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Abstract While chronic heart failure (CHF) treatment has considerably improved patient prognosis and survival, the therapeutic manage
ment of acute heart failure (AHF) has remained virtually unchanged in the last decades. This is partly due to the scarcity of pre- 
clinical models for the pathophysiological assessment and, consequently, the limited knowledge of molecular mechanisms involved 
in the different AHF phenotypes. This scientific statement outlines the different trajectories from acute to CHF originating from the 
interaction between aetiology, genetic and environmental factors, and comorbidities. Furthermore, we discuss the potential mo
lecular targets capable of unveiling new therapeutic perspectives to improve the outcome of the acute phase and counteracting the 
evolution towards CHF.
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Graphical Abstract

Assembling the acute heart failure (AHF) in a translational view. Different causes of AHF can be reproduced in pre-clinical models to unveil novel patho
physiological and molecular mechanisms. Identifying novel molecular targets amongst organelles and cellular compartments can be tested again in the pre- 
clinical models. Effective strategies can be exploited in human scenarios. Image was partially created with BioRender.com.
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1. Introduction
The management of chronic heart failure (CHF) has significantly improved 
over the last three decades, due to a better understanding of the underlying 
molecular and pathophysiologic mechanisms and to the consequent ad
vancement of pharmacologic and device therapies, able to arrest, or at least 
delay, the disease progression.1–5

In contrast, the management of acute heart failure (AHF) has remained 
mostly unchanged over the decades and is based on the standard loop 
diuretics, vasodilators, vasopressors, and inotropes.5,6

AHF is a complex clinical syndrome that arises from the rapid onset or 
worsening of a pre-existing cardiac dysfunction that impairs the ability of 
the ventricle to fill and eject blood, producing signs and symptoms of 
HF, and a need for acute admission to the emergency department and un
planned hospitalizations.5 Nonetheless, hospital admissions herald poor 
prognosis with a high risk of readmissions and deaths post-discharge, as evi
denced by several AHF registries.7–11 This article is the result of a science 
retreat held in September 2019 by the ESC Working Group on Myocardial 
Function, starting from a proposal of Prof Michele Ciccarelli and discussed 
with the other Nucleus Members.

The complexity of AHF is demonstrated by the finding that acute cardiac 
dysfunction may arise from several aetiologies and include a multitude of 
comorbidities, making this a complex set of HF syndromes.12 Specifically, 

a significant challenge in classifying AHF as a single entity is the heterogeni
city in its clinical presentation: patients admitted with AHF span from those 
with severe left ventricular (LV) systolic dysfunction and low cardiac output 
to those with normal or near-normal LV systolic function and severe 
hypertension.13 In addition, worsening haemodynamic profile in a major 
feature of patients with reduced left ventricular ejection fraction (LVEF). 
In contrast, in patients with preserved LVEF a precipitating factor can be 
worsening of comorbidities.13 Here we classify AHF as (i) New-onset or 
de novo AHF, which occurs in patients without a previous history of HF 
and (ii) acute worsening HF14 or acutely decompensated HF,15 which oc
curs in patients with pre-existing CHF.15,16 The degree of the physiologic 
response is typically different between the two conditions, being more 
pronounced in de novo AHF cases and subtler in chronic cases because 
of previously activated adaptive mechanisms. In acutely decompensated 
HF, symptoms increase in individuals with previously diagnosed chronic 
HF;15 it can be defined as the sudden or gradual onset of HF symptoms 
or signs requiring hospitalization, emergency room visits, or unplanned of
fice visits.17 Despite the causal precipitant of the exacerbation, pulmonary 
and systemic congestion due to augmented right- and left-heart filling pres
sures is a nearly universal finding in acutely decompensate HF.17 Precisely, 
in acute worsening HF, structural abnormalities of the heart are considered 
irreversible, and the pharmacological approach in the stable phase aims to 
arrest or delay the progression of the disease by inhibiting the 

Mechanisms and pre-clinical models of AHF                                                                                                                                                            2391
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024



pathophysiological and molecular mechanisms involved in cardiac remod
elling.15 De novo AHF occurs in subjects without previous history of heart 
disease with an apparently normal cardiac substrate, in which the establish
ment and progression towards irreversible cardiac damage rely on the 
crosstalk between aetiology (ischaemic and non-ischaemic), demographic 
factors (age, sex), presence of comorbidities (e.g. diabetes, chronic kidney 
disease, anaemia, chronic obstructive pulmonary disease, depression, and 
genetic predisposition) and timing of pharmacological and/or non- 
pharmacological interventions.18 Most patients with de novo AHF present 
reduced LVEF,11 but even in cases where LVEF is preserved, cardiac dam
age is mostly reversible. Often there are two events that lead to AHF: a 
known cardiomyopathy decompensates acutely due to rhythm distur
bances, infection, fluid imbalance, ischaemia or high blood pressure; obvi
ously, treatment will be different from primary events. Indeed, some 
individuals with reversible or treatable causes of HF, such as hypertensive 
heart disease, alcohol-induced cardiomyopathy, peripartum cardiomyop
athy (PPCM), or tachycardia-induced cardiomyopathy (TIC), may even re
cover from HF with treatment and show resolution of HF symptoms, as 
well as normalization of the LVEF and cardiac structure.19

Moreover, the evolution of a de novo AHF towards CHF occurs in a rela
tively short time frame upon injury, when the complexity of the activated 
molecular pathways impacts the specific trajectory.15,18 Overall, little is 
known about the possible therapeutic window and treatment targets to 
reverse HF or prevent the onset of CHF in de novo AHF patients that 
may improve their long-term outcomes.20 The presence of different biol
ogy and molecular mechanism according to the aetiology and comorbid
ities of de novo AHF imposes different approaches to reduce the risk of 
its progression towards chronic worsening or even advanced HF.

Bearing this in mind, it is necessary to conceive and implement novel pre- 
clinical models of AHF, as well as deepen our understanding of the specific 
molecular mechanisms to define the specificity of each AHF phenotype. 
Here, we describe the clinical scenario and molecular mechanisms through 
which AHF can evolve to remission or to persistent/advanced HF, the avail
able animal models of AHF, and potential molecular targets that could be 
exploited to develop novel therapeutic strategies.

2. Trajectories of AHF: how de novo 
AHF evolves into persistent or 
worsening HF
The natural history of HF includes progressive modifications in the clinical 
risk of hospitalization and death over time, with risk increasing from 
‘pre-HF’ to ‘new-onset/de novo HF,’ and further increasing with each epi
sode of ‘worsening HF’.21 It is, therefore, pivotal to recognize the stage 
of the patient’s natural history, and to identify the patient’s specific trajec
tory heading to HF remission, persistent or worsening HF.22 Noteworthy, 
a condition of AHF is not necessarily associated with a LV dysfunction in 
terms of morphological changes and/or systolic function;23 instead, we fo
cused on how mechanisms activated after a cardiac insult and the next evo
lution towards remission, persistent and advanced HF. The transition from 
one stage to another, particularly from de novo AHF to worsening HF, is 
dictated by a series of pathophysiological and molecular events that reflect 
the specific combination of aetiology, comorbidities, and environmental 
factors.

Overall, long-term-trajectories are defined as reversible HF/HF in remis
sion, persistent HF, and advanced HF24 and are mainly affected by the es
tablishment and extension of irreversible cardiac damage (Figure 1: 
Crosstalk between aetiology and comorbidities in the long-term trajectory 
of de novo AHF).25

Conditions that often evolve to remission of HF are stress-induced car
diomyopathy [Takotsubo (TTS)], PPCM, or thyroid disease26 (Figure 1). In 
addition, temporary cardiac systolic impairment can be observed before or 
near complete restoration of LVEF. Still, this dysfunction is not associated 
with macroscopic fibrotic myocardial areas akin to those seen in post- 
acute ischaemia, and cardiac function often recovers within days, weeks, 

or months after the acute onset. Nevertheless, it can ease evolution to per
sistent or even advanced HF in case of pre-existing structural or genetic 
damage or comorbidities.27

Myocarditis may present as AHF and is an example of how a persisting 
injury, when not entirely resolved in the acute phase, prompts progression 
to a persisting or advanced HF, with a dilated cardiomyopathy (DCM) as a 
typical functional and morphological cardiac phenotype.28,29

Similarly, acute coronary syndrome (ACS) leads to AHF in about half of 
cases8 and often evolves towards a persistent/advanced HF due to exten
sive scar tissue replacement of the necrotic myocardium.30 Myocardial in
farction (MI) can acutely occur either because of sudden occlusion of a 
coronary vessel (Type 1 MI) or as a consequence of increased oxygen de
mand by the cardiac muscle (Type 2 MI, e.g. during uncontrolled hyperten
sion in combination with anaemia or respiratory failure in pulmonary 
oedema). As for most forms of AHF, also in AHF due to myocardial ischae
mia, comorbidities negatively affect prognosis.5,31–33 Anaemia and impaired 
renal function have probably the worst impact on outcomes.5,34 However, 
remission of HF can potentially occur and strongly depends on the timing 
of treatment when the heart function can be restored, thanks to prompt 
treatment of myocardial ischaemia and precipitating factors. Specifically, in 
the stunned myocardium, the severity and duration of myocardial ischae
mia are not prolonged enough to kill cardiomyocytes or induce extensive 
cardiac damage. When the ischaemia is relieved by reperfusion, the myo
cardium is viable but stunned, showing transient post-ischaemic contractile 
and biochemical dysfunction.30

The effectiveness of a prompt and early intervention is particularly evi
dent in AHF due to TIC.

TIC is generally reversible if it can be treated successfully with medica
tions, surgery or catheter ablation,35 and cardiac function is often restored 
in weeks or months after.36

More complexity is observed in genetic cardiomyopathies, in which 
gene-environmental crosstalk and comorbidities have a significant influ
ence on the development of the cardiac remodelling, which spans from 
DCM, to hypertrophic (HCM) or arrhythmogenic cardiomyopathy 
(AC).37 Direct causes of these cardiomyopathies include pathogenic 
gene variants (known mutations; DCM up to 30%, HCM 50–60%, AC 
70%) and acquired causes such as toxins, auto-immunity, storage dis
eases, infections, and tachyarrhythmias.38 Disease modifiers aggravating 
or triggering a cardiomyopathy include age, gender, pregnancy, lifestyle, 
and most cardiovascular comorbidities39,40 that often lead to a persist
ent/advanced HF (Figure 1).

3. Translational research for 
developing new strategies in AHF
3.1 Molecular and pathophysiological 
mechanisms involved in AHF
The molecular mechanisms leading to cardiac remodelling and the transi
tion from acute to chronic HF activate immediately after an insult, and 
from a cellular point of view, involve the cardiomyocyte population and 
other cell types. Endothelial cell dysfunction, neurohormonal activation, in
flammation, defective microcirculation, mitochondrial dysfunction, and 
oxidative stress produce cardiac damage, increasing the chance of develop
ing persistent HF. These processes are variably represented and intercon
nected in the different AHF aetiologies, and initiate a series of adverse 
pathologic mechanisms following a myocardial injury that triggers fibrosis, 
progressive LV dysfunction, and remodelling, by involving the cardiovascu
lar system, splanchnic bed, and renal function (Figure 2). Moreover, al
though underlying causes are heterogeneous, most AHF patients have 
symptoms of pulmonary congestion that lead to compromised gas ex
change and arterial hypoxaemia, with dyspnoea presenting as the key mani
festation.41 The primary causal mechanism for pulmonary congestion in 
AHF is high LV filling pressure resulting in increased pulmonary capillary 
wedge pressure and pulmonary hypertension.42
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3.2 Endothelial dysfunction and 
microvascular dysfunction in AHF
Endothelial dysfunction is characterized by nitric oxide (NO) dysregulation, 
inflammation, and oxidative stress, which compromise the ability of the 
vascular endothelium to perform its several functions, such as regulation 
of vascular tone, anti-fibrinolysis, and inflammatory processes.43

These events are recognized in several conditions like sepsis and PPCM, 
where endothelial dysfunction results from various adaptive mechanisms 
following decreased cardiac output, neurohumoral activation, vasocon
striction, increased oxidative stress, and imbalance of NO generation 
and metabolism. In PPCM, for example, oxidative stress promotes cleavage 
of the hormone prolactin into a smaller antiangiogenic subfragment, 
16 kDa prolactin, driving endothelial damage.44,45 During sepsis, the endo
thelial barrier is primarily damaged by bacterial components by activating 
toll-like receptors.46

Moreover, acute inflammation involving the coronary microvascular 
endothelium leads to impaired nitric oxide (NO) bioavailability for adjacent 
cardiomyocytes and dysregulates the cyclic guanosine monophosphate 
(cGMP)-protein kinase G signalling. The reduced phosphorylation state 
of the giant sarcomere protein titin may foster LV stiffness, further exacer
bating diastolic dysfunction and increasing the risk of triggering AHF.47

Diastolic dysfunction is often observed in patients prone to hypertensive 
AHF, where acute fluid redistribution due to increased neurohormonal ac
tivity, NO insensitivity, and arterial/ventricular stiffening associated with 
physiological stressors are critical determinants of the development of 
the phenotype.48

3.3 Inflammation and neurohormonal 
activation in AHF
Inflammation is well recognized as the key pathophysiological mechanism 
in AHF phenotypes like myocarditis and non-infectious diseases like TTS. 
In myocarditis, AHF is associated with severe neurohormonal, inflamma
tory, and immunological changes.49 Typically, the infection of the 

myocardium occurs in three phases: Phase 1 includes viral entry into myo
cytes and activation of innate immunity; during Phase 2, viral replication and 
activation of acquired immune responses occur; and Phase 3 is either reso
lution with recovery or development of DCM.50 Cardiac decompensation 
following myocarditis relates to a systemic pro-inflammatory environ
ment42,51 due to the activation of innate immunity, as observed in Phase 
2. In particular, high levels of cytokines, tumour necrosis factor (TNF), 
IL-1 α, IL 1 ß, IL 2, and IFN γ, together with antibodies to viral and cardiac 
proteins, can further increase cardiac damage and compromise systolic 
function through derangement of the contractile apparatus and/or intersti
tial cells and matrix proteins.50 TNF-α and IL-1ß have a direct negative ino
tropic effect on cardiomyocytes by downregulating the expression of 
Ca2+-regulating genes,52 triggering cardiomyocyte apoptosis,53,54 and en
hancing the activity of cardiac fibroblasts.55,56 Pro-inflammatory cytokines 
also induce endothelial cells apoptosis,57 generate oxygen-centred free ra
dicals, facilitate transendothelial migration,58 increase adhesion molecule 
expression,59 and following adhesion of immune cells to the 
endothelium.60

Whether the systemic inflammatory response in AHF contributes to the 
pathophysiology of decompensation leading to hospitalization (i.e. causal
ity) has yet to be established.61 However, acute administration of cytokines 
in the pre-clinical model has been shown to induce a pathophysiological 
scenario typical of AHF with ventricular dysfunction, increased diastolic 
stiffness, and pulmonary oedema.62

Likewise, SARS-CoV-2 may contribute to myocarditis and other myo
cardial involvement by multiple mechanisms, comprising direct virus inva
sion, microvascular angiopathy, and host inflammatory or immune 
responses.63–66

COVID-19 produces an intensely pro-inflammatory state, as suggested 
by high levels of C-reactive protein, ferritin, lactate dehydrogenase, 
interleukin-6, and D-dimer. The cytokine hyperproduction in COVID-19 
comprises TNF, IL-6, IL-7, and inflammatory chemokines (CCL2, CCL3, 
and soluble IL-2 receptors).67 This so-called ‘cytokine storm’ stimulates 
thrombosis through several mechanisms, including activation of mono
cytes, neutrophils, and endothelium, finally inducing vascular injury.68

Figure 1 Trajectories of AHF. The figure displays the possible remission of the different AHF phenotypes. As shown, each phenotype owns a distinct pos
sibility of recovery from the systolic and diastolic dysfunction in the acute phase; specifically, three different trajectories are possible: remission, persistent and 
advanced. The evolution of AHF relates to aetiology and environmental factors such as comorbidities and the earliness of therapy.
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Similarly, in non-infectious myocarditis, the so-called cytokine release 
syndrome caused by anticancer CAR-T therapies and by specific antibodies 
such as blinatumumab is due to high levels of inflammatory cytokines 
released by activated CAR-T cells and other immune cells, such as macro
phages, with fever and tachycardia that may be associated with hypoxia and 
hypotension. Additionally, the (counter-) regulatory processes following an 
episode of AHF also seem to involve heart-specific adaptive immunity.69

Indeed, anti-myocardial autoantibodies have been found in patients hospi
talized with AHF, probably reflecting patterns of adaptive immune re
sponses in these patients.70 Interestingly, impaired thymic tolerance to 
myosin antigens is one of the putative mechanisms of development for im
mune checkpoint inhibitors (ICIs, used for cancer treatment) related to 
cardiovascular immune adverse events.71,72 In another model, Gil-Cruz 
et al.73 showed that the progression of autoimmune myocarditis to severe 

heart disease depends on cardiac myosin-specific Th17 cells imprinted in 
the intestine by a peptide mimic derived from a commensal Bacteroides 
species, with a significantly high Bacteroides-specific CD4+ T cell and 
B cell responses in human myocarditis. Accordingly, antibiotic therapy 
led to the effective prevention of lethal disease in mice, suggesting that mi
mic peptides from commensal bacteria can stimulate inflammatory cardio
myopathy in genetically susceptible patients.74

In TTS, adrenergic signalling activates cytoadhesin expression 
(ICAM-1) by bone marrow cells and cardiac endothelial cells, fostering 
diapedesis, developing sterile inflammation, and remodelling of the failing 
heart.75,76

Additionally, neurohormonal and inflammatory alterations in AHF may 
impair the endothelial glycocalyx’s structure and function, consisting of net
works of glycosaminoglycans connected to the endothelium by adhesion 

Myocardial
injury

Myocardial

Renal dysfunction
Adrenergic system activation
RAAS activation

Myocardial energetic failure
Mitochondrial dysfunction

Oxidative stress
Wall stress

Altered Ca2+ handling

Endothelial dysfunction
NO production
Oxidative stress

Alteration of splanchnic bed
Reduced vascular compliance

Intermittent hypoxic insults

Figure 2 Common pathophysiological mechanisms in AHF phenotypes. Different causes of cardiac injury activate early pathophysiological and molecular 
mechanisms, including energetic cardiac failure, renal and endothelial dysfunction, and alteration of the splanchnic bed. Perpetuating these mechanisms pro
motes cardiac fibrosis and remodelling. NO, nitric oxide; RAAS, Renin–Angiotensin–Aldosterone System.
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molecules. Glycosaminoglycans networks function as sodium buffer and 
therefore play a critical role in regulating endothelial function and intersti
tial fluid accumulation. Neurohumoral alterations observed in AHF can al
ter glycosaminoglycan density and sulfatation, resulting in amplified vascular 
resistance and permeability, oedema, and cardiac filling pressures.77

Inflammation is also accompanied by the early onset of interstitial and 
perivascular fibrosis.78 Drugs that may address anti-remodelling effects 
through targeting multiple pathways in parallel, such as miRNA therapeu
tics, thus may be well suited as next-generation therapeutics. As such, pre- 
clinical and clinical evidence suggests that targeting remodelling-associated 
miRNA miR-132 leads to a normalization of pathological hypertrophy and 
fibrosis, and maybe a novel entry point to fight early pathological remod
elling post-MI.79,80

3.4 Mitochondrial dysfunction and oxidative 
stress
Mitochondria are abundant in energy-demanding cardiac tissues, and mito
chondrial energy production depends on factors that modulate normal 
mitochondrial function, such as enzyme activity and cofactor availability. 
In addition, oxidative stress, genetic factors, mitochondrial biogenesis, 
and aging may affect mitochondrial function.81

Energetic myocardial deficiency has been observed in TTS patients,82

which may contribute to the development of chronic HF.83 Recently, car
diac metabolic alterations were recapitulated in a rat model of TTS with 
the observation of multiple changes at all metabolic pathways. In particular, 
TTS displays dysregulation of glucose and lipid metabolic pathways with 
decreases in final glycolytic and β-oxidation metabolites and reduced avail
ability of Krebs intermediates. The energetic deficit is accompanied by de
fective Ca2+ handling, inflammation, and upregulation of remodelling 
pathways, with the preservation of sarcomeric and mitochondrial integ
rity.84 Although a precise mechanism reconciling the above observations 
has not yet been identified, it is plausible that these early alterations, to
gether with the activation of inflammatory and fibrotic processes, may con
tribute to cardiac remodelling following TTS.

Defective mitochondria following acute myocardial ischaemia (AMI) 
contributes to the development of AHF and the following adverse cardiac 
remodelling, as observed in ischaemia-reperfusion injury. Significant bio
chemical and metabolic changes occur in the first few minutes of AMI, in
cluding mitochondrial Ca2+ overload, oxidative stress, rapid pH correction, 
and opening of the mitochondrial permeability transition pore (mPTP).85

Reperfusion upon revascularization induces additional intracellular and 
mitochondrial Ca2+ overload due to disruption of the plasma membrane, 
oxidative stress-induced damage to the sarcoplasmic reticulum, and mito
chondrial re-energization, which permits the recovery of the mitochondrial 
membrane potential to drive the entry of Ca2+ into mitochondria via the 
mitochondrial Ca2+ uniporter (MCU). The molecular identification of the 
MCU86 and the mitochondrial Na+/Ca2+ exchanger (NCX), which med
iates mitochondrial calcium extrusion,87 may result in the discovery of a 
new class of specific inhibitors for reducing acute ischaemia and reperfu
sion in AMI.88 In summary, AHF is characterized by mechanisms activated 
in the acute phase and, if persisting, fosters the progression toward persist
ent/advanced HF.

3.5 Pre-clinical models of AHF
The molecular mechanisms underlying AHF evolution should ideally be 
reproduced in animal models. Over the years, numerous animal 
models of AHF have been implemented in different species (mice, rats, 
rabbits, pigs, dogs) to study AHF pathophysiology and develop new 
therapies.89–93 Nevertheless, most of these models present significant lim
itations and only partially recapitulate the clinical traits of the human con
dition89 (Table 1), which comprise: (i) impaired LV function; (ii) congestion 
with increased central venous, pulmonary artery, and capillary wedge pres
sures; (iii) pulmonary oedema and reduced respiratory exchange with sys
temic acidosis, and (iv) increased circulating cardiac biomarkers (cTnT, 
BNP, and others).

Moreover, the pattern of worsening AHF is difficult to reproduce, as an 
interaction of existing systemic factors and comorbidities is present in hu
mans.89 Thus, new animal models accurately mimicking human AHF are ur
gently needed to test new drugs before their clinical translation.

Several aspects should be considered when selecting the most appropri
ate species and animal model for AHF (Table 1). Ischaemia-induced HF is 
the most widely used approach.91,92 However, acute coronary occlusion 
frequently fails to induce stable HF due to neurohormonal activation, de
velopment of collateral circulation, or LV dilation.90 Microembolization is 
alternative option to promote ischaemic HF, but it generally requires nu
merous injections of microbeads to induce modest cardiac dysfunction.90

Administration of anticancer cardiotoxic drugs, such as anthracyclines, are 
known to produce HF but require multiple invasive procedures and result 
in high mortality.93,94 Doxorubicin can induce AHF shortly after high-dose 
injection in rodents (Table 1). This model has the advantage of a short mod
elling period and predictable time of cardiotoxicity but has high mortality 
and limited reproducibility.107 Also, high-dose injections of catecholamines 
are known to induce cardiac dysfunction typical of transient TTS.99

However, more recently, Ali et al.98 reported that a catecholamine surge 
might not be mandatory to generate an episode of TTS since they demon
strated that inotropes, such as milrinone, also trigger TTS (Table 1). 
Nevertheless, TTS animal models remain challenging as they only partially 
reproduce the cardiac features of TTS.108 Most studies are conducted in 
young male animals, contrasting with 92% of TTS patients, who are post- 
menopausal females. Finally, rapid-pacing-induced HF is another possible 
approach to induce AHF; however, it is reversible with cessation of 
pacing.90,103

Regarding the choice of the species to privilege, swine have been increas
ingly used due to their anatomic and pathophysiologic similarities to the 
human heart, making them the most translational model in biomedical re
search. Besides being genetically well-defined, mini-pigs weigh 30–70 kg at 
maturity, making them easier to handle compared to agricultural pigs that 
may grow to weigh over 320 kg. Some examples of AHF porcine models 
are depicted in Table 1. Rabbits are medium-sized animals that resemble 
many cellular (electrophysiology and Ca2+ homeostasis) and molecular 
characteristics of humans and represent a practical alternative to larger 
mammals. AHF can also be induced in rats after acute myocardial infarction 
(Table 1). However, the phenotype is strain-dependent, with Lewis inbred 
rats surviving more than Sprague-Dawley, which has been ascribed to its 
more uniform pattern of coronary branching and, thus, predictable infarct 
size.109 Moreover, important differences in mouse strains and substrains 
should be considered when implementing mouse models of AHF. For in
stance, the C57BL/6J strain has a mutation in the nicotinamide nucleotide 
transhydrogenase (Nnt) gene, which regenerates NADPH from NADH. 
This mutation protects C57BL/6J mice from oxidative stress and HF 
post-TAC, compared to the inbred C57BL/6N strain.110 Recently, a model 
of AHF developed in the BALB/C strain,104 showed reproducible and ro
bust pulmonary congestion that mimics patients with acute decompen
sated HF, thereby becoming a clinically relevant model of AHF. The 
most dangerous condition of AHF is cardiogenic shock, with a mortality 
of around 50% in patients. Very recently, a mouse model of cardiogenic 
shock was developed consisting of coronary ligation combined with hypox
ic ventilation, recapitulating most features of cardiogenic shock after myo
cardial infarction, including increased lactate levels.106 This model can 
better define the pathophysiology and potential therapeutic approaches 
for this devastating AHF syndrome.

4. Biomarker research in the setting 
of AHF: future directions
Biomarkers are non-invasive and highly reproducible quantitative tools that 
have highly improved the understanding of AHF pathophysiology.111 The 
most studied and extensively recognized biomarkers in diagnosing AHF 
are natriuretic peptides (NPs), which help distinguish individuals with acute 
dyspnoea from those with non-cardiac disease.112 The NPs comprise 
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atrial natriuretic peptide, B-type or brain natriuretic peptide (BNP), in
active form of BNP, N-terminal pro B-type natriuretic peptide 
(NT-proBNP),112 that, due to their diagnostic use, is recommended in pa
tients with possible AHF from the European and American practice guide
lines.5,113 However, it is crucial to correctly interpret NPs levels, which can 

be significantly influenced by other alterations that mimic AHF, such as MI, 
anaemia, aortic stenosis, atrial fibrillation etc., thus making the diagnosis un
certain. Moreover, it is essential to consider that NPs are released during 
haemodynamic stress when the ventricles are dilated, hypertrophic, or 
subject to increased wall tension, linking them to specific molecular 
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Table 1 Animal models of acute heart failure

Species Model Features References

Pig AMI induced by occlusion of left anterior descending coronary 

artery followed by a second AMI by circumflex coronary 
artery occlusion 2 weeks later

• Reduced LV ejection fraction < 30%. Olivari et al.89

• Increased thoracic fluid content > 35%.
• Pulmonary oedema and high pulmonary capillary wedge pressure 

∼30 mmHg.

• Increased central venous and pulmonary arterial pressures.
• Respiratory acidosis with low arterial PO2 and high PCO2

• Increased LV end-diastolic/systolic volumes.

• Increased circulating troponin T, natriuretic peptide, and 
adrenomedullin.

β-Blockade by an initial dose of Carazololin (1 mg/kg), 

followed by a continuous infusion of 1 mg/kg/h in German 
Landrasse pigs

• All measure parameters declined by 30%, including cardiac output, 

LV pressure, aortic blood pressure, systolic contractility 
(dP/dtmax), and systolic wall thickening fraction.

Kaczmarek 

et al.94

Rabbit Radiation • Induces acute myocardial lesions, such as pancarditis with 

inflammatory exudates, followed by a latent phase

Fajardo et al.95

• Myocardial and pericardial fibrosis.

Repetitive direct current shock • Decreased cardiac output. Arnolda et al.96

• Increased LV end-diastolic pressure.
• Raised peripheral resistance.

• Decrease intestinal and renal flow.

Rat Acute cardiac decompensation induced by salt-loading (1.8 g/ 
kg) in rats with well-established HF due to coronary ligation

• Reduction in cardiac output. Peschanski 
et al.97• Decreased myocardial perfusion.

• Slight increase in pulmonary weight.

• Impaired coronary relaxation.
• Transient heart rate reduction improved acute decompensated 

HF-induced LV and coronary dysfunction.

Rat Transient Takotsubo Syndrome (TTS) induced by a high-dose 
of catecholamines

• Acute severe ventricular systolic dysfunction. Ali et al.98

Paur et al.99• LV apical akinesia (correlated with LVEF) and hypercontractility in 

the basal segments, resolving in 7 days.

• Mortality rate of 33–42% (lower in females).
• Localized myocardial inflammatory changes (early neutrophil 

followed by macrophage infiltrates).

• Females need a higher triggering dose.
Rat and 

mice

A single intraperitoneal injection of DOX (10–25 mg/kg) or a 

single tail vein DOX (20 mg/kg) can induce acute 

cardiotoxicity

• Weight loss, diarrhoea, and reduced activity. Hayward 

et al.100

Al-Salam 
et al.101

Shao et al.102

• Decreased LVEF, ±dP/dTmax and increased LVEDP.

• Oxidative stress and mitochondrial damage.
• Myocardial fibre distortion and rupture.

• Increased myocardial necrosis and minimal fibrosis.

• Increased BNP, lactate dehydrogenase and calponin T.
Rat and 

mice

Rapid pacing-induced HF Shinbane 

et al.103

Mice Coronary ligation (chronic or I/R) • Reduced survival, systolic dysfunction, pulmonary congestion, and 
pleural effusion.

Ma et al.104

Gao et al.105

• Cardiac rupture, and not AHF, is the most common cause of death 

within the first-week post-MI.
Mice Coronary ligation and hypoxic ventilation • Recapitulates the most features of cardiogenic shock after 

myocardial infarction including increased lactate levels, severe 

systolic dysfunction, congestion, and high mortality

Wang et al.106
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mechanisms and physiological conditions. In addition, the circulating levels 
of NPs are higher in patients HFrEF than in patients with HFpEF, making the 
diagnosis of HFpEF difficult or falsely ruled out.

This ‘grey area’ in the use of NPs has dramatically contributed to raising 
the interest of the scientific community in identifying new biomarkers that 
would be useful to take in consideration other physiological conditions and 
molecular pathways alteration involved in the diagnosis and prognosis of 
HF, in particular aiming at developing a multimarker approach composed 
of additional biomarkers that can be used in combination with the previ
ously renowned NPs. Therefore, in the last two decades, pre-clinical and 
clinical research has moved toward identifying comprehensive biomarkers 
to mirror the different mechanisms of AHF pathophysiology (Table 2) with 
the object of obtaining an integral adjunctive tool for AHF management and 
the identification of individuals at risk of developing an advanced HF.

Galectin-3 (Gal-3) and soluble suppression of tumorigenicity 2 (sST2) 
emerged as good markers of cardiac remodelling and fibrosis, although 
the molecular mechanisms of their release are not fully elucidated.114

Myeloperoxidase (MPO) is a microbicidal haeme-containing enzyme of 
the innate immune system produced by neutrophils. It has been implicated 
in the pathogenesis of several inflammatory conditions, including coronary 
artery disease, HFpEF, chronic obstructive pulmonary disease, chronic kid
ney disease, and non-alcoholic steatohepatitis. In addition, elevated MPO 
levels are associated with advanced HF and correlate with microvascular 
dysfunction,124 particularly in patients with myocarditis.115

Other studies have suggested the ‘Cytokine Hypothesis’ in the different 
settings of AHF. C-reactive protein (CRP) and interleukin-6 (IL-6) emerged 
as potential biomarkers for patients’ stratification and prognosis of AHF. 
Pro-inflammatory markers are related to disease severity and provide im
portant prognostic information beyond traditional clinical parameters and 
other markers such as BNP.

HF is also characterized by endothelial damage; thus, measuring circulat
ing levels of endothelial cell injury markers could help determine the dis
ease severity. A novel recent marker of endothelial damage related to 
high blood pressure is represented by sortilin.122 This novel biomarker 
can be potentially implicated in AHF related to elevated blood pressure 
levels that can lead to cardiac remodelling.122

In conclusion, most novel HF biomarkers provide evidence of specific 
molecular and cellular processes, although in a non-cardiac-specific fashion. 
Therefore, it is still unclear whether altered plasma biomarkers can be dir
ectly associated with the degree of cardiac damage and risk of evolving to
ward an advanced HF.123 Further studies focused on their additive value in 
the diagnosis of HF, the relationship between their measurements, and the 
identification of individuals at risk of developing HF is needed.

5. Strategies for AHF treatment
In contrast to CHF treatment, pharmacological treatment of AHF has 
remained largely unchanged over the past decades. The cornerstones of 
the therapy, which is mostly symptomatic and focused on short-term out
comes, is diuretics, vasodilators, inotropes, and vasopressors depending on 
the clinical profile.5 Implementation of the underlying pathophysiology is 
incomplete: while particular triggers of AHF such as ACS, hypertension, ar
rhythmia, mechanical problems (e.g. acute valvular insufficiency), and pul
monary embolism have their specific treatments, other conditions are 
mainly tackled with general measures. The major, yet unresolved, problem 
is pharmacologically enhancing cardiac output in patients suffering from 
severely reduced LVEF and low blood pressure without life-threatening 
side effects. However, the management of AHF in urgent/emergency situa
tions is extensively described in previous papers, and is beyond the pur
pose of this work. Still, it is necessary to underline that searching for 
AHF therapies that can reduce cardiac damage and improve long-term clin
ical outcomes is daunting.

Of notice, even after remission from an AHF event, some patients tend 
to have further events over time. Primary AHF events may lead to subclin
ical changes (molecular, epigenetics modifications, metabolic changes, etc.), 
which could explain this tendency to new events within of an apparent 
healthy heart. This is consistent with the idea that LVEF recovery does 
not necessarily correspond to the recovery from HF.125 Precisely, the 
regression of the AHF phenotype and the accompanying return towards 
a more normal cardiac phenotype does not, per se, mean that the cellu
lar/molecular biology and physiology of these hearts is functional, which 
may explain why reverse remodelling may be related to different clinical 
outcomes.126

Identification of these subclinical footprints, however, could be pivotal 
for novel therapeutic strategies to avoid new AHF events.

5.1 Potential therapeutic strategy in AHF
The lack of univocal results regarding current available molecules makes al
ternative innovative strategies necessary; specifically, a growing number of 
molecular mechanisms could theoretically be targeted through pharmaco
logical approaches for new therapeutic strategies (Figure 3). As said, in the 
failing heart, oxidative stress plays an essential role.127 Specifically, the re
search focused on drugs targeting mitochondrial function and energy sup
ply (trimetazidine, mitoTEMPO, mitoQ, H2S donors, mPTP inhibitor 
TRO40303, SS-31, mitochondrial Na+/Ca2+ exchange inhibitors, PARP in
hibitors), inhibitors of reactive oxygen species (ROS) sources (NOX inhi
bitors, MAO inhibitors, MPO inhibitors), drugs targeting NO/cGMP 
signalling and vasodilatation (PETN, H2S donors, BH4, eNOS enhancer, 
and serelaxin), and antioxidant improving the redox balance (direct ROS 
scavenging or hormesis: Resveratrol, Coenzyme Q, NRF2 activators).128

5.1.1 Endothelial cell dysfunction
Interruption of the NO-sCG-cGMP pathway is broadly observed in indivi
duals with HF leading to endothelial dysfunction.129 The disruption is 
caused by an oxidized state resulting in low bioavailability of NO and 
cGMP.129 The intensification in ROS can also result in oxidized, and subse
quently haeme free, soluble guanylylcyclase (sGC) enzyme that NO is un
able to stimulate, worsening the endothelial dysfunction.129 Two novel 
classes of drugs, sGC stimulators and sGC activators, have become an at
tractive target for HF therapy. Specifically, the VICTORIA trial assessed the 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Biomarkers and related pathway in the setting of acute heart 
failure

Biomarkers Pathway involved References

Natriuretic peptides (BNP 

and NT-proBNP)

Haemodynamic 

stress and 

myocardial stretch

Rorth et al.114

Troponin Cardiomyocites 

injury

Shah et al.115

Soluble suppression of 
tumourgenicity 2 (sST2)

Combined/unknown 
pathways, fibrosis

Lotierzo et al.116

Galectin-3 (Gal-3) Extracellular matrix 

remodelling, 
fibrosis

Lok et al.117

Myeloperoxidase Oxidative stress Meijers et al.118

C-reactive protein (CRP), 
interleukin-6 (IL-6), 

procalcitonin, and 

Adrenomedullin (ADM)

Inflammation Petersen et al.119

Gaggin et al.120

Cvetinovic et al.121

Sortilin, CD146, 

Phosphatidylcoline, and 

ANGPTL8

Endothelial 

dysfunction

Shah et al.115

Di Pietro et al.122

Medina-Leyte 
et al.123
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efficacy and safety of the oral sGC stimulator Vericiguat, in patients with a 
reduced LVEF and recently decompensated CHF.5,130

Adrenomedullin (ADM) is a vasoactive peptide that is increased in pa
tients with volume overload; consequently, high levels are found in 
HF.131 Specifically, the main functions of ADM are vasodilatation to pre
serve vascular integrity and decrease vascular leakage. Accordingly, numer
ous pre-clinical132–135 and small clinical136–139 studies have recognized the 
effects of exogenous administration of ADM in HF. Briefly, these effects in
clude reduction in myocardial infarct size, cardiac myocyte apoptosis, LV 
remodelling (in animals) and aldosterone levels (animals and humans), while 
haemodynamics (in both humans and animals) and survival (in animals) 
were improved.131

Accordingly, in a case series of AHF patients with dyspnoea and pulmon
ary congestion, the effects of long-term intravenous administration of 
ADM in acute decompensated HF were studied: ADM infusion reduced 
mean arterial pressure, pulmonary arterial pressure and systemic and pul
monary vascular resistance without altering heart rate, and improved car
diac output for most time-points compared with those at baseline.140

In particular, Adrecizumab is a humanized, monoclonal, non-neutralizing 
ADM-binding antibody with a half-life of 15 days.131 Due to its high mo
lecular weight, the antibody adrecizumab cannot cross the endothelial bar
rier and remains in the circulation.131 The observation that adrecizumab 
increases plasma concentrations of ADM indicates that ADM-binding by 
adrecizumab is able to drain ADM from the interstithiium into the circula
tion. Consequently, by improving vascular integrity, adrecizumab may de
crease tissue congestion and thereby may improve clinical outcomes in 
individuals with acute decompensated heart failure.131

Similarly, the calcium sensitizer/PDE inhibitor ORM-3819 produces 
endothelium-independent vasodilation. In animal models, Nagy et al.141 de
monstrated that this drug is a potent positive inotropic agent exerting its 
cardiotonic effect by a cTnC-dependent Ca2+-sensitizing mechanism in 
combination with the selective inhibition of the PDE III isozyme; these 
two mechanisms of action led to the concentration-dependent augmenta
tion of the contractile performance under control conditions and in the 
post-ischaemic failing myocardium.141 Moreover, the results of Marton 
et al.142 suggest that this compound is a potent vasodilating agent able to 
relieve coronary artery vasospasm by causing hyperpolarization of vascular 
smooth muscle cells through a process involving activation of voltage-gated 
potassium channels in isolated porcine coronary arteries.

Also, serelaxin, a recombinant form of human relaxin-2, has been tested 
in patients with AHF.143 Serelaxin is known to have a range of pleiotropic 
properties, in addition to vasodilatation, including anti-fibrotic, angiogenic, 
anti-apoptotic, and anti-inflammatory effects.144 Precisely, relaxin pro
duces these effects by binding to a cognate receptor RXFP1 and activating 
a variety of signalling pathways including cAMP, cGMP, and MAPKs as well 
as by altering gene expression of TGF-β, MMPs, angiogenic growth factors, 
and endothelin receptors.144 However, infusions of serelaxin did not result 
in a lower incidence of death in patients with AHF.143

5.1.2 Mitochondrial function and energy supply
The mitotrope trimetazidine blocks mitochondrial oxidation of fatty acids 
by the enzyme thiolase and similarly shifts metabolism towards glucose.145

Small cohorts and open-label randomized studies suggest that trimetazi
dine improves myocardial performance and contractility with clinical ben
efits for HFrEF patients.146–148 Breedt et al.149 demonstrated that despite 
negligible effects on heart function during the critical AHF phase, trimeta
zidine had positive effects for both male and obese female mouse hearts 
when administered during the recovery AHF phase. Thus, trimetazidine 
emerges as worthy to consider for AHF treatment in normal and obese- 
diabetic individuals, but only when administered during the recovery phase. 
Nevertheless, these results have not been reproduced in appropriately 
sized randomized clinical trials.150

Sodium-glucose co-transporter 2 (SGLT2) inhibitors are newly intro
duced drugs in the 2021 ESC HF guidelines.5 There is evidence that 
SGLT2 inhibition improves cardiac mitochondrial function in animal mod
els independently of the diabetes mellitus status.151,152 Specifically, the 

EMPULSE trial recently demonstrated the beneficial effect of empagliflozin 
in both de novo and acute worsening HF.153,154 Additional studies are 
needed to assess the possible effects of SGLT2 inhibition more compre
hensively on cardiac mitochondrial function, such as mitochondrial protein 
levels, post-translational modifications, oxidative capacity, metabolic flux, 
and dynamics.151

The complexity and mechanistic implications of the G protein-coupled 
receptor kinase type 2 (GRK2) in HF are well demonstrated and documen
ted.155–157 The inhibition of GRK2 ameliorates cardiac metabolism and 
mitochondrial dysfunction.157–159 It was demonstrated that the systemic 
administration of the GRK2 inhibitor cyclic peptide ‘C7’ corrects cardiac 
(lipids) metabolism and mitochondrial abnormalities (morphology, biogen
esis, respiration, and ATP production) in a mouse model of HF.160

Accordingly, previous studies, employing different strategies of GRK2 in
hibition, demonstrated that by reducing the activity of this kinase, it is pos
sible to re-establish myocardial function at biochemical and contractile 
level.161,162 Some features of GRK2 inhibition make this target unique; in 
particular, C7 in non-failing cardiomyocytes is a direct positive inotrope 
and chronic infusion of GRK2 inhibitors results in metabolic and biochem
ical changes that could complement with adrenergic beta-blocker.160 To 
date, numerous methods have been developed to inhibit GRK2 activity; 
most of them are far from clinical applications, but cyclic peptides are 
the most promising. These data support the idea that inhibition of GRK2 
could be a useful strategy to restore alterations of cardiac metabolic state 
in AHF.

Another example is the mitochondria-targeted coenzyme Q10 (mitoQ) 
compound in which the direct ROS scavenger coenzyme Q is conjugated 
to the positively charged triphenylphosphonium, which targets mitoQ to 
mitochondria.163 MitoQ has been shown to reduce ROS production at 
the onset of reperfusion, reducing myocardial infarct size in experimental 
studies of AMI and reperfusion injury.164,165 Coenzyme Q10 (CoQ10) is a 
potent intracellular antioxidant generally used in cardiomyopathy;128

moreover, MitoQ can also improve arterial endothelial function when 
administered to aged mice.166 The antioxidant 2,2,6,6-tetramethyl- 
1-piperidinyloxyl (TEMPO, a spin trap) has also been conjugated to triphe
nylphosphonium to make mitoTEMPO and, when administered to rats, 
mitoTEMPO can prevent the increase in H2O2 levels and diaphragm mus
cle weakness associated with HF.167 Recent evidence suggests that in the 
setting of HF, increased cytoplasmic Na+ combined with impaired Ca2+ re
lease from the sarcoplasmic reticulum alters Na+ and Ca2+ gradients across 
the mitochondrial inner membrane, resulting in altered energy supply and 
demand and driving mitochondrial oxidation.128 Accordingly, inhibition of 
mitochondrial Na+/Ca2+ exchange with 7-chloro-5-(2-chlorophenyl)- 
1,5-dihydro-4,1-benzothiazepin-2(3H)-one (CGP-37157) re-establishes 
mitochondrial Ca2+ handling and protects against sudden death in a guinea 
pig model of HF.168 Specifically, in vivo MitoTEMPO treatment of HF ani
mals reversed HF, eliminated sudden cardiac death by decreasing disper
sion of repolarization and ventricular arrhythmias, suppressed chronic 
HF-induced remodelling of the expression proteome, and prevented spe
cific phosphor-proteome alterations.169 Moreover, oxidatively inactivated 
proteases may be an endogenous target for mitoTEMPO treatment in 
pressure overload HF.170

Under certain (genetic) condition, catecholamines impair cardiac metab
olism resulting in mitochondrial dysfunction with subsequent oxidative 
stress and energy depletion. For example, STAT3 deficiency and PPCM 
seem highly sensitive to β1-adrenergic receptor agonist stimulation.171

Therefore, treatment of PPCM patients with β-adrenergic receptor ago
nists should be avoided whenever possible. In cases with cardiogenic shock 
complicating PPCM, when treatment with β-adrenergic receptor agonists 
cannot be prevented, co-medication with perhexiline might help to reduce 
the cardiotoxic side effects of β-adrenergic receptor stimulation.171,172

5.1.3 Cellular redox state
A wide variety of different pharmacological methods is under investigation 
as means to modulate cellular redox state. In mammalian cells, seven sir
tuins (SIRT1-7) modulate distinct metabolic and stress-response pathways; 
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specifically, SIRT1 and SIRT3 have been most widely studied in the cardio
vascular system.173 The pharmacologic activation of these two sirtuins can 
potentially ameliorate the progression of HF because they participate in 
the regulation of energy production, oxidative stress, intracellular signalling, 
angiogenesis, autophagy, and cell death/survival.173 The natural polyphenol, 
resveratrol, is of particular interest as it is believed to mediate the benefits 
of red wine in the cardiovascular system by activating SIRT1 via an allosteric 
mechanism.174–176 On the other hand, there is a wide body of pre-clinical 
evidence that Nrf2 activation is extremely protective in HF models.177

Although Nrf2 activators such as sulforaphane, dimethylfumarate, and bar
doxolone are currently studied in multiple clinical trials for a broad range of 
indications, including chronic kidney disease and pulmonary hypertension, 
yet there is no clinical trial in patients with CVD.128

Nitroxyl (HNO), the one-electron reduction product of NO, has been 
shown to improve cardiac function in a redox sensitive way in experimental 
and clinical HF178,179 by enhancing Ca2+ cycling and increasing myofilament 
Ca2+ sensitivity. The third generation HNO donor BMS-986231 (cimla
nod) was recently tested in AHF. The compound rapidly and sustainably 
lowered pulmonary capillary pressure while improving cardiac index, with
out altering heart rate, or inducing arrhythmia, hypotension, or other ma
jor adverse events.180 Ongoing Phase 2B trials are testing its clinical 
efficacy.181 Unfortunately, the STAND-UP AHF Study (NCT03016325) 
showed that cimlanod reduced markers of congestion, but this did not per
sist beyond the treatment period.182

5.1.4 Immune modulation
Activation of innate immunity occurs in minutes upon myocardial injury, 
which can evolve to a chronic inflammatory state that contributes to fur
ther disease progression, under the harmful effects of sustained inflamma
tion on cardiac myocytes and the extracellular matrix. Therefore, the 
modulation of pro-inflammatory mediators in the acute setting can poten
tially facilitate resolution.183 Several transcriptional or translational ap
proaches have been evaluated to antagonize pro-inflammatory 
mediators or by the so-called ‘biological response modifiers’ that bind 
and/or neutralize soluble cytokines (e.g. TNF or IL-1β) involved in the acute 
phase.184 These approaches have produced contrasting results on the 

outcome in the context of CHF. However, it is possible that, given the rele
vance of the innate immune system in the first phase of a cardiac insult, the 
employment of these strategies in the acute setting can produce precise 
and favourable results. For instance, the IL-6 inhibitor tocilizumab can pro
tect against major adverse cardiovascular events in CAR-T patients185 and 
in severe ICI-related myocarditis unresponsive to high-dose glucocorticoid 
therapy.186 In the acute myocarditis setting, if symptoms and laboratory 
findings do not improve with high-dose glucocorticoids, other immunosup
pressant agents (e.g. mycophenolate mofetil, methotrexate, calcineurin in
hibitors, intravenous immunoglobulin, anti-thymocyte globulin, rituximab, 
and infliximab) may be considered for management of ICIs cardiotoxicity, 
as reported in the consensus recommendations from the Society for 
Immunotherapy of Cancer Toxicity Management Working Group.187

Recently, alemtuzumab, a humanized mAbs that binds to CD52, a protein 
present on the surface of mature lymphocytes, monocytes, macrophages, 
dendritic cells, and natural killer cells, led to a rapid cytolytic induction 
of immunosuppression with the resolution of cardiotoxicity in a 
steroid-refractory autoimmune myocarditis induced by PD-1 therapy.188

In another case, intravenous abatacept (a cytotoxic CTLA-4 agonist used 
in patients with rheumatoid arthritis diseases) led to resolution of the 
drug-related side effect, and this was attributed to the inhibitory effects 
of abatacept on T cell co-stimulation upstream of the PD-1/PD-L1 path
ways.189 Recently, in a pre-clinical mouse model of ICI-associated myocar
ditis, the monoallelic loss of CTLA-4 in the context of complete genetic 
absence of Pdcd1 leads to premature death in approximately half of 
mice; specifically, premature death resulted from myocardial infiltration 
by T cells and macrophages, closely recapitulating the clinical and patho
logical hallmarks of ICI-associated myocarditis observed in patients.190

6. Conclusions
AHF represents a highly relevant clinical problem regarding short-term 
outcomes and subsequent evolution towards CHF. Beyond the need to 
use strategies for haemodynamic support in cardiogenic shock conditions, 
it is essential to develop new approaches to preserve vital myocardium and 
to counteract the evolution towards CHF. HF patients display a marked 

Figure 3 Summary of established and potential targets for future strategies in AHF. The coloured squares show common pathophysiological pathways be
tween the different AHF phenotypes. NO, nitric oxide; cGMP, cyclic guanosine monophosphate; sGC, soluble guanylylcyclase; PETN, pentaerithrityl tetrani
trate; H2S, hydrogen sulphide; BH4, tetrahydrobiopterin; eNOS, endothelial nitric oxide synthase; NRF2, nuclear factor-E2-related factor 2; mitoTEMPO, 
mitochondria-targeted 2,2,6,6-tetramethyl-1-piperidinyloxyl; mitoQ, mitochondria-targeted coenzyme Q10; mPTP, mitochondrial permeability transition 
pore; PARP, poly(ADP-ribose) polymerase; NOX, NADPH oxidase; MAO, monoamine oxidase; MPO, myeloperoxidase.
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heterogeneity in the disease evolution; however, it is possible to trace the 
different trajectories of AHF based on the aetiology, comorbidities and en
vironmental factors, although aspects of the underlying molecular mechan
isms need to be clarified.

In particular, timing is pivotal for an effective pharmacological or thera
peutic approach to avoid transitioning from the AHF to CHF. However, 
the mechanisms that are early activated upon injury are poorly investigated. 
The improvement and/or development of new pre-clinical models, stem 
cell-derived models to in situ modelling of heart properties, and bioinfor
matic models based on large datasets, which show clinically relevant char
acteristics observed in patients with cardiovascular disease,191 are needed 
to better understand the specific phenotypes and the potential therapeutic 
interventions. Thus, it becomes increasingly evident that research should 
focus on the specific combination of aetiology/comorbidities underlying 
AHF to administer an adequate therapeutic scheme which considers all 
the pathophysiological mechanisms underlying that specific phenotype. 
An effective approach to improve the outcome in AHF is to develop and 
validate personalized therapeutic strategies for each phenotype rather 
than waiting for the perfect panacea for all. Medical progress in discovering 
new AHF drugs has substantially stalled in the past 20 years; nevertheless, 
advances in data technology,192 along with developments in clinical trials 
design and research focused on individual phenotypes,191 could help to 
bring a new generation of therapies into clinical use.

Funding
This work was supported by University of Salerno (FARB 2019, 2020) to 
M.C.; The Fundamental Research of excellence in Strategic areas— 
Walloon Excellence in Life Sciences and Biotechnology FRFS-WELBIO 
(Belgium), the Fonds National de la Recherche Scientifique FNRS 
(Belgium) and Action de Recherche Concertée from Wallonia-Brussels 
Federation to L.B. German Research Foundation (KFO311 and SFB1470) 
to T.T. ERA-CVD and Austrian Science Fund (AIR-MI, I 4168-B to P.R.), 
ERA-PerMed and Austrian Science Fund (PRE-CARE ML, I 5898-B) to 
P.R.; Netherlands Heart Foundation, Dekker Senior Clinical Scientist 
2019, Grant Agreement No 2019T056 to L.W.V.L.; Norwegian 
Research Council (RCN) to I.L.; NWO-ZonMW (91818602 VICI grant), 
ZonMW and Heart Foundation for the translational research program, 
project 95105003, the Dutch Cardiovascular Alliance grant Double 
Dose 2021, the Fondation Leducq  Grant Number 20CVD01, NWO 
Domain AES—SGF—ZonMw—Top Sector LSH, Human Models grant 
Proper Therapy 18953 to J.v.d.V.; Deutsche Forschungsgemeinschaft 
(DFG), Clinical Research Group 311 (KFO 311) ‘(Pre-)terminal heart and 
lung failure: Unloading and repair’ to J.B.;  Deutsche Forschungsgemeinschaft 
HA 7512/2-4 to N.H.; Institut National de la Santé et de la Recherche 
Médicale (Inserm) and Fondation pour la Recherche Médicale (‘Equipe FRM 
2021’) to F.L. C.G.T. reports funding from Amgen and MSD; 2 grants 
from the Italian Ministry of Health (PNRR-MAD-2022-12376632 and 
RF-2016-02362988).

Conflict of interest: T.T. received speaker fees and/or holds advisory 
board seats from Böhringer Ingelheim, Sanofi-Genzyme, Takeda, 
Novo-Nordisk, Amicus Therapeutics, KSILINK not related to the present 
article. T.T. filed and licensed patents about non-coding RNAs, and he is 
founder and shareholder of Cardior Pharmaceuticals (not related to this 
article). P.R. received travel support, speaker fees, honoraria from 
Novartis, Vifor, Böhringer, and Daiichi Sankyo (not related to this article). 
L.W.V.L. received Consultancy fees to UMCU from Abbott, Medtronic, 
Vifor, Novartis (not related to the present article). W.L. received honoraria 
from Bristol-Myers Squibb (MyoKardia), Merck, Sharp& Dohme (MSD, 
USA), and Servier, as well as a research grant from MSD (not related to 
the present article). J.B. received honoraria for lectures/consulting from 
Novartis, Vifor, Bayer, Pfizer, Boehringer Ingelheim, AstraZeneca, 
Cardior, CVRx, BMS, Amgen, Corvia, not related to the present article; 
and research support for the department from Zoll, CVRx, Abiomed, 
not related to the present article. C.G.T. reports Receipt of honoraria 
or consultation fees: VivaLyfe, Univers Formazione, Solaris, Myocardial 

Solutions; and is listed as an inventor of 2 patents related to HF. All other 
authors have nothing to disclose.

References
1. Fudim M, Abraham WT, von Bardeleben RS, Lindenfeld J, Ponikowski PP, Salah HM, Khan 

MS, Sievert H, Stone GW, Anker SD, Butler J. Device therapy in chronic heart failure: JACC 
state-of-the-art review. J Am Coll Cardiol 2021;78:931–956.

2. Visco V, Esposito C, Manzo M, Fiorentino A, Galasso G, Vecchione C, Ciccarelli M. A multi
step approach to deal with advanced heart failure: a case report on the positive effect of 
cardiac contractility modulation therapy on pulmonary pressure measured by 
CardioMEMS. Front Cardiovasc Med 2022;9:874433.

3. McMurray JJ, Packer M, Desai AS, Gong J, Lefkowitz MP, Rizkala AR, Rouleau JL, Shi VC, 
Solomon SD, Swedberg K, Zile MR; PARADIGM-HF Investigators and Committees. 
Angiotensin-neprilysin inhibition versus enalapril in heart failure. N Engl J Med 2014;371: 
993–1004.

4. Visco V, Esposito C, Vitillo P, Vecchione C, Ciccarelli M. It is easy to see, but it is better to 
foresee: a case report on the favourable alliance between CardioMEMS and levosimendan. 
Eur Heart J Case Rep 2020;4:1–5.

5. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, Burri H, Butler J, 
Celutkiene J, Chioncel O, Cleland JGF, Coats AJS, Crespo-Leiro MG, Farmakis D, Gilard M, 
Heymans S, Hoes AW, Jaarsma T, Jankowska EA, Lainscak M, Lam CSP, Lyon AR, 
McMurray JJV, Mebazaa A, Mindham R, Muneretto C, Francesco Piepoli M, Price S, 
Rosano GMC, Ruschitzka F, Kathrine Skibelund A; ESC Scientific Document Group. 
2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. 
Eur Heart J 2021;42:3599–3726.

6. Mentz RJ, O’Connor CM. Pathophysiology and clinical evaluation of acute heart failure. Nat 
Rev Cardiol 2016;13:28–35.

7. Miro O, Garcia Sarasola A, Fuenzalida C, Calderon S, Jacob J, Aguirre A, Wu DM, Rizzi MA, 
Malchair P, Haro A, Herrera S, Gil V, Martin-Sanchez FJ, Llorens P, Herrero Puente P, 
Bueno H, Dominguez Rodriguez A, Muller CE, Mebazaa A, Chioncel O, Alquezar-Arbe 
A; ICA-SEMES Research Group. Departments involved during the first episode of acute 
heart failure and subsequent emergency department revisits and rehospitalisations: an out
look through the NOVICA cohort. Eur J Heart Fail 2019;21:1231–1244.

8. Tomasoni D, Lombardi CM, Sbolli M, Cotter G, Metra M. Acute heart failure: more ques
tions than answers. Prog Cardiovasc Dis 2020;63:599–606.

9. Nieminen MS, Brutsaert D, Dickstein K, Drexler H, Follath F, Harjola VP, Hochadel M, 
Komajda M, Lassus J, Lopez-Sendon JL, Ponikowski P, Tavazzi L; EuroHeart Survey 
Investigators, Heart Failure Association, European Society of Cardiology. Euroheart 
Failure Survey II (EHFS II): a survey on hospitalized acute heart failure patients: description 
of population. Eur Heart J 2006;27:2725–2736.

10. Chioncel O, Mebazaa A, Maggioni AP, Harjola VP, Rosano G, Laroche C, Piepoli MF, 
Crespo-Leiro MG, Lainscak M, Ponikowski P, Filippatos G, Ruschitzka F, Seferovic P, 
Coats AJS, Lund LH; ESC-EORP-HFA Heart Failure Long-Term Registry Investigators. 
Acute heart failure congestion and perfusion status—impact of the clinical classification 
on in-hospital and long-term outcomes; insights from the ESC-EORP-HFA Heart Failure 
Long-Term Registry. Eur J Heart Fail 2019;21:1338–1352.

11. Chioncel O, Mebazaa A, Harjola VP, Coats AJ, Piepoli MF, Crespo-Leiro MG, Laroche C, 
Seferovic PM, Anker SD, Ferrari R, Ruschitzka F, Lopez-Fernandez S, Miani D, Filippatos G, 
Maggioni AP; ESC Heart Failure Long-Term Registry Investigators. Clinical phenotypes and 
outcome of patients hospitalized for acute heart failure: the ESC Heart Failure Long-Term 
Registry. Eur J Heart Fail 2017;19:1242–1254.

12. Ciccarelli M, Dawson D, Falcao-Pires I, Giacca M, Hamdani N, Heymans S, Hooghiemstra A, 
Leeuwis A, Hermkens D, Tocchetti CG, van der Velden J, Zacchigna S, Thum T. Reciprocal 
organ interactions during heart failure: a position paper from the ESC Working Group on 
Myocardial Function. Cardiovasc Res 2021;117:2416–2433.

13. Kurmani S, Squire I. Acute heart failure: definition, classification and epidemiology. Curr 
Heart Fail Rep 2017;14:385–392.

14. Butler J, Gheorghiade M, Kelkar A, Fonarow GC, Anker S, Greene SJ, Papadimitriou L, 
Collins S, Ruschitzka F, Yancy CW, Teerlink JR, Adams K, Cotter G, Ponikowski P, 
Felker GM, Metra M, Filippatos G. In-hospital worsening heart failure. Eur J Heart Fail 
2015;17:1104–1113.

15. Arrigo M, Jessup M, Mullens W, Reza N, Shah AM, Sliwa K, Mebazaa A. Acute heart failure. 
Nat Rev Dis Primers 2020;6:16.

16. Raffaello WM, Henrina J, Huang I, Lim MA, Suciadi LP, Siswanto BB, Pranata R. Clinical char
acteristics of de novo heart failure and acute decompensated chronic heart failure: are they 
distinctive phenotypes that contribute to different outcomes? Card Fail Rev 2020;7:e02.

17. Joseph SM, Cedars AM, Ewald GA, Geltman EM, Mann DL. Acute decompensated heart 
failure: contemporary medical management. Tex Heart Inst J 2009;36:510–520.

18. Campanile A, Ciccarelli M, Galasso G, Dell’Aquila F, Procaccini V, Vigorito F, Vecchione C, 
Ravera A. Predictors of complications in initially haemodynamically stable patients admitted 
in a modern coronary care unit. J Cardiovasc Med (Hagerstown) 2021;22:553–559.

19. Halliday BP, Wassall R, Lota AS, Khalique Z, Gregson J, Newsome S, Jackson R, Rahneva T, 
Wage R, Smith G, Venneri L, Tayal U, Auger D, Midwinter W, Whiffin N, Rajani R, 
DunguJN, Pantazis A, Cook SA, Ware JS, Baksi AJ, Pennell DJ, Rosen SD, Cowie MR, 
Cleland JGF, Prasad SK. Withdrawal of pharmacological treatment for heart failure in pa
tients with recovered dilated cardiomyopathy (TRED-HF): an open-label, pilot, rando
mised trial. Lancet 2019;393:61–73.

2400                                                                                                                                                                                                M. Ciccarelli et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024



20. Shiraishi Y, Kawana M, Nakata J, Sato N, Fukuda K, Kohsaka S. Time-sensitive approach in 
the management of acute heart failure. ESC Heart Fail 2021;8:204–221.

21. Greene SJ, Fonarow GC, Butler J. Risk profiles in heart failure: baseline, residual, worsening, 
and advanced heart failure risk. Circ Heart Fail 2020;13:e007132.

22. Hollenberg SM, Warner Stevenson L, Ahmad T, Amin VJ, Bozkurt B, Butler J, Davis LL, 
Drazner MH, Kirkpatrick JN, Peterson PN, Reed BN, Roy CL, Storrow AB. 2019 ACC ex
pert consensus decision pathway on risk assessment, management, and clinical trajectory of 
patients hospitalized with heart failure: a report of the American College of Cardiology 
Solution Set oversight Committee. J Am Coll Cardiol 2019;74:1966–2011.

23. Gandhi SK, Powers JC, Nomeir AM, Fowle K, Kitzman DW, Rankin KM, Little WC. The 
pathogenesis of acute pulmonary edema associated with hypertension. N Engl J Med 
2001;344:17–22.

24. Bozkurt B, Coats AJ, Tsutsui H, Abdelhamid M, Adamopoulos S, Albert N, Anker SD, 
Atherton J, Bohm M, Butler J. Universal definition and classification of heart failure: a report 
of the Heart Failure Society of America, Heart Failure Association of the European society 
of Cardiology, Japanese Heart Failure Society and Writing Committee of the Universal 
Definition of Heart Failure. J Card Fail 2021;27:387–413.

25. Mebazaa A, Tolppanen H, Mueller C, Lassus J, DiSomma S, Baksyte G, Cecconi M, Choi DJ, 
Cohen Solal A, Christ M, Masip J, Arrigo M, Nouira S, Ojji D, Peacock F, Richards M, Sato N, 
Sliwa K, Spinar J, Thiele H, Yilmaz MB, Januzzi J. Acute heart failure and cardiogenic shock: a 
multidisciplinary practical guidance. Intensive Care Med 2016;42:147–163.

26. Ziaeian B, Fonarow GC. Epidemiology and aetiology of heart failure. Nat Rev Cardiol 2016; 
13:368–378.

27. Honigberg MC, Givertz MM. Peripartum cardiomyopathy. BMJ 2019;364:k5287.
28. Trachtenberg BH, Hare JM. Inflammatory cardiomyopathic syndromes. Circ Res 2017;121: 

803–818.
29. Hang W, Chen C, Seubert JM, Wang DW. Fulminant myocarditis: a comprehensive review 

from etiology to treatments and outcomes. Signal Transduct Target Ther 2020;5:287.
30. Kloner RA. Stunned and hibernating myocardium: where are we nearly 4 decades later? 

J Am Heart Assoc 2020;9:e015502.
31. Frantz S, Hundertmark MJ, Schulz-Menger J, Bengel FM, Bauersachs J. Left ventricular re

modelling post-myocardial infarction: pathophysiology, imaging, and novel therapies. Eur 
Heart J 2022;43:2549–2561.

32. Alimonda AL, Nunez J, Nunez E, Husser O, Sanchis J, Bodi V, Minana G, Robles R, Mainar L, 
Merlos P, Darmofal H, Llacer A. Hyperuricemia in acute heart failure. More than a simple 
spectator? Eur J Intern Med 2009;20:74–79.

33. Visco V, Pascale AV, Virtuoso N, Mongiello F, Cinque F, Gioia R, Finelli R, Mazzeo P, Manzi 
MV, Morisco C, Rozza F, Izzo R, Cerasuolo F, Ciccarelli M, Iaccarino G. Serum uric acid and 
left ventricular mass in essential hypertension. Front Cardiovasc Med 2020;7:570000.

34. Sokolski M, Gajewski P, Zymlinski R, Biegus J, Berg JMT, Bor W, Braunschweig F, Caldeira D, 
Cuculi F, D’Elia E, Edes IF, Garus M, Greenwood JP, Halfwerk FR, Hindricks G, Knuuti J, 
Kristensen SD, Landmesser U, Lund LH, Lyon A, Mebazaa A, Merkely B, 
Nawrocka-Millward S, Pinto FJ, Ruschitzka F, Semedo E, Senni M, Sepehri Shamloo A, 
Sorensen J, Stengaard C, Thiele H, Toggweiler S, Tukiendorf A, Verhorst PM, Wright DJ, 
Zamorano P, Zuber M, Narula J, Bax JJ, Ponikowski P. Impact of coronavirus disease 
2019 (COVID-19) outbreak on acute admissions at the emergency and cardiology depart
ments across Europe. Am J Med 2021;134:482–489.

35. Ellis ER, Josephson ME. What about tachycardia-induced cardiomyopathy? Arrhythm 
Electrophysiol Rev 2013;2:82–90.

36. Umana E, Solares CA, Alpert MA. Tachycardia-induced cardiomyopathy. Am J Med 2003; 
114:51–55.

37. Seferovic PM, Polovina M, Bauersachs J, Arad M, Gal TB, Lund LH, Felix SB, Arbustini E, 
Caforio ALP, Farmakis D, Filippatos GS, Gialafos E, Kanjuh V, Krljanac G, Limongelli G, 
Linhart A, Lyon AR, Maksimovic R, Milicic D, Milinkovic I, Noutsias M, Oto A, Oto O, 
Pavlovic SU, Piepoli MF, Ristic AD, Rosano GMC, Seggewiss H, Asanin M, Seferovic JP, 
Ruschitzka F, Celutkiene J, Jaarsma T, Mueller C, Moura B, Hill L, Volterrani M, Lopatin 
Y, Metra M, Backs J, Mullens W, Chioncel O, de Boer RA, Anker S, Rapezzi C, Coats 
AJS, Tschope C. Heart failure in cardiomyopathies: a position paper from the Heart 
Failure Association of the European Society of Cardiology. Eur J Heart Fail 2019;21: 
553–576.

38. Bondue A, Arbustini E, Bianco A, Ciccarelli M, Dawson D, De Rosa M, Hamdani N, 
Hilfiker-Kleiner D, Meder B, Leite-Moreira AF, Thum T, Tocchetti CG, Varricchi G, Van 
der Velden J, Walsh R, Heymans S. Complex roads from genotype to phenotype in dilated 
cardiomyopathy: scientific update from the Working Group of Myocardial Function of the 
European Society of Cardiology. Cardiovasc Res 2018;114:1287–1303.

39. Garcia-Pavia P, Kim Y, Restrepo-Cordoba MA, Lunde IG, Wakimoto H, Smith AM, Toepfer 
CN, Getz K, Gorham J, Patel P, Ito K, Willcox JA, Arany Z, Li J, Owens AT, Govind R, Nunez 
B, Mazaika E, Bayes-Genis A, Walsh R, Finkelman B, Lupon J, Whiffin N, Serrano I, 
Midwinter W, Wilk A, Bardaji A, Ingold N, Buchan R, Tayal U, Pascual-Figal DA, 
de Marvao A, Ahmad M, Garcia-Pinilla JM, Pantazis A, Dominguez F, John Baksi A, 
O’Regan DP, Rosen SD, Prasad SK, Lara-Pezzi E, Provencio M, Lyon AR, Alonso-Pulpon 
L, Cook SA, DePalma SR, Barton PJR, Aplenc R, Seidman JG, Ky B, Ware JS, Seidman 
CE. Genetic variants associated with cancer therapy-induced cardiomyopathy. Circulation 
2019;140:31–41.

40. Hazebroek MR, Moors S, Dennert R, van den Wijngaard A, Krapels I, Hoos M, 
Verdonschot J, Merken JJ, de Vries B, Wolffs PF, Crijns HJ, Brunner-La Rocca HP, 
Heymans S. Prognostic relevance of gene-environment interactions in patients with dilated 

cardiomyopathy: applying the MOGE(S) classification. J Am Coll Cardiol 2015;66: 
1313–1323.

41. Kociol RD, McNulty SE, Hernandez AF, Lee KL, Redfield MM, Tracy RP, Braunwald E, 
O’Connor CM, Felker GM; NHLBI Heart Failure Network Steering Committee and 
Investigators. Markers of decongestion, dyspnea relief, and clinical outcomes among pa
tients hospitalized with acute heart failure. Circ Heart Fail 2013;6:240–245.

42. Sabbah HN. Pathophysiology of acute heart failure syndrome: a knowledge gap. Heart Fail 
Rev 2017;22:621–639.

43. Zuchi C, Tritto I, Carluccio E, Mattei C, Cattadori G, Ambrosio G. Role of endothelial dys
function in heart failure. Heart Fail Rev 2020;25:21–30.

44. Hilfiker-Kleiner D, Kaminski K, Podewski E, Bonda T, Schaefer A, Sliwa K, Forster O, Quint 
A, Landmesser U, Doerries C, Luchtefeld M, Poli V, Schneider MD, Balligand JL, Desjardins 
F, Ansari A, Struman I, Nguyen NQ, Zschemisch NH, Klein G, Heusch G, Schulz R, Hilfiker 
A, Drexler H. A cathepsin D-cleaved 16 kDa form of prolactin mediates postpartum car
diomyopathy. Cell 2007;128:589–600.

45. Halkein J, Tabruyn SP, Ricke-Hoch M, Haghikia A, Nguyen NQ, Scherr M, Castermans K, 
Malvaux L, Lambert V, Thiry M, Sliwa K, Noel A, Martial JA, Hilfiker-Kleiner D, Struman 
I. MicroRNA-146a is a therapeutic target and biomarker for peripartum cardiomyopathy. 
J Clin Invest 2013;123:2143–2154.

46. Peters K, Unger RE, Brunner J, Kirkpatrick CJ. Molecular basis of endothelial dysfunction in 
sepsis. Cardiovasc Res 2003;60:49–57.

47. Lam CS, Lund LH. Microvascular endothelial dysfunction in heart failure with preserved 
ejection fraction. Heart 2016;102:257–259.

48. Viau DM, Sala-Mercado JA, Spranger MD, O’Leary DS, Levy PD. The pathophysiology of 
hypertensive acute heart failure. Heart 2015;101:1861–1867.

49. Frantz S, Falcao-Pires I, Balligand JL, Bauersachs J, Brutsaert D, Ciccarelli M, Dawson D, de 
Windt LJ, Giacca M, Hamdani N, Hilfiker-Kleiner D, Hirsch E, Leite-Moreira A, Mayr M, 
Thum T, Tocchetti CG, van der Velden J, Varricchi G, Heymans S. The innate immune sys
tem in chronic cardiomyopathy: a European Society of Cardiology (ESC) scientific state
ment from the Working Group on Myocardial Function of the ESC. Eur J Heart Fail 
2018;20:445–459.

50. Pollack A, Kontorovich AR, Fuster V, Dec GW. Viral myocarditis–diagnosis, treatment op
tions, and current controversies. Nat Rev Cardiol 2015;12:670–680.

51. Peschel T, Schonauer M, Thiele H, Anker SD, Schuler G, Niebauer J. Invasive assessment of 
bacterial endotoxin and inflammatory cytokines in patients with acute heart failure. Eur J 
Heart Fail 2003;5:609–614.

52. Yokoyama T, Vaca L, Rossen RD, Durante W, Hazarika P, Mann DL. Cellular basis for the 
negative inotropic effects of tumor necrosis factor-alpha in the adult mammalian heart. 
J Clin Invest 1993;92:2303–2312.

53. Takahashi M. NLRP3 inflammasome as a novel player in myocardial infarction. Int Heart J 
2014;55:101–105.

54. Condorelli G, Morisco C, Latronico MV, Claudio PP, Dent P, Tsichlis P, Condorelli G, Frati 
G, Drusco A, Croce CM, Napoli C. TNF-alpha signal transduction in rat neonatal cardiac 
myocytes: definition of pathways generating from the TNF-alpha receptor. FASEB J 2002; 
16:1732–1737.

55. Sullivan DE, Ferris M, Nguyen H, Abboud E, Brody AR. TNF-alpha induces TGF-beta1 ex
pression in lung fibroblasts at the transcriptional level via AP-1 activation. J Cell Mol Med 
2009;13:1866–1876.

56. Peng J, Gurantz D, Tran V, Cowling RT, Greenberg BH. Tumor necrosis 
factor-alpha-induced AT1 receptor upregulation enhances angiotensin II-mediated cardiac 
fibroblast responses that favor fibrosis. Circ Res 2002;91:1119–1126.

57. Chandrasekar B, Vemula K, Surabhi RM, Li-Weber M, Owen-Schaub LB, Jensen LE, 
Mummidi S. Activation of intrinsic and extrinsic proapoptotic signaling pathways in 
interleukin-18-mediated human cardiac endothelial cell death. J Biol Chem 2004;279: 
20221–20233.

58. Woodfin A, Voisin MB, Imhof BA, Dejana E, Engelhardt B, Nourshargh S. Endothelial cell 
activation leads to neutrophil transmigration as supported by the sequential roles of 
ICAM-2, JAM-A, and PECAM-1. Blood 2009;113:6246–6257.

59. Tamaru M, Tomura K, Sakamoto S, Tezuka K, Tamatani T, Narumi S. Interleukin-1beta in
duces tissue- and cell type-specific expression of adhesion molecules in vivo. Arterioscler 
Thromb Vasc Biol 1998;18:1292–1303.

60. Zakrzewicz A, Grafe M, Terbeek D, Bongrazio M, Auch-Schwelk W, Walzog B, Graf K, 
Fleck E, Ley K, Gaehtgens P. L-selectin-dependent leukocyte adhesion to microvascular 
but not to macrovascular endothelial cells of the human coronary system. Blood 1997; 
89:3228–3235.

61. Kirkwood FAJ, Tien MHN. Immune system alterations in acute heart failure. In: Mebazaa A 
Gheorghiade M Zannad FM and Parrillo JE (eds.), Acute Heart Failure. London: Springer; 
2008. p134–147.

62. Janssen SP, Gayan-Ramirez G, Van den Bergh A, Herijgers P, Maes K, Verbeken E, 
Decramer M. Interleukin-6 causes myocardial failure and skeletal muscle atrophy in rats. 
Circulation 2005;111:996–1005.

63. Bajaj R, Sinclair HC, Patel K, Low B, Pericao A, Manisty C, Guttmann O, Zemrak F, Miller O, 
Longhi P, Proudfoot A, Lams B, Agarwal S, Marelli-Berg FM, Tiberi S, Cutino-Moguel T, 
Carr-White G, Mohiddin SA. Delayed-onset myocarditis following COVID-19. Lancet 
Respir Med 2021;9:e32–e34.

64. Skendros P, Mitsios A, Chrysanthopoulou A, Mastellos DC, Metallidis S, Rafailidis P, 
Ntinopoulou M, Sertaridou E, Tsironidou V, Tsigalou C, Tektonidou M, Konstantinidis T, 
Papagoras C, Mitroulis I, Germanidis G, Lambris JD, Ritis K. Complement and tissue factor- 

Mechanisms and pre-clinical models of AHF                                                                                                                                                            2401
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024



enriched neutrophil extracellular traps are key drivers in COVID-19 immunothrombosis. 
J Clin Invest 2020;130:6151–6157.

65. Chau VQ, Giustino G, Mahmood K, Oliveros E, Neibart E, Oloomi M, Moss N, Mitter SS, 
Contreras JP, Croft L, Serrao G, Parikh AG, Lala A, Trivieri MG, LaRocca G, Anyanwu A, 
Pinney SP, Mancini DM. Cardiogenic shock and hyperinflammatory syndrome in young 
males with COVID-19. Circ Heart Fail 2020;13:e007485.

66. Writing C, Gluckman TJ, Bhave NM, Allen LA, Chung EH, Spatz ES, Ammirati E, Baggish AL, 
Bozkurt B, Cornwell WK III, Harmon KG, Kim JH, Lala A, Levine BD, Martinez MW, 
Onuma O, Phelan D, Puntmann VO, Rajpal S, Taub PR, Verma AK. 2022 ACC expert con
sensus decision pathway on cardiovascular sequelae of COVID-19 in adults: myocarditis 
and other myocardial involvement, post-acute sequelae of SARS-CoV-2 infection, and re
turn to play: a report of the American College of Cardiology Solution Set Oversight 
Committee. J Am Coll Cardiol 2022;79:1717–1756.

67. Izzo C, Visco V, Gambardella J, Ferruzzi GJ, Rispoli A, Rusciano MR, Toni AL, Virtuoso N, 
Carrizzo A, Di Pietro P, Iaccarino G, Vecchione C, Ciccarelli M. Cardiovascular implications 
of microRNAs in coronavirus disease 2019. J Pharmacol Exp Ther 2023;384:102–108.

68. Abou-Ismail MY, Diamond A, Kapoor S, Arafah Y, Nayak L. The hypercoagulable state in 
COVID-19: incidence, pathophysiology, and management. Thromb Res 2020;194:101–115.

69. Kaya Z, Leib C, Katus HA. Autoantibodies in heart failure and cardiac dysfunction. Circ Res 
2012;110:145–158.

70. Morbach C, Beyersdorf N, Kerkau T, Ramos G, Sahiti F, Albert J, Jahns R, Ertl G, Angermann 
CE, Frantz S, Hofmann U, Stork S. Adaptive anti-myocardial immune response following 
hospitalization for acute heart failure. ESC Heart Fail 2021;8:3348–3353.

71. Poto R, Marone G, Pirozzi F, Galdiero MR, Cuomo A, Formisano L, Bianco R, Della Corte 
CM, Morgillo F, Napolitano S, Troiani T, Tocchetti CG, Mercurio V, Varricchi G. How can 
we manage the cardiac toxicity of immune checkpoint inhibitors? Expert Opin Drug Saf 
2021;20:685–694.

72. Lv H, Havari E, Pinto S, Gottumukkala RV, Cornivelli L, Raddassi K, Matsui T, Rosenzweig A, 
Bronson RT, Smith R, Fletcher AL, Turley SJ, Wucherpfennig K, Kyewski B, Lipes MA. 
Impaired thymic tolerance to alpha-myosin directs autoimmunity to the heart in mice 
and humans. J Clin Invest 2011;121:1561–1573.

73. Gil-Cruz C, Perez-Shibayama C, De Martin A, Ronchi F, van der Borght K, Niederer R, 
Onder L, Lutge M, Novkovic M, Nindl V, Ramos G, Arnoldini M, Slack EMC, 
Boivin-Jahns V, Jahns R, Wyss M, Mooser C, Lambrecht BN, Maeder MT, Rickli H, Flatz 
L, Eriksson U, Geuking MB, McCoy KD, Ludewig B. Microbiota-derived peptide mimics 
drive lethal inflammatory cardiomyopathy. Science 2019;366:881–886.

74. Portig I, Sandmoeller A, Kreilinger S, Maisch B. HLA-DQB1* polymorphism and associa
tions with dilated cardiomyopathy, inflammatory dilated cardiomyopathy and myocarditis. 
Autoimmunity 2009;42:33–40.

75. Lachmet-Thebaud L, Marchandot B, Matsushita K, Sato C, Dagrenat C, Greciano S, De Poli 
F, Leddet P, Peillex M, Hess S, Carmona A, Jimenez C, Heger J, Reydel A, Ohlmann P, Jesel L, 
Morel O. Impact of residual inflammation on myocardial recovery and cardiovascular out
come in Takotsubo patients. ESC Heart Fail 2021;8:259–269.

76. Katsuumi G, Shimizu I, Yoshida Y, Hayashi Y, Ikegami R, Suda M, Wakasugi T, Nakao M, 
Minamino T. Catecholamine-Induced senescence of endothelial cells and bone marrow 
cells promotes cardiac dysfunction in mice. Int Heart J 2018;59:837–844.

77. Nijst P, Verbrugge FH, Grieten L, Dupont M, Steels P, Tang WHW, Mullens W. The patho
physiological role of interstitial sodium in heart failure. J Am Coll Cardiol 2015;65:378–388.

78. Thum T. Noncoding RNAs and myocardial fibrosis. Nat Rev Cardiol 2014;11:655–663.
79. Foinquinos A, Batkai S, Genschel C, Viereck J, Rump S, Gyöngyösi M, Traxler D, 

Riesenhuber M, Spannbauer A, Lukovic D, Weber N, Zlabinger K, Hašimbegović E, 
Winkler J, Fiedler J, Dangwal S, Fischer M, de la Roche J, Wojciechowski D, Kraft T, 
Garamvölgyi R, Neitzel S, Chatterjee S, Yin X, Bär C, Mayr M, Xiao K, Thum T. 
Preclinical development of a miR-132 inhibitor for heart failure treatment. Nat Commun 
2020;11:633.

80. Taubel J, Hauke W, Rump S, Viereck J, Batkai S, Poetzsch J, Rode L, Weigt H, Genschel C, 
Lorch U, Theek C, Levin AA, Bauersachs J, Solomon SD, Thum T. Novel antisense therapy 
targeting microRNA-132 in patients with heart failure. Eur Heart J 2021;42:178–188.

81. Lee HC, Wei YH. Mitochondrial biogenesis and mitochondrial DNA maintenance of mam
malian cells under oxidative stress. Int J Biochem Cell Biol 2005;37:822–834.

82. Schwarz K, Ahearn T, Srinivasan J, Neil CJ, Scally C, Rudd A, Jagpal B, Frenneaux MP, Pislaru 
C, Horowitz JD, Dawson DK. Alterations in cardiac deformation, timing of contraction and 
relaxation, and early myocardial fibrosis accompany the apparent recovery of acute 
stress-induced (Takotsubo) cardiomyopathy: an End to the concept of transience. J Am 
Soc Echocardiogr 2017;30:745–755.

83. Scally C, Rudd A, Mezincescu A, Wilson H, Srivanasan J, Horgan G, Broadhurst P, Newby 
DE, Henning A, Dawson DK. Persistent long-term structural, functional, and metabolic 
changes after stress-induced (Takotsubo) cardiomyopathy. Circulation 2018;137: 
1039–1048.

84. Godsman N, Kohlhaas M, Nickel A, Cheyne L, Mingarelli M, Schweiger L, Hepburn C, 
Munts C, Welch A, Delibegovic M, Van Bilsen M, Maack C, Dawson DK. Metabolic altera
tions in a rat model of Takotsubo syndrome. Cardiovasc Res 2022;118:1932–1946.

85. Hernandez-Resendiz S, Prunier F, Girao H, Dorn G, Hausenloy DJ, Action E-CC. Targeting 
mitochondrial fusion and fission proteins for cardioprotection. J Cell Mol Med 2020;24: 
6571–6585.

86. De Stefani D, Raffaello A, Teardo E, Szabo I, Rizzuto R. A forty-kilodalton protein of the 
inner membrane is the mitochondrial calcium uniporter. Nature 2011;476:336–340.

87. Luongo TS, Lambert JP, Gross P, Nwokedi M, Lombardi AA, Shanmughapriya S, Carpenter 
AC, Kolmetzky D, Gao E, van Berlo JH, Tsai EJ, Molkentin JD, Chen X, Madesh M, Houser 
SR, Elrod JW. The mitochondrial Na(+)/Ca(2+) exchanger is essential for Ca(2+) homeo
stasis and viability. Nature 2017;545:93–97.

88. Ramachandra CJA, Hernandez-Resendiz S, Crespo-Avilan GE, Lin YH, Hausenloy DJ. 
Mitochondria in acute myocardial infarction and cardioprotection. EBioMedicine 2020; 
57:102884.

89. Olivari D, De Giorgio D, Staszewsky LI, Fumagalli F, Boccardo A, Novelli D, Manfredi M, 
Babini G, Luciani A, Ruggeri L, Magliocca A, Zani DD, Masson S, Belloli A, Pravettoni D, 
Maiocchi G, Latini R, Ristagno G. Searching for preclinical models of acute decompensated 
heart failure: a concise narrative overview and a novel swine model. Cardiovasc Drugs Ther 
2022;36:727–738.

90. Cops J, Haesen S, De Moor B, Mullens W, Hansen D. Current animal models for the study 
of congestion in heart failure: an overview. Heart Fail Rev 2019;24:387–397.

91. Galvez-Monton C, Prat-Vidal C, Diaz-Guemes I, Crisostomo V, Soler-Botija C, Roura S, 
Llucia-Valldeperas A, Perea-Gil I, Sanchez-Margallo FM, Bayes-Genis A. Comparison of 
two preclinical myocardial infarct models: coronary coil deployment versus surgical liga
tion. J Transl Med 2014;12:137.

92. Ishikawa K, Aguero J, Tilemann L, Ladage D, Hammoudi N, Kawase Y, Santos-Gallego CG, 
Fish K, Levine RA, Hajjar RJ. Characterizing preclinical models of ischemic heart failure: dif
ferences between LAD and LCx infarctions. Am J Physiol Heart Circ Physiol 2014;307: 
H1478–H1486.

93. Toyoda Y, Okada M, Kashem MA. A canine model of dilated cardiomyopathy induced by 
repetitive intracoronary doxorubicin administration. J Thorac Cardiovasc Surg 1998;115: 
1367–1373.

94. Kaczmarek I, Feindt P, Boeken U, Guerler S, Gams E. Effects of direct mechanical ventricu
lar assistance on regional myocardial function in an animal model of acute heart failure. Artif 
Organs 2003;27:261–266.

95. Fajardo LF, Stewart JR. Pathogenesis of radiation-induced myocardial fibrosis. Lab Invest 
1973;29:244–257.

96. Arnolda L, McGrath BP, Johnston CI. Systemic and regional effects of vasopressin and 
angiotensin in acute left ventricular failure. Am J Physiol 1991;260:H499–H506.

97. Peschanski N, Harouki N, Soulie M, Lachaux M, Nicol L, Remy-Jouet I, Henry JP, Dumesnil 
A, Renet S, Fougerousse F, Brakenhielm E, Ouvrard-Pascaud A, Thuillez C, Richard V, 
Roussel J, Mulder P. Transient heart rate reduction improves acute decompensated heart 
failure-induced left ventricular and coronary dysfunction. ESC Heart Fail 2021;8: 
1085–1095.

98. Ali A, Redfors B, Lundgren J, Alkhoury J, Oras J, Gan LM, Omerovic E. Effects of pretreat
ment with cardiostimulants and beta-blockers on isoprenaline-induced takotsubo-like car
diac dysfunction in rats. Int J Cardiol 2019;281:99–104.

99. Paur H, Wright PT, Sikkel MB, Tranter MH, Mansfield C, O’Gara P, Stuckey DJ, Nikolaev 
VO, Diakonov I, Pannell L, Gong H, Sun H, Peters NS, Petrou M, Zheng Z, Gorelik J, Lyon 
AR, Harding SE. High levels of circulating epinephrine trigger apical cardiodepression in a 
beta2-adrenergic receptor/Gi-dependent manner: a new model of Takotsubo cardiomy
opathy. Circulation 2012;126:697–706.

100. Hayward R, Hydock DS. Doxorubicin cardiotoxicity in the rat: an in vivo characterization. 
J Am Assoc Lab Anim Sci 2007;46:20–32.

101. Al-Salam S, Kandhan K, Sudhadevi M, Yasin J, Tariq S. Early doxorubicin myocardial injury: 
inflammatory, oxidative stress, and apoptotic role of galectin-3. Int J Mol Sci 2022;23:12479.

102. Shao Y, Redfors B, Scharin Tang M, Mollmann H, Troidl C, Szardien S, Hamm C, Nef H, 
Boren J, Omerovic E. Novel rat model reveals important roles of beta-adrenoreceptors 
in stress-induced cardiomyopathy. Int J Cardiol 2013;168:1943–1950.

103. Shinbane JS, Wood MA, Jensen DN, Ellenbogen KA, Fitzpatrick AP, Scheinman MM. 
Tachycardia-induced cardiomyopathy: a review of animal models and clinical studies. 
J Am Coll Cardiol 1997;29:709–715.

104. Ma X, Tannu S, Allocco J, Pan J, Dipiero J, Wong P. A mouse model of heart failure exhibit
ing pulmonary edema and pleural effusion: useful for testing new drugs. J Pharmacol Toxicol 
Methods 2019;96:78–86.

105. Gao XM, Xu Q, Kiriazis H, Dart AM, Du XJ. Mouse model of post-infarct ventricular rup
ture: time course, strain- and gender-dependency, tensile strength, and histopathology. 
Cardiovasc Res 2005;65:469–477.

106. Wang Y, Polten F, Jackle F, Korf-Klingebiel M, Kempf T, Bauersachs J, Freitag-Wolf S, 
Lichtinghagen R, Pich A, Wollert KC. A mouse model of cardiogenic shock. Cardiovasc 
Res 2021;117:2414–2415.

107. Meng C, Fan L, Wang X, Wang Y, Li Y, Pang S, Lv S, Zhang J. Preparation and evaluation of 
animal models of cardiotoxicity in antineoplastic therapy. Oxid Med Cell Longev 2022;2022: 
3820591.

108. Angelini P, Gamero MT. What can we learn from animal models of Takotsubo syndrome? 
Int J Cardiol 2019;281:105–106.

109. Liu YH, Yang XP, Nass O, Sabbah HN, Peterson E, Carretero OA. Chronic heart failure 
induced by coronary artery ligation in Lewis inbred rats. Am J Physiol 1997;272: 
H722–H727.

110. Nickel AG, von Hardenberg A, Hohl M, Loffler JR, Kohlhaas M, Becker J, Reil JC, Kazakov A, 
Bonnekoh J, Stadelmaier M, Puhl SL, Wagner M, Bogeski I, Cortassa S, Kappl R, Pasieka B, 
Lafontaine M, Lancaster CR, Blacker TS, Hall AR, Duchen MR, Kastner L, Lipp P, Zeller T, 
Muller C, Knopp A, Laufs U, Bohm M, Hoth M, Maack C. Reversal of mitochondrial trans
hydrogenase causes oxidative stress in heart failure. Cell Metab 2015;22:472–484.

111. Braunwald E. Biomarkers in heart failure. N Engl J Med 2008;358:2148–2159.

2402                                                                                                                                                                                                M. Ciccarelli et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024



112. Maisel AS, Krishnaswamy P, Nowak RM, McCord J, Hollander JE, Duc P, Omland T, 
Storrow AB, Abraham WT, Wu AH, Clopton P, Steg PG, Westheim A, Knudsen CW, 
Perez A, Kazanegra R, Herrmann HC, McCullough PA. Breathing not properly multination
al study I. Rapid measurement of B-type natriuretic peptide in the emergency diagnosis of 
heart failure. N Engl J Med 2002;347:161–167.

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

114. Rorth R, Jhund PS, Yilmaz MB, Kristensen SL, Welsh P, Desai AS, Kober L, Prescott MF, 
Rouleau JL, Solomon SD, Swedberg K, Zile MR, Packer M, McMurray JJV. Comparison of 
BNP and NT-proBNP in patients with heart failure and reduced ejection fraction. Circ 
Heart Fail 2020;13:e006541.

115. Shah KS, Maisel AS, Fonarow GC. Troponin in heart failure. Heart Fail Clin 2018;14:57–64.
116. Lotierzo M, Dupuy AM, Kalmanovich E, Roubille F, Cristol JP. sST2 as a value-added bio

marker in heart failure. Clin Chim Acta 2020;501:120–130.
117. Lok DJ, Lok SI, Bruggink-Andre de la Porte PW, Badings E, Lipsic E, van Wijngaarden J, de 

Boer RA, van Veldhuisen DJ, van der Meer P. Galectin-3 is an independent marker for ven
tricular remodeling and mortality in patients with chronic heart failure. Clin Res Cardiol 
2013;102:103–110.

118. Meijers WC, Bayes-Genis A, Mebazaa A, Bauersachs J, Cleland JGF, Coats AJS, Januzzi JL, 
Maisel AS, McDonald K, Mueller T, Richards AM, Seferovic P, Mueller C, de Boer RA. 
Circulating heart failure biomarkers beyond natriuretic peptides: review from the 
Biomarker Study Group of the Heart Failure Association (HFA), European Society of 
Cardiology (ESC). Eur J Heart Fail 2021;23:1610–1632.

119. Petersen JW, Felker GM. Inflammatory biomarkers in heart failure. Congest Heart Fail 2006; 
12:324–328.

120. Gaggin HK, Januzzi JL Jr. Biomarkers and diagnostics in heart failure. Biochim Biophys Acta 
2013;1832:2442–2450.

121. Cvetinovic N, Isakovic AM, Lainscak M, Dungen HD, Nikolic NM, Loncar G. Procalcitonin 
in heart failure: hic et nunc. Biomark Med 2017;11:893–903.

122. Di Pietro P, Carrizzo A, Sommella E, Oliveti M, Iacoviello L, Di Castelnuovo A, Acernese F, 
Damato A, De Lucia M, Merciai F, Iesu P, Venturini E, Izzo R, Trimarco V, Ciccarelli M, 
Giugliano G, Carnevale R, Cammisotto V, Migliarino S, Virtuoso N, Strianese A, Izzo V, 
Campiglia P, Ciaglia E, Levkau B, Puca AA, Vecchione C. Targeting the ASMase/S1P path
way protects from sortilin-evoked vascular damage in hypertension. J Clin Invest 2022;132: 
e146343.

123. Medina-Leyte DJ, Zepeda-Garcia O, Dominguez-Perez M, Gonzalez-Garrido A, 
Villarreal-Molina T, Jacobo-Albavera L. Endothelial dysfunction, inflammation and coronary 
artery disease: potential biomarkers and promising therapeutical approaches. Int J Mol Sci 
2021;22:3850.

124. Tang WH, Brennan ML, Philip K, Tong W, Mann S, Van Lente F, Hazen SL. Plasma myelo
peroxidase levels in patients with chronic heart failure. Am J Cardiol 2006;98:796–799.

125. Basuray A, French B, Ky B, Vorovich E, Olt C, Sweitzer NK, Cappola TP, Fang JC. Heart 
failure with recovered ejection fraction: clinical description, biomarkers, and outcomes. 
Circulation 2014;129:2380–2387.

126. Mann DL, Barger PM, Burkhoff D. Myocardial recovery and the failing heart: myth, magic, or 
molecular target? J Am Coll Cardiol 2012;60:2465–2472.

127. Izzo C, Vitillo P, Di Pietro P, Visco V, Strianese A, Virtuoso N, Ciccarelli M, Galasso G, 
Carrizzo A, Vecchione C. The role of oxidative stress in cardiovascular aging and cardio
vascular diseases. Life (Basel) 2021;11:60.

128. Daiber A, Andreadou I, Oelze M, Davidson SM, Hausenloy DJ. Discovery of new thera
peutic redox targets for cardioprotection against ischemia/reperfusion injury and heart fail
ure. Free Radic Biol Med 2021;163:325–343.

129. Cordwin DJ, Berei TJ, Pogue KT. The role of sGC stimulators and activators in heart failure 
with reduced ejection fraction. J Cardiovasc Pharmacol Ther 2021;26:593–600.

130. Armstrong PW, Pieske B, Anstrom KJ, Ezekowitz J, Hernandez AF, Butler J, Lam CSP, 
Ponikowski P, Voors AA, Jia G, McNulty SE, Patel MJ, Roessig L, Koglin J, O’Connor CM, 
Group VS. Vericiguat in patients with heart failure and reduced ejection fraction. N Engl 
J Med 2020;382:1883–1893.

131. Voors AA, Kremer D, Geven C, Ter Maaten JM, Struck J, Bergmann A, Pickkers P, Metra M, 
Mebazaa A, Dungen HD, Butler J. Adrenomedullin in heart failure: pathophysiology and 
therapeutic application. Eur J Heart Fail 2019;21:163–171.

132. Li LL, Peng C, Zhang M, Liu Y, Li H, Chen H, Sun Y, Zhu C, Zhang Y. Mesenchymal stem cells 
overexpressing adrenomedullin improve heart function through antifibrotic action in rats 
experiencing heart failure. Mol Med Rep 2018;17:1437–1444.

133. Looi YH, Kane KA, McPhaden AR, Wainwright CL. Adrenomedullin acts via nitric oxide 
and peroxynitrite to protect against myocardial ischaemia-induced arrhythmias in anaes
thetized rats. Br J Pharmacol 2006;148:599–609.

134. Nakamura R, Kato J, Kitamura K, Onitsuka H, Imamura T, Cao Y, Marutsuka K, Asada Y, 
Kangawa K, Eto T. Adrenomedullin administration immediately after myocardial infarction 
ameliorates progression of heart failure in rats. Circulation 2004;110:426–431.

135. Okumura H, Nagaya N, Itoh T, Okano I, Hino J, Mori K, Tsukamoto Y, Ishibashi-Ueda H, 
Miwa S, Tambara K, Toyokuni S, Yutani C, Kangawa K. Adrenomedullin infusion attenuates 
myocardial ischemia/reperfusion injury through the phosphatidylinositol 3-kinase/ 
Akt-dependent pathway. Circulation 2004;109:242–248.

136. Kataoka Y, Miyazaki S, Yasuda S, Nagaya N, Noguchi T, Yamada N, Morii I, Kawamura A, 
Doi K, Miyatake K, Tomoike H, Kangawa K. The first clinical pilot study of intravenous adre
nomedullin administration in patients with acute myocardial infarction. J Cardiovasc 
Pharmacol 2010;56:413–419.

137. Nishikimi T, Karasawa T, Inaba C, Ishimura K, Tadokoro K, Koshikawa S, Yoshihara F, 
Nagaya N, Sakio H, Kangawa K, Matsuoka H. Effects of long-term intravenous administra
tion of adrenomedullin (AM) plus hANP therapy in acute decompensated heart failure: a 
pilot study. Circ J 2009;73:892–898.

138. Nagaya N, Satoh T, Nishikimi T, Uematsu M, Furuichi S, Sakamaki F, Oya H, Kyotani S, 
Nakanishi N, Goto Y, Masuda Y, Miyatake K, Kangawa K. Hemodynamic, renal, and hormo
nal effects of adrenomedullin infusion in patients with congestive heart failure. Circulation 
2000;101:498–503.

139. Nakamura M, Yoshida H, Makita S, Arakawa N, Niinuma H, Hiramori K. Potent and long- 
lasting vasodilatory effects of adrenomedullin in humans. Comparisons between normal 
subjects and patients with chronic heart failure. Circulation 1997;95:1214–1221.

140. Geven C, Bergmann A, Kox M, Pickkers P. Vascular effects of adrenomedullin and the anti- 
adrenomedullin antibody adrecizumab in sepsis. Shock 2018;50:132–140.

141. Nagy L, Pollesello P, Haikala H, Vegh A, Sorsa T, Levijoki J, Szilagyi S, Edes I, Toth A, Papp Z, 
Papp JG. ORM-3819 promotes cardiac contractility through Ca(2+) sensitization in com
bination with selective PDE III inhibition, a novel approach to inotropy. Eur J Pharmacol 
2016;775:120–129.

142. Marton Z, Pataricza J, Pollesello P, Varro A, Papp JG. The novel inodilator ORM-3819 re
laxes isolated porcine coronary arteries: role of voltage-gated potassium channel activa
tion. J Cardiovasc Pharmacol 2019;74:218–224.

143. Metra M, Teerlink JR, Cotter G, Davison BA, Felker GM, Filippatos G, Greenberg BH, Pang 
PS, Ponikowski P, Voors AA, Adams KF, Anker SD, Arias-Mendoza A, Avendano P, Bacal F, 
Bohm M, Bortman G, Cleland JGF, Cohen-Solal A, Crespo-Leiro MG, Dorobantu M, 
Echeverria LE, Ferrari R, Goland S, Goncalvesova E, Goudev A, Kober L, Lema-Osores J, 
Levy PD, McDonald K, Manga P, Merkely B, Mueller C, Pieske B, Silva-Cardoso J, Spinar 
J, Squire I, Stepinska J, Van Mieghem W, von Lewinski D, Wikstrom G, Yilmaz MB, 
Hagner N, Holbro T, Hua TA, Sabarwal SV, Severin T, Szecsody P, Gimpelewicz C; 
RELAX-AHF-2 Committees Investigators. Effects of serelaxin in patients with acute heart 
failure. N Engl J Med 2019;381:716–726.

144. Sarwar M, Du XJ, Dschietzig TB, Summers RJ. The actions of relaxin on the human cardio
vascular system. Br J Pharmacol 2017;174:933–949.

145. Heggermont WA, Papageorgiou AP, Heymans S, van Bilsen M. Metabolic support for the 
heart: complementary therapy for heart failure? Eur J Heart Fail 2016;18:1420–1429.

146. Tuunanen H, Engblom E, Naum A, Nagren K, Scheinin M, Hesse B, Juhani Airaksinen KE, 
Nuutila P, Iozzo P, Ukkonen H, Opie LH, Knuuti J. Trimetazidine, a metabolic modulator, 
has cardiac and extracardiac benefits in idiopathic dilated cardiomyopathy. Circulation 2008; 
118:1250–1258.

147. Fragasso G, Rosano G, Baek SH, Sisakian H, Di Napoli P, Alberti L, Calori G, Kang SM, 
Sahakyan L, Sanosyan A, Vitale C, Marazzi G, Margonato A, Belardinelli R. Effect of partial 
fatty acid oxidation inhibition with trimetazidine on mortality and morbidity in heart failure: 
results from an international multicentre retrospective cohort study. Int J Cardiol 2013;163: 
320–325.

148. Fragasso G, Palloshi A, Puccetti P, Silipigni C, Rossodivita A, Pala M, Calori G, Alfieri O, 
Margonato A. 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.

149. Breedt E, Lacerda L, Essop MF. Trimetazidine therapy for diabetic mouse hearts subjected 
to ex vivo acute heart failure. PLoS One 2017;12:e0179509.

150. Psotka MA, Gottlieb SS, Francis GS, Allen LA, Teerlink JR, Adams KF Jr, Rosano GMC, 
Lancellotti P. Cardiac calcitropes, myotropes, and mitotropes: JACC review topic of the 
week. J Am Coll Cardiol 2019;73:2345–2353.

151. Sawicki KT, Ben-Sahra I, McNally EM. SGLT2 Inhibition on cardiac mitochondrial function: 
searching for a sweet spot. J Am Heart Assoc 2021;10:e021949.

152. Croteau D, Luptak I, Chambers JM, Hobai I, Panagia M, Pimentel DR, Siwik DA, Qin F, 
Colucci WS. Effects of sodium-glucose linked transporter 2 inhibition with ertugliflozin 
on mitochondrial function, energetics, and metabolic gene expression in the presence 
and absence of diabetes Mellitus in mice. J Am Heart Assoc 2021;10:e019995.

153. Voors AA, Angermann CE, Teerlink JR, Collins SP, Kosiborod M, Biegus J, Ferreira JP, Nassif 
ME, Psotka MA, Tromp J, Borleffs CJW, Ma C, Comin-Colet J, Fu M, Janssens SP, Kiss RG, 
Mentz RJ, Sakata Y, Schirmer H, Schou M, Schulze PC, Spinarova L, Volterrani M, Wranicz 
JK, Zeymer U, Zieroth S, Brueckmann M, Blatchford JP, Salsali A, Ponikowski P. The SGLT2 
inhibitor empagliflozin in patients hospitalized for acute heart failure: a multinational ran
domized trial. Nat Med 2022;28:568–574.

154. Stretti L, Zippo D, Coats AJS, Anker MS, von Haehling S, Metra M, Tomasoni D. A year in 
heart failure: an update of recent findings. ESC Heart Fail 2021;8:4370–4393.

155. Ciccarelli M, Sorriento D, Franco A, Fusco A, Del Giudice C, Annunziata R, Cipolletta E, 
Monti MG, Dorn GW II, Trimarco B, Iaccarino G. Endothelial G protein-coupled receptor 
kinase 2 regulates vascular homeostasis through the control of free radical oxygen species. 
Arterioscler Thromb Vasc Biol 2013;33:2415–2424.

156. Ciccarelli M, Chuprun JK, Rengo G, Gao E, Wei Z, Peroutka RJ, Gold JI, Gumpert A, Chen 
M, Otis NJ, Dorn GW II, Trimarco B, Iaccarino G, Koch WJ. G protein-coupled receptor 
kinase 2 activity impairs cardiac glucose uptake and promotes insulin resistance after myo
cardial ischemia. Circulation 2011;123:1953–1962.

Mechanisms and pre-clinical models of AHF                                                                                                                                                            2403
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024



157. Sorriento D, Rusciano MR, Visco V, Fiordelisi A, Cerasuolo FA, Poggio P, Ciccarelli M, 
Iaccarino G. The metabolic role of GRK2 in insulin resistance and associated conditions. 
Cells 2021;10:167.

158. Cipolletta E, Gambardella J, Fiordelisi A, Del Giudice C, Di Vaia E, Ciccarelli M, Sala M, 
Campiglia P, Coscioni E, Trimarco B, Sorriento D, Iaccarino G. Antidiabetic and cardiopro
tective effects of pharmacological inhibition of GRK2 in db/db mice. Int J Mol Sci 2019;20: 
1492.

159. Sorriento D, Gambardella J, Fiordelisi A, Iaccarino G, Illario M. GRKs and beta-arrestins: 
“gatekeepers” of mitochondrial function in the failing heart. Front Pharmacol 2019;10:64.

160. Ciccarelli M, Sorriento D, Fiordelisi A, Gambardella J, Franco A, Del Giudice C, Sala M, 
Monti MG, Bertamino A, Campiglia P, Oliveti M, Poggio P, Trinchese G, Cavaliere G, 
Cipolletta E, Mollica MP, Bonaduce D, Trimarco B, Iaccarino G. Pharmacological inhibition 
of GRK2 improves cardiac metabolism and function in experimental heart failure. ESC 
Heart Fail 2020;7:1571–1584.

161. Sorriento D, Iaccarino G. Inflammation and cardiovascular diseases: the most recent find
ings. Int J Mol Sci 2019;20:3879.

162. Sorriento D, Ciccarelli M, Cipolletta E, Trimarco B, Iaccarino G. “Freeze, don’t move”: how 
to arrest a suspect in heart failure—a review on available GRK2 inhibitors. Front Cardiovasc 
Med 2016;3:48.

163. Dao VT, Casas AI, Maghzal GJ, Seredenina T, Kaludercic N, Robledinos-Anton N, Di Lisa F, 
Stocker R, Ghezzi P, Jaquet V, Cuadrado A, Schmidt HH. Pharmacology and clinical drug 
candidates in redox medicine. Antioxid Redox Signal 2015;23:1113–1129.

164. Adlam VJ, Harrison JC, Porteous CM, James AM, Smith RA, Murphy MP, Sammut IA. 
Targeting an antioxidant to mitochondria decreases cardiac ischemia-reperfusion injury. 
FASEB J 2005;19:1088–1095.

165. Hansson MJ, Llwyd O, Morin D, de Paulis D, Arnoux T, Gouarné C, Koul S, Engblom H, 
Bordet T, Tissier R, Arheden H, Erlinge D, Halestrap AP, Berdeaux A, Pruss RM, 
Schaller S. Differences in the profile of protection afforded by TRO40303 and mild hypo
thermia in models of cardiac ischemia/reperfusion injury. Eur J Pharmacol 2015;760:7–19.

166. Gioscia-Ryan RA, LaRocca TJ, Sindler AL, Zigler MC, Murphy MP, Seals DR. 
Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial endothelial 
dysfunction in mice. J Physiol 2014;592:2549–2561.

167. Laitano O, Ahn B, Patel N, Coblentz PD, Smuder AJ, Yoo JK, Christou DD, Adhihetty PJ, 
Ferreira LF. Pharmacological targeting of mitochondrial reactive oxygen species counter
acts diaphragm weakness in chronic heart failure. J Appl Physiol (1985) 2016;120:733–742.

168. Liu T, Takimoto E, Dimaano VL, DeMazumder D, Kettlewell S, Smith G, Sidor A, Abraham 
TP, O’Rourke B. Inhibiting mitochondrial Na+/Ca2+ exchange prevents sudden death in a 
Guinea pig model of heart failure. Circ Res 2014;115:44–54.

169. Dey S, DeMazumder D, Sidor A, Foster DB, O’Rourke B. Mitochondrial ROS drive sudden 
cardiac death and chronic proteome remodeling in heart failure. Circ Res 2018;123: 
356–371.

170. Hoshino A, Okawa Y, Ariyoshi M, Kaimoto S, Uchihashi M, Fukai K, Iwai-Kanai E, Matoba S. 
Oxidative post-translational modifications develop LONP1 dysfunction in pressure over
load heart failure. Circ Heart Fail 2014;7:500–509.

171. Stapel B, Kohlhaas M, Ricke-Hoch M, Haghikia A, Erschow S, Knuuti J, Silvola JM, Roivainen 
A, Saraste A, Nickel AG, Saar JA, Sieve I, Pietzsch S, Muller M, Bogeski I, Kappl R, Jauhiainen 
M, Thackeray JT, Scherr M, Bengel FM, Hagl C, Tudorache I, Bauersachs J, Maack C, 
Hilfiker-Kleiner D. Low STAT3 expression sensitizes to toxic effects of beta-adrenergic re
ceptor stimulation in peripartum cardiomyopathy. Eur Heart J 2017;38:349–361.

172. Pfeffer TJ, List M, Muller JH, Scherr M, Bauersachs J, Hilfiker-Kleiner D, Ricke-Hoch M. 
Perhexiline treatment improves toxic effects of beta-adrenergic receptor stimulation in ex
perimental peripartum cardiomyopathy. ESC Heart Fail 2021;8:3375–3381.

173. Tanno M, Kuno A, Horio Y, Miura T. Emerging beneficial roles of sirtuins in heart failure. 
Basic Res Cardiol 2012;107:273.

174. Carrizzo A, Izzo C, Forte M, Sommella E, Di Pietro P, Venturini E, Ciccarelli M, Galasso G, 
Rubattu S, Campiglia P, Sciarretta S, Frati G, Vecchione C. A novel promising frontier for 
human health: the beneficial effects of nutraceuticals in cardiovascular diseases. Int J Mol Sci 
2020;21:8706.

175. Carrizzo A, Forte M, Damato A, Trimarco V, Salzano F, Bartolo M, Maciag A, Puca AA, 
Vecchione C. Antioxidant effects of resveratrol in cardiovascular, cerebral and metabolic 
diseases. Food Chem Toxicol 2013;61:215–226.

176. Hubbard BP, Gomes AP, Dai H, Li J, Case AW, Considine T, Riera TV, Lee JE, Lamming 
DW, Pentelute BL, Schuman ER, Stevens LA, Ling AJ, Armour SM, Michan S, Zhao H, 
Jiang Y, Sweitzer SM, Blum CA, Disch JS, Ng PY, Howitz KT, Rolo AP, Hamuro Y, Moss 
J, Perni RB, Ellis JL, Vlasuk GP, Sinclair DA. Evidence for a common mechanism of SIRT1 
regulation by allosteric activators. Science 2013;339:1216–1219.

177. Howden R. Nrf2 and cardiovascular defense. Oxid Med Cell Longev 2013;2013:104308.

178. Tocchetti CG, Mercurio V, Maack C. The multifaceted mechanisms of nitroxyl in heart fail
ure: inodilator or ‘only’ vasodilator? Eur J Heart Fail 2021;23:1156–1159.

179. Maack C, Eschenhagen T, Hamdani N, Heinzel FR, Lyon AR, Manstein DJ, Metzger J, Papp Z, 
Tocchetti CG, Yilmaz MB, Anker SD, Balligand JL, Bauersachs J, Brutsaert D, Carrier L, 
Chlopicki S, Cleland JG, de Boer RA, Dietl A, Fischmeister R, Harjola VP, Heymans S, 
Hilfiker-Kleiner D, Holzmeister J, de Keulenaer G, Limongelli G, Linke WA, Lund LH, 
Masip J, Metra M, Mueller C, Pieske B, Ponikowski P, Ristic A, Ruschitzka F, Seferovic 
PM, Skouri H, Zimmermann WH, Mebazaa A. Treatments targeting inotropy. Eur Heart 
J 2019;40:3626–3644.

180. Tita C, Gilbert EM, Van Bakel AB, Grzybowski J, Haas GJ, Jarrah M, Dunlap SH, Gottlieb SS, 
Klapholz M, Patel PC, Pfister R, Seidler T, Shah KB, Zieliński T, Venuti RP, Cowart D, Foo 
SY, Vishnevsky A, Mitrovic V. A phase 2a dose-escalation study of the safety, tolerability, 
pharmacokinetics and haemodynamic effects of BMS-986231 in hospitalized patients 
with heart failure with reduced ejection fraction. Eur J Heart Fail 2017;19:1321–1332.

181. Pinilla-Vera M, Hahn VS, Kass DA. Leveraging signaling pathways to treat heart failure with 
reduced ejection fraction. Circ Res 2019;124:1618–1632.

182. Felker GM, McMurray JJV, Cleland JG, O’Connor CM, Teerlink JR, Voors AA, Belohlavek J, 
Böhm M, Borentain M, Bueno H, Cole RT, DeSouza MM, Ezekowitz JA, Filippatos G, Lang 
NN, Kessler PD, Martinez FA, Mebazaa A, Metra M, Mosterd A, Pang PS, Ponikowski P, 
Sato N, Seiffert D, Ye J. Effects of a novel nitroxyl donor in acute heart failure: the 
STAND-UP AHF Study. JACC Heart failure 2021;9:146–157.

183. Fiordelisi A, Iaccarino G, Morisco C, Coscioni E, Sorriento D. NFkappab is a key player in 
the crosstalk between inflammation and cardiovascular diseases. Int J Mol Sci 2019;20:1599.

184. Mann DL. Innate immunity and the failing heart: the cytokine hypothesis revisited. Circ Res 
2015;116:1254–1268.

185. Alvi RM, Frigault MJ, Fradley MG, Jain MD, Mahmood SS, Awadalla M, Lee DH, Zlotoff DA, 
Zhang L, Drobni ZD, Hassan MZO, Bassily E, Rhea I, Ismail-Khan R, Mulligan CP, Banerji D, 
Lazaryan A, Shah BD, Rokicki A, Raje N, Chavez JC, Abramson J, Locke FL, Neilan TG. 
Cardiovascular events among adults treated with chimeric antigen receptor T-cells 
(CAR-T). J Am Coll Cardiol 2019;74:3099–3108.

186. Doms J, Prior JO, Peters S, Obeid M. Tocilizumab for refractory severe immune checkpoint 
inhibitor-associated myocarditis. Ann Oncol 2020;31:1273–1275.

187. Puzanov I, Diab A, Abdallah K, Bingham CO III, Brogdon C, Dadu R, Hamad L, Kim S, 
Lacouture ME, LeBoeuf NR, Lenihan D, Onofrei C, Shannon V, Sharma R, Silk AW, 
Skondra D, Suarez-Almazor ME, Wang Y, Wiley K, Kaufman HL, Ernstoff MS. Managing 
toxicities associated with immune checkpoint inhibitors: consensus recommendations 
from the Society for Immunotherapy of Cancer (SITC) Toxicity Management Working 
Group. J Immunother Cancer 2017;5:95.

188. Esfahani K, Buhlaiga N, Thébault P, Lapointe R, Johnson NA, Miller WH Jr. Alemtuzumab 
for immune-related myocarditis due to PD-1 therapy. N Engl J Med 2019;380:2375–2376.

189. Salem JE, Allenbach Y, Vozy A, Brechot N, Johnson DB, Moslehi JJ, Kerneis M. Abatacept for 
severe immune checkpoint inhibitor-associated myocarditis. N Engl J Med 2019;380: 
2377–2379.

190. Wei SC, Meijers WC, Axelrod ML, Anang NAS, Screever EM, Wescott EC, Johnson DB, 
Whitley E, Lehmann L, Courand PY, Mancuso JJ, Himmel LE, Lebrun-Vignes B, 
Wleklinski MJ, Knollmann BC, Srinivasan J, Li Y, Atolagbe OT, Rao X, Zhao Y, Wang J, 
Ehrlich LIR, Sharma P, Salem JE, Balko JM, Moslehi JJ, Allison JP. A genetic mouse model re
capitulates immune checkpoint inhibitor-associated myocarditis and supports a 
mechanism-based therapeutic intervention. Cancer Discov 2021;11:614–625.

191. van der Velden J, Asselbergs FW, Bakkers J, Batkai S, Bertrand L, Bezzina CR, Bot I, Brundel 
B, Carrier L, Chamuleau S, Ciccarelli M, Dawson D, Davidson SM, Dendorfer A, Duncker 
DJ, Eschenhagen T, Fabritz L, Falcão-Pires I, Ferdinandy P, Giacca M, Girao H, 
Gollmann-Tepeköylü C, Gyongyosi M, Guzik TJ, Hamdani N, Heymans S, Hilfiker A, 
Hilfiker-Kleiner D, Hoekstra AG, Hulot J-S, Kuster DWD, van Laake LW, Lecour S, 
Leiner T, Linke WA, Lumens J, Lutgens E, Madonna R, Maegdefessel L, Mayr M, van der 
Meer P, Passier R, Perbellini F, Perrino C, Pesce M, Priori S, Remme CA, Rosenhahn B, 
Schotten U, Schulz R, Sipido K, Sluijter JPG, van Steenbeek F, Steffens S, Terracciano 
CM, Tocchetti CG, Vlasman P, Yeung KK, Zacchigna S, Zwaagman D, Thum T. Animal 
models and animal-free innovations for cardiovascular research: current status and routes 
to be explored. Consensus document of the ESC Working Group on Myocardial Function 
and the ESC Working Group on Cellular Biology of the Feart. Cardiovasc Res 2022;118: 
3016–3051.

192. Visco V, Ferruzzi GJ, Nicastro F, Virtuoso N, Carrizzo A, Galasso G, Vecchione C, Ciccarelli 
M. Artificial intelligence as a business partner in cardiovascular precision medicine: an emer
ging approach for disease detection and treatment optimization. Curr Med Chem 2021;28: 
6569–6590.

2404                                                                                                                                                                                                M. Ciccarelli et al.
D

ow
nloaded from

 https://academ
ic.oup.com

/cardiovascres/article/119/14/2390/7421377 by U
C

Louvain-SC
EB user on 26 February 2024


	Acute heart failure: mechanisms and pre-clinical models—a Scientific Statement of the ESC Working Group on Myocardial Function
	1. Introduction
	2. Trajectories of AHF: how de novo AHF evolves into persistent or worsening HF
	3. Translational research for developing new strategies in AHF
	3.1 Molecular and pathophysiological mechanisms involved in AHF
	3.2 Endothelial dysfunction and microvascular dysfunction in AHF
	3.3 Inflammation and neurohormonal activation in AHF
	3.4 Mitochondrial dysfunction and oxidative stress
	3.5 Pre-clinical models of AHF

	4. Biomarker research in the setting of AHF: future directions
	5. Strategies for AHF treatment
	5.1 Potential therapeutic strategy in AHF
	5.1.1 Endothelial cell dysfunction
	5.1.2 Mitochondrial function and energy supply
	5.1.3 Cellular redox state
	5.1.4 Immune modulation


	6. Conclusions
	Funding
	References




