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Despite recent advances in chronic heart failure (HF) management, the prognosis
of HF patients is poor. This highlights the need for researching new drugs
targeting, beyond neurohumoral and hemodynamic modulation approach, such
as cardiomyocyte metabolism, myocardial interstitium, intracellular regulation
and NO-sGC pathway. In this review we report main novelties on new possible
pharmacological targets for HF therapy, mainly on new drugs acting on cardiac
metabolism, GCs-cGMP pathway, mitochondrial function and intracellular
calcium dysregulation.

KEYWORDS
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1. Introduction

Despite relevant decrease in cardiovascular (CV) mortality in the last years, the
prognosis of HF patients is still poor. Based on strong evidences progressively derived
from clinical studies on HF with reduced ejection fraction (HFrEF) (Figure 1), the most
recent HF guidelines recommend the use of a foundational therapy including renin-
angiotensin-aldosterone system inhibitors (RAASi), beta-blockers (BBs), mineralcorticoid
receptor antagonists (MRAs) and sodium-glucose co-transporter 2 inhibitors (SGLT2i) to
improve outcomes and reduce HF-related events (1). Recently, SGLT2i have also been
shown to influence prognosis in HF patients with mildly reduced ejection fraction
(HFmrEF) and preserved ejection fraction (HFpEF) (2, 3). Nonotheless, CV mortality
remains considerable (4) in these patients, as new drugs are directed towards the usual
and traditional pharmacological targets, not focusing the pathophysiologic “phenotypes”.
HF patients belong to heterogeneous group, with different etiologies, comorbidities and so
phenotypes. Clinical improvements derived from pharmacological therapy acting on
neurohumoral and hemodynamic modulation may reach a plateau, with few possible
additional benefits derived from additional therapies acting on the same pathway. The
development of new drugs for HF must arise from new targets (as cardiomyocyte and
myocardial interstitium, heart metabolism, GCs-cGMP pathway, mitochondrial function
and intracellular calcium dysregulation) (5), identified through progressively better
understanding of the complex pathophysiological mechanisms that occur in failing heart
(6) (Figure 2). The increased knowledge of new metabolic pathways and cellular biology
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ACE, angiotensin-converting enzyme; ARBs, angiotensin receptor blockers; ARNI, angiotensin receptor neprilysin inhibitor; MRAs, mineralocorticoid

Neurohormonal antagonism
ACE inhibitors ARBs ARNI
CONSENSUS EPHESUS, RALES CHARM PARADIGM
1987 1999 2003 2014
p-blockers
CIBIS-II, MERIT-HF
FIGURE 1
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is crucial. Therefore, we describe main molecular pathways
involved in HF pathophysiology, with adaptive and maladaptive
effects on the CV system, associated with the current HF
guidelines-recommended drugs, those with demonstrated benefits
on HF outcomes but yet not included in guidelines, and new
potential pharmacological targets for HF therapy (Table 1). In
Tables 2, 3 we reported respectively already published and
ongoing clinical trials that demonstrate the efficacy and safety of
drugs acting on new targets in HF syndrome. Finally, a practical
table (Table 4) with indications, contraindications, clinical end
point and instrumental outcome and two summary (Figures 3, 4)
figures were provided for each drug.

2. Drugs targeting cardiac metabolism

The heart needs high energy and can exploit many substrates to
maintain its proper function. In fact, it produces and consumes
approximatively 6 kg of ATP every day and has high oxygen
demand to maintain its work. It possesses an efficient and
complex machinery capable of producing ATP starting from
various substrates, such as fatty acid (FA), carbohydrate, ketone
bodies (KB),
aminoacids (17). FA is the most important fuel source for the
heart (18), producing energy by FA B-oxidation (FAO) (19).
Interestingly, 11%-12%
producing the same quantity of ATP in comparison with glucose,

and, less frequenly, pyruvate, lactate, and

FAO consumes more oxygen for

proving to be a less efficient substrate (17). Glucose involved in

cardiac metabolism derives from the usage of exogenous glucose
or glycogen stores. Despite its crucial role in supporting cardiac
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contractile function is attested by several evidences (20), a recent
study highlighted that heart under physiological conditions
makes use of a smaller quantity of glucose compared to the
expected one (21). Regarding KB, their circulating levels under
normal physiological conditions are low. However, starvation,
ketogenic diet, and strenuous physical activity can increase
ketone levels (17). KBs are able to develop more energy per 2
carbons if compared with glucose, proving to be an effective
substrate, despite they are overall energetically less efficient than
glucose. Nevertheless, the cardiac muscle rapidly provides for
their oxidation and an up-to-date mapping of fuel uptake in
human heart showed that under normal physiological conditions
it also uses a significant amount of KB (17, 21).

Impaired cardiac metabolism in HF patients with HFrEF has
been widely studied, while metabolic changes in HFpEF remain
extensively not known (17). It is widely accepted that HF is
associated with cardiac metabolic alterations at various levels,
leading to decrease in ATP production (22). In fact, clinical
trials showed that the failing myocardium undergoes a 30%
in ATP
myocardium, associated with a reduced (ATP?)flux via creatine

reduction levels, in comparison with healthy
kinase (23). Moreover, the reduction in ATP production seems
to be related to changes in the myocardium, with a shift from
FA towards increased glucose utilization. In particular, HF
results in inadequate oxygen delivery to the myocardium and
with  the that

cardiomyocytes become less efficient in using FAs as energy

disposal of metabolic wastes, result
sources. The aforementioned metabolic switch in an indirect
way induces glycolysis and at the same time determines a

decrease in glucose oxidation (17). This phenomenon was noted
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in the failing heart. Taken from Weldy et al. (6). LV, left ventricular; RYR2,

in animals with HF, pigs with pacing-induced HF and humans
affected by end-stage HF (24). Although evidences seem to
suggest a reduced FA oxidation and a decoupling among
glycolysis and glucose oxidation in HF, also opposing data have
been discovered: iy was registered an increased glucose
oxidation in dogs with pacing-induced HF (25) and a major
recourse to glucose oxidation were among patients with
idiopathic dilated cardiomyopathy (DCM) (26). Therefore, the
different metabolic unbalance in the heart may vary on the
basis of the experimental model (in experimental studies), kind
and gravity of cardiac dysfunction, and in response to distinct
pathological stimuli (17). Interestingly, as HF progresses, there
is also a reduction in glucose oxidation, increasing the relevance
of KB as an energy resource for cardiac metabolism (27). In
fact, it seems that KBs can act as an alternative energetic
substrate for the failing heart. As a proof of this, an increase in
circulating KBs and in ketone oxidation rates were registered in
HFrEF and HFpEF (27) and their oxidation seems to represent
around the 20% of the total produced cardiac energy in small
animal models of HFrEF (28), similarly to data observed in
patients with HFrEF (21). Although few studies have directly
assessed KB metabolism in myocardium, it has been observed a
strong correlation between circulating ketone levels and
myocardial ketone oxidation (17, 21). On the whole, the
existing evidences support the hypothesis of an high recourse to
KB oxidation in the failing heart as an energy resource (17).
Since accumulating evidences shows a relation between
imbalanced cardiac metabolism and HF development and

progression, these altered energetic pathways offer themselves as
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appealing therapeutic targets. Different drugs that display,
directly and indirectly, a modulation on myocardial metabolism
substrates, have been created and tested in HF patients. The final
purpose is to ensure the best possible energy efficiency, both
allowing better inotropy and lusitropy and averting more energy
expenditure. There are five main goals that can be pursued in

therapy targeting cardiac metabolism in HF:

Inhibition of FA uptake by cardiomyocytes
Reduction of FA oxidation

Reduction of Circulating FA Levels
Increase of Glucose Oxidation

vk W=

Increase of Ketone Oxidation

During the pathophysiological progression of HF, there is a
reduction in FA and glucose oxidation determining, through an
adaptive mechanism, an increase in ketone metabolism. Recent
evidences suggest a beneficial effect of therapeutic ketosis, in
particular in HFrEF, with also a theoretical rationale for its use
in HFpEF (29). About the inhibition of FA uptake, Carnitine
palmitoyl-transferase (CPT1) is the limiting enzyme for FA
oxidation, because regulates FA entrance into mitochondria and
thereby can be a potential drug target, Administration of
etomoxir and perhexiline, two CPT1 inhibitors, results in
reduced FA oxidation and boosted glucose oxidation. In a small
pilot study it has been demonstrated that etomoxir can improve
cardiac performance in HF patients (30). Perhexiline, initially
used to treat angina pectoris, is a specific cardiac isoform of
CPT1 inhibitor. When studied, perhexiline was able to improve
VO, max, left ventricular ejection fraction, and myocardial
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energetics in chronic HF (7). Moreover, patients with hypertrophic
cardiomyopathy treated with perhexiline showed a better exercise
capacity and myocardial energetics (17). In patients with DCM,
perhexiline increased phosphocreatine to adenosine triphosphate
(PCr/ATP) ratio and NYHA functional class, without any change
in LVEF or cardiac substrate usage (31). On the contrary, in
hypertrophy linked to aortic stenosis (AS), perhexiline didn’t
show benefits in ameliorating hemodynamic performance or on
the degree of myocardial injury (32). The reasons why CPT-1/2
inhibitors have different effects on different types of HF are not
completely known. For example, perhexiline is a drug currently

QI0 supplements
Antioxidants?
Elamipretide?
Canakinumab?
Pirfenidone?

MMP inhibitors?
Antisense RNA?
TRPV-4 inhibitors?

used to treat refractory angina pectoris, which appears to act
primarily as a potent inhibitor of carnitine palmitoyl transferase-
1 (CPT-1) by hindering the transport of long-chain FAs into the
mitochondria and thereby shifting myocardial metabolism
toward more energy-efficient glucose utilization, potentially
correcting the myocardial energy deficit. It appears to provide

Maladaptive effects

clinical benefits in HF, regardless of ischemic or nonischemic
etiology, as evidenced by some clinical studies (7).
There are some energetic and metabolic theories that partially

Impairment of the activity of both proteins,

due to chronic oxidation
Cardiac fibrosis, pulmonary hypertension,

HF-related pulmonary edema

Hypertrophy
Cardiac fibrosis

explain why these drugs show clinical benefits in some forms of
HE. For example in hypertrophic cardiomyopathy (HCM),
according to the “energy depletion hypothesis”, it has been
suggested that impaired myocardial energetics could have a role
in the development of left ventricular hypertrophy (LVH). In
particular, biophysical studies of the different classes of HCM
mutant proteins have shown a reduced mechanical efficiency
with consequent increase in the energy cost of force production.
Moreover, genotype positive and phenotype negative HCM
patient’s shows an impairment of myocardial energetics.
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Furthermore, the previously published data from Crilley et al.
hypothesize that the development of the hypertrophic phenotype
in HCM occurs as a secondary response to derangement of
myocardial metabolism (33). It has been hypothesize that
perhexiline may improve myocardial energetics, limiting the

Efficient mitochondrial respiration
Increased activity of SERCA and RyR
Vasodilation, arteriogenesis

Angiogenesis

occurrence of myocardial ischaemia and progressively reversing
LVH in HCM. In particular, the suppression of FA oxidation, by

cross-talk  between cycle-specific inhibitors, may improve
myocardial energy efficiency shifting myocardial substrate
utilization toward glucose metabolism, known as a “Randle
Shift”. Secondary induction of glucose utilization leads to reverse
impaired myocardial energetics. Perhexiline enhances effects of

Second messenger

nitric oxide potentially improving microvascular function, and
exert an anti-inflammatory action independent of CPT

Calcium

inhibition. Evidence suggests that perhexiline may improve
symptomatology in HCM patients. The ongoing RESOLVE-HCM
trial will clarify if perhexiline may revert LVH in symptomatic
HCM patients (34). On the other hand, HYPER trial assessed the
role of perhexiline as a metabolic modulator aiming to confer

Receptor/
| PP-1 activity HIF

stabilized
eg, IL-1

Q10 coenzyme
TGF-B
MMP

| PP-1 activity

Galectin-3
TGE-B,

myocardial protection in patients with LVH secondary to AS

undergoing surgical aortic valve replacement (SAVR) (32). The
hypothesis was that energetically compromised hypertrophied
myocardium might have been more vulnerable to ischemia/
reperfusion injury and thus might have benefited more from
improved metabolism. HYPER trial was the first to have assessed

Nox2 ROS
Nox4 ROS
Inflammation

Fibrosis
TRPV-4

Taken from Ghionzoli et al. (5). AC, adenylate cyclase; cAMP, cyclic adenosine monophosphate; cGMP, cyclic guanosine monophosphate; CPT, acetyl-CoA C-acetyl transferase; DAG, diacyl-glycerol; ET, endothelin receptor; HIF, hypoxia
inducible factor; HSD, hydroxysteroid dehydrogenase; ICAM, intercellular adhesion molecule 1; IL, interleukin; IP3, inositol triphosphate; JAK/STAT, Janus kinase/signal transducer and activator transcription factor; LDLox, oxidized LDL; MEF,

myocyte enhancer factor; MMP, metalloproteinases; NADPH, nicotinamide-adenine dinucleotide; NO, nitric oxide; NP, natriuretic peptide; NPR, natriuretic peptide-binding receptor; PKA, protein kinase A; PKB, protein kinase B; PKC, protein
kinase C; PKG, protein kinase G; PLC, phospholipase; PIGF, placental-derived growth factor; PP-, protein phosphatase-; PPAR, peroxisome proliferator-activated receptor; PTP, phosphotyrosine phosphatase; ROS, reactive oxygen species;

RyR, ryanodine receptor; SERCA, sarco/endoplasmic reticulum calcium ATPase; TGF, transforming growth factor; TRPV, transient receptor potential cation channel subfamily V; vSMCs, vascular smooth muscle cells.

TABLE 1 Continued

the role of perhexiline in this kind of patients. Unfortunately
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TABLE 4 Indications, contraindications, clinical end-point and strumental outcome for each drug.

10.3389/fcvm.2023.1157472

Drug dicatio ontraindicatio pact o al end
oo
Drugs targeting cardiac metabolism
Carnitine palmitoyltransferase I - Chronic HF Etomoxir: Improvement:
(CPT1) inhibitors (perhexiline and | - Hypertrophic cardiomyopathy - liver function test impairment - VO, max
etomoxir) - Dilated cardiomyopathy - peripheral neuropathy - LVEF
- Symptoms

- Resting and peak stress
myocardial function

Inhibitor of 3 ketoacyl-CoA
thiolase (Trimetazidine)

- Ischemic cardiomyopathy
- Diabetic pat. with HF

Parkinson symptoms

restless leg syndrome

tremors and gait instability
severe renal failure

Improvement:

- LVEF

- NT-proBNP levels

Reduces all-cause mortality and
HF hospitalization

Pyruvate dehydrogenase kinase
(PDK) inhibitor dichloroacetate
(DCA)

neurotoxicity

Improvement:
- LV function
- Exercise capacity

Glucagon-like peptide-1 receptor
agonists (GLP-1RAs)

- HFpEF patients with obese phenotype
- HF patients with high-risk for or with
atherosclerotic cardiovascular disease

(ASCVD)

- Severe gastrointestinal diseases (gastroparesis and
inflammatory bowel)

Personal or family history significant for multiple
endocrine neoplasia 2A, multiple endocrine

neoplasia 2B, or medullary thyroid cancer
- Pancreatitis
- Severe renal dysfunction

Improvement: MACE
Neutral effects on hospitalization
for HF and mortality

Drugs acting on NO-sGC pathway

Soluble Guanylate Cyclase (sGC)
Stimulator (Vericiguat)

CHF patients (LVEF <45%, decompensation
within 6 months and elevated BNP)

Coadministration with PDE-5 inhibitors
- GFR <15 ml/min/1.73 m*
Child pugh C

reduction of the composite end-
point of death from any cause or
hospitalization for HF

Drugs acting on mitochondrial function

Adenosin receptor agonist
(Capadenoson, Neladenoson)

advanced HF

Improvement:
- cardiac fibrosis
- cardiac remodeling

Elamipretide

HFrEF

Improvement:
- LVEF
- LV remodeling

Mitoquinone (MitoQ)

- Hypertrophic cardiomyopathy
- Dilated cardiomyopathy

Mitochondria-localized circular
RNAs (circRNAs)

Improvement: cardiac
remodelling

Drugs acting on intracellular calcium dysregulation

Istaroxime

AHF

Improvement:

- risk of arrhythmias

- Cardiac index

- Pulmonary capillary wedge
pressure

- Systolic blood pressure

SERCA2a gene therapy

CHF

Improvement:

- symptoms

- NT-proBNP levels

- risk of recurrent CV events

Ryanodine receptor channel
(JTV519 (K201)

Ischemic cardiomyopathy

Improvement:

- cardiac contractility

- cardiac dysfunction

- -ventricular remodelling

Cimlanod (nitroxyl donor)

AHF and CHF with HFrEF

Improvement:
- cardiac index
- diastolic function

NHE-1 inhibitors (cariporide,
eniporide, zoniporide)

- Hypertrophic cardiomyopathy
- Ischemic cardiomyopathy

ischemic stroke

Improvement:

- LV end-systolic volume
- LVEF

- arrhythmias

Frontiers in Cardiovascular Medicine

08

(Continued)

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

TABLE 4 Continued

Indications

10.3389/fcvm.2023.1157472

Contraindications Impact on clinical end

Drugs acting on cardiac myosin

point

CHF (NYHA FC II-1V), LVEF <35%,
inpatients or urgent ED visit or HF

Cardiac myosin activator
(Omecamtiv Mecarbil,
Danicamtiv) hospitalization within 12 months), Elevated

BNP/NT-proBNP

SBP <85 mmHg
- GFR <20 ml/min/1.73 m*

Improvement: time to first HF
event or CV death

- systolic ejection time

- stroke volume

- LV diameters and volumes

HF, heart failure; AHF, acute heart failure; CHF, chonic heart failure; HFrEF, heart failure reduce ejection fraction; LV, left ventricle; CV, cardiovascular; LVEF, left ventricular
ejection fraction; NYHA, New York Heart Association; BNP/NT-proBNP, brain natriuretic peptide/N-terminal-pro brain natriuretic peptide; eGFR, estimated glomerular

filtration rate; SBP, systolic blood pressure.

MITOCHONDRIAL

FUNCTION

PGC-1¢ MODULATORS
A1AR PARTIAL AGONISTS
ELAMIORETIDE
NDUFS1 MODULATORS
Mito-RGs MODULATORS
EMPAGLIFLOZIN

MITOQ

mtCU REGULATORS
circSamdt

ERMCs

/

INTRACELLULAR CALCIUM
DISREGULATION
ISTAROXIME

SERCA2a GENETIC
MODULATION

JTV519 (K201)

NITROXYL
DONORS:CIMLANOD
NHE-INHIBITORS:
CARIPORIDE, ENIPORIDE,
ZONIPORIDE, microRNAS

FIGURE 3

receptor; MitoQ, mitoquinone.

CARDIAC MYOSIN
OMECAMTIV MECARBIL
DANICAMTIV

Summary figure (list of potential new drugs). FA, fatty acid; sGC, soluble guanylate cyclase; SGLT2i, sodium-glucose cotransporter 2 inhibitor; NHE-1, Na
H* exchanger; PGC-1a, peroxisome proliferator-activated receptor y coactivator 1 o; Ndufs1 NADH, ubiquinone oxidoreductase core subunit S1; mtCU,
Ca?* uniporter; SERCA2, sarcoplasmic—endoplasmic reticulum Ca®* ATPase 2; mPTP, mitochondrial permeability transition pore; A1AR, adenosine Al

CARDIAC

METABOLISM

FA UPTAKE
INHIBITORS:ETOMOXIR-
PERNEXILINE

IFA

OXIDATION: TRIMETAZIDINE
|CIRCULATING FA LEVELS: B-
BLOCKERS, NIACIN
1GLUCOSE

OXIDATION: DICHLOROACET
ATE,GLP-1RAs

TKETONE OXIDATION: KSs,
KE, SGLT2i

NO-SGc pathway
ACTIVATORS: CINALIGUAT
STIMULATORS:
VERICIGUAT/RIOCIGUAT
1cGMP
DEGRADATION:SILDENAFIL

perhexiline therapy as an adjunct to standard myocardial
protection resulted in no overall benefit in patients undergoing
SAVR * Coronary Artery Bypass Graft. This trial had some
important limitations, that could partially explain these results.
First of all, it was a nonrandomized trial with a small number of
participants. Furthermore, there were no patients who did not
undergo cardiac surgery even though considered eligible for
surgery. In addition, all the studies that support perhexiline as a
metabolic agent share the common characteristic that therapy is
prolonged, monitored and optimized over months. This is not
pragmatically possible in the real-world practice of cardiac
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surgery, reflected by this study. Another important point is that
39% of patients were below the therapeutic range of serum
perhexiline concentration. Further demonstrating that these
limitations may have weighted on the final result, there have
been other studies advocating perhexiline as a clinically useful
metabolic therapy in AS. For example, a small study evaluated
the use of perhexiline in elderly symptomatic AS patients,
showing a great improvement in clinical picture of these patients
(35). However, this study had the important limitations of the
small number of participants and its non-randomized nature. So
the use of perhexiline as a modulator of myocardial metabolism
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NO NCX  Capump Ca channels
l Membrane 1 Ca2+ Ca?* Ca?* Ca?*
Cytoplasm
5S¢ Vericiguat Istavoxi
staroxime
GTP cGMP
f— ETOMOXIR &= Na punp | 41V529
PDE l PERHEXILINE
\ BKG | —p e
Gwe l Cariporide < =
o PLN
= EPTL FA Empor:ds = NHE-
Zoniporide
GLP-1RAs s

lFA oxidation

tGIucose oxidation / Trimetazidine

tmyocardial glucose uptake

3 ketoacyl-CoA thiolase

VY

SGLT2i

Omecamtiv mecarbil
Danicamtiv

Mavacamten

Capadenoson

circulating ketone levels
t U & v Neladenoson

FIGURE 4

Figure summarizing the mechanism of actions of different drugs. FA, fatty acid; sGC, soluble guanylate cyclase; SGLT2i, sodium-glucose cotransporter 2
inhibitor; RyR, Ryanod receptor; NHE-1, Na H* exchanger; PGC-1o, peroxisome proliferator-activated receptor y coactivator 1 o; Nrf2, nuclear erythroid
2-related factor 2; Ndufsl NADH, ubiquinone oxidoreductase core subunit S1; mtCU, Ca®* uniporter; CPT1, carnitine palmitoyl-transferase; SERCA2,
sarcoplasmic—endoplasmic reticulum Ca®* ATPase 2; SR, sarcoplasmic reticulum; ALAR, adenosine Al receptor; mPTP, mitochondrial permeability

transition pore; PLN, phospholamban; ROS, reactive oxygen species; MitoQ, mitoquinone.

may remain limited to patients who are not candidates to cardiac
surgery and refractory to an optimized medical therapy.
Importantly, potential neurotoxic and hepatotoxic adverse effects
have been highlighted with the use of CPTI1
(perhexiline and etomoxir), making their clinical use limited (17).

inhibitors

B-oxidation of FAs involves mitochondrial enzymes that may
become a target in patients with HF, aiming to reduce FA
oxidation. Trimetazidine (TMZ) plays a competitive inhibition of
3-ketoacyl coenzyme A thiolase, the ultimate enzyme of FA
oxidation and has been administered in clinical practice for
stable coronary artery disease (17). In recent years it has also
emerged as a novel option for the treatment of HF (36).
Although its mechanism of action is not fully understood, TMZ
has shown to decrease free FA oxidation, inhibit oxidative
phosphorylation, and ATP
production. In addition, TMZ seems to have other beneficial
in cardiomyocytes of ATP and
phosphocreatine content, reduction of cell acidosis, calcium

improve glucose utilization

effects, as conservation
overload and mitigation of cell injury caused by oxidative stress.
In the past, small randomized trials evaluated the therapeutic
role of TMZ in patients affected by HF and ischaemic etiology
with promising results, including improvement in symptoms and
ejection fraction and reducing hospitalization rates (37). In
particular, administration of TMZ has been associated with
improvements in functional class (38) and LVEF (38-40) in HF
patients. A similar positive effect on LVEF has been reported in
patients with idiopathic DCM (41) and diabetic cardiomyopathy
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(42). Evidences suggest that the improvement of LVEF is more
prominent when trimetazidine is used with B-blockers, assuming
a synergistic effect (41). Conversely, in a more recent study no
benefit on cardiac function, functional capacity and quality of life
was observed with trimetazidine added to standard medical
therapy in patients with stable nonischemic HF (43). There are
possible explanations for these discordant results: first of all, the
beneficial effects of TMZ on symptoms and ejection fraction in
patients with HF caused by coronary disease may partially be
explained by its antianginal effect. In fact, two recent meta-
analyses of studies conducted in patients with HF, most of them
with ischaemic etiology, revealed a reduction in LV end-diastolic
diameter with an improvement of left ventricular ejection
fraction (about 7%) (44). On the other hand, in non-ischemic
HF evidences about the therapeutic role of TMZ are poor. In a
small study conducted by Gunes et al. 87 patients with both
ischemic (69% of patients) and non-ischemic HF and LVEF
<40% were treated with TMZ (n=>51) or placebo (n=36). After
3 months, there was an improvements in LVEF and tissue
Doppler velocities, but patients with both ischemic HF and
diabetes mellitus showed the greater improvement in LVEF (45).
Another possible explanation is that TMZ may be more relevant
in patients with impaired oxygen supply, as for example in
coronary disease, because of its action on myocardial metabolism
with a shift from FFA to glucose utilization as the primary
myocardial energetic substrate. Furthermore, TMZ showed more
beneficial effects in patients with metabolic disorders associated
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with increased FFA oxidation, such as in obesity and diabetes
mellitus. In the cohort of the study we cited, there was a small
prevalence of diabetic patients (8%) and the mean body mass
index was discretely over normal limits. These aspects could
partially explain the lack of benefit of TMZ treatment in stable
non-ischemic HF patients, so despite of its apparent good safety
profile in these patients, the lack of beneficial effects do not yet
support the use of TMZ in this cohort.

A valid approach to indirectly balance FA oxidation in HF
could be to reduce circulating levels of FA. Among others, B-
blockers (metoprolol and carvedilol) showed to improve cardiac
performance and survival in patients with HF (46-48), because
of their ability of sparing energy, decreasing myocardial FA use
(48) and augmenting carbohydrate oxidation (49). Moreover,
metoprolol exerts the same benefit of carvedilol with no
reduction of free FA (49). Niacin could decrease myocardial FA
oxidation by decreasing circulating FA levels. However, studies
about the nicotinic acid derivative acipimox in DCM (50) and
ischemic HF (51) showed both a significantly reduced cardiac
function and efficiency and a significant decline in circulating
FA. Furthermore, to reduce FA delivery to the cardiac muscle
through peroxisome proliferator-activated receptor (PPAR) o
and PPAR vy agonists (fibrates and thiazolidinediones) did not
avoid the onset of HF. Treatment with thiazolidinedione has
been paired to the risk of new or aggravated HF, too (52, 53).

Pyruvate dehydrogenase kinase (PDK) inhibitor dichloroacetate
(DCA) showed to be beneficial in preclinical models of HF (54).
DCA, that is an analog of pyruvate, leads to an increase in PDK
function and thus facilitates glucose oxidation. Though, DCA
demonstrated no benefit on LV performance or exercise capacity
in HF patients (55). Moreover, DCA’s chronic neurotoxicity limits
its possible evaluation in human studies (56). Glucagon-like
peptide-1 receptor agonists (GLP-1RAs) are recommended in all
patients with T2DM who are at high CV risk or have an
atherosclerotic CV disease (ASCVD) yet (57, 58). The postulation
is that GLP1-RAs may prevent from HF because they cause an
increased glucose uptake and wusage (17). Preclinical studies
supported this hypothesis, showing that GLP-1RAs augment
myocardial glucose uptake (59, 60).

GLP1-RAs, through increasing glucose uptake and its
utilization by myocardial cells, may prevent the development of
HFE. A lot of experimental data about the role of GLP-1 in
diabetes has been produced, but there are very limited evidences
about its CV molecular effects (61). The CV effects attributable
to GLP1-RAs can be summarized as:

- Counteracting inflammation, oxidative stress and
atherosclerosis: preclinical studies showed that GLP-1RAs may
directly prevent from atherogenesis modulating vascular
inflammation by suppressing the migration and accumulation
of monocytes and macrophages into the arterial wall, thanks
to a downregulation of different inflammatory and adhesion
molecules on the aforementioned cells. It has been shown
that, in some studies, liraglutide could retard the progression
of atherosclerotic plaque formation and stabilize the plaque.
Liraglutide may also reduce TNF-a-induced reactive oxygen
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species (ROS) production and inflammation in endothelial
cells. In particular, it seems that liraglutide could suppress
endothelial cell inflammation through a calcium- and AMPK-
dependent mechanism. Moreover GLP-1RAs may minimize
innate immune response in type II diabetes mellitus patients
reducing the pro-inflammatory cytokines (TNF-o, IL-1B,
IL-6), and increasing the production of adiponectin (that is an
adipokine with anti-inflammatory effects). Additionally, GLP-
1-RAs could abolish the macrophage foam cell formation
carried out by oxidized LDL in a receptor-dependent way,
linked to an increased activity of acyl-coenzyme A cholesterol
and CD36, of
ATP-binding cassette transporter Al.

acyltransferase-1 and a decreased one
- Reducing Oxidative Stress-Induced Endothelial Dysfunction and
counteracting thrombosis: Oeseburg et al. demonstrated that
GLP-1RAs are able to avoid ROS inducing the expression of
antioxidant genes (as NQO1 and HO-1) after the activation of
the protein kinase A (PKA) and cAMP response element-
binding (CREB) protein. Moreover, GLP1-RAs seems to
attenuate upregulation of macrophage scavenger receptors
CD36
scavenger receptor-1 (Lox-1), providing protection against

and lectin-like oxidized low-density lipoprotein
vascular injuries. Moreover, growing evidence shows that
GLP1-RAs can inhibit thrombus growth formation via eNOS
activation.

- Diuretic and natriuretic effect: GLP-1R appears in the renal
proximal tubular brush border too, where it might control
Na* reabsorption. It seems that GLP1-RAs could increase the
expression of phosphorylated Na*/H" exchanger NHE3 on the
kidneys membrane, resulting in increased eGFR, fractional
Na* excretion and urinary excretion.

- Renin-angiotensin-aldosterone effect: preclinical studies on rat
models of type-1 diabetes showed that liraglutide may revert
the imbalance in the renin angiotensin system, reversing RV
hypertrophy too. Moreover, GLP1-RAs seem to increase lung
ACE2 expression and circulating Angiotensin (1-7), a process

that stimulates systemic vasodilatation (61).

Nevertheless, human studies do not provide sufficient evidence to
support the hypothesis that this mechanism induced by GLP-
1RAs therapy mediates cardioprotection. For example, metabolic
parameters in patients with congestive HF and without diabetes
were not changed by a 48-h subcutaneous administration of
GLP-1 (62). Besides, GLP1 enhanced myocardial blood flow with
no changes in myocardial glucose uptake in patients with
diabetes and without coronary artery disease (63). A clinical trial
is currently underway to evaluate the cardiac and metabolic
effects of semaglutide, a new-generation GLP1RA, in HFpEF
patients with obese phenotype (12).

Another reasonable effective manner to supply to the heart a
more energy-efficient substrate, useful strategy in HF, is by
increasing ketone oxidation (17). Ketone might exert extra
pleiotropic actions in addiotion to the cardiac energetic ones.
Ketone oxidation rate and its arterial concentration are directly
proportional; thus, if there is an increased ketone supply to the
heart, this will result in increased cardiac ketone utilization (64).
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Increased ketone levels are reached with fasting, ketogenic diet,
medium-chain triglyceride (MCT), 1,3-butanediol, ketone salts
(KSs), or ketone ester (KE) supplementation. Remarkably, it has
also been reported that SGLT2i can augment circulating ketone
levels and cardiac energetics, and this might apport clinical
advantages to the failing heart (65-67). Moreover, SGLT2i
the
oligomerization domain (NOD)-like receptor protein 3 (NLRP3)

administration =~ may  modulate nucleotide-binding
inflammasome through increasing circulating ketones, thereby
reducing inflammation in the failing heart (68). Preclinical
models of HF had previously shown a significantly favourable
effect of fasting, ketogenic diet, medium-chain triglyceride
(MCT), ketone supplementation and higher ketone levels reached
through SGLT2i utilization (17). For example, supplementing
with KE mitigated LV dysfunction and remodeling in two
of HFrEF (69). Benefits

supplementing in HFpEF are not completely understood. In a

preclinical models of ketone
mice model with HFpEF (based on age, long-term high-fat diet,
and deoxycorticosterone pivalate challenge), higher circulating
ketones levels proved to be beneficial through the suppression of
proinflammatory cytokines, an improved mitochondrial function,
and the mitigation of cardiac fibrosis, despite reduced ketone
oxidation (70). Conversely, opposite results were reported in
non-HF animals (17). In fact, long-term ketogenic diet induced
cardiac fibrosis and reduced cardiac function in healthy adult
mices (71). Up to now, researchers only tested ketone salts and
ketone esters in HF (72, 73). A 3 h-infusion of KSs Sodium-j3-
hydroxybutyrate (Na-BOHB) boosted cardiac output and lowered
systemic vascular resistance in HFrEF patients (72), while an
acute oral supplementation with KE promoted ketosis and
increased cardiac ketone usage, and it was associated with the
degree of cardiac function and remodeling in HFrEF patients (73).

In conclusion, in recent years, equally experimental and clinical
studies gave numerous insights into cardiac metabolism, major
myocardial metabolic substrates, and their pathophysiological
alterations in particular in HF. Based on this evidence, different
metabolic compounds have been developed and tried out over
time with the aim of ensuring improved myocardial metabolism
and energetics. Although these studies have surely provided an
expansion of knowledge in this area, the evidence is currently
insufficient to recommend a “metabolic therapy” in HF. Further
research, particularly in rigorous clinical trials conducted in large
populations, is therefore required to study safety, feasibility, and
efficacy of “metabolic” therapy in HF.

3. Drugs acting on NO-sGC pathway

In HF, nitric oxide (NO) production is greatly decreased due to
several mechanisms, that include inhibition of endothelial NO
synthase and deactivation by ROS, particularly superoxide
dismutase (74). All this leads to vasoconstriction and then to
raised cardiac preload and afterload, increased muscular and
vascular stiffness and unfavorable remodeling (1, 75). In the
myocardium, NO mitigates the action of the calcium channel,
reticalum  calcium  adenosine

sarcoplasmic triphosphatase
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(SERCA) pump, sarcoplasmic reticulum and ryanodine receptor,
with an impact on mitochondrial metabolism (76). Therefore,
restoring  NO-sGC-cGMP (cyclic guanosine monophosphate)
pathway plays a crucial role to relieve the HF burden (75, 77).
Many compounds that targets the NO-GC signaling have been
elaborated. There are three classes of drugs with different action:
some drugs directly operate on the soluble form of GC and are
categorized as activators (cinaciguat) and stimulators (vericiguat
and riociguat) (78), others decrease cGMP degradation, the
5 (such sildenafil) (79).
Cinaciguat activates the sGC by mimicking NO itself. In patients

Phosphodiesterase inhibitors as
with HF, cinaciguat decreased the pulmonary capillary wedge
pressure (PCWP), but also was associated to the increase of low
blood pressure, which led to early withdrawal from this trial (80).
On the other hand, GC stimulators enhance soluble CG activity
when the endogenous ligand is available (77).

Vericiguat, a new soluble GC (sGC) stimulator, acts as a
stimulator of sGC, playing synergistically with available NO,
leading to an increase in cGMP levels with improvement of
cardiac and vascular function (81).

Vericiguat was tested in phase II SOCRATES PRESERVED
(82) and REDUCED studies (83) and recently also in the phase
III VICTORIA study, with reduction of the composite end-point
of death from any cause or hospitalization for HF versus placebo
in subjects with worsening HFrEF (8). Therefore, this medication
is also recommended in the existing HF guidelines (class II, level
of evidence B) (2). Vericiguat, compared with the other drugs of
this class such as riociguat, which did not reach the primary
endpoint in phase II LEPHT (Riociguat in Patients with
Pulmonary Hypertension Associated with Left Ventricular
Systolic Dysfunction) study (84), induces a minor reduction in
thanks these
pharmacokinetic stability, higher oral bioavailability and an
extended half-life (85).

In the VITALITY-HFpEF trial, the vericiguat has not increased
the quality of life evaluated by the Kansas City Cardiomyopathy
Questionnaire (KCCQ) score in HFpEF patients (86). This may
be consistent with the assumption that NO deficiency has no key

blood pressure, to characteristics:  increased

role in developing HFpEF, as opposed to HFrEF.

Patients with a recent worsening HF event and a baseline NT-
proBNP value >8,000 pg/ml are the ones who benefit the most
from this drug (87). These encouraging results may bring the use
of a quintuple treatment through the introduction of vericiguat
as a new drug for the treatment of HFrEF, along with ACEi/
ARB/ARNI, beta-blockers, MRA, and SGLTi (88). A clinical trial
evaluating the impact of vericiguat on outcomes (CV mortality
and HF hospitalization) in patients with stable chronic HFrEF is
ongoing (15).

4. Drugs acting on mitochondrial

function
Mitochondria play an important role in the cardiac

pathophysiology by affecting cardiac function and metabolism.

The finding of fragmented and damaged mitochondria are a

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

hallmark of heart disease. Dysfunction of systems preserving
mitochondrial anatomy (number, size, and shape) through
fission/fusion and mitophagy affects mitochondrial function (89),
breaks up cellular bioenergetics, and produces increase of
oxidative stress. Impaired mitochondrial function leads to
calcium dysregulation and, above all, cardiomyocyte death.

In HF models, increase of ROS, the prolonged opening of the
mitochondrial permeability transition pore (mPTP) and aberrant
mitochondrial dysfunction (90) are harmful to mitochondrial
metabolism and negatively affect cardiac structure and function
(91). mPTP opening is a mitochondrial response to an oxidative
challenge resulting in an increased ROS signal. The ROS thus
derived, may be drivers of cardiomyocyte (CM) cell-cycle arrest.

Drug development research for HF is also focused on
mitochondria, involved in the production of high-energy
molecules and initiation of programmed cell death. They are
ideal therapeutic targets because placed between metabolic and
energetic pathways affecting cardiac function (92).

There are new results justifying the use of drugs targeting
mitochondrial fission and fusion in different CV diseases (93).
The present challenge is to transform these new molecules into
drugs. Peroxisome proliferator-activated receptor y coactivator 1
o (PGC-1a) acts as a transcriptional cofactor, by modulating
mitochondrial biogenesis and mitochondrial dynamics and
mitophagy. Impaired regulation of PGC-lo function is
correlated to the onset and progression of HF (94). Nuclear
erythroid 2-related factor 2 (Nrf2), a transcription factor of
endogenous antioxidant defense systems against oxidative stress
(OS), may be a potential therapeutic target for management of
some CV diseases (as HF). Natural products may be a possible
source of Nrf2 activators with cardioprotective activities
mediated by suppression of OS providing a novel therapeutic
target for HF (95).

Adenosine A, receptors (A;AR) are a possible new target for
new therapies thanks to their cardioprotective/antihypertrophic
properties (96). Stimulation of adenosine receptor (AR) seems to
lead injury.
Capadenoson, classified as an A;AR partial agonist, was

a cytoprotective action against oxidative
demonstrated to improve LV remodeling in advanced HF. The
therapeutic effects of capadenoson may be mediated through the
AZBAR

cardiomyocytes. Baltos et al. (97) suggested a development of

A;AR.  Capadenoson have significant activity in
capadenoson-like molecules, as the A,gAR able to promote
cardioprotection and reduce cardiac fibrosis in CV disease.
Neladenoson, an A;R agonist and capadenoson derivative, has
demonstrated to be safe but not effective in HF trials (98). The
design of new hA;AR partial agonists is becoming a relevant
research objective. N°-cyclopentyladenosine (CPA), a new AR
the H,0,-induced

mitochondrial ROS origin and cellular apoptosis (99).

agonist, decreased intracellular and

Elamipretide, studied both to maintain cellular biogenetics and
prevent ROS-induced cell injury, has shown to increase LVEF and
prevent LV remodeling in animal models of HFrEF. In clinical

trials, elamipretide was not associated to any serious adverse

events (9), with promising improvements in cardiac
hemodynamics at highest doses (100).
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Between recent discoveries in pathophysiology of HEF,
mitochondria-induced cell death seems to play a pivotal role.
Thus, identification of mitochondria-related genes (Mito-RGs)
based on transcriptome sequencing data may be useful as potential
new markers and new pharmacological targets for HF (101).
Mitochondrial complexes are known as important mediators
for the regulation of cardiomyocyte function. NADH: ubiquinone
oxidoreductase core subunit S1 (Ndufsl) expression is reduced in
the HF. Cardiac-specific Ndufsl overexpression improves cardiac
function and decreases myocardial fibrosis. Being able to
Ndufsl could be

pharmacological target in patients with cardiac dysfunction or HF.

modulate cardiac function, a possible

In experimental HF, Empagliflozin stimulate cardiac

mitochondrial function and upregulated energy metabolism
(102).
enhancing mitochondrial oxidative phosphorylation (OXPHOS),

Empagliflozin  improve  mitochondrial  biogenesis,

reducing ROS production, attenuating apoptosis, and increasing

autophagy (103). Empagliflozin is able to modulate the

of mitochondrial fission-related proteins and
different

upregulating the expression of the fusion-related proteins and

expression
mitochondrial fusion-related proteins, in way,
downregulating fission-related proteins (104).
The antioxidant mitoquinone (MitoQ) may affect the
production of mitochondrial ROS and hypertrophy in rat
cardiomyocytes (105). MitoQ in cardiomyocytes breaks up the
metabolism by impaired mitophagy, inducing to accumulation of
deficient mitochondria. A Phase II, double blind, randomized
trial of MitoQ in patients with DCM, evaluating the effect of
reducing mitochondrial oxidative stress on myocardial energetics
and function by cardiac magnetic resonance, was planned (13).
Mitochondrial Ca** handling may be an interesting target in
HF patients because its modulation play a key role to the energy
supply of the heart contractions as well as to avoiding
mitochondrial Ca®" overload and the cell death induction. In
models damaged mitochondrial Ca®" transport is related to the
initiation/progression of HF syndrome. Mitochondrial Ca**
uptake is regulated by the Ca** uniporter (mtCU) and the MCU
pore is regulated by the Ca**-sensing MICU1 and MICU2 (106).
We suggest a possible pharmacological target at the level of the
MICU1-dependent regulation of the mtCU. Mitochondria-
RNAs (circRNAs)

mitochondria-derived ROS production. Recently, Hao Zheng

localized circular are able to regulate
et al. suggested that circSamd4 (generated by circularization of
exon 3 of the Samd4 gene located on chromosome 14 (mm?9) is
a new pharmacological target in case of HF after MI (107).

The endoplasmic reticulum (ER) and mitochondria are associated
by ER-mitochondria contacts (ERMC:s). It may contribute to preserve
the normal cellular function and may be a new target for potentials
drugs against cardiac remodeling in HF (108).

Remote ischemic preconditioning (RIPC) significantly reduces
the rate of acute kidney injury in non-diabetic subjects undergoing
PCI. The RIPC stimulus leads release of messengers which act by
the bloodstream resulting in decreased oxidative stress and
preservation of mitochondrial function (109).

RIPC may be considered as drugs using mitochondria as

target (110).
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5. Drugs acting on intracellular calcium
dysregulation

Intracellular calcium dysregulation is an important feature of
cardiomyocytes in HF (111). In fact, in this condition, the
sarcoplasmic reticulum of these cells has a poor calcium content,
partly as a result of a reduced SERCA isoform 2a pump activity
(112). Istaroxime, a new HF drug, acts through a dual pathway:
Na'/K* ATPase blockage and potentiation of Ca®" uptake into
sarcoplasmic reticulum (SR) mediated by the SERCA2a. This is at
the basis of its inotropic and lusitropic effects, due to the ability of
dissociating SERCA from its inhibitory protein phospholamban
with a lower risk of Ca®" triggered arrhythmias (113).

The phospholamban is an important regulator of cardiac
contractility. Interfering with the phospholamban/SR Ca** ATPase
interaction might be a promising pharmacological approach for HF.
Phospholamban-mediated SERCA2a activity enhancement may lead
an improvement of cardiac function. This action may be explained
by the activation of the proteinkinase A (PKA). Approaches to
selectively inhibit phospholamban remain elusive (114).

The mutations in phospholamban decrease its phosphorylation
level by modifying its conformation and weakening its interactions
with PKA (115). Most of mutations identified in phospholamban
have been demonstrated to be related to familial DCM.

In the HORIZON-HF trial 120 patients with acute HF have been
treated with intravenous istaroxime or placebo in a 3:1 ratio. All three
dosages of istaroxime were associated with a decrease in pulmonary
capillary wedge pressure, but cardiac index increased only at the
highest dose, that also was linked to a lusitropic effect assessed by
increased mitral deceleration time. Moreover, these effects were
accompanied by an increase systolic blood pressure but not in heart
rate, unlike traditional inotropes (10). In the chronic setting of HF the
genetic modulation of SERCA 2a is arousing increasing interest. The
CUPID 2 (The
Administration of Gene Therapy in Cardiac Disease) study has

Calcium Up regulation by Percutaneous
examined the efficacy of gene transfer using adenovirus as vectors.
Patients receiving the high dose of SERCA2a complementary DNA
by intracoronary infusion had satisfactory outcomes as regards
symptoms and NT-proBNP values. After 1 year, researchers
registered a significant increase in time to clinical events, and faster
CV hospitalizations with the high-dose treatment versus placebo and,
after 36 months, a reduction in the risk of recurrent CV events by
82%, together with the evidence of long-term transgene presence.
CUPID approach should be replicated in broader studies, but
SERCA2a gene therapy is definitely appealing in the pharmacological
armamentarium against HF (116). The MUSIC-HFrEF1 ongoing trial
is evaluating the efficacy and safety of the modulation of SERCA2a by
gene therapy in patients with HFrEF and NYHA class III/IV (14).
The ryanodine receptors of the SR cause release of calcium
even in the active state and, under resting condition, are
maintained closed by a protein said calstabin-2. The continuous
adrenergic activation in HF causes a chronic cAMP-dependent
hyperphosphorylation of these receptors. Thereby the ryanodine
receptor channel opens inappropriately during the diastole, with
a consequential calcium leakage from sarcoplasmic reticulum.
The loss

of calcium from the SR causes weak cardiac
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contractions. Minimizing the calcium leak by stabilizing the
interaction between ryanodine receptor and calstabin could be a
viable strategy for improving cardiac contractility (109). JTV519
(K201) is a drug consolidating the closed state of ryanodine
receptor by improving its affinity to calstabin, thus preventing
leakage (109).
myocardial infarction model and pacing-induced HF, K201 has

spontaneous diastolic calcium In animal
been shown to attenuate significantly the development of cardiac
dysfunction and ventricular remodelling (117).

With further studies, probably in the future this drug could be

used for some human myocardial diseases.

1. In vitro studies have showed the inotropic and lusitropic effects
of nitroxyl (HNO) donors that act increasing calcium
sensitivity and calcium handling efficiency. HNO-induced
increase of myocardial Ca** cycling and function is due to
the post-translational adaptation of thiol residues belonging

like SERCA2a, ryanodine

phospholamban and myofilaments (118).

to  proteins receptors,
HNO also induces a peripheral vasodilation through the
endothelial soluble guanylate cyclase but does not cause

tachyphylaxis, unlike the chemically related nitric oxide (119).

The STAND-UP AHF trial evaluated the effects of cimlanod (a
HNO donor) in patients hospitalized for AHF. Its intravenous
infusion may reduce systemic pressure and intra-cardiac filling
pressures, and may increase cardiac index (CI) (118), but these
did not last beyond the end of treatment (119). Moreover Lang
et al. hypothesized that the CI improvement could come from a
vasodilatory effect rather than to an inotropic property of
cimlanod. The StandUP-Imaging trial was designed to evaluate the
effects of cimlanod infusion on cardiac performance, evaluated
through an invasive assessment and echocardiographic parameters,
in patients affected by HFrEF and in stable clinical conditions.
Nitroglicerin (NTG), a vasodilator without direct inotropic effects,
was an active comparator. In this cohort of patients cimlanod did
not exert inotropic and lusitropic effects, performing
haemodynamic effects similar to NTG. Both improved diastolic
function and this could be explained by venodilatation and
preload decrease rather than by a lusitropic effect. Ongoing trial
will better define its role in the treatment of HF (118).

Another new possible target in HF therapy may be the Na*/H"
exchanger-1 (NHE-1). Myocytes in HF show an upregulated
activity of this exchanger and an increased intracellular
concentration of Na*, with a consequent increment of intracellular
Ca™. As it is known an abnormal calcium handling is linked to
cardiac hypertrophy and remodelling (120). NHE-1 is also
involved in the endoplasmic reticulum stress-induced apoptosis
and NHE-inhibition may prevent/slow down cell necrosis,
stunning, reperfusion arrhythmias and mortality in different
models of ischemia/reperfusion damage (121). Increasing evidence
suggests that NHE-1 inhibitors such as cariporide, eniporide and
zoniporide may protect against cardiac hypertrophy, ischaemia/
injury,
moreover, demonstrated to be able to reduce left ventricular end-

reperfusion and myocardial infarction. Cariporide
systolic volumes and to increase the LVEF, when administered

intravenously before a percutaneous coronary intervention in
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patients affected by acute myocardial infarction. Other strategies to
inhibit NHE-1
dominant-negative components, small molecules that inhibit
signaling kinases downstream to NHE-1 (122). Although a
possible target for a pharmacological approach in cardioprotection,

could include microRNAs and engineered

NHE-1 is also ubiquitously expressed and play a role in normal
cellular pathophysiology and its inhibition may lead in important
adverse effects. For example, NHE1 favors platelet aggregation and
in the EXPEDITION study the cardioprotective effect of cariporide
has been obscured by an increase in ischemic stroke (122).

6. Drugs acting on cardiac myosin

Multiple saving-life therapies act only on neurohormonal
activation in HFrEF, without addressing the central pathogenic
driver: the aforementioned initial reduction in systolic function
(11). Myosin modulators are a new class of molecules that
directly stimulate contractility and cardiac power output, to
relieve HF symptoms without altering calcium signaling and
without the side effects of traditional inotropic agents (123).

Omecamtiv Mecarbil (OM) is a selective cardiac myosin activator
that increase myocardial contractility by binding myosin when
myosin-binding sites on actin filaments are blocked by tropomyosin.
Calcium allows tropomyosin to occasionally reveal the “open” state of
actin. OM-bound myosin rapidly releases a molecule of Pi and binds
the actin filament. This maintains the actin filament in the open
phase, allowing non-OM-bound myosin to attach themselves to actin
(123). The process results in a higher number of “force generators”
(myosin heads) that can bind to actin, developing a higher-force of
contraction at a given calcium concentration. By stabilizing the pre-
power stroke phase, OM also reduces the ATP turnover and increases
the ATP availability for any other energetic scope (11). Studying the
OM effects with echo, searchers registered an improvement of systolic
ejection time (SET) and stroke volume (SV) with a decrease in LV
diameters and volumes (124).

GALACTIC-HF, a multicenter, double-blind, phase 3 trial,
compared OM versus placebo among about 8,000 subjects
affected by HF (NYHA functional class II-IV) and LVEF <35%,
who were randomized on top of a standard of HF therapy.
Unlike other drugs specific for HFrEF, omecamtiv mecarbil did
not affect blood pressure, renal function or potassium levels.
Patients classified as having severe HF (NYHA III-IV, LVEF <
30%, last hospitalization within 6 months) experienced a greater
benefit from OM than those without severe HF. For the primary
end point (time to first HF event or CV death), they showed a
20% risk reduction, whereas patients without severe HF did not
show relevant risk reduction. Prolonged (20 weeks) treatment
with OM was also associated with serum troponin increase in the
phase II study COSMIC-HF (124) while in the GALACTIC-HF
patients with severe HF experienced a greater rate of cardiac
infarction, expecially if their HF had an ischaemic origin (125).
The long-term advantages of this new treatment is currently
unknown. To sum up cardiac myosin activators could be an
attractive therapeutic option, especially for subjects with lower
blood pressure values, reduced kidney function, lower LVEF
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values and at high risk of recurrent hospitalization or advanced
HF (125). These data support the potential role of OM in
subjects for whom actual pharmacological possibility are slim or
not sufficient (11). However, patients in atrial fibrillation and
flutter at baseline were less likely to benefit from OM than
subjects without arrhythmias as atrial fibrillation and flutter,
although the reduction of the advantages was especially noticed
in subjects affected by HF and atrial fibrillation or flutter who
were also receiving digoxin (126).

Danicamtiv, another myosin activator, plays similar effects on
cardiac myosin. In a phase 2a trial on patients with a stable chronic
HF and a LVEF < 35%, already treated according guideline medical
therapy, it prolonged the SET and, as a consequence, improved SV
and reduced LV dimensions. Other echocardiographic measures were
positively affected by Danicamtiv: LV global longitudinal and
circumferential strain, left atrial (LA) minimal volume, LA emptying
fraction (LAEF) and LA function index (LAFI). The drug seems quite
tolerated with small and asymptomatic fluctuations in troponin
values demonstrated in the minority of subjects (127). A phase 2a
study aiming at establishing safety and preliminary efficacy of
danicamtiv in patients with idiopatic DCM due to myosin 7 (MYH?7)
or titin (TTN) variants was designed (16).

Mavacamten is a new, oral, inhibitor of cardiac myosin
ATPase, which reduces the formation of actin- myosin cross-
bridges, reducing myocardial contractility, and improving
myocardial energetics. It was approved by the US Food and Drug
Administration for the treatment of symptomatic obstructive
hypertrophic cardiomyopathy (NYHA functional class II to III)

in adults to improve functional capacity and symptoms (128).

7. Conclusions

New HF drugs might target myocytes and interstitium, cardiac

metabolism, mitochondrial function and intracellular calcium
dysregulation. New studies are needed to show new potential

pharmacological strategies aimed at new pharmacological targets in HF.

Author contributions

MC: substantial conception; LT: acquisition of data; FC:
acquisition of data; SA: acquisition of data; FF: acquisition of
data; NDB and SN: substantial conception and revising the
article for final approval of the submitted paper; RMI: substantial
conception and drafting of the article for important intellectual
content; SN: substantial conception and revising the article for
final approval of the submitted paper. All authors contributed to
the article and approved the submitted version.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Bohm M, et al.
2021 ESC guidelines for the diagnosis and treatment of acute and chronic heart failure.
Eur Heart J. (2021) 42(36):3599-726. doi: 10.1093/EURHEART]/EHAB368

2. Anker SD, Butler J, Filippatos G, Ferreira JP, Bocchi E, Bohm M, et al. Empagliflozin in
heart failure with a preserved ejection fraction. N Engl | Med. (2021) 385(16):1451-61.
doi: 10.1056/NEJMOA2107038/SUPPL_FILE/NEJMOA2107038_DATA-SHARING.PDF

3. Solomon SD, McMurray JJV, Claggett B, de Boer RA, DeMets D, Hernandez AF,
et al. Dapagliflozin in heart failure with mildly reduced or preserved ejection fraction.
N Engl ] Med. (2022) 387(12):1089-98. doi: 10.1056/NEJMOA2206286/SUPPL_FILE/
NEJMOA2206286_DATA-SHARING.PDF

4. Butler J, Fonarow GC, Gheorghiade M. Strategies and opportunities for drug
development in heart failure. ] Am Med Assoc. (2013) 309(15):1593-4. doi: 10.1001/
JAMA.2013.1063

5. Ghionzoli N, Gentile F, Del Franco AM, Castiglione V, Aimo A, Giannoni A,
et al. Current and emerging drug targets in heart failure treatment. Hear Fail Rev.
(2021) 27(4):1119-36. doi: 10.1007/S10741-021-10137-2

6. Weldy CS, Ashley EA. Towards precision medicine in heart failure. Nat Rev
Cardiol. (2021) 18(11):745-62. doi: 10.1038/s41569-021-00566-9

7. Lee L, Campbell R, Scheuermann-Freestone M, Taylor R, Gunaruwan P, Williams
L, et al. Metabolic modulation with perhexiline in chronic heart failure: a randomized,
controlled trial of short-term use of a novel treatment. Circulation. (2005) 112
(21):3280-8. doi: 10.1161/CIRCULATIONAHA.105.551457

8. Armstrong PW, Pieske B, Anstrom KJ, Ezekowitz J, Hernandez AF, Butler J, et al.
Vericiguat in patients with heart failure and reduced ejection fraction. N Engl ] Med.
(2020) 382(20):1883-93. doi: 10.1056/NEJMOA1915928

9. Butler J, Khan MS, Anker SD, Fonarow GC, Kim R], Nodari S, et al. Effects of
elamipretide on left ventricular function in patients with heart failure with reduced
ejection fraction: the PROGRESS-HF phase 2 trial. J Card Fail. (2020) 26
(5):429-37. doi: 10.1016/].CARDFAIL.2020.02.001

10. Shah §J, Blair JE, Filippatos GS, Macarie C, Ruzyllo W, Korewicki J, et al. Effects
of istaroxime on diastolic stiffness in acute heart failure syndromes: results from the
hemodynamic, echocardiographic, and neurohormonal effects of istaroxime, a novel
intravenous inotropic and lusitropic agent: a randomized controlled trial in patients
hospitalized with heart failure (HORIZON-HF) trial. Am Heart J. (2009) 157
(6):1035-41. doi: 10.1016/].AHJ.2009.03.007

11. Teerlink JR, Diaz R, Felker GM, McMurray JJV, Metra M, Solomon SD.
Omecamtiv mecarbil in chronic heart failure with reduced ejection fraction:
rationale and design of GALACTIC-HF. JACC Heart Fail. (2020) 8(4):329-40.
doi: 10.1016/J.JCHF.2019.12.001

12. Cardiac and Metabolic Effects of Semaglutide in Heart Failure With Preserved
Ejection Fraction. ClinicalTrials.gov Identifier: NCT05371496. Available at: https://
clinicaltrials.gov/show/NCT05371496

13. Examining the effects of mitochondrial oxidative stress in DCM (MitoDCM)
ClinicalTrials.gov Identifier: NCT05410873.

14. A phase 1/2 trial of the safety and efficacy of SRD-001 (AAV1/SERCA2a) in
subjects with heart failure with reduced ejection fraction. ClinicalTrials.gov
Identifier: NCT04703842.

15. A pivotal phase 3 randomized, placebo-controlled clinical study to evaluate the
efficacy and safety of the sGC stimulator vericiguat/MK-1242 in adults with chronic
heart failure with reduced ejection fraction. ClinicalTrials.gov Identifier: NCT05093933.

16. An open-label, exploratory study of the safety and preliminary efficacy of
danicamtiv in stable ambulatory patients with primary dilated cardiomyopathy due
to either MYH7 or TTN variants. ClinicalTrials.gov Identifier: NCT04572893.

17. Yurista SR, Chen S, Welsh A, Tang WHW, Nguyen CT. Targeting myocardial
substrate metabolism in the failing heart: ready for prime time? Curr Heart Fail
Rep. (2022) 19(4):180-90. doi: 10.1007/S11897-022-00554-1

18. Doenst T, Nguyen TD, Abel ED. Cardiac metabolism in heart failure:
implications beyond ATP production. Circ Res. (2013) 113(6):709-24. doi: 10.1161/
CIRCRESAHA.113.300376

19. Murthy MS, Pande SV. Some differences in the properties of carnitine
palmitoyltransferase activities of the mitochondrial outer and inner membranes.
Biochem J. (1987) 248(3):727-33. doi: 10.1042/BJ2480727

Frontiers in Cardiovascular Medicine

16

10.3389/fcvm.2023.1157472

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

20. Dhar-Chowdhury P, Malester B, Rajacic P, Coetzee WA. The regulation of ion
channels and transporters by glycolytically derived ATP. Cell Mol Life Sci. (2007) 64
(23):3069-83. doi: 10.1007/S00018-007-7332-3

21. Murashige D, Jang C, Neinast M, Edwards JJ, Cowan A, Hyman MC, et al.
Comprehensive quantification of fuel use by the failing and nonfailing human
heart. Science. (2020) 370(6514):364-8. doi: 10.1126/SCIENCE.ABC8861

22. Paolisso G, Gambardella A, Galzerano D, D'Amore A, Rubino P, Verza M, et al.
Total-body and myocardial substrate oxidation in congestive heart failure. Metab Clin
Exp. (1994) 43(2):174-9. doi: 10.1016/0026-0495(94)90241-0

23. Weiss RG, Gerstenblith G, Bottomley PA. ATP flux through creatine kinase in
the normal, stressed, and failing human heart. Proc Natl Acad Sci U S A. (2005) 102
(3):808-13. doi: 10.1073/PNAS.0408962102

24. Zhabyeyev P, Gandhi M, Mori J, Basu R, Kassiri Z, Clanachan A. Pressure-
overload-induced heart failure induces a selective reduction in glucose oxidation at
physiological afterload. Cardiovasc Res. (2013) 97(4):676-85. doi: 10.1093/CVR/
CVS424

25. Osorio JC, Stanley WC, Linke A, Castellari M, Diep QN, Panchal AR, et al.
Impaired myocardial fatty acid oxidation and reduced protein expression of retinoid
X receptor-alpha in pacing-induced heart failure. Circulation. (2002) 106(5):606-12.
doi: 10.1161/01.CIR.0000023531.22727.C1

26. Dévila-Romén VG, Vedala G, Herrero P, de las Fuentes L, Rogers JG, Kelly DP,
et al. Altered myocardial fatty acid and glucose metabolism in idiopathic dilated
cardiomyopathy. ] Am Coll Cardiol. (2002) 40(2):271-7. doi: 10.1016/S0735-1097
(02)01967-8

27. Bedi KC Jr, Snyder NW, Brandimarto J, Aziz M, Mesaros C, Worth AJ, et al.
Evidence for intramyocardial disruption of lipid metabolism and increased
myocardial ketone utilization in advanced human heart failure. Circulation. (2016)
133(8):706-16. doi: 10.1161/CIRCULATIONAHA.115.017545

28. Ho KL, Zhang L, Wagg C, Al Batran R, Gopal K, Levasseur J, et al. Increased
ketone body oxidation provides additional energy for the failing heart without
improving cardiac efficiency. Cardiovasc Res. (2019) 115(11):1606-16. doi: 10.1093/
CVR/CVZ045

29. Selvaraj S, Kelly DP, Margulies KB. Implications of altered ketone metabolism
and therapeutic ketosis in heart failure. Circulation. (2020) 141(22):1800-12.
doi: 10.1161/CIRCULATIONAHA.119.045033

30. Schmidt-Schweda S, Holubarsch C. First clinical trial with etomoxir in patients
with chronic congestive heart failure. Clin Sci. (2000) 99(1):27-35. doi: 10.1042/
CS0990027

31. Beadle RM, Williams LK, Kuehl M, Bowater S, Abozguia K, Leyva F, et al.
Improvement in cardiac energetics by perhexiline in heart failure due to
dilated cardiomyopathy. JACC Hear Fail. (2015) 3(3):202-11. doi: 10.1016/].JCHF.
2014.09.009

32. Senanayake EL, Howell NJ, Ranasinghe AM, Drury NE, Freemantle N,
Frenneaux M, et al. Multicentre double-blind randomized controlled trial of
perhexiline as a metabolic modulator to augment myocardial protection in patients
with left ventricular hypertrophy undergoing cardiac surgery. Eur ] Cardiothorac
Surg. (2015) 48(3):354-62. doi: 10.1093/EJCTS/EZU452

33. Abozguia K, Elliott P, McKenna W, Phan TT, Nallur-Shivu G, Ahmed I, et al.
Metabolic modulator perhexiline corrects energy deficiency and improves exercise
capacity in symptomatic hypertrophic cardiomyopathy. Circulation. (2010) 122
(16):1562-9. doi: 10.1161/CIRCULATIONAHA.109.934059

34. Ananthakrishna R, Lee SL, Foote ], Sallustio BC, Binda G, Mangoni AA, et al.
Randomized controlled trial of perhexiline on regression of left ventricular
hypertrophy in patients with symptomatic hypertrophic cardiomyopathy
(RESOLVE-HCM trial). Am Heart J. (2021) 240:101-13. doi: 10.1016/].AHJ.2021.
06.010

35. Unger SA, Robinson MA, Horowitz JD. Perhexiline improves symptomatic
status in elderly patients with severe aortic stenosis. Aust N Z J Med. (1997) 27
(1):24-8. doi: 10.1111/].1445-5994.1997.TB00909.X

36. Di Napoli P, Taccardi AA, Barsotti A. Long term cardioprotective action of
trimetazidine and potential effect on the inflammatory process in patients with
ischaemic dilated cardiomyopathy. Heart. (2005) 91(2):161-5. doi: 10.1136/HRT.
2003.031310

frontiersin.org


https://doi.org/10.1093/EURHEARTJ/EHAB368
https://doi.org/10.1056/NEJMOA2107038/SUPPL_FILE/NEJMOA2107038_DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA2206286/SUPPL_FILE/NEJMOA2206286_DATA-SHARING.PDF
https://doi.org/10.1056/NEJMOA2206286/SUPPL_FILE/NEJMOA2206286_DATA-SHARING.PDF
https://doi.org/10.1001/JAMA.2013.1063
https://doi.org/10.1001/JAMA.2013.1063
https://doi.org/10.1007/S10741-021-10137-2
https://doi.org/10.1038/s41569-021-00566-9
https://doi.org/10.1161/CIRCULATIONAHA.105.551457
https://doi.org/10.1056/NEJMOA1915928
https://doi.org/10.1016/J.CARDFAIL.2020.02.001
https://doi.org/10.1016/J.AHJ.2009.03.007
https://doi.org/10.1016/J.JCHF.2019.12.001
https://clinicaltrials.gov/show/NCT05371496
https://clinicaltrials.gov/show/NCT05371496
https://doi.org/10.1007/S11897-022-00554-1
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1161/CIRCRESAHA.113.300376
https://doi.org/10.1042/BJ2480727
https://doi.org/10.1007/S00018-007-7332-3
https://doi.org/10.1126/SCIENCE.ABC8861
https://doi.org/10.1016/0026-0495(94)90241-0
https://doi.org/10.1073/PNAS.0408962102
https://doi.org/10.1093/CVR/CVS424
https://doi.org/10.1093/CVR/CVS424
https://doi.org/10.1161/01.CIR.0000023531.22727.C1
https://doi.org/10.1016/S0735-1097(02)01967-8
https://doi.org/10.1016/S0735-1097(02)01967-8
https://doi.org/10.1161/CIRCULATIONAHA.115.017545
https://doi.org/10.1093/CVR/CVZ045
https://doi.org/10.1093/CVR/CVZ045
https://doi.org/10.1161/CIRCULATIONAHA.119.045033
https://doi.org/10.1042/CS0990027
https://doi.org/10.1042/CS0990027
https://doi.org/10.1016/J.JCHF.2014.09.009
https://doi.org/10.1016/J.JCHF.2014.09.009
https://doi.org/10.1093/EJCTS/EZU452
https://doi.org/10.1161/CIRCULATIONAHA.109.934059
https://doi.org/10.1016/J.AHJ.2021.06.010
https://doi.org/10.1016/J.AHJ.2021.06.010
https://doi.org/10.1111/J.1445-5994.1997.TB00909.X
https://doi.org/10.1136/HRT.2003.031310
https://doi.org/10.1136/HRT.2003.031310
https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

37. Fragasso G, Piatti Md PM, Monti L, Palloshi A, Setola E, Puccetti P, et al. Short-
and long-term beneficial effects of trimetazidine in patients with diabetes and ischemic
cardiomyopathy. Am Heart J. (2003) 146(5):E18. doi: 10.1016/s0002-8703(03)00415-0

38. Fragasso G, Salerno A, Lattuada G, Cuko A, Calori G, Scollo A, et al. Effect of
partial inhibition of fatty acid oxidation by trimetazidine on whole body energy
metabolism in patients with chronic heart failure. Heart. (2011) 97(18):1495-500.
doi: 10.1136/HRT.2011.226332

39. Fragasso G, Palloshi A, Puccetti P, Silipigni C, Rossodivita A, Pala M, et al. A
randomized clinical trial of trimetazidine, a partial free fatty acid oxidation
inhibitor, in patients with heart failure. ] Am Coll Cardiol. (2006) 48(5):992-8.
doi: 10.1016/J.JACC.2006.03.060

40. Cera M, Salerno A, Fragasso G, Montanaro C, Gardini C, Marinosci G, et al.
Beneficial electrophysiological effects of trimetazidine in patients with postischemic
chronic heart failure. J Cardiovasc Pharmacol Ther. (2010) 15(1):24-30. doi: 10.
1177/1074248409356431

41. Tuunanen H, Engblom E, Naum A, Négren K, Scheinin M, Hesse B, et al.
Trimetazidine, a metabolic modulator, has cardiac and extracardiac benefits in
idiopathic dilated cardiomyopathy. Circulation. (2008) 118(12):1250-8. doi: 10.1161/
CIRCULATIONAHA.108.778019

42. Zhao P, Zhang ], Yin XG, Maharaj P, Narraindoo S, Cui LQ, et al. The effect of
trimetazidine on cardiac function in diabetic patients with idiopathic dilated
cardiomyopathy. Life Sci. (2013) 92(11):633-8. doi: 10.1016/J.LFS.2012.03.015

43. Winter JL, Castro PF, Quintana JC, Altamirano R, Enriquez A, Verdejo HE, et al.
Effects of trimetazidine in nonischemic heart failure: a randomized study. J Card Fail.
(2014) 20(3):149-54. doi: 10.1016/].CARDFAIL.2014.01.004

44. Gao D, Ning N, Niu X, Hao G, Meng Z. Trimetazidine: a meta-analysis of
randomised controlled trials in heart failure. Heart. (2011) 97(4):278-86. doi: 10.
1136/HRT.2010.208751

45. Gunes Y, Guntekin U, Tuncer M, Sahin M. Improved left and right ventricular
functions with trimetazidine in patients with heart failure: a tissue Doppler study.
Heart Vessels. (2009) 24(4):277-82. doi: 10.1007/S00380-008-1118-X

46. Lehtonen A. Effect of beta blockers on blood lipid profile. Am Heart J. (1985)
109(5 Pt 2):1192-6. doi: 10.1016/0002-8703(85)90707-0

47. Beanlands RS, Nahmias C, Gordon E, Coates G, deKemp R, Firnau G, et al. The
effects of beta(1)-blockade on oxidative metabolism and the metabolic cost of
ventricular work in patients with left ventricular dysfunction: a double-blind,
placebo-controlled, positron-emission tomography study. Circulation. (2000) 102
(17):2070-5. doi: 10.1161/01.CIR.102.17.2070

48. Wallhaus TR, Taylor M, DeGrado TR, Russell DC, Stanko P, Nickles R], et al.
Myocardial free fatty acid and glucose use after carvedilol treatment in patients with
congestive heart failure. Circulation. (2001) 103(20):2441-6. doi: 10.1161/01.CIR.
103.20.2441

49. Eichhorn EJ, Heesch CM, Barnett JH, Alvarez LG, Fass SM, Grayburn PA, et al.
Effect of metoprolol on myocardial function and energetics in patients with
nonischemic dilated cardiomyopathy: a randomized, double-blind, placebo-
controlled study. ] Am Coll Cardiol. (1994) 24(5):1310-20. doi: 10.1016/0735-1097
(94)90114-7

50. Tuunanen H, Engblom E, Naum A, Nagren K, Hesse B, Airaksinen KE, et al.
Free fatty acid depletion acutely decreases cardiac work and efficiency in
cardiomyopathic heart failure. Circulation. (2006) 114(20):2130-7. doi: 10.1161/
CIRCULATIONAHA.106.645184

51. Halbirk M, Nerrelund H, Moller N, Schmitz O, Getzsche L, Nielsen R, et al.
Suppression of circulating free fatty acids with acipimox in chronic heart failure
patients changes whole body metabolism but does not affect cardiac function. Am
] Physiol Heart Circ Physiol. (2010) 299(4):H1220-5. doi: 10.1152/AJPHEART.
00475.2010

52. Home PD, Pocock SJ, Beck-Nielsen H, Gomis R, Hanefeld M, Jones NP, et al.
Rosiglitazone evaluated for cardiovascular outcomes—an interim analysis. N Engl |
Med. (2007) 357(1):28-38. doi: 10.1056/NEJMOA073394

53. Dormandy JA, Charbonnel B, Eckland DJ, Erdmann E, Massi-Benedetti M,
Moules IK, et al. Secondary prevention of macrovascular events in patients with
type 2 diabetes in the PROactive study (PROspective pioglitAzone clinical trial in
macroVascular events): a randomised controlled trial. Lancet. (2005) 366
(9493):1279-89. doi: 10.1016/S0140-6736(05)67528-9

54. Bogh N, Hansen ESS, Omann C, Lindhardt J, Nielsen PM, Stephenson RS, et al.
Increasing carbohydrate oxidation improves contractile reserves and prevents
hypertrophy in porcine right heart failure. Sci Rep. (2020) 10(1):8158. doi: 10.1038/
$41598-020-65098-7

55. Lewis JF, Dacosta M, Wargowich T, Stacpoole P. Effects of dichloroacetate in
patients with congestive heart failure. Clin Cardiol. (1998) 21(12):888-92. doi: 10.
1002/CLC.4960211206

56. Kurlemann G, Paetzke I, Moller H, Masur H, Schuierer G, Weglage J, et al.
Therapy of complex I deficiency: peripheral neuropathy during dichloroacetate
therapy. Eur ] Pediatr. (1995) 154(11):928-32. doi: 10.1007/BF01957508

57. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ,
etal. 2019 ACC/AHA guideline on the primary prevention of cardiovascular disease: a
report of the American college of cardiology/American heart association task force on

Frontiers in Cardiovascular Medicine

17

10.3389/fcvm.2023.1157472

clinical practice guidelines. Circulation. (2019) 140(11):e563-95. doi: 10.1161/CIR.
0000000000000678

58. Cosentino F, Grant PJ, Aboyans V, Bailey CJ, Ceriello A, Delgado V, et al. 2019
ESC guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in
collaboration with the EASD. Eur Heart ]J. (2020) 41(2):255-323. doi: 10.1093/
EURHEART]J/EHZ486

59. Bao W, Aravindhan K, Alsaid H, Chendrimada T, Szapacs M, Citerone DR,
et al. Albiglutide, a long lasting glucagon-like peptide-1 analog, protects the rat
heart against ischemia/reperfusion injury: evidence for improving cardiac
metabolic efficiency. PLoS One. (2011) 6(8):e23570. doi: 10.1371/JOURNAL.
PONE.0023570

60. Nikolaidis LA, Elahi D, Hentosz T, Doverspike A, Huerbin R, Zourelias L, et al.
Recombinant glucagon-like peptide-1 increases myocardial glucose uptake and
improves left ventricular performance in conscious dogs with pacing-induced
dilated cardiomyopathy. Circulation. (2004) 110(8):955-61. doi: 10.1161/01.CIR.
0000139339.85840.DD

61. Zhao TC. Glucagon-like peptide-1 (GLP-1) and protective effects in
cardiovascular disease: a new therapeutic approach for myocardial protection.
Cardiovasc Diabetol. (2013) 12(1):90. doi: 10.1186/1475-2840-12-90

62. Halbirk M, Norrelund H, Moller N, Holst JJ, Schmitz O, Nielsen R, et al.
Cardiovascular and metabolic effects of 48-h glucagon-like peptide-1 infusion in
compensated chronic patients with heart failure. Am J Physiol Heart Circ Physiol.
(2010) 298(3):H1096-102. doi: 10.1152/AJPHEART.00930.2009

63. Gejl M, Sendergaard HM, Stecher C, Bibby BM, Moller N, Botker HE, et al.
Exenatide alters myocardial glucose transport and uptake depending on insulin
resistance and increases myocardial blood flow in patients with type 2 diabetes.
J Clin Endocrinol Metab. (2012) 97(7). doi: 10.1210/JC.2011-3456

64. Yurista SR, Chong CR, Badimon JJ, Kelly DP, de Boer RA, Westenbrink BD.
Therapeutic potential of ketone bodies for patients with cardiovascular disease:
JACC state-of-the-art review. ] Am Coll Cardiol. (2021) 77(13):1660-9. doi: 10.
1016/].JACC.2020.12.065

65. Ferrannini E, Muscelli E, Frascerra S, Baldi S, Mari A, Heise T, et al. Metabolic
response to sodium-glucose cotransporter 2 inhibition in type 2 diabetic patients.
J Clin Invest. (2014) 124(2):499-508. doi: 10.1172/JC172227

66. Ferrannini E, Baldi S, Frascerra S, Astiarraga B, Heise T, Bizzotto R, et al. Shift to
fatty substrate utilization in response to sodium-glucose cotransporter 2 inhibition in
subjects without diabetes and patients with type 2 diabetes. Diabetes. (2016) 65
(5):1190-6. doi: 10.2337/DB15-1356

67. Yurista SR, Sillj¢ HHW, Oberdorf-Maass SU, Schouten EM, Pavez Giani MG,
Hillebrands JL, et al. Sodium-glucose co-transporter 2 inhibition with empagliflozin
improves cardiac function in non-diabetic rats with left ventricular dysfunction
after myocardial infarction. Eur | Heart Fail. (2019) 21(7):862-73. doi: 10.1002/
EJHF.1473

68. Kim SR, Lee SG, Kim SH, Kim JH, Choi E, Cho W, et al. SGLT?2 inhibition modulates
NLRP3 inflammasome activity via ketones and insulin in diabetes with cardiovascular
disease. Nat Commun. (2020) 11(1):2127. doi: 10.1038/5S41467-020-15983-6

69. Yurista SR, Matsuura TR, Silli¢ HHW, Nijholt KT, McDaid KS, Shewale SV,
et al. Ketone ester treatment improves cardiac function and reduces pathologic
remodeling in preclinical models of heart failure. Circ Heart Fail. (2021) 14(1):
E007684. doi: 10.1161/CIRCHEARTFAILURE.120.007684

70. Deng Y, Xie M, Li Q, Xu X, Ou W, Zhang Y, et al. Targeting mitochondria-
inflammation circuit by B-hydroxybutyrate mitigates HFpEF. Circ Res. (2021) 128
(2):232-45. doi: 10.1161/CIRCRESAHA.120.317933

71. Xu S, Tao H, Cao W, Cao L, Lin Y, Zhao SM, et al. Ketogenic diets inhibit
mitochondrial biogenesis and induce cardiac fibrosis. Signal Transduct Target Ther.
(2021) 6(1):54. doi: 10.1038/541392-020-00411-4

72. Nielsen R, Moller N, Gormsen LC, Tolbod LP, Hansson NH, Sorensen J, et al.
Cardiovascular effects of treatment with the ketone body 3-hydroxybutyrate in chronic
heart failure patients. Circulation. (2019) 139(18):2129-41. doi: 10.1161/
CIRCULATIONAHA.118.036459

73. Monzo L, Sedlacek K, Hromanikova K, Tomanova L, Borlaug BA, Jabor A, et al.
Myocardial ketone body utilization in patients with heart failure: the impact of oral
ketone ester. Metab Clin Exp. (2021) 115:154452. doi: 10.1016/].METABOL.2020.
154452

74. Gheorghiade M, Marti CN, Sabbah HN, Roessig L, Greene SJ, Bshm M, et al.
Soluble guanylate cyclase: a potential therapeutic target for heart failure. Heart Fail
Rev. (2013) 18(2):123-34. doi: 10.1007/S10741-012-9323-1

75. Franssen C, Chen S, Unger A, Korkmaz HI, De Keulenaer GW, Tschope C, et al.
Myocardial microvascular inflammatory endothelial activation in heart failure with
preserved ejection fraction. JACC Heart Fail. (2016) 4(4):312-24. doi: 10.1016/].
JCHF.2015.10.007

76. Gianni D, Chan ], Gwathmey JK, Del Monte F, Hajjar RJ. SERCA2a in heart
failure: role and therapeutic prospects. J Bioenerg Biomembr. (2005) 37(6):375-80.
doi: 10.1007/510863-005-9474-Z

77. Emdin M, Aimo A, Castiglione V, Vergaro G, Georgiopoulos G, Saccaro LF,
et al. Targeting cyclic guanosine monophosphate to treat heart failure: JACC review

frontiersin.org


https://doi.org/10.1016/s0002-8703(03)00415-0
https://doi.org/10.1136/HRT.2011.226332
https://doi.org/10.1016/J.JACC.2006.03.060
https://doi.org/10.1177/1074248409356431
https://doi.org/10.1177/1074248409356431
https://doi.org/10.1161/CIRCULATIONAHA.108.778019
https://doi.org/10.1161/CIRCULATIONAHA.108.778019
https://doi.org/10.1016/J.LFS.2012.03.015
https://doi.org/10.1016/J.CARDFAIL.2014.01.004
https://doi.org/10.1136/HRT.2010.208751
https://doi.org/10.1136/HRT.2010.208751
https://doi.org/10.1007/S00380-008-1118-X
https://doi.org/10.1016/0002-8703(85)90707-0
https://doi.org/10.1161/01.CIR.102.17.2070
https://doi.org/10.1161/01.CIR.103.20.2441
https://doi.org/10.1161/01.CIR.103.20.2441
https://doi.org/10.1016/0735-1097(94)90114-7
https://doi.org/10.1016/0735-1097(94)90114-7
https://doi.org/10.1161/CIRCULATIONAHA.106.645184
https://doi.org/10.1161/CIRCULATIONAHA.106.645184
https://doi.org/10.1152/AJPHEART.00475.2010
https://doi.org/10.1152/AJPHEART.00475.2010
https://doi.org/10.1056/NEJMOA073394
https://doi.org/10.1016/S0140-6736(05)67528-9
https://doi.org/10.1038/S41598-020-65098-7
https://doi.org/10.1038/S41598-020-65098-7
https://doi.org/10.1002/CLC.4960211206
https://doi.org/10.1002/CLC.4960211206
https://doi.org/10.1007/BF01957508
https://doi.org/10.1161/CIR.0000000000000678
https://doi.org/10.1161/CIR.0000000000000678
https://doi.org/10.1093/EURHEARTJ/EHZ486
https://doi.org/10.1093/EURHEARTJ/EHZ486
https://doi.org/10.1371/JOURNAL.PONE.0023570
https://doi.org/10.1371/JOURNAL.PONE.0023570
https://doi.org/10.1161/01.CIR.0000139339.85840.DD
https://doi.org/10.1161/01.CIR.0000139339.85840.DD
https://doi.org/10.1186/1475-2840-12-90
https://doi.org/10.1152/AJPHEART.00930.2009
https://doi.org/10.1210/JC.2011-3456
https://doi.org/10.1016/J.JACC.2020.12.065
https://doi.org/10.1016/J.JACC.2020.12.065
https://doi.org/10.1172/JCI72227
https://doi.org/10.2337/DB15-1356
https://doi.org/10.1002/EJHF.1473
https://doi.org/10.1002/EJHF.1473
https://doi.org/10.1038/S41467-020-15983-6
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007684
https://doi.org/10.1161/CIRCRESAHA.120.317933
https://doi.org/10.1038/S41392-020-00411-4
https://doi.org/10.1161/CIRCULATIONAHA.118.036459
https://doi.org/10.1161/CIRCULATIONAHA.118.036459
https://doi.org/10.1016/J.METABOL.2020.154452
https://doi.org/10.1016/J.METABOL.2020.154452
https://doi.org/10.1007/S10741-012-9323-1
https://doi.org/10.1016/J.JCHF.2015.10.007
https://doi.org/10.1016/J.JCHF.2015.10.007
https://doi.org/10.1007/S10863-005-9474-Z
https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

topic of the week. ] Am Coll Cardiol. (2020) 76(15):1795-807. doi: 10.1016/].JACC.
2020.08.031

78. Evgenov OV, Pacher P, Schmidt PM, Haské G, Schmidt HHHW, Stasch JP. NO-
independent stimulators and activators of soluble guanylate cyclase: discovery and
therapeutic potential. Nat Rev Drug Discov. (2006) 5(9):755-68. doi: 10.1038/NRD2038

79. Rotella DP. Phosphodiesterase 5 inhibitors: current status and potential
applications. Nat Rev Drug Discov. (2002) 1(9):674-82. doi: 10.1038/NRD893

80. Erdmann E, Semigran MJ, Nieminen MS, Gheorghiade M, Agrawal R, Mitrovic
V, et al. Cinaciguat, a soluble guanylate cyclase activator, unloads the heart but also
causes hypotension in acute decompensated heart failure. Eur Heart J. (2013) 34
(1):57-67. doi: 10.1093/EURHEART]/EHS196

81. Mercurio V, Ambrosio G, Correale M, Dini FL, Ghio S, Nodari S, et al.
Innovations in medical therapy of heart failure with reduced ejection fraction. J
Cardiovasc Med. (2023) 24(Suppl 1):e47-54. doi: 10.2459/JCM.0000000000001413

82. Filippatos G, Maggioni AP, Lam CSP, Pieske-Kraigher E, Butler J, Spertus J.
Patient-reported outcomes in the soluble guanylate cyclase stimulator in heart
failure patients with preserved ejection fraction (SOCRATES-PRESERVED) study.
Eur ] Heart Fail. (2017) 19(6):782-91. doi: 10.1002/EJHF.800

83. Gheorghiade M, Greene SJ, Butler J, Filippatos G, Lam CS, Maggioni AP, et al.
Effect of vericiguat, a soluble guanylate cyclase stimulator, on natriuretic peptide levels
in patients with worsening chronic heart failure and reduced ejection fraction: the
SOCRATES-REDUCED randomized trial. | Am Med Assoc. (2015) 314
(21):2251-62. doi: 10.1001/JAMA.2015.15734

84. Bonderman D, Ghio S, Felix SB, Ghofrani HA, Michelakis E, Mitrovic V, et al.
Riociguat for patients with pulmonary hypertension caused by systolic left ventricular
dysfunction: a phase IIb double-blind, randomized, placebo-controlled, dose-ranging
hemodynamic  study.  Circulation. (2013)  128(5):502-11.  doi:  10.1161/
CIRCULATIONAHA.113.001458

85. Boettcher M, Thomas D, Mueck W, Loewen S, Arens E, Yoshikawa K, et al.
Safety, pharmacodynamic, and pharmacokinetic characterization of vericiguat:
results from six phase I studies in healthy subjects. Eur J Clin Pharmacol. (2021) 77
(4):527-37. doi: 10.1007/S00228-020-03023-7

86. Armstrong PW, Lam CSP, Anstrom KJ, Ezekowitz J, Hernandez AF, O’Connor
CM, et al. Effect of vericiguat vs placebo on quality of life in patients with heart failure
and preserved ejection fraction: the VITALITY-HFpEF randomized clinical trial. ] Am
Med Assoc. (2020) 324(15):1512-21. doi: 10.1001/JAMA.2020.15922

87. Ezekowitz JA, O'Connor CM, Troughton RW, Alemayehu WG, Westerhout CM,
Voors AA, et al. N-Terminal pro-B-type natriuretic peptide and clinical outcomes:
vericiguat heart failure with reduced ejection fraction study. JACC Heart Fail.
(2020) 8(11):931-9. doi: 10.1016/J.JCHF.2020.08.008

88. Lombardi CM, Cimino G, Pagnesi M, Dell'Aquila A, Tomasoni D, Ravera A,
et al. Vericiguat for heart failure with reduced ejection fraction. Curr Cardiol Rep.
(2021) 23(10):144. doi: 10.1007/S11886-021-01580-6

89. Lin J, Duan J, Wang Q, Xu S, Zhou S, Yao K. Mitochondrial dynamics and
mitophagy in cardiometabolic disease. Front Cardiovasc Med. (2022) 9:917135.
doi: 10.3389/FCVM.2022.917135

90. Long K, Zhao Z, Chen J, Zhi L, Wang C, Liao D, et al. Yang-xin-xue keli exerts
therapeutic effects via regulating mitochondrial homeostasis and function in
doxorubicin-induced rat heart failure. Front Pharmacol. (2022) 13:931453. doi: 10.
3389/FPHAR.2022.931453

91. Schwemmlein J, Maack C, Bertero E. Mitochondria as therapeutic targets in heart
failure. Curr Heart Fail Rep. (2022) 19(2):27-37. doi: 10.1007/511897-022-00539-0

92. Liu M, Lv ], Pan Z, Wang D, Zhao L, Guo X. Mitochondrial dysfunction in heart
failure and its therapeutic implications. Front Cardiovasc Med. (2022) 9:945142.
doi: 10.3389/FCVM.2022.945142

93. Da Luz Scheffer D, Garcia AA, Lee L, Mochly-Rosen D, Ferreira JCB.
Mitochondrial fusion, fission, and mitophagy in cardiac diseases: challenges and
therapeutic opportunities. Antioxid Redox Signal. (2022) 36(13-15):844-63. doi: 10.
1089/ARS.2021.0145

94. Chen L, Qin Y, Liu B, Gao M, Li A, Li X, et al. PGC-1 a-mediated mitochondrial
quality control: molecular mechanisms and implications for heart failure. Front Cell
Dev Biol. (2022) 10:871357. doi: 10.3389/FCELL.2022.871357

95. Wu X, Wei J, Yi Y, Gong Q, Gao J. Activation of Nrf2 signaling: a key
molecular mechanism of protection against cardiovascular diseases by natural
products. Front Pharmacol. (2022) 13:5174. doi: 10.3389/FPHAR.2022.1057918/
BIBTEX

96. Rueda P, Merlin J, Chimenti S, Feletou M, Paysant J, White PJ, et al.
Pharmacological insights into safety and efficacy determinants for the development
of adenosine receptor biased agonists in the treatment of heart failure. Front
Pharmacol. (2021) 12:628060. doi: 10.3389/FPHAR.2021.628060

97. Baltos JA, Vecchio EA, Harris MA, Qin CX, Ritchie RH, Christopoulos A, et al.
Capadenoson, a clinically trialed partial adenosine Al receptor agonist, can stimulate
adenosine A2B receptor biased agonism. Biochem Pharmacol. (2017) 135:79-89.
doi: 10.1016/].BCP.2017.03.014

98. Voors AA, Diingen HD, Senni M, Nodari S, Agostoni P, Ponikowski P, et al.
Safety and tolerability of neladenoson bialanate, a novel oral partial adenosine Al

Frontiers in Cardiovascular Medicine

18

10.3389/fcvm.2023.1157472

receptor agonist, in patients with chronic heart failure. J Clin Pharmacol. (2017) 57
(4):440-51. doi: 10.1002/JCPH.828

99. Mangmool S, Kyaw ETH, Nuamnaichati N, Pandey S, Parichatikanond W.
Stimulation of adenosine Al receptor prevents oxidative injury in H9c2
cardiomyoblasts: role of gPy-mediated akt and ERKI/2 signaling. Toxicol Appl
Pharmacol. (2022) 451:116175. doi: 10.1016/]. TAAP.2022.116175

100. Obi C, Smith AT, Hughes GJ, Adeboye AA. Targeting mitochondrial
dysfunction with elamipretide. Heart Fail Rev. (2022) 27(5):1925-32. doi: 10.1007/
$10741-021-10199-2

101. Yu H, Yu M, Li Z, Zhang E, Ma H. Identification and analysis of mitochondria-
related key genes of heart failure. ] Transl Med. (2022) 20(1):410. doi: 10.1186/512967-
022-03605-2

102. Shiraki A, Oyama JI, Shimizu T, Nakajima T, Yokota T, Node K. Empagliflozin
improves cardiac mitochondrial function and survival through energy regulation in a
murine model of heart failure. Eur ] Pharmacol. (2022) 931:175194. doi: 10.1016/].
EJPHAR.2022.175194

103. Li X, Flynn ER, do Carmo JM, Wang Z, da Silva AA, Mouton AJ, et al. Direct
cardiac actions of sodium-glucose cotransporter 2 inhibition improve mitochondrial
function and attenuate oxidative stress in pressure overload-induced heart failure.
Front Cardiovasc Med. (2022) 9:859253. doi: 10.3389/FCVM.2022.859253

104. Wang J, Huang X, Liu H, Chen Y, Li P, Liu L, et al. Empagliflozin ameliorates
diabetic cardiomyopathy via attenuating oxidative stress and improving mitochondrial
function. Oxid Med Cell Longev. (2022) 2022:1122494. doi: 10.1155/2022/1122494

105. Peugnet V, Chwastyniak M, Mulder P, Lancel S, Bultot L, Fourny N, et al.
Mitochondrial-targeted therapies require mitophagy to prevent oxidative stress
induced by SOD2 inactivation in hypertrophied cardiomyocytes. Antioxidants.
(2022) 11(4):723. doi: 10.3390/ANTIOX11040723

106. Paillard M, Huang KT, Weaver D, Lambert JP, Elrod JW, Hajnoczky G. Altered
composition of the mitochondrial Ca2+ uniporter in the failing human heart. Cell
Calcium. (2022) 105:102618. doi: 10.1016/].CECA.2022.102618

107. Zheng H, Huang S, Wei G, Sun Y, Li C, Si X, et al. CircRNA Samd4 induces
cardiac repair after myocardial infarction by blocking mitochondria-derived ROS
output. Mol Ther. (2022) 30(11):3477-98. doi: 10.1016/].YMTHE.2022.06.016

108. Wang Y, Zhang X, Wen Y, Li S, Lu X, Xu R, et al. Endoplasmic reticulum-
mitochondria contacts: a potential therapy target for cardiovascular remodeling-
associated diseases. Front Cell Dev Biol. (2021) 9:774989. doi: 10.3389/FCELL.2021.774989

109. Correale M, Tricarico L, Fortunato M, Mazzeo P, Nodari S, Di Biase M, et al.
New targets in heart failure drug therapy. Front Cardiovasc Med. (2021) 8:665797.
doi: 10.3389/FCVM.2021.665797

110. Moretti C, Cerrato E, Cavallero E, Lin S, Rossi ML, Picchi A, et al. The
European and Chinese cardiac and renal remote ischemic preconditioning study
(EURO-CRIPS CardioGroup I): a randomized controlled trial. Int J Cardiol. (2018)
257:1-6. doi: 10.1016/J.IJCARD.2017.12.033

111. George M, Rajaram M, Shanmugam E, VijayaKumar TM. Novel drug targets in
clinical development for heart failure. Eur J Clin Pharmacol. (2014) 70(7):765-74.
doi: 10.1007/500228-014-1671-4

112. Racioppi MF, Burgos JI, Morell M, Gonano LA, Petroff MV. Cellular
mechanisms underlying the low cardiotoxicity of istaroxime. ] Am Heart Assoc.
(2021) 10(14):e018833. doi: 10.1161/JAHA.120.018833

113. Chioncel O, Collins SP, Butler J. Istaroxime in acute heart failure: the holy grail
is at HORIZON? Eur ] Heart Fail. (2020) 22(9):1694-7. doi: 10.1002/EJHF.1843

114. Schmidt AG, Edes I, Kranias EG. Phospholamban: a promising therapeutic
target in heart failure? Cardiovasc Drugs Ther. (2001) 15(5):387-96. doi: 10.1023/
A:1013381204658

115. Qin J, Zhang J, Lin L, Haji-Ghassemi O, Lin Z, Woycechowsky K], et al.
Structures of PKA-phospholamban complexes reveal a mechanism of familial
dilated cardiomyopathy. Elife. (2022) 11:e75346. doi: 10.7554/ELIFE.75346

116. Greenberg B, Butler J, Felker GM, Ponikowski P, Voors AA, Desai AS, et al.
Calcium upregulation by percutaneous administration of gene therapy in patients
with cardiac disease (CUPID 2): a randomised, multinational, double-blind,
placebo-controlled, phase 2b trial. Lancet. (2016) 387(10024):1178-86. doi: 10.1016/
$0140-6736(16)00082-9

117. Kelly A, Elliott EB, Matsuda R, Kaneko N, Smith GL, Loughrey CM. The effect
of K201 on isolated working rabbit heart mechanical function during
pharmacologically induced Ca2+ overload. Br J Pharmacol. (2012) 165(4b):1068-83.
doi: 10.1111/].1476-5381.2011.01531.X

118. Felker GM, McMurray JJV, Cleland JG, O'Connor CM, Teerlink JR, Voors AA,
et al. Effects of a novel nitroxyl donor in acute heart failure: the STAND-UP AHF
study. JACC Heart Fail. (2021) 9(2):146-57. doi: 10.1016/].JCHF.2020.10.012

119. Lang NN, Ahmad FA, Cleland JG, O'Connor CM, Teerlink JR, Voors AA, et al.
Haemodynamic effects of the nitroxyl donor cimlanod (BMS-986231) in chronic heart
failure: a randomized trial. Eur ] Heart Fail. (2021) 23(7):1147-55. doi: 10.1002/EJHF.
2138

120. Baartscheer A, Hardziyenka M, Schumacher CA, Belterman CN, van Borren
MM, Verkerk AO, et al. Chronic inhibition of the na+/H+ - exchanger causes

frontiersin.org


https://doi.org/10.1016/J.JACC.2020.08.031
https://doi.org/10.1016/J.JACC.2020.08.031
https://doi.org/10.1038/NRD2038
https://doi.org/10.1038/NRD893
https://doi.org/10.1093/EURHEARTJ/EHS196
https://doi.org/10.2459/JCM.0000000000001413
https://doi.org/10.1002/EJHF.800
https://doi.org/10.1001/JAMA.2015.15734
https://doi.org/10.1161/CIRCULATIONAHA.113.001458
https://doi.org/10.1161/CIRCULATIONAHA.113.001458
https://doi.org/10.1007/S00228-020-03023-7
https://doi.org/10.1001/JAMA.2020.15922
https://doi.org/10.1016/J.JCHF.2020.08.008
https://doi.org/10.1007/S11886-021-01580-6
https://doi.org/10.3389/FCVM.2022.917135
https://doi.org/10.3389/FPHAR.2022.931453
https://doi.org/10.3389/FPHAR.2022.931453
https://doi.org/10.1007/S11897-022-00539-0
https://doi.org/10.3389/FCVM.2022.945142
https://doi.org/10.1089/ARS.2021.0145
https://doi.org/10.1089/ARS.2021.0145
https://doi.org/10.3389/FCELL.2022.871357
https://doi.org/10.3389/FPHAR.2022.1057918/BIBTEX
https://doi.org/10.3389/FPHAR.2022.1057918/BIBTEX
https://doi.org/10.3389/FPHAR.2021.628060
https://doi.org/10.1016/J.BCP.2017.03.014
https://doi.org/10.1002/JCPH.828
https://doi.org/10.1016/J.TAAP.2022.116175
https://doi.org/10.1007/S10741-021-10199-2
https://doi.org/10.1007/S10741-021-10199-2
https://doi.org/10.1186/S12967-022-03605-2
https://doi.org/10.1186/S12967-022-03605-2
https://doi.org/10.1016/J.EJPHAR.2022.175194
https://doi.org/10.1016/J.EJPHAR.2022.175194
https://doi.org/10.3389/FCVM.2022.859253
https://doi.org/10.1155/2022/1122494
https://doi.org/10.3390/ANTIOX11040723
https://doi.org/10.1016/J.CECA.2022.102618
https://doi.org/10.1016/J.YMTHE.2022.06.016
https://doi.org/10.3389/FCELL.2021.774989
https://doi.org/10.3389/FCVM.2021.665797
https://doi.org/10.1016/J.IJCARD.2017.12.033
https://doi.org/10.1007/S00228-014-1671-4
https://doi.org/10.1161/JAHA.120.018833
https://doi.org/10.1002/EJHF.1843
https://doi.org/10.1023/A:1013381204658
https://doi.org/10.1023/A:1013381204658
https://doi.org/10.7554/ELIFE.75346
https://doi.org/10.1016/S0140-6736(16)00082-9
https://doi.org/10.1016/S0140-6736(16)00082-9
https://doi.org/10.1111/J.1476-5381.2011.01531.X
https://doi.org/10.1016/J.JCHF.2020.10.012
https://doi.org/10.1002/EJHF.2138
https://doi.org/10.1002/EJHF.2138
https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Correale et al.

regression of hypertrophy, heart failure, and ionic and electrophysiological
remodelling. Br J Pharmacol. (2008) 154(6):1266-75. doi: 10.1038/BJP.2008.189

121. Madonna R, De Caterina R. Sodium-hydrogen exchangers (NHE) in human
cardiovascular diseases: interfering strategies and their therapeutic applications.
Vascul Pharmacol. (2013) 59(5-6):127-30. doi: 10.1016/J.VPH.2013.10.001

122. Chang HB, Gao X, Nepomuceno R, Hu S, Sun D. Na(+)/H(+) exchanger in the
regulation of platelet activation and paradoxical effects of cariporide. Exp Neurol.
(2015) 272:11-6. doi: 10.1016/].EXPNEUROL.2014.12.023

123. Day SM, Tardiff JC, Michael Ostap E. Myosin modulators: emerging
approaches for the treatment of cardiomyopathies and heart failure. J Clin Invest.
(2022) 132(5):e148557. doi: 10.1172/JCI148557

124. Teerlink JR, Felker GM, McMurray JJV, Solomon SD, Adams KF, Cleland JGF,
et al. Chronic oral study of myosin activation to increase contractility in heart failure
(COSMIC-HF): a phase 2, pharmacokinetic, randomised, placebo-controlled trial.
Lancet. (2016) 388(10062):2895-903. doi: 10.1016/S0140-6736(16)32049-9

Frontiers in Cardiovascular Medicine

19

10.3389/fcvm.2023.1157472

125. Teerlink JR, Felker GM, McMurray JJ, Solomon SD, Adams KF Jr, Cleland ]G,
et al. Assessment of omecamtiv mecarbil for the treatment of patients with severe
heart failure: a post hoc analysis of data from the GALACTIC-HF randomized
clinical trial. JAMA Cardiol. (2022) 7(1):26-34. doi: 10.1001/JAMACARDIO.2021.
4027

126. Solomon SD, Claggett BL, Miao ZM, Diaz R, Felker GM, McMurray JJV, et al.
Influence of atrial fibrillation on efficacy and safety of omecamtiv mecarbil in heart
failure: the GALACTIC-HF trial. Eur Heart J. (2022) 43(23):2212-20. doi: 10.1093/
EURHEART]/EHAC144

127. Voors AA, Tamby JF, Cleland JG, Koren M, Forgosh LB, Gupta D, et al. Effects
of danicamtiv, a novel cardiac myosin activator, in heart failure with reduced ejection
fraction: experimental data and clinical results from a phase 2a trial. Eur | Heart Fail.
(2020) 22(9):1649-58. doi: 10.1002/EJHF.1933

128. Woodland M, Al-Horani RA. New era: mavacamten for obstructive
hypertrophic cardiomyopathy. Cardiovasc Hematol Agents Med Chem. (2023) 21
(2):78-83. doi: 10.2174/1871525721666221019095218

frontiersin.org


https://doi.org/10.1038/BJP.2008.189
https://doi.org/10.1016/J.VPH.2013.10.001
https://doi.org/10.1016/J.EXPNEUROL.2014.12.023
https://doi.org/10.1172/JCI148557
https://doi.org/10.1016/S0140-6736(16)32049-9
https://doi.org/10.1001/JAMACARDIO.2021.4027
https://doi.org/10.1001/JAMACARDIO.2021.4027
https://doi.org/10.1093/EURHEARTJ/EHAC144
https://doi.org/10.1093/EURHEARTJ/EHAC144
https://doi.org/10.1002/EJHF.1933
https://doi.org/10.2174/1871525721666221019095218
https://doi.org/10.3389/fcvm.2023.1157472
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Novelties in the pharmacological approaches for chronic heart failure: new drugs and cardiovascular targets
	Introduction
	Drugs targeting cardiac metabolism
	Drugs acting on NO-sGC pathway
	Drugs acting on mitochondrial function
	Drugs acting on intracellular calcium dysregulation
	Drugs acting on cardiac myosin
	Conclusions
	Author contributions
	Conflict of interest
	Publisher's note
	References


