion in patients with chronic heart failure. Eur J Heart Fail 2004;6:403–407.
https://doi.org/10.1016/j.ejheart.2004.03.002

137. Pasini E, Aquilani R, Testa C, Baiardi P, Angioletti S, Boschi F, et al. Pathogenic
gut flora in patients with chronic heart failure. JACC Heart Fail 2016;4:220–227.
https://doi.org/10.1016/j.jchf.2015.10.009

138. Chioncel O, Ambrosy AP. Trimethylamine N-oxide and risk of heart failure
progression: Marker or mediator of disease. Eur J Heart Fail 2019;21:887–890.
https://doi.org/10.1002/ejhf.1409

139. Zheng D, Liwinski T, Elinav E. Interaction between microbiota and immunity in
health and disease. Cell Res 2020;30:492–506. https://doi.org/10.1038/s41422
-020-0332-7

140. Wilck N, Matus MG, Kearney SM, Olesen SW, Forslund K, Bartolomaeus H,
et al. Salt-responsive gut commensal modulates TH17 axis and disease. Nature
2017;551:585–589. https://doi.org/10.1038/nature24628

141. Agus A, Denizot J, Thevenot J, Martinez-Medina M, Massier S, Sauvanet P, et al.
Western diet induces a shift in microbiota composition enhancing suscepti-
bility to adherent-invasive E. coli infection and intestinal inflammation. Sci Rep
2016;6:19032. https://doi.org/10.1038/srep19032

142. Madan S, Mehra MR. Gut dysbiosis and heart failure: Navigating the universe
within. Eur J Heart Fail 2020;22:629–637. https://doi.org/10.1002/ejhf.1792

143. Virtue AT, McCright SJ, Wright JM, Jimenez MT, Mowel WK, Kotzin JJ, et al.
The gut microbiota regulates white adipose tissue inflammation and obesity via a
family of microRNAs. Sci Transl Med 2019;11:eaav1892. https://doi.org/10.1126
/scitranslmed.aav1892

144. Ganesh N, van der Vorst EPC, Spiesshofer J, He S, Burgmaier M, Findeisen H,
et al. Gut immune cells – a novel therapeutical target for cardiovascular disease?
Front Cardiovasc Med 2022;9:943214. https://doi.org/10.3389/fcvm.2022.943214

145. Parker CM, Cepek KL, Russell GJ, Shaw SK, Posnett DN, Schwarting R, et al.
A family of beta 7 integrins on human mucosal lymphocytes. Proc Natl Acad Sci
U S A 1992;89:1924–1928. https://doi.org/10.1073/pnas.89.5.1924

146. He S, Kahles F, Rattik S, Nairz M, McAlpine CS, Anzai A, et al. Gut intraepithelial
T cells calibrate metabolism and accelerate cardiovascular disease. Nature
2019;566:115–119. https://doi.org/10.1038/s41586-018-0849-9

147. Hattori A, Kawamura I, Yamada Y, Kanamori H, Aoyama T, Ushikoshi H,
et al. Elevated plasma GLP-1 levels and enhanced expression of cardiac GLP-1 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. receptors as markers of left ventricular systolic dysfunction: A cross-sectional
study. BMJ Open 2013;3:e003201. https://doi.org/10.1136/bmjopen-2013
-003201

148. Ussher JR, Drucker DJ. Glucagon-like peptide 1 receptor agonists: Cardiovas-
cular benefits and mechanisms of action. Nat Rev Cardiol 2023;20:463–474.
https://doi.org/10.1038/s41569-023-00849-3

149. Sattar N, Lee MMY, Kristensen SL, Branch KRH, Del Prato S, Khurmi NS, et al.
Cardiovascular, mortality, and kidney outcomes with GLP-1 receptor agonists
in patients with type 2 diabetes: A systematic review and meta-analysis of
randomised trials. Lancet Diabetes Endocrinol 2021;9:653–662. https://doi.org/10
.1016/S2213-8587(21)00203-5

150. Kosiborod MN, Abildstrom SZ, Borlaug BA, Butler J, Rasmussen S, Davies M,
et al.; STEP-HFpEF Trial Committees and Investigators. Semaglutide in patients
with heart failure with preserved ejection fraction and obesity. N Engl J Med
2023;389:1069–1084. https://doi.org/10.1056/NEJMoa2306963

151. Kosiborod MN, Petrie MC, Borlaug BA, Butler J, Davies MJ, Hovingh GK,
et al.; STEP-HFpEF DM Trial Committees and Investigators. Semaglutide in
patients with obesity-related heart failure and type 2 diabetes. N Engl J Med
2024;390:1394–1407. https://doi.org/10.1056/NEJMoa2313917

152. Butler J, Shah SJ, Petrie MC, Borlaug BA, Abildstrom SZ, Davies MJ, et al.;
STEP-HFpEF Trial Committees and Investigators. Semaglutide versus placebo
in people with obesity-related heart failure with preserved ejection fraction:
A pooled analysis of the STEP-HFpEF and STEP-HFpEF DM randomised trials.
Lancet 2024;403:1635–1648. https://doi.org/10.1016/S0140-6736(24)00469-0

153. Gil-Cruz C, Perez-Shibayama C, De Martin A, Ronchi F, van der Borght K,
Niederer R, et al. Microbiota-derived peptide mimics drive lethal inflam-
matory cardiomyopathy. Science 2019;366:881–886. https://doi.org/10.1126
/science.aav3487

154. Rosano GMC, Stolfo D, Anderson L, Abdelhamid M, Adamo M, Bauersachs J,
et al. Differences in presentation, diagnosis and management of heart failure in
women. A scientific statement of the Heart Failure Association of the ESC. Eur
J Heart Fail 2024;26:1669–1686. https://doi.org/10.1002/ejhf.3284

155. Packer M, Lam CSP, Lund LH, Maurer MS, Borlaug BA. Characterization of the
inflammatory-metabolic phenotype of heart failure with a preserved ejection
fraction: A hypothesis to explain influence of sex on the evolution and potential
treatment of the disease. Eur J Heart Fail 2020;22:1551–1567. https://doi.org
/10.1002/ejhf.1902

156. Murphy E. Estrogen signaling and cardiovascular disease. Circ Res
2011;109:687–696. https://doi.org/10.1161/CIRCRESAHA.110.236687

157. Tamis-Holland JE. Sex and outcomes after percutaneous coronary intervention:
A cause for concern for young women and those with ST-segment elevation
myocardial infarction? J Am Heart Assoc 2017;6:e005739. https://doi.org/10.1161

/JAHA.117.005739
158. Sickinghe AA, Korporaal SJA, den Ruijter HM, Kessler EL. Estrogen contribu-

tions to microvascular dysfunction evolving to heart failure with preserved ejec-
tion fraction. Front Endocrinol (Lausanne) 2019;10:442. https://doi.org/10.3389
/fendo.2019.00442

159. Lau ES, Paniagua SM, Guseh JS, Bhambhani V, Zanni MV, Courchesne P, et al. Sex
differences in circulating biomarkers of cardiovascular disease. J Am Coll Cardiol
2019;74:1543–1553. https://doi.org/10.1016/j.jacc.2019.06.077

160. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev Immunol
2016;16:626–638. https://doi.org/10.1038/nri.2016.90

161. Pelliccia F, Kaski JC, Crea F, Camici PG. Pathophysiology of Takot-
subo syndrome. Circulation 2017;135:2426–2441. https://doi.org/10.1161

/CIRCULATIONAHA.116.027121

162. Bauersachs J, Konig T, van der Meer P, Petrie MC, Hilfiker-Kleiner D, Mbak-
wem A, et al. Pathophysiology, diagnosis and management of peripartum car-
diomyopathy: A position statement from the Heart Failure Association of the
European Society of Cardiology Study Group on peripartum cardiomyopathy.
Eur J Heart Fail 2019;21:827–843. https://doi.org/10.1002/ejhf.1493

163. Fliegner D, Schubert C, Penkalla A, Witt H, Kararigas G, Dworatzek E,
et al. Female sex and estrogen receptor-beta attenuate cardiac remodeling
and apoptosis in pressure overload. Am J Physiol Regul Integr Comp Physiol
2010;298:R1597–R1606. https://doi.org/10.1152/ajpregu.00825.2009

164. Regitz-Zagrosek V. Sex and gender differences in heart failure. Int J Heart Fail
2020;2:157–181. https://doi.org/10.36628/ijhf.2020.0004

165. Kararigas G, Dworatzek E, Petrov G, Summer H, Schulze TM, Baczko I, et al.
Sex-dependent regulation of fibrosis and inflammation in human left ventricular
remodelling under pressure overload. Eur J Heart Fail 2014;16:1160–1167.
https://doi.org/10.1002/ejhf.171

166. Chen JQ, Eshete M, Alworth WL, Yager JD. Binding of MCF-7 cell mito-
chondrial proteins and recombinant human estrogen receptors alpha and beta
to human mitochondrial DNA estrogen response elements. J Cell Biochem
2004;93:358–373. https://doi.org/10.1002/jcb.20178

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1007/s00109-011-0816-5
https://doi.org/10.1007/s00109-011-0816-5
https://doi.org/10.1007/s00109-011-0816-5
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002225
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002225
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002225
https://doi.org/10.1093/cvr/cvx011
https://doi.org/10.1093/cvr/cvx011
https://doi.org/10.1111/j.1365-3083.2010.02374.x
https://doi.org/10.1111/j.1365-3083.2010.02374.x
https://doi.org/10.3390/jcm10163682
https://doi.org/10.3390/jcm10163682
https://doi.org/10.3390/jcm10163682
https://doi.org/10.1161/CIRCULATIONAHA.118.036068
https://doi.org/10.1161/CIRCULATIONAHA.118.036068
https://doi.org/10.1161/CIRCULATIONAHA.118.036068
https://doi.org/10.1007/s11897-017-0337-9
https://doi.org/10.1007/s11897-017-0337-9
https://doi.org/10.1007/s11897-017-0337-9
https://doi.org/10.1016/j.jacc.2007.07.016
https://doi.org/10.1016/j.jacc.2007.07.016
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1038/s41577-019-0198-4
https://doi.org/10.1016/j.cardfail.2015.09.017
https://doi.org/10.1016/j.cardfail.2015.09.017
https://doi.org/10.1016/j.cardfail.2015.09.017
https://doi.org/10.1016/j.jacc.2014.02.617
https://doi.org/10.1016/j.jacc.2014.02.617
https://doi.org/10.1016/j.jacc.2014.02.617
https://doi.org/10.1016/j.ejheart.2004.03.002
https://doi.org/10.1016/j.ejheart.2004.03.002
https://doi.org/10.1016/j.jchf.2015.10.009
https://doi.org/10.1016/j.jchf.2015.10.009
https://doi.org/10.1002/ejhf.1409
https://doi.org/10.1002/ejhf.1409
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/s41422-020-0332-7
https://doi.org/10.1038/nature24628
https://doi.org/10.1038/nature24628
https://doi.org/10.1038/srep19032
https://doi.org/10.1038/srep19032
https://doi.org/10.1002/ejhf.1792
https://doi.org/10.1002/ejhf.1792
https://doi.org/10.1126/scitranslmed.aav1892
https://doi.org/10.1126/scitranslmed.aav1892
https://doi.org/10.1126/scitranslmed.aav1892
https://doi.org/10.3389/fcvm.2022.943214
https://doi.org/10.3389/fcvm.2022.943214
https://doi.org/10.1073/pnas.89.5.1924
https://doi.org/10.1073/pnas.89.5.1924
https://doi.org/10.1038/s41586-018-0849-9
https://doi.org/10.1038/s41586-018-0849-9
https://doi.org/10.1136/bmjopen-2013-003201
https://doi.org/10.1136/bmjopen-2013-003201
https://doi.org/10.1136/bmjopen-2013-003201
https://doi.org/10.1038/s41569-023-00849-3
https://doi.org/10.1038/s41569-023-00849-3
https://doi.org/10.1016/S2213-8587(21)00203-5
https://doi.org/10.1016/S2213-8587(21)00203-5
https://doi.org/10.1016/S2213-8587(21)00203-5
https://doi.org/10.1056/NEJMoa2306963
https://doi.org/10.1056/NEJMoa2306963
https://doi.org/10.1056/NEJMoa2313917
https://doi.org/10.1056/NEJMoa2313917
https://doi.org/10.1016/S0140-6736(24)00469-0
https://doi.org/10.1016/S0140-6736(24)00469-0
https://doi.org/10.1126/science.aav3487
https://doi.org/10.1126/science.aav3487
https://doi.org/10.1126/science.aav3487
https://doi.org/10.1002/ejhf.3284
https://doi.org/10.1002/ejhf.3284
https://doi.org/10.1002/ejhf.1902
https://doi.org/10.1002/ejhf.1902
https://doi.org/10.1002/ejhf.1902
https://doi.org/10.1161/CIRCRESAHA.110.236687
https://doi.org/10.1161/CIRCRESAHA.110.236687
https://doi.org/10.1161/JAHA.117.005739
https://doi.org/10.1161/JAHA.117.005739
https://doi.org/10.1161/JAHA.117.005739
https://doi.org/10.3389/fendo.2019.00442
https://doi.org/10.3389/fendo.2019.00442
https://doi.org/10.3389/fendo.2019.00442
https://doi.org/10.1016/j.jacc.2019.06.077
https://doi.org/10.1016/j.jacc.2019.06.077
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1161/CIRCULATIONAHA.116.027121
https://doi.org/10.1002/ejhf.1493
https://doi.org/10.1002/ejhf.1493
https://doi.org/10.1152/ajpregu.00825.2009
https://doi.org/10.1152/ajpregu.00825.2009
https://doi.org/10.36628/ijhf.2020.0004
https://doi.org/10.36628/ijhf.2020.0004
https://doi.org/10.1002/ejhf.171
https://doi.org/10.1002/ejhf.171
https://doi.org/10.1002/jcb.20178
https://doi.org/10.1002/jcb.20178


Immune activation and metabolism in HF 1717

167. Rettberg JR, Yao J, Brinton RD. Estrogen: A master regulator of bioenergetic
systems in the brain and body. Front Neuroendocrinol 2014;35:8–30. https://doi
.org/10.1016/j.yfrne.2013.08.001

168. Miller VM, Duckles SP. Vascular actions of estrogens: Functional implications.
Pharmacol Rev 2008;60:210–241. https://doi.org/10.1124/pr.107.08002

169. Humes HD, Aaronson KD, Buffington DA, Sabbah HN, Westover AJ, Yessayan
LT, et al. Translation of immunomodulatory therapy to treat chronic heart failure:
Preclinical studies to first in human. PLoS One 2023;18:e0273138. https://doi.org
/10.1371/journal.pone.0273138

170. Palsson-McDermott EM, O’Neill LAJ. Targeting immunometabolism as an
anti-inflammatory strategy. Cell Res 2020;30:300–314. https://doi.org/10.1038
/s41422-020-0291-z

171. Fragasso G, Margonato A, Spoladore R, Lopaschuk GD. Metabolic effects of
cardiovascular drugs. Trends Cardiovasc Med 2019;29:176–187. https://doi.org
/10.1016/j.tcm.2018.08.001

172. Ridker PM, Rane M. Interleukin-6 signaling and anti-Interleukin-6 therapeutics in
cardiovascular disease. Circ Res 2021;128:1728–1746. https://doi.org/10.1161

/CIRCRESAHA.121.319077
173. Olsen MB, Gregersen I, Sandanger O, Yang K, Sokolova M, Halvorsen BE,

et al. Targeting the inflammasome in cardiovascular disease. JACC Basic Transl
Sci 2022;7:84–98. https://doi.org/10.1016/j.jacbts.2021.08.006

174. Petrie M, Borlaug B, Buchholtz K, Ducharme A, Hvelplund A, Ping C, et al.
HERMES: Effects of ziltivekimab versus placebo on morbidity and mortality in
patients with heart failure with mildly reduced or preserved ejection fraction and
systemic inflammation. J Card Fail 2024;30:126. https://doi.org/10.1016/j.cardfail
.2023.10.024

175. Vasamsetti SB, Florentin J, Coppin E, Stiekema LCA, Zheng KH, Nisar MU, et al.
Sympathetic neuronal activation triggers myeloid progenitor proliferation and
differentiation. Immunity 2018;49:93–106.e7. https://doi.org/10.1016/j.immuni
.2018.05.004

176. Badoer E. Microglia: Activation in acute and chronic inflammatory states
and in response to cardiovascular dysfunction. Int J Biochem Cell Biol
2010;42:1580–1585. https://doi.org/10.1016/j.biocel.2010.07.005

177. Wang M, Pan W, Xu Y, Zhang J, Wan J, Jiang H. Microglia-mediated neuroinflam-
mation: A potential target for the treatment of cardiovascular diseases. J Inflamm
Res 2022;15:3083–3094. https://doi.org/10.2147/JIR.S350109

178. Day JL. The metabolic consequences of adrenergic blockade: A review.
Metabolism 1975;24:987–996. https://doi.org/10.1016/0026-0495(75)90090-6

179. Ahlborg G, Juhlin-Dannfelt A. Effect of beta-receptor blockade on splanchnic
and muscle metabolism during prolonged exercise in men. J Appl Physiol (1985)
1994;76:1037–1042. https://doi.org/10.1152/jappl.1994.76.3.1037

180. Mora-Rodriguez R, Hodgkinson BJ, Byerley LO, Coyle EF. Effects of
beta-adrenergic receptor stimulation and blockade on substrate metabolism
during submaximal exercise. Am J Physiol Endocrinol Metab 2001;280:E752–E760.
https://doi.org/10.1152/ajpendo.2001.280.5.E752

181. Wallhaus TR, Taylor M, DeGrado TR, Russell DC, Stanko P, Nickles RJ, et al.
Myocardial free fatty acid and glucose use after carvedilol treatment in patients
with congestive heart failure. Circulation 2001;103:2441–2446. https://doi.org
/10.1161/01.cir.103.20.2441

182. Bakris GL, Fonseca V, Katholi RE, McGill JB, Messerli FH, Phillips RA, et al.;
GEMINI Investigators. Metabolic effects of carvedilol vs metoprolol in patients
with type 2 diabetes mellitus and hypertension: A randomized controlled trial.
JAMA 2004;292:2227–2236. https://doi.org/10.1001/jama.292.18.2227

183. Nielsen TT, Bagger JP, Thomassen A. Improved myocardial lactate extraction
after propranolol in coronary artery disease: Effected by peripheral glutamate
and free fatty acid metabolism. Br Heart J 1986;55:140–147. https://doi.org/10
.1136/hrt.55.2.140

184. Pisarenko OI, Solomatina ES, Studneva IM, Ivanov VE, Kapelko VI, Smirnov VN.
Protective effect of glutamic acid on cardiac function and metabolism during
cardioplegia and reperfusion. Basic Res Cardiol 1983;78:534–543. https://doi.org
/10.1007/BF01906464

185. Spoladore R, Fragasso G, Perseghin G, De Cobelli F, Esposito A, Maranta F, et al.
Beneficial effects of beta-blockers on left ventricular function and cellular energy
reserve in patients with heart failure. Fundam Clin Pharmacol 2013;27:455–464.
https://doi.org/10.1111/j.1472-8206.2012.01029.x

186. Zderic TW, Schenk S, Davidson CJ, Byerley LO, Coyle EF. Manipulation
of dietary carbohydrate and muscle glycogen affects glucose uptake during
exercise when fat oxidation is impaired by beta-adrenergic blockade. Am J Phys-
iol Endocrinol Metab 2004;287:E1195–E1201. https://doi.org/10.1152/ajpendo
.00302.2004

187. Raptis S, Rosenthal J, Welzel D, Moulopoulos S. Effects of cardioselective
and non-cardioselective beta-blockade on adrenaline-induced metabolic and
cardiovascular responses in man. Eur J Clin Pharmacol 1981;20:17–22. https://doi
.org/10.1007/BF00554661 ..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. 188. Gruber-Olipitz M, Stevenson R, Olipitz W, Wagner E, Gesslbauer B, Kungl A,

et al. Transcriptional pattern analysis of adrenergic immunoregulation in mice.
Twelve hours norepinephrine treatment alters the expression of a set of
genes involved in monocyte activation and leukocyte trafficking. J Neuroimmunol
2004;155:136–142. https://doi.org/10.1016/j.jneuroim.2004.07.003

189. Ohtsuka T, Hamada M, Hiasa G, Sasaki O, Suzuki M, Hara Y, et al. Effect of
beta-blockers on circulating levels of inflammatory and anti-inflammatory
cytokines in patients with dilated cardiomyopathy. J Am Coll Cardiol
2001;37:412–417. https://doi.org/10.1016/s0735-1097(00)01121-9

190. Yang SP, Ho LJ, Cheng SM, Hsu YL, Tsao TP, Chang DM, et al. Carvedilol
differentially regulates cytokine production from activated human peripheral
blood mononuclear cells. Cardiovasc Drugs Ther 2004;18:183–188. https://doi
.org/10.1023/B:CARD.0000033638.37830.f7

191. Elenkov IJ, Wilder R, Chrousos G, Vizi E. The sympathetic nerve – an integrative
interface between two supersystems: The brain and the immune system. Phar-
macol Rev 2000;52:595–638. https://doi.org/10.1016/S0031-6997(24)01470-4

192. Alfieri AB, Briceno L, Fragasso G, Spoladore R, Palloshi A, Bassanelli G,
et al. Differential long-term effects of carvedilol on proinflammatory and
antiinflammatory cytokines, asymmetric dimethylarginine, and left ventricular
function in patients with heart failure. J Cardiovasc Pharmacol 2008;52:49–54.
https://doi.org/10.1097/FJC.0b013e31817e0edd

193. Pellieux C, Aasum E, Larsen TS, Montessuit C, Papageorgiou I, Pedrazzini T,
et al. Overexpression of angiotensinogen in the myocardium induces downreg-
ulation of the fatty acid oxidation pathway. J Mol Cell Cardiol 2006;41:459–466.
https://doi.org/10.1016/j.yjmcc.2006.06.004

194. Dai DF, Johnson S, Villarin J, Chin M, Nieves M, Chen T, et al. Mitochondrial
oxidative stress mediates angiotensin II-induced cardiac hypertrophy and Gαq
overexpression-induced heart failure. Circ Res 2011;108:837–846. https://doi
.org/10.1161/CIRCRESAHA.110.232306

195. Henriksen EJ, Jacob S. Modulation of metabolic control by angiotensin convert-
ing enzyme (ACE) inhibition. J Cell Physiol 2003;196:171–179. https://doi.org/10
.1002/jcp.10294

196. Dietze GJ, Henriksen EJ. Angiotensin-converting enzyme in skeletal muscle:
Sentinel of blood pressure control and glucose homeostasis. J Renin Angiotensin
Aldosterone Syst 2008;9:75–88. https://doi.org/10.3317/jraas.2008.011

197. Jin HM, Pan Y. Angiotensin type-1 receptor blockade with losartan increases
insulin sensitivity and improves glucose homeostasis in subjects with type 2 dia-
betes and nephropathy. Nephrol Dial Transplant 2007;22:1943–1949. https://doi
.org/10.1093/ndt/gfm049

198. Cabassi A, Coghi P, Govoni P, Barouhiel E, Speroni E, Cavazzini S, et al.
Sympathetic modulation by carvedilol and losartan reduces angiotensin
II-mediated lipolysis in subcutaneous and visceral fat. J Clin Endocrinol Metab
2005;90:2888–2897. https://doi.org/10.1210/jc.2004-1995

199. Fillmore N, Mori J, Lopaschuk GD. Mitochondrial fatty acid oxidation alterations
in heart failure, ischaemic heart disease and diabetic cardiomyopathy. Br J Phar-
macol 2014;171:2080–2090. https://doi.org/10.1111/bph.12475

200. Awad K, Zaki MM, Mohammed M, Lewek J, Lavie CJ, Banach M; Lipid and Blood
Pressure Meta-analysis Collaboration Group. Effect of the renin-angiotensin sys-
tem inhibitors on inflammatory markers: A systematic review and meta-analysis
of randomized controlled trials. Mayo Clin Proc 2022;97:1808–1823. https://doi
.org/10.1016/j.mayocp.2022.06.036

201. Oosthuizen D, Sturrock ED. Exploring the impact of ACE inhibition in immunity
and disease. J Renin Angiotensin Aldosterone Syst 2022;2022:9028969. https://doi
.org/10.1155/2022/9028969

202. Paradies G, Paradies V, De Benedictis V, Ruggiero FM, Petrosillo G. Func-
tional role of cardiolipin in mitochondrial bioenergetics. Biochim Biophys Acta
2014;1837:408–417. https://doi.org/10.1016/j.bbabio.2013.10.006

203. Bentinger M, Brismar K, Dallner G. The antioxidant role of coenzyme Q.
Mitochondrion 2007;7:S41–S50. https://doi.org/10.1016/j.mito.2007.02.006

204. Sharma A, Fonarow GC, Butler J, Ezekowitz JA, Felker GM. Coenzyme Q10
and heart failure: A state-of-the-art review. Circ Heart Fail 2016;9:e002639.
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002639

205. Folkers K, Vadhanavikit S, Mortensen SA. Biochemical rationale and myocardial
tissue data on the effective therapy of cardiomyopathy with coenzyme Q10. Proc
Natl Acad Sci U S A 1985;82:901–904. https://doi.org/10.1073/pnas.82.3.901

206. Molyneux SL, Florkowski CM, George PM, Pilbrow AP, Frampton CM, Lever M,
et al. Coenzyme Q10: An independent predictor of mortality in chronic heart
failure. J Am Coll Cardiol 2008;52:1435–1441. https://doi.org/10.1016/j.jacc.2008
.07.044

207. McMurray JJ, Dunselman P, Wedel H, Cleland JG, Lindberg M, Hjalmar-
son A, et al.; CORONA Study Group. Coenzyme Q10, rosuvastatin, and clin-
ical outcomes in heart failure: A pre-specified substudy of CORONA (con-
trolled rosuvastatin multinational study in heart failure). J Am Coll Cardiol
2010;56:1196–1204. https://doi.org/10.1016/j.jacc.2010.02.075

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1016/j.yfrne.2013.08.001
https://doi.org/10.1016/j.yfrne.2013.08.001
https://doi.org/10.1016/j.yfrne.2013.08.001
https://doi.org/10.1124/pr.107.08002
https://doi.org/10.1124/pr.107.08002
https://doi.org/10.1371/journal.pone.0273138
https://doi.org/10.1371/journal.pone.0273138
https://doi.org/10.1371/journal.pone.0273138
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1038/s41422-020-0291-z
https://doi.org/10.1016/j.tcm.2018.08.001
https://doi.org/10.1016/j.tcm.2018.08.001
https://doi.org/10.1016/j.tcm.2018.08.001
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.1161/CIRCRESAHA.121.319077
https://doi.org/10.1016/j.jacbts.2021.08.006
https://doi.org/10.1016/j.jacbts.2021.08.006
https://doi.org/10.1016/j.cardfail.2023.10.024
https://doi.org/10.1016/j.cardfail.2023.10.024
https://doi.org/10.1016/j.cardfail.2023.10.024
https://doi.org/10.1016/j.immuni.2018.05.004
https://doi.org/10.1016/j.immuni.2018.05.004
https://doi.org/10.1016/j.immuni.2018.05.004
https://doi.org/10.1016/j.biocel.2010.07.005
https://doi.org/10.1016/j.biocel.2010.07.005
https://doi.org/10.2147/JIR.S350109
https://doi.org/10.2147/JIR.S350109
https://doi.org/10.1016/0026-0495(75)90090-6
https://doi.org/10.1016/0026-0495(75)90090-6
https://doi.org/10.1152/jappl.1994.76.3.1037
https://doi.org/10.1152/jappl.1994.76.3.1037
https://doi.org/10.1152/ajpendo.2001.280.5.E752
https://doi.org/10.1152/ajpendo.2001.280.5.E752
https://doi.org/10.1161/01.cir.103.20.2441
https://doi.org/10.1161/01.cir.103.20.2441
https://doi.org/10.1161/01.cir.103.20.2441
https://doi.org/10.1001/jama.292.18.2227
https://doi.org/10.1001/jama.292.18.2227
https://doi.org/10.1136/hrt.55.2.140
https://doi.org/10.1136/hrt.55.2.140
https://doi.org/10.1136/hrt.55.2.140
https://doi.org/10.1007/BF01906464
https://doi.org/10.1007/BF01906464
https://doi.org/10.1007/BF01906464
https://doi.org/10.1111/j.1472-8206.2012.01029.x
https://doi.org/10.1111/j.1472-8206.2012.01029.x
https://doi.org/10.1152/ajpendo.00302.2004
https://doi.org/10.1152/ajpendo.00302.2004
https://doi.org/10.1152/ajpendo.00302.2004
https://doi.org/10.1007/BF00554661
https://doi.org/10.1007/BF00554661
https://doi.org/10.1007/BF00554661
https://doi.org/10.1016/j.jneuroim.2004.07.003
https://doi.org/10.1016/j.jneuroim.2004.07.003
https://doi.org/10.1016/s0735-1097(00)01121-9
https://doi.org/10.1016/s0735-1097(00)01121-9
https://doi.org/10.1023/B:CARD.0000033638.37830.f7
https://doi.org/10.1023/B:CARD.0000033638.37830.f7
https://doi.org/10.1023/B:CARD.0000033638.37830.f7
https://doi.org/10.1016/S0031-6997(24)01470-4
https://doi.org/10.1016/S0031-6997(24)01470-4
https://doi.org/10.1097/FJC.0b013e31817e0edd
https://doi.org/10.1097/FJC.0b013e31817e0edd
https://doi.org/10.1016/j.yjmcc.2006.06.004
https://doi.org/10.1016/j.yjmcc.2006.06.004
https://doi.org/10.1161/CIRCRESAHA.110.232306
https://doi.org/10.1161/CIRCRESAHA.110.232306
https://doi.org/10.1161/CIRCRESAHA.110.232306
https://doi.org/10.1002/jcp.10294
https://doi.org/10.1002/jcp.10294
https://doi.org/10.1002/jcp.10294
https://doi.org/10.3317/jraas.2008.011
https://doi.org/10.3317/jraas.2008.011
https://doi.org/10.1093/ndt/gfm049
https://doi.org/10.1093/ndt/gfm049
https://doi.org/10.1093/ndt/gfm049
https://doi.org/10.1210/jc.2004-1995
https://doi.org/10.1210/jc.2004-1995
https://doi.org/10.1111/bph.12475
https://doi.org/10.1111/bph.12475
https://doi.org/10.1016/j.mayocp.2022.06.036
https://doi.org/10.1016/j.mayocp.2022.06.036
https://doi.org/10.1016/j.mayocp.2022.06.036
https://doi.org/10.1155/2022/9028969
https://doi.org/10.1155/2022/9028969
https://doi.org/10.1155/2022/9028969
https://doi.org/10.1016/j.bbabio.2013.10.006
https://doi.org/10.1016/j.bbabio.2013.10.006
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1016/j.mito.2007.02.006
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002639
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002639
https://doi.org/10.1073/pnas.82.3.901
https://doi.org/10.1073/pnas.82.3.901
https://doi.org/10.1016/j.jacc.2008.07.044
https://doi.org/10.1016/j.jacc.2008.07.044
https://doi.org/10.1016/j.jacc.2008.07.044
https://doi.org/10.1016/j.jacc.2010.02.075
https://doi.org/10.1016/j.jacc.2010.02.075


1718 F. Gabriele et al.

208. Mortensen SA, Rosenfeldt F, Kumar A, Dolliner P, Filipiak KJ, Pella D, et al.;
Q-SYMBIO Study Investigators. The effect of coenzyme Q10 on morbidity
and mortality in chronic heart failure: Results from Q-SYMBIO: A randomized
double-blind trial. JACC Heart Fail 2014;2:641–649. https://doi.org/10.1016/j.jchf
.2014.06.008

209. Al Saadi T, Assaf Y, Farwati M, Turkmani K, Al-Mouakeh A, Shebli B, et al.
Coenzyme Q10 for heart failure. Cochrane Database Syst Rev 2021;2:CD008684.
https://doi.org/10.1002/14651858.CD008684.pub3

210. Kantor PF, Lucien A, Kozak R, Lopaschuk GD. The antianginal drug trimetazi-
dine shifts cardiac energy metabolism from fatty acid oxidation to glucose oxi-
dation by inhibiting mitochondrial long-chain 3-ketoacyl coenzyme a thiolase.
Circ Res 2000;86:580–588. https://doi.org/10.1161/01.res.86.5.580

211. Fragasso G, Perseghin G, De Cobelli F, Esposito A, Palloshi A, Lattuada G, et al.
Effects of metabolic modulation by trimetazidine on left ventricular function and
phosphocreatine/adenosine triphosphate ratio in patients with heart failure. Eur
Heart J 2006;27:942–948. https://doi.org/10.1093/eurheartj/ehi816

212. Fragasso G, Palloshi A, Puccetti P, Silipigni C, Rossodivita A, Pala M, et al.
A randomized clinical trial of trimetazidine, a partial free fatty acid oxidation
inhibitor, in patients with heart failure. J Am Coll Cardiol 2006;48:992–998.
https://doi.org/10.1016/j.jacc.2006.03.060

213. Monti LD, Setola E, Fragasso G, Camisasca RP, Lucotti P, Galluccio E, et al.
Metabolic and endothelial effects of trimetazidine on forearm skeletal mus-
cle in patients with type 2 diabetes and ischemic cardiomyopathy. Am J Phys-
iol Endocrinol Metab 2006;290:E54–E59. https://doi.org/10.1152/ajpendo.00083
.2005

214. Chen J, Lai J, Yang L, Ruan G, Chaugai S, Ning Q, et al. Trimetazidine prevents
macrophage-mediated septic myocardial dysfunction via activation of the histone
deacetylase sirtuin 1. Br J Pharmacol 2016;173:545–561. https://doi.org/10
.1111/bph.13386

215. Lenz M, Salzmann M, Ciotu CI, Kaun C, Krychtiuk KA, Rehberger Likozar A,
et al. Pharmacologic modulation of intracellular Na+ concentration
with ranolazine impacts inflammatory response in humans and mice. Proc
Natl Acad Sci U S A 2022;119:e2207020119. https://doi.org/10.1073/pnas
.2207020119

216. McCormack JG, Barr RL, Wolff AA, Lopaschuk GD. Ranolazine stimulates
glucose oxidation in normoxic, ischemic, and reperfused ischemic rat hearts.
Circulation 1996;93:135–142. https://doi.org/10.1161/01.cir.93.1.135

217. Antzelevitch C, Belardinelli L, Zygmunt AC, Burashnikov A, Di Diego JM, Fish
JM, et al. Electrophysiological effects of ranolazine, a novel antianginal agent
with antiarrhythmic properties. Circulation 2004;110:904–910. https://doi.org
/10.1161/01.CIR.0000139333.83620.5D

218. Spadaro O, Youm Y, Shchukina I, Ryu S, Sidorov S, Ravussin A, et al. Caloric
restriction in humans reveals immunometabolic regulators of health span.
Science 2022;375:671–677. https://doi.org/10.1126/science.abg7292

219. Niemann B, Chen Y, Issa H, Silber RE, Rohrbach S. Caloric restriction delays
cardiac ageing in rats: Role of mitochondria. Cardiovasc Res 2010;88:267–276.
https://doi.org/10.1093/cvr/cvq273

220. Niemann B, Li L, Simm A, Molenda N, Kockskamper J, Boening A, et al.
Caloric restriction reduces sympathetic activity similar to beta-blockers but
conveys additional mitochondrio-protective effects in aged myocardium. Sci Rep
2021;11:1931. https://doi.org/10.1038/s41598-021-81438-7

221. Collins N, Han SJ, Enamorado M, Link VM, Huang B, Moseman EA, et al. The
bone marrow protects and optimizes immunological memory during dietary
restriction. Cell 2019;178:1088–1101.e15. https://doi.org/10.1016/j.cell.2019
.07.049

222. Bruss MD, Khambatta CF, Ruby MA, Aggarwal I, Hellerstein MK. Calorie
restriction increases fatty acid synthesis and whole body fat oxidation rates.
Am J Physiol Endocrinol Metab 2010;298:E108–E116. https://doi.org/10.1152
/ajpendo.00524.2009

223. Adam C, Paolini L, Gueguen N, Mabilleau G, Preisser L, Blanchard S, et al.
Acetoacetate protects macrophages from lactic acidosis-induced mitochondrial
dysfunction by metabolic reprograming. Nat Commun 2021;12:7115. https://doi
.org/10.1038/s41467-021-27426-x

224. Bae HR, Kim DH, Park MH, Lee B, Kim MJ, Lee EK, et al. Beta-hydroxybutyrate
suppresses inflammasome formation by ameliorating endoplasmic reticulum
stress via AMPK activation. Oncotarget 2016;7:66444–66454. https://doi.org/10
.18632/oncotarget.12119

225. Matsuura TR, Puchalska P, Crawford PA, Kelly DP. Ketones and the heart:
Metabolic principles and therapeutic implications. Circ Res 2023;132:882–898.
https://doi.org/10.1161/CIRCRESAHA.123.321872

226. Shimazu T, Hirschey MD, Newman J, He W, Shirakawa K, Le Moan N,
et al. Suppression of oxidative stress by beta-hydroxybutyrate, an endogenous
histone deacetylase inhibitor. Science 2013;339:211–214. https://doi.org/10
.1126/science.1227166 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 227. Procaccini C, de Candia P, Russo C, De Rosa G, Lepore MT, Colamatteo A, et al.
Caloric restriction for the immunometabolic control of human health. Cardiovasc
Res 2024;119:2787–2800. https://doi.org/10.1093/cvr/cvad035

228. Forte M, Rodolico D, Ameri P, Catalucci D, Chimenti C, Crotti L, et al.;
Italian Society of Cardiology Working Group on Cellular, Molecular Biol-
ogy of the Heart. Molecular mechanisms underlying the beneficial effects of
exercise and dietary interventions in the prevention of cardiometabolic dis-
eases. J Cardiovasc Med (Hagerstown) 2023;24:e3–e14. https://doi.org/10.2459
/JCM.0000000000001397

229. Kjekshus J, Apetrei E, Barrios V, Bohm M, Cleland JG, Cornel JH, et al.;
CORONA Group. Rosuvastatin in older patients with systolic heart failure.
N Engl J Med 2007;357:2248–2261. https://doi.org/10.1056/NEJMoa0706201

230. Tavazzi L, Maggioni AP, Marchioli R, Barlera S, Franzosi MG, Latini R, et al.;
GISSI-HF Investigators. Effect of rosuvastatin in patients with chronic heart
failure (the GISSI-HF trial): A randomised, double-blind, placebo-controlled trial.
Lancet 2008;372:1231–1239. https://doi.org/10.1016/S0140-6736(08)61240-4

231. Alehagen U, Benson L, Edner M, Dahlstrom U, Lund LH. Association between
use of statins and outcomes in heart failure with reduced ejection fraction:
Prospective propensity score matched cohort study of 21 864 patients in the
Swedish Heart Failure Registry. Circ Heart Fail 2015;8:252–260. https://doi.org
/10.1161/CIRCHEARTFAILURE.114.001730

232. Vrints C, Andreotti F, Koskinas KC, Rossello X, Adamo M, Ainslie J, et al.;
ESC Scientific Document Group. 2024 ESC Guidelines for the management of
chronic coronary syndromes. Eur Heart J 2024;45:3415–3537. https://doi.org
/10.1093/eurheartj/ehae177

233. Alehagen U, Benson L, Edner M, Dahlstrom U, Lund LH. Association between
use of statins and mortality in patients with heart failure and ejection
fraction of ≥50%. Circ Heart Fail 2015;8:862–870. https://doi.org/10.1161

/CIRCHEARTFAILURE.115.002143
234. Oesterle A, Laufs U, Liao JK. Pleiotropic effects of statins on the cardiovascu-

lar system. Circ Res 2017;120:229–243. https://doi.org/10.1161/CIRCRESAHA
.116.308537

235. Mital S, Liao JK. Statins and the myocardium. Semin Vasc Med 2004;4:377–384.
https://doi.org/10.1055/s-2004-869594

236. Gorabi AM, Kiaie N, Bianconi V, Pirro M, Jamialahmadi T, Sahebkar A. Statins
attenuate fibrotic manifestations of cardiac tissue damage. Curr Mol Pharmacol
2021;14:782–797. https://doi.org/10.2174/1874467214666210210123206

237. Kawai T, Autieri MV, Scalia R. Adipose tissue inflammation and metabolic
dysfunction in obesity. Am J Physiol Cell Physiol 2021;320:C375–C391. https://doi
.org/10.1152/ajpcell.00379.2020

238. Martins FF, Marinho TS, Cardoso LEM, Barbosa-da-Silva S, Souza-Mello V,
Aguila MB, et al. Semaglutide (GLP-1 receptor agonist) stimulates browning
on subcutaneous fat adipocytes and mitigates inflammation and endoplasmic
reticulum stress in visceral fat adipocytes of obese mice. Cell Biochem Funct
2022;40:903–913. https://doi.org/10.1002/cbf.3751

239. Bendotti G, Montefusco L, Lunati ME, Usuelli V, Pastore I, Lazzaroni E, et al. The
anti-inflammatory and immunological properties of GLP-1 receptor agonists.
Pharmacol Res 2022;182:106320. https://doi.org/10.1016/j.phrs.2022.106320

240. Lam CSP, Lund LH, Shah SJ, Voors AA, Erlinge D, Saraste A, et al. Myeloper-
oxidase inhibition in heart failure with preserved or mildly reduced ejection
fraction: SATELLITE trial results. J Card Fail 2024;30:104–110. https://doi.org
/10.1016/j.cardfail.2023.04.003

241. Smeir E, Kintscher U, Foryst-Ludwig A. Adipose tissue-heart crosstalk as a
novel target for treatment of cardiometabolic diseases. Curr Opin Pharmacol
2021;60:249–254. https://doi.org/10.1016/j.coph.2021.07.017

242. Oppenheimer SJ. Iron and its relation to immunity and infectious disease. J Nutr
2001;131:616S–633S. https://doi.org/10.1093/jn/131.2.616S

243. von Haehling S, Ebner N, Evertz R, Ponikowski P, Anker SD. Iron deficiency
in heart failure: An overview. JACC Heart Fail 2019;7:36–46. https://doi.org/10
.1016/j.jchf.2018.07.015

244. Ponikowski P, Mentz RJ, Hernandez AF, Butler J, Khan MS, van Veldhuisen DJ,
et al. Efficacy of ferric carboxymaltose in heart failure with iron deficiency: An
individual patient data meta-analysis. Eur Heart J 2023;44:5077–5091. https://doi
.org/10.1093/eurheartj/ehad586

245. Palm CL, Nijholt KT, Bakker BM, Westenbrink BD. Short-chain fatty acids in
the metabolism of heart failure – rethinking the fat stigma. Front Cardiovasc Med
2022;9:915102. https://doi.org/10.3389/fcvm.2022.915102

246. Yurista SR, Chong CR, Badimon JJ, Kelly DP, de Boer RA, Westenbrink BD.
Therapeutic potential of ketone bodies for patients with cardiovascular disease:
JACC state-of-the-art review. J Am Coll Cardiol 2021;77:1660–1669. https://doi
.org/10.1016/j.jacc.2020.12.065

247. Ho KL, Zhang L, Wagg C, Al Batran R, Gopal K, Levasseur J, et al. Increased
ketone body oxidation provides additional energy for the failing heart without
improving cardiac efficiency. Cardiovasc Res 2019;115:1606–1616. https://doi
.org/10.1093/cvr/cvz045

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1016/j.jchf.2014.06.008
https://doi.org/10.1002/14651858.CD008684.pub3
https://doi.org/10.1002/14651858.CD008684.pub3
https://doi.org/10.1161/01.res.86.5.580
https://doi.org/10.1161/01.res.86.5.580
https://doi.org/10.1093/eurheartj/ehi816
https://doi.org/10.1093/eurheartj/ehi816
https://doi.org/10.1016/j.jacc.2006.03.060
https://doi.org/10.1016/j.jacc.2006.03.060
https://doi.org/10.1152/ajpendo.00083.2005
https://doi.org/10.1152/ajpendo.00083.2005
https://doi.org/10.1152/ajpendo.00083.2005
https://doi.org/10.1111/bph.13386
https://doi.org/10.1111/bph.13386
https://doi.org/10.1111/bph.13386
https://doi.org/10.1073/pnas.2207020119
https://doi.org/10.1073/pnas.2207020119
https://doi.org/10.1073/pnas.2207020119
https://doi.org/10.1161/01.cir.93.1.135
https://doi.org/10.1161/01.cir.93.1.135
https://doi.org/10.1161/01.CIR.0000139333.83620.5D
https://doi.org/10.1161/01.CIR.0000139333.83620.5D
https://doi.org/10.1161/01.CIR.0000139333.83620.5D
https://doi.org/10.1126/science.abg7292
https://doi.org/10.1126/science.abg7292
https://doi.org/10.1093/cvr/cvq273
https://doi.org/10.1093/cvr/cvq273
https://doi.org/10.1038/s41598-021-81438-7
https://doi.org/10.1038/s41598-021-81438-7
https://doi.org/10.1016/j.cell.2019.07.049
https://doi.org/10.1016/j.cell.2019.07.049
https://doi.org/10.1016/j.cell.2019.07.049
https://doi.org/10.1152/ajpendo.00524.2009
https://doi.org/10.1152/ajpendo.00524.2009
https://doi.org/10.1152/ajpendo.00524.2009
https://doi.org/10.1038/s41467-021-27426-x
https://doi.org/10.1038/s41467-021-27426-x
https://doi.org/10.1038/s41467-021-27426-x
https://doi.org/10.18632/oncotarget.12119
https://doi.org/10.18632/oncotarget.12119
https://doi.org/10.18632/oncotarget.12119
https://doi.org/10.1161/CIRCRESAHA.123.321872
https://doi.org/10.1161/CIRCRESAHA.123.321872
https://doi.org/10.1126/science.1227166
https://doi.org/10.1126/science.1227166
https://doi.org/10.1126/science.1227166
https://doi.org/10.1093/cvr/cvad035
https://doi.org/10.1093/cvr/cvad035
https://doi.org/10.2459/JCM.0000000000001397
https://doi.org/10.2459/JCM.0000000000001397
https://doi.org/10.2459/JCM.0000000000001397
https://doi.org/10.1056/NEJMoa0706201
https://doi.org/10.1056/NEJMoa0706201
https://doi.org/10.1016/S0140-6736(08)61240-4
https://doi.org/10.1016/S0140-6736(08)61240-4
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001730
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001730
https://doi.org/10.1161/CIRCHEARTFAILURE.114.001730
https://doi.org/10.1093/eurheartj/ehae177
https://doi.org/10.1093/eurheartj/ehae177
https://doi.org/10.1093/eurheartj/ehae177
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002143
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002143
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002143
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://doi.org/10.1161/CIRCRESAHA.116.308537
https://doi.org/10.1055/s-2004-869594
https://doi.org/10.1055/s-2004-869594
https://doi.org/10.2174/1874467214666210210123206
https://doi.org/10.2174/1874467214666210210123206
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1152/ajpcell.00379.2020
https://doi.org/10.1002/cbf.3751
https://doi.org/10.1002/cbf.3751
https://doi.org/10.1016/j.phrs.2022.106320
https://doi.org/10.1016/j.phrs.2022.106320
https://doi.org/10.1016/j.cardfail.2023.04.003
https://doi.org/10.1016/j.cardfail.2023.04.003
https://doi.org/10.1016/j.cardfail.2023.04.003
https://doi.org/10.1016/j.coph.2021.07.017
https://doi.org/10.1016/j.coph.2021.07.017
https://doi.org/10.1093/jn/131.2.616S
https://doi.org/10.1093/jn/131.2.616S
https://doi.org/10.1016/j.jchf.2018.07.015
https://doi.org/10.1016/j.jchf.2018.07.015
https://doi.org/10.1016/j.jchf.2018.07.015
https://doi.org/10.1093/eurheartj/ehad586
https://doi.org/10.1093/eurheartj/ehad586
https://doi.org/10.1093/eurheartj/ehad586
https://doi.org/10.3389/fcvm.2022.915102
https://doi.org/10.3389/fcvm.2022.915102
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.1016/j.jacc.2020.12.065
https://doi.org/10.1093/cvr/cvz045
https://doi.org/10.1093/cvr/cvz045
https://doi.org/10.1093/cvr/cvz045


Immune activation and metabolism in HF 1719

248. Ho KL, Karwi QG, Wagg C, Zhang L, Vo K, Altamimi T, et al. Ketones
can become the major fuel source for the heart but do not increase car-
diac efficiency. Cardiovasc Res 2021;117:1178–1187. https://doi.org/10.1093
/cvr/cvaa143S

249. Yurista SR, Matsuura TR, Sillje HHW, Nijholt KT, McDaid KS, Shewale
SV, et al. Ketone ester treatment improves cardiac function and reduces
pathologic remodeling in preclinical models of heart failure. Circ Heart Fail
2021;14:e007684. https://doi.org/10.1161/CIRCHEARTFAILURE.120.007684

250. Selvaraj S, Fu Z, Jones P, Kwee LC, Windsor SL, Ilkayeva O, et al.; DEFINE-HF
Investigators. Metabolomic profiling of the effects of dapagliflozin in heart failure
with reduced ejection fraction: DEFINE-HF. Circulation 2022;146:808–818.
https://doi.org/10.1161/CIRCULATIONAHA.122.060402

251. Yurista SR, Sillje HHW, Oberdorf-Maass SU, Schouten EM, Pavez Giani
MG, Hillebrands JL, et al. Sodium-glucose co-transporter 2 inhibition with
empagliflozin improves cardiac function in non-diabetic rats with left ventric-
ular dysfunction after myocardial infarction. Eur J Heart Fail 2019;21:862–873.
https://doi.org/10.1002/ejhf.1473

252. Santos-Gallego CG, Requena-Ibanez JA, San Antonio R, Ishikawa K, Watanabe S,
Picatoste B, et al. Empagliflozin ameliorates adverse left ventricular remodeling
in nondiabetic heart failure by enhancing myocardial energetics. J Am Coll Cardiol
2019;73:1931–1944. https://doi.org/10.1016/j.jacc.2019.01.056

253. Deng Y, Xie M, Li Q, Xu X, Ou W, Zhang Y, et al. Targeting
mitochondria-inflammation circuit by beta-hydroxybutyrate mitigates HFpEF.
Circ Res 2021;128:232–245. https://doi.org/10.1161/CIRCRESAHA.120
.317933

254. Berg-Hansen K, Gopalasingam N, Christensen KH, Ladefoged B, Andersen
MJ, Poulsen SH, et al. Cardiovascular effects of oral ketone ester treatment
in patients with heart failure with reduced ejection fraction: A randomized,
controlled, double-blind trial. Circulation 2024;149:1474–1489. https://doi.org
/10.1161/CIRCULATIONAHA.123.067971

255. Challa AA, Lewandowski ED. Short-chain carbon sources: Exploiting pleiotropic
effects for heart failure therapy. JACC Basic Transl Sci 2022;7:730–742. https://doi
.org/10.1016/j.jacbts.2021.12.010

256. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT2 inhibition
modulates NLRP3 inflammasome activity via ketones and insulin in diabetes
with cardiovascular disease. Nat Commun 2020;11:2127. https://doi.org/10.1038
/s41467-020-15983-6 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

. 257. Chriett S, Dabek A, Wojtala M, Vidal H, Balcerczyk A, Pirola L. Prominent
action of butyrate over beta-hydroxybutyrate as histone deacetylase inhibitor,
transcriptional modulator and anti-inflammatory molecule. Sci Rep 2019;9:742.
https://doi.org/10.1038/s41598-018-36941-9

258. Petersen AM, Pedersen BK. The anti-inflammatory effect of exercise. J Appl
Physiol (1985) 2005;98:1154–1162. https://doi.org/10.1152/japplphysiol.00164
.2004

259. Kraigher-Krainer E, Lyass A, Massaro JM, Lee DS, Ho JE, Levy D, et al.
Association of physical activity and heart failure with preserved vs. reduced
ejection fraction in the elderly: The Framingham Heart Study. Eur J Heart Fail
2013;15:742–746. https://doi.org/10.1093/eurjhf/hft025

260. Padilha CS, Von Ah Morano AE, Kruger K, Rosa-Neto JC, Lira FS. The growing
field of immunometabolism and exercise: Key findings in the last 5 years. J Cell
Physiol 2022;237:4001–4020. https://doi.org/10.1002/jcp.30866

261. Kim SD, Yeun YR. Effects of resistance training on C-reactive protein and
inflammatory cytokines in elderly adults: A systematic review and meta-analysis
of randomized controlled trials. Int J Environ Res Public Health 2022;19:3434.
https://doi.org/10.3390/ijerph19063434

262. Feng L, Li G, An J, Liu C, Zhu X, Xu Y, et al. Exercise training protects against
heart failure via expansion of myeloid-derived suppressor cells through regulat-
ing IL-10/STAT3/S100A9 pathway. Circ Heart Fail 2022;15:e008550. https://doi
.org/10.1161/CIRCHEARTFAILURE.121.008550

263. Hodgman CF, Hunt RM, Crane JC, Elzayat MT, LaVoy EC. A scoping review
on the effects of physical exercise and fitness on peripheral leukocyte energy
metabolism in humans. Exerc Immunol Rev 2023;29:54–87.

264. Dorneles GP, Lira FS, Romao PRT, Kruger K, Rosa-Neto JC, Peres A, et al.
Levels of cardiorespiratory fitness in men exerts strong impact on lymphocyte
function after mitogen stimulation. J Appl Physiol (1985) 2021;130:1133–1142.
https://doi.org/10.1152/japplphysiol.01051.2020

265. Rosa-Neto JC, Lira FS, Little JP, Landells G, Islam H, Chazaud B, et al.
Immunometabolism-fit: How exercise and training can modify T cell
and macrophage metabolism in health and disease. Exerc Immunol Rev
2022;28:29–46.

266. Weng TP, Huang SC, Chuang YF, Wang JS. Effects of interval and continuous
exercise training on CD4 lymphocyte apoptotic and autophagic responses to
hypoxic stress in sedentary men. PLoS One 2013;8:e80248. https://doi.org/10
.1371/journal.pone.0080248

© 2025 The Author(s). European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurjhf/article/27/9/1700/8468047 by guest on 20 February 2026

https://doi.org/10.1093/cvr/cvaa143S
https://doi.org/10.1093/cvr/cvaa143S
https://doi.org/10.1093/cvr/cvaa143S
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007684
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007684
https://doi.org/10.1161/CIRCULATIONAHA.122.060402
https://doi.org/10.1161/CIRCULATIONAHA.122.060402
https://doi.org/10.1002/ejhf.1473
https://doi.org/10.1002/ejhf.1473
https://doi.org/10.1016/j.jacc.2019.01.056
https://doi.org/10.1016/j.jacc.2019.01.056
https://doi.org/10.1161/CIRCRESAHA.120.317933
https://doi.org/10.1161/CIRCRESAHA.120.317933
https://doi.org/10.1161/CIRCRESAHA.120.317933
https://doi.org/10.1161/CIRCULATIONAHA.123.067971
https://doi.org/10.1161/CIRCULATIONAHA.123.067971
https://doi.org/10.1161/CIRCULATIONAHA.123.067971
https://doi.org/10.1016/j.jacbts.2021.12.010
https://doi.org/10.1016/j.jacbts.2021.12.010
https://doi.org/10.1016/j.jacbts.2021.12.010
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41467-020-15983-6
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1038/s41598-018-36941-9
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1152/japplphysiol.00164.2004
https://doi.org/10.1093/eurjhf/hft025
https://doi.org/10.1093/eurjhf/hft025
https://doi.org/10.1002/jcp.30866
https://doi.org/10.1002/jcp.30866
https://doi.org/10.3390/ijerph19063434
https://doi.org/10.3390/ijerph19063434
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008550
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008550
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008550
https://doi.org/10.1152/japplphysiol.01051.2020
https://doi.org/10.1152/japplphysiol.01051.2020
https://doi.org/10.1371/journal.pone.0080248
https://doi.org/10.1371/journal.pone.0080248
https://doi.org/10.1371/journal.pone.0080248

	The crosstalk between immune activation and metabolism in heart failure. A scientific statement of the Heart Failure Association of the ESC
	Introduction
	Metabolic and immune adaptation in heart failure: pathophysiological concepts
	Cardiac metabolic changes in heart failure
	Immunological changes in heart failure
	Adaptive role of immunity and interplay between metabolism and inflammation
	Metabolically trained immunity
	Immunometabolic abnormalities in specific conditions
	Ageing
	Obesity
	Diabetes
	Gut microbiome
	Gender
	Therapeutic approaches to inflammation and metabolism in heart failure
	Therapeutic targets
	Targeting other sources of inflammation
	The role of metabolic substrate availability
	Benefits of exercise
	Conclusions
	References

