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Abstract

This review aims to summarize the status and future directions of pediatric heart failure (HF) pharmacotherapy. Notably, managing
HF in children presents unique challenges due to heterogeneous etiologies and a longstanding paucity of pediatric-specific data. While
historically reliant on adult-derived evidence, current treatment strategies are evolving through an integration of novel and pediatric-
focused therapies. Indeed, present pediatric HF algorithms, adapted from adult guidelines, now include four pharmacologic pillars:
angiotensin-converting enzyme (ACE) inhibitors/angiotensin receptor blockers/angiotensin receptor–neprilysin inhibitors (ARNIs), β-
blockers, mineralocorticoid receptor antagonists, and sodium–glucose cotransporter-2 (SGLT2) inhibitors. Multicenter registries, such as
the Pediatric HF Registry, the Pediatric Cardiomyopathy Registry (PCMR), and the Advanced Cardiac Therapies Improving Outcomes
Network (ACTION) HF medication titration projects, are further shaping a more evidence-informed and personalized approach. A com-
prehensive literature search was conducted using PubMed, Scopus, and Google Scholar to identify recent review articles, clinical trials,
and guideline documents relevant to pediatric HF pharmacotherapy. The search focused on articles published in the English language
from the past decade, with particular attention to transformative therapeutic insights. Data from adult HF studies were also included to
provide context and bridge gaps in pediatric evidence. Where available, pediatric-specific data were prioritized to inform applicability.
Relevant findings were critically appraised, synthesized, and integrated to develop a cohesive narrative reflecting current trends and
emerging directions in pharmacological management of pediatric HF. This review examined the evolving landscape of medical therapies
for chronic pediatric HF, underscoring the limitations of a one-size-fits-all approach. The heterogeneity of underlying etiologies compli-
cates the development of guideline-directed treatments tailored to children, particularly when attempting to stratify care by phenotypes
such as heart failure with reduced ejection fraction (HFrEF) and preserved ejection fraction (HFpEF), as is commonly practiced in adult
populations. There is an urgent need to individualize treatment strategies based on the hemodynamic profile of each pediatric patient,
advocating for the integration of precision-based care into guideline-directed medical therapy. Such an approach not only enhances
clinical outcomes in a population marked by etiologic diversity and developmental variability but also informs scalable care models and
future guideline frameworks that reflect the unique needs of children with HF.
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1. Introduction

The International Society for Heart and Lung Trans-
plantation defines pediatric heart failure (HF) as “a clini-
cal and pathophysiologic syndrome that results from ven-
tricular dysfunction, volume, or pressure overload, alone
or in combination. In children, it leads to characteristic
signs and symptoms, such as poor growth, feeding diffi-
culties, respiratory distress, exercise intolerance, and fa-
tigue, and is associated with circulatory, neurohormonal,
and molecular abnormalities” [1]. HF imposes a major
global health challenge, impacting individuals of all ages,
including approximately 11,000–14,000 children hospital-
ized annually for HF in the United States alone [2]. De-
spite major advances in the diagnosis and management of
adult HF, progress in pediatric HF has been comparatively
limited due to the rarity of cases, the heterogeneity of eti-
ologies, and the historical paucity of pediatric-specific clin-
ical trials. Pediatric HF etiologies are broadly categorized

into cardiomyopathies, congenital heart disease (CHD), and
acquired conditions such as myocarditis or chemotherapy-
induced cardiotoxicity. The unique challenges of pediatric
HF, such as heterogeneous etiologies and the absence of
large-scale randomized controlled trials (RCTs), have been
detailed in a prior publication by the author [3]. Dilated
cardiomyopathy (DCM) is themost common cause of HF in
older children, while CHD-related HF dominates in infants.
CHD-associated HF can be further classified into specific
anatomical and physiologic substrates, including systemic
left ventricular (LV) failure in bi-ventricular anatomy, sys-
temic right ventricular (RV) failure (e.g., in patients with
congenitally corrected transposition of the great arteries or
following atrial switch repair), sub-pulmonary RV dysfunc-
tion (e.g., severe pulmonary valve regurgitation in repaired
tetralogy of Fallot), and single-ventricle physiology with
Fontan circulation, which poses unique long-term circula-
tory and multi-organ challenges.
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The clinical presentation of pediatric HF is often age-
dependent and may be subtle in infants, underscoring the
need for a high index of suspicion. A thorough and struc-
tured diagnostic workup—guided by the 2014 International
Society for Heart and Lung Transplantation (ISHLT) pedi-
atric HF guidelines—is essential for accurate diagnosis [1].
This includes history and physical examination, laboratory
biomarkers such as B-type natriuretic peptide (BNP) and N-
terminal pro-B-type natriuretic peptide (NT-proBNP), elec-
trocardiography, chest radiography, and echocardiography.
Additional modalities like cardiac Magnetic Resonance
Imaging (MRI), genetic testing, and cardiopulmonary ex-
ercise testing are increasingly used, especially in chronic or
progressive cases. This review explores the evolving ther-
apeutic landscape of chronic pediatric HF, highlighting re-
cent pharmacologic advances, their mechanistic underpin-
nings, and implications for future practice and clinical re-
search. In this review, pediatric chronic HF is examined
in the context of the universal classification used in adults.
Pharmacotherapy for pediatric HF is discussed based on
left ventricular ejection fraction (LVEF), distinguishing be-
tween heart failure with reduced ejection fraction (HFrEF)
and preserved ejection fraction (HFpEF).

2. Current State of Pharmacotherapy in
Pediatric HFrEF

Historically, the management of pediatric HF has
relied heavily on extrapolation from adult clinical trials
due to the relative paucity of robust, pediatric-specific
data. Landmark adult studies demonstrated the efficacy
of angiotensin receptor–neprilysin inhibitors (ARNIs) and
sodium-glucose cotransporter-2 inhibitors (SGLT2is), re-
spectively, leading to Class I guideline recommendations
for adults with HFrEF [4]. Over the past ten years, signif-
icant progress has been made due to legislation promoting
pediatric-specific labeling for new market entries, along-
side the establishment of collaborative, multicenter clini-
cal trials [5]. In response, pediatric research has gained
momentum, most notably with the Prospective Trial to As-
sess the Angiotensin Receptor Blocker Neprilysin Inhibitor
LCZ696 Versus Angiotensin-Converting Enzyme Inhibitor
for the Medical Treatment of Pediatric HF (PANORAMA-
HF) trial, which evaluated sacubitril/valsartan in chil-
dren with symptomatic HFrEF [6]. The study showed a
significant reduction in NT-proBNP levels at 12 weeks,
supporting its efficacy and safety, and resulting in U.S.
Food and Drug Administration (FDA) approval for use
in pediatric patients aged ≥1 year in 2019. This ap-
proval marked a pivotal shift, encouraging broader con-
sideration of guideline-directed medical therapy (GDMT)
in children. Since then, there has been progressive ex-
pansion in pediatric labeling and off-label use of exist-
ing HF therapies. Currently, the four foundational classes
of HF medications used in adults- angiotensin-converting
enzyme inhibitors (ACEi)/angiotensin receptor blockers

(ARBs)/ARNIs, β-blockers (BBs), mineralocorticoid re-
ceptor antagonists (MRAs), and sodium-glucose cotrans-
porter 2 (SGLT2) inhibitors—are increasingly incorporated
into pediatric HF management. Carvedilol, for example,
has been studied in the Pediatric Carvedilol Trial [7], al-
though it did not meet its primary endpoint. Post hoc
analyses suggested benefits in select subgroups, such as
those with systemic LV. Similarly, enalapril and spirono-
lactone have long-standing use in pediatric patients, partic-
ularly in congenital and DCM contexts [1]. Ongoing reg-
istry initiatives—especially theACTIONPediatric HFReg-
istry (capturing inpatient decompensated HF across 13–16
U.S. centers) and the NHLBI‑funded Pediatric Cardiomy-
opathy Registry (PCMR)—are actively contributing to a
more evidence-based pediatric approach, tracking medica-
tion usage, hospitalization outcomes, ventricular assist de-
vice (VAD)/transplant rates, and longitudinal cardiomyopa-
thy data.

2.1 Angiotensin Receptor-Neprilysin Inhibitors

Sacubitril/valsartan is the first agent in a novel phar-
macologic class known as ARNIs [8]. It combines two
complementary mechanisms: sacubitril, a neprilysin in-
hibitor, and valsartan, an ARB. Sacubitril, administered as a
prodrug, inhibits neprilysin—an endopeptidase responsible
for degrading vasoactive peptides such as natriuretic pep-
tides, bradykinin, adrenomedullin, and substance P. Inhi-
bition of neprilysin leads to elevated levels of these pep-
tides, promoting natriuresis, diuresis, vasodilation, and in-
hibition of pathologic hypertrophy and fibrosis, all of which
are beneficial in reverse remodeling of the myocardium in
HF [9]. However, neprilysin also degrades angiotensin II
partially, and its inhibition alone can paradoxically increase
angiotensin II levels, potentially worsening HF. To mitigate
this, valsartan is co-administered to block the angiotensin
II type 1 receptor (AT₁R), thereby preventing vasocon-
striction, sodium retention, and aldosterone-mediated fi-
brosis. The synergistic effect of this dual blockade ad-
dresses two central pathways in HF pathophysiology: the
renin-angiotensin-aldosterone system (RAAS) and the na-
triuretic peptide system (Fig. 1). Beyond hemodynamic ef-
fects, ARNIs have shown superiority over ACE inhibitors
and ARBs in promoting reverse remodeling, improving
ventricular function, and reducing cardiomyocyte apopto-
sis and extracellular matrix remodeling. These benefits are
attributed to its unique ability to preserve endogenous pro-
tective peptides while simultaneously attenuating maladap-
tive RAAS signaling. Mechanistically, sacubitril/valsartan
also modulates G-protein–coupled receptor pathways and
may influence fibrosis and inflammation at the molecular
level. Importantly, the therapeutic benefit arises only when
sacubitril and valsartan are used in combination; monother-
apy with either component does not yield the same magni-
tude of clinical or biochemical improvement among adults
[10]. In the PANORAMA-HF trial, ARNIs did not demon-
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Fig. 1. Mechanisms of action of sodium-glucose cotransporter-2 inhibitors (SGLT2is), angiotensin receptor-neprilysin inhibitors
(ARNIs), and soluble guanylate cyclase (sGC) agonist in the modulation of heart failure with reduced ejection fraction (HFrEF).
(Original diagram). [NHE1, sodium/hydrogen exchanger isoform 1; NHE3, sodium/hydrogen exchanger isoform 3; cGMP, cyclic
guanosine monophosphate; eNOS, endothelial nitric oxide synthetase; SGLT2is, sodium-glucose cotransporter-2 inhibitors; ARNIs,
angiotensin receptor-neprilysin inhibitors; Na, sodium; AT1R, angiotensin receptor 1; MRA, Mineralocorticoid receptor antagonist; BB,
Beta blocker; H2O, water; TGFβ, Transforming growth factor beta].

strate superiority over enalapril in treating pediatric HF
due to systemic LV systolic dysfunction, based on a global
rank endpoint at 52 weeks [6]. Nonetheless, both therapies
yielded clinically meaningful improvements in functional
status and NT-proBNP levels, with comparable safety pro-
files. As the pediatric evidence base continues to grow, AR-
NIs therapy is increasingly recognized as a cornerstone of
GDMT for children with HFrEF, aligning pediatric prac-
tice more closely with adult HF management standards.
In a propensity score–matched retrospective cohort study
of 1038 pediatric HF patients from the TriNetX database,
sacubitril-valsartan was not associated with a reduction in
1-year all-causemortality or heart transplantation compared

to ACE/ARB therapy (13.3% vs 13.2%, p = 0.95). While
hypotension was more frequent with sacubitril-valsartan
(10% vs 5.2%, p = 0.006), a trend toward fewer hospital-
izations per year was observed [11].

2.2 Sodium-Glucose Cotransporter-2 Inhibitors

SGLT2is, also known as gliflozins, are a novel class of
antihyperglycemic agents initially developed for the man-
agement of type 2 diabetes mellitus. These agents act by
inhibiting the SGLT2 protein in the renal proximal convo-
luted tubule, which is responsible for reabsorbing approx-
imately 90% of filtered glucose. By blocking this trans-
porter, SGLT2is promote glycosuria and reduce blood glu-
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cose levels independently of insulin, while also exerting
natriuretic and diuretic effects. Beyond glycemic control,
SGLT2is have demonstrated robust cardiovascular bene-
fits. These benefits are thought to arise from a combina-
tion of mechanisms, including reduction in preload and af-
terload, improved renal hemodynamics, reduced intersti-
tial myocardial fibrosis, and enhanced myocardial energy
metabolism through increased ketone utilization and mito-
chondrial efficiency (Fig. 1) [12]. Importantly, these effects
occur regardless of diabetic status, as demonstrated in large
placebo-controlled trials such as EMPEROR-Reduced [13].

While pediatric data remain limited, emerging case se-
ries suggest that SGLT2is are safe and potentially effective
in children with HF. In a single-center retrospective study
by Newland et al. [14], dapagliflozin was administered to
38 pediatric patients with HF, the majority of whom had di-
lated cardiomyopathy (68.4%) and LVEF ≤40% (65.8%).
Patients received dapagliflozin alongside standard HF ther-
apies, including ARNIs, BBs, MRAs, and diuretics. Over
a median follow-up of 130 days, BNP levels significantly
decreased from a median of 222 to 166 pg/mL, suggesting
improvement in HF status. The medication was well toler-
ated, with no major changes in serum chemistries or vital
signs. Importantly, there were no cases of hypoglycemia or
hypovolemia, though 15.8% of patients experienced symp-
tomatic urinary tract infections requiring antibiotics. In a
subgroup of 16 patients with DCM, LVEF improved from
32% to 37.2% over amedian follow-up of 313 days, indicat-
ing potential reverse remodeling. A second study by Kon-
duri et al. [15] evaluated the use of SGLT2is in 14 adoles-
cents (median age 14.5 years), including those with Fontan-
associated heart failure, both with preserved and reduced
EF. After an average of 4 months of therapy, reductions in
BNP levels were observed without major adverse effects
[15]. There were no reported incidents of genitourinary in-
fections, hypoglycemia, diabetic ketoacidosis, or hypoten-
sion. One patient experienced significant diuresis and tran-
sient acute kidney injury, which was resolved with support-
ive care. These early findings suggest that SGLT2is may
offer a promising therapeutic option in pediatric HF, in-
cluding in complex cases such as Fontan physiology, where
treatment options are limited. However, prospective trials
are needed to establish safety, optimal dosing, and long-
term efficacy in this population. In a recent study, the
addition of dapagliflozin in 14 children significantly im-
proved LVEF and symptoms, while demonstrating a favor-
able safety profile [16].

2.3 Hyperpolarization-Activated Cyclic Nucleotide-Gated
Channel Blocker (Ivabradine)

Ivabradine is a heart rate-lowering agent approved
for use in patients with HFrEF who are in normal sinus
rhythm and have a resting heart rate ≥70 bpm despite
maximally tolerated BB therapy. It selectively inhibits
the funny current (If) in the sinoatrial node, reducing the

influx of Na+ and K+ ions during diastolic depolariza-
tion. This slows pacemaker activity, prolongs diastolic fill-
ing time, and decreases myocardial oxygen consumption
[17]. Elevated resting heart rates are associated with ad-
verse LV remodeling, impaired diastolic filling, and worse
clinical outcomes in HF. A systematic review of nine ran-
domized controlled trials including 18,972 adult HF pa-
tients demonstrated that ivabradine significantly reduced
HF-related mortality (RR 0.79) and hospitalization rates
(RR 0.80) compared to placebo [17]. Unlike BBs or RAAS
inhibitors, Ivabradine does not act on the neurohormonal
system and thus has no effect on blood pressure or myocar-
dial contractility, making it a more selective treatment op-
tion for certain HF patients. However, ivabradine was as-
sociated with an increased incidence of bradycardia, both
symptomatic and asymptomatic.

Based on large-scale clinical trials such as SHIFT
and BEAUTIFUL [18,19], the American Heart Association
(AHA) and European Society of Cardiology (ESC) guide-
lines recommend ivabradine for symptomatic HFrEF pa-
tients (NYHA class II–IV) with LVEF ≤35% and heart
rate≥70 bpm despite optimal treatment with BBs, ACE in-
hibitors (ACEis) or ARBs, and MRAs [4,20]. In the pedi-
atric population, ivabradine has shown encouraging results
in improving HF outcomes. A randomized clinical trial in
children with symptomatic chronic HF demonstrated sig-
nificant reductions in heart rate and improvements in LVEF
[21]. Based on these findings, the U.S. FDA approved
ivabradine for use in children≥6 months of age with symp-
tomatic chronic HF and persistent tachycardia despite opti-
mized BB therapy. Dosing regimens for ivabradine in chil-
dren have been established by age and weight categories,
ensuring safe titration. According to the 2014 ISHLT pe-
diatric HF guidelines, ivabradine is considered reasonable
(Class IIa, Level of Evidence B) for use as an adjunct ther-
apy in children with stable HF when additional heart rate
reduction is desirable [1]. More than 250 children across
19 pediatric HF centers have been treated with SGLT2 in-
hibitors, according to data gathered by the ACTION net-
work. Preliminary results suggest the treatment is well tol-
erated, with no significant side effects reported during early
follow-up.

2.4 Combination of ARNIs and SGLT2is

The combination of ARNIs and SGLT2is represents a
promising therapeutic strategy in the treatment of chronic
HFrEF. Clinical trials in adults have demonstrated that
the concomitant use of these two agents provides syn-
ergistic benefits, leading to enhanced cardiovascular out-
comes compared to either therapy alone [22]. This syn-
ergism stems from the convergence of complementary
mechanisms targeting multiple pathophysiological path-
ways in HF (Fig. 1). Both ARNIs and SGLT2is contribute
to preload reduction via natriuretic and osmotic diuresis,
which decreases myocardial oxygen demand and improves
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cardiac output. Additionally, SGLT2is increase hemat-
ocrit by stimulating erythropoietin production, thereby en-
hancing oxygen delivery to peripheral tissues. At the
cellular level, SGLT2is enhance myocardial energetics
by promoting ketone body utilization, particularly beta-
hydroxybutyrate, which serves as a more oxygen-efficient
substrate compared to glucose or fatty acids. Thismetabolic
shift leads to increased Adenosine Triphosphate (ATP)
production and improved cardiac efficiency [12]. More-
over, elevated ketone levels act as endogenous histone
deacetylase (HDAC) inhibitors, which reduce oxidative
stress, inhibit cardiac hypertrophy, and attenuate inflam-
matory signaling through epigenetic modulation of per-
oxisome proliferator-activated receptors (PPARs) and pro-
inflammatory cytokines [23,24].

Myocardial fibrosis, a hallmark of adverse remodeling
in HFrEF, is mitigated through transforming growth factor-
beta (TGF-β) suppression, a pathway modulated by both
ARNIs and SGLT2is therapy. ARNIs further contributes to
antifibrotic effects by enhancing levels of natriuretic pep-
tides, which promote anti-remodeling and vasodilatory sig-
naling. Another critical target is the Na+/H+ exchanger
isoform 1 (NHE1) and Ca2+/calmodulin-dependent protein
kinase II (CaMKII), both of which are upregulated in HF
and contribute to pathological calcium handling and mi-
tochondrial dysfunction. SGLT2is directly inhibit NHE1
and suppress CaMKII activity, resulting in decreased in-
tracellular sodium and reduced calcium overload, thereby
preserving mitochondrial function and calcium homeosta-
sis [25,26].

Furthermore, SGLT2is enhance sarcoplasmic reticu-
lum (SR) calcium cycling, which contributes to improved
myocardial contractility and reduced arrhythmogenic po-
tential [27]. These multifaceted cellular and molecular
effects underscore the potential superiority of ARNIs–
SGLT2is combination therapy as a next-generation cor-
nerstone in the pharmacologic management of pediatric
HFrEF.

2.5 Soluble Guanylate Cyclase (sGC) Stimulators

Vericiguat, a novel sGC stimulator, has gained in-
creasing interest for its therapeutic potential in HF, particu-
larly following encouraging results in adult clinical trials
[28]. Unlike earlier agents, vericiguat has a dual mech-
anism of action: it enhances sGC sensitivity to subopti-
mal nitric oxide (NO) levels and directly stimulates sGC by
binding to its regulatory heme domain even in the absence
of NO. This dual action activates the NO–sGC–protein ki-
nase G (PKG) signaling cascade, leading to an increase in
cyclic guanosine monophosphate (cGMP) (Fig. 1), a key
secondary messenger in cardiovascular homeostasis. In the
failing heart, inflammation and endothelial dysfunction im-
pair NO bioavailability, reduce sGC activity, and dimin-
ish cGMP levels. This dysregulation contributes to fibro-
sis, hypertrophy, and impaired myocardial relaxation [29].

sGC stimulators like vericiguat aim to restore this path-
way, thereby attenuating adverse cardiac remodeling and
improving hemodynamic function. In addition, when sGC
is added to ARNIs and SGLT2is, there could be a more ef-
fective improvement of myocardial function and potential
recovery of HFrEF.

Earlier-generation sGC stimulators, such as riociguat,
were limited by short half-life and variable cGMP levels,
which constrained their clinical utility in chronic HF. Veri-
ciguat, developed through structural modifications to im-
prove pharmacokinetics, demonstrated efficacy in the phase
III VICTORIA trial, which enrolled high-risk adults with
HFrEF (LVEF <45%) and recent worsening HF events
[30]. Compared to placebo, vericiguat significantly re-
duced the composite endpoint of cardiovascular death or
first HF hospitalization, earning it a Class IIb recommen-
dation in recent adult HF guidelines [4,20]. The drug was
approved by the U.S. FDA in 2021 as an adjunct therapy
for adults with symptomatic HFrEF. Despite these encour-
aging findings in adults, data in pediatric HF remain scarce.
The ongoing VALOR-HF trial (Vericiguat in Pediatric Par-
ticipants with Heart Failure Due to Systemic Left Ventric-
ular Systolic Dysfunction) aims to bridge this gap [31].
This phase II trial evaluates the safety, efficacy, and phar-
macokinetics of vericiguat in children with stable chronic
HFrEF. The primary outcome is the change in NT-proBNP
at 16 weeks, a surrogate marker for HF severity. Secondary
outcomes include changes in log-transformed NT-proBNP
at 52 weeks, time to first cardiovascular event (death, HF
hospitalization, or worsening HF), adverse event profiles,
and pharmacokinetics of tablet and oral suspension formu-
lations.

Vericiguat’s unique pharmacodynamic profile—
particularly its ability to function in states of low
NO—makes it a compelling candidate for pediatric HF
management, especially in advanced or treatment-resistant
cases. If proven safe and effective, vericiguat could repre-
sent a valuable fifth pillar in the pharmacologic treatment
of pediatric HFrEF. As the VALOR study progresses,
collaboration among researchers, clinicians, and regulatory
authorities will be pivotal to accelerate translation into
pediatric practice and ultimately improve outcomes for
children living with HF.

2.6 Omecamtiv Mecarbil (OM)

The hallmark of HFrEF is impaired myocardial con-
tractility. While numerous agents have been developed to
enhance contractile performance, traditional inotropes have
been associated with increased arrhythmic risk, myocardial
oxygen consumption, and mortality, limiting their long-
term utility. OM represents a novel class of cardiac myosin
activators, also known as myotropes, designed to increase
contractility without raising intracellular calcium levels or
oxygen demand [32]. OM selectively binds to the S1 do-
main of cardiac myosin, accelerating the rate-limiting step

5

https://www.imrpress.com


of ATP hydrolysis and strengthening the actin–myosin in-
teraction. This mechanism prolongs systolic ejection time,
enhances stroke volume, and improves overall cardiac out-
put. Importantly, these effects are achieved without in-
creasing myocardial oxygen consumption, distinguishing
OM from classic inotropes. The Chronic Oral Study of
Myosin Activation to Increase Contractility (COSMIC)-HF
trial evaluated OM in adults with stable chronic HFrEF (EF
≤40%) [33]. Results demonstrated favorable remodeling,
including prolonged systolic ejection time, increased stroke
volume, and reduced LV end-systolic and end-diastolic vol-
umes compared to placebo, suggesting improved contrac-
tile efficiency. However, physiologic improvements do not
always translate into symptom relief. The Acute Treat-
ment with Omecamtiv Mecarbil to Increase Contractility
in Acute Heart Failure (ATOMIC-AHF) trial, which tested
OM in adults hospitalized for acute decompensated HF
(EF <40%), did not meet its primary endpoint of dysp-
nea relief, although trends toward hemodynamic benefit
were noted [34]. The pivotal Global Approach to Lowering
Adverse Cardiac Outcomes Through Improving Contrac-
tility (GALACTIC)-HF trial—a multicenter, randomized,
double-blind, placebo-controlled phase III study—enrolled
8256 patients with symptomatic HFrEF (NYHA class II–
IV, EF ≤35%) [35]. Participants had elevated natriuretic
peptides and either a recent HF hospitalization or emer-
gency department visit. The study found that OM signif-
icantly reduced the composite primary endpoint of time to
first HF event or cardiovascular death (HR 0.92; 95% CI
0.86–0.99; p = 0.03). This benefit was primarily driven
by fewer HF hospitalizations, with no significant difference
in cardiovascular mortality (HR 1.01; 95% CI 0.92–1.11).
Subgroup analyses revealed greater benefit in patients with
lower EF and those in normal sinus rhythm. Notably, qual-
ity of life measures showed minimal overall change, al-
though some improvement was observed in specific sub-
populations (e.g., hospitalized patients). OM was associ-
ated with modestly increased troponin levels, but there was
no excess in ischemic events, ventricular arrhythmias, or
mortality compared to placebo, underscoring its favorable
safety profile. While OM has not yet been studied in large-
scale pediatric trials, its unique mechanism of enhancing
contractility without increasing calcium influx or arrhyth-
mogenic risk makes it a promising candidate for pediatric
HF therapy. Further research-including pharmacokinetic,
safety, and efficacy studies in children, is warranted to de-
termine its potential role in pediatric HFrEF management.

3. Pharmacotherapy for HFpEF in Children
Pharmacologic treatment of HFpEF in children re-

mains largely unsupported by robust clinical evidence, with
current recommendations derived primarily from expert
consensus and extrapolation from adult trials. Diuretics re-
main a cornerstone of symptomatic management in pedi-
atric HFpEF, primarily used to relieve congestion, main-

tain urine output, and correct electrolyte imbalances [36].
Their administration requires careful titration, particularly
in preload-dependent children with HFpEF, where exces-
sive diuresis may lead to hypovolemia and compromised
cardiac output. Importantly, there is no evidence that di-
uretics improve long-term outcomes, including mortality or
hospital readmission rates, underscoring their role as sup-
portive rather than prognostic therapy. Beyond diuretic
therapy, the management of pediatric HFpEF emphasizes
careful treatment of comorbidities such as systemic hy-
pertension, arrhythmias, and obesity. Lifestyle interven-
tions, including caloric restriction, structured aerobic and
resistance exercise programs, and targeted weight manage-
ment, remain underutilized but may improve functional ca-
pacity, endothelial function, and overall outcomes. Op-
timizing atrioventricular synchrony through rhythm con-
trol or pacing strategies is also crucial to preserving ven-
tricular filling and stroke volume. Novel therapeutic ap-
proaches are emerging. SGLT2is have demonstrated mor-
bidity and mortality benefits in adult HFpEF, and are un-
der consideration in adolescents with advanced diastolic
dysfunction, although pediatric-specific evidence is pend-
ing. Other agents with potential relevance include guany-
late cyclase stimulators (e.g., vericiguat), myosin activa-
tors (omecamtivmecarbil), and therapies targeting systemic
inflammation and microvascular dysfunction—recognized
contributors to HFpEF pathophysiology.

Spironolactone’s role in managing HFpEF is sup-
ported by findings from the Treatment of Preserved Car-
diac Function Heart Failure with an Aldosterone Antago-
nist (TOPCAT) trial, which demonstrated clinical benefit
among participants from the Americas [37]. As a miner-
alocorticoid receptor antagonist, spironolactone has been
shown to improve diastolic function, attenuate myocardial
fibrosis, and lower blood pressure—though its antihyper-
tensive effects alone do not fully account for its impact in
HFpEF. Beyond hemodynamic modulation, spironolactone
influences molecular pathways involved in apoptosis and
extracellular matrix remodeling, suggesting a multifaceted
mechanism of action in this patient population [38].

Recent adult HF guidelines have upgraded SGLT2i to
Class I, Level of Evidence A recommendation for the treat-
ment of HFpEF [4,20]. Although controlled pediatric stud-
ies are lacking, preliminary observational and uncontrolled
data suggest the potential benefit of SGLT2is in children,
including those with Fontan physiology or DCM patients
[14,15]. In light of this, SGLT2 inhibitors may be consid-
ered a Class IIb, Level of Evidence C option in pediatric
HFpEF, especially in high-risk patients, while awaiting data
from randomized pediatric trials to confirm their safety and
efficacy [39]. SGLT2is, ARNIs, and sGC agonists target
the pathophysiology of HFpEF—such as myocardial fibro-
sis, inflammation, and endothelial dysfunction, thereby im-
proving cardiac output (Fig. 2).
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Fig. 2. Proposed mechanisms by which potential pharmacological agents modulate heart failure with preserved ejection fraction
(HFpEF). (Original illustration). [cGMP, cyclic guanosine monophosphate; PHG, Protein kinase G; sGC, soluble guano cyclase; HFpEF,
heart failure with preserved ejection fraction; ARNIs, angiotensin receptor-neprilysin inhibitors; SGLT2is, sodium-glucose cotransporter-
2 inhibitors; HMG-CoA, 3-Hydroxy-3-Methylglutaryl-Coenzyme A].

Levosimendan is a calcium-sensitizing inodilator that
enhances myocardial contractility without increasing in-
tracellular calcium concentrations, thereby avoiding ele-
vated myocardial oxygen demand. It binds selectively to
cardiac troponin C in a calcium-dependent manner, en-
hancing the sensitivity of the contractile apparatus to cal-
cium. This unique mechanism provides positive inotropic
effects while preserving diastolic function [40]. In ad-
dition to its inotropic action, levosimendan opens ATP-
sensitive potassium channels in vascular smooth muscle,
resulting in vasodilation, reduced systemic and pulmonary
vascular resistance, and decreased ventricular filling pres-
sures (Fig. 3). These properties improve ventricular-
arterial coupling and overall hemodynamics, including sce-
narios with HFpEF, where diastolic dysfunction predom-
inates. Crucially, levosimendan has been shown to ex-
ert lusitropic effects—improving myocardial relaxation—
likely through enhanced phosphorylation of phospholam-
ban and improved sarcoplasmic reticulum calcium reup-
take. These effects help optimize LV diastolic filling and
compliance, key parameters in patients with elevated filling
pressures and impaired ventricular relaxation. However, it
is not available in the US.

Ranolazine, a partial inhibitor of fatty acid oxida-
tion, promotes a metabolic shift in the heart toward glu-
cose utilization, which consumes less oxygen than fatty acid
metabolism. This shift may help sustain heart function dur-
ing ischemic episodes. In adults, ranolazine has shown po-
tential in managing diastolic dysfunction [41]. Studies in
hypertensive mouse models have demonstrated reversal of
diastolic impairment, possibly due to its direct influence on
myofilaments [42]. Mechanistically, ranolazine acts by in-
hibiting the ryanodine receptor, reducing the late sodium
current, and subsequently decreasing intracellular sodium
and calcium concentrations during diastole, supporting bet-
ter relaxation and compliance of the myocardium. In the
RAnoLazIne (RALI)-diastolic HF clinical trial, intravenous
administration in adults with HFpEF led to a slight reduc-
tion in left ventricular end-diastolic pressure (LVEDP) [43].
However, pediatric studies on ranolazine’s effects in HF-
pEF populations have yet to be conducted.

Finerenone, a novel nonsteroidal mineralocorticoid
receptor antagonist, has been associated with a notable
reduction in overall HF progression in adults. In the
Finerenone in Heart Failure with Preserved Ejection Frac-
tion trial (FINEARTS-HF), finerenone significantly re-
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Fig. 3. Mechanisms of action of Levosimendan in addressing left ventricular diastolic dysfunction.

duced the composite rate of worsening HF events and car-
diovascular death in adults with HF with minimal reduc-
tion in ejection fraction (HFmEF) compared to placebo
[44]. While cardiovascular mortality alone was not signifi-
cantly different, finerenone showed a favorable safety pro-
file with reduced hypokalemia but increased hyperkalemia
risk. However, studies in pediatric populations have not yet
been conducted.

Emerging research using HFpEF models has high-
lighted a two-way relationship between metabolic strain
and persistent inflammation, which appears to influence
both systemic and cardiac immune activity involved in
disease development. Elevated levels of inflammatory
markers—such as interleukin-1, C-reactive protein, tumor
necrosis factor-alpha, and soluble ST2—have been detected
in individuals with HFpEF. Additionally, immune cells pro-
duce various pro-fibrotic mediators, including transforming
growth factor-beta, interferon-gamma, Galectin-3, connec-
tive tissue growth factor, and angiotensin-converting en-
zyme, which collectively drive the transformation of fibrob-

lasts into myofibroblasts and stimulate collagen buildup.
While certain therapies like anti-inflammatory drugs (e.g.,
anakinra, canakinumab) have shown promise in adult HF-
pEF treatment [45]. There is currently no available data
from pediatric populations.

Regardless of its underlying cause, 80% of adult pa-
tients with HFpEF develop pulmonary hypertension (PH),
which typically begins as a passive consequence of in-
creased LVEDP. However, in many cases, this evolves into
pulmonary vascular disease (PVD), marked by vascular re-
modeling and vasoconstriction within the pulmonary ve-
nous, capillary, and arteriolar systems. These changes im-
pair exercise tolerance, exacerbate pulmonary congestion,
disrupt gas exchange, and are associated with increased
mortality. A clinical trial is currently being conducted to
explore the potential therapeutic efficacy and safety of so-
tatercept versus placebo in adults with PH due to HFpEF
[46].

Currently, no RCTs have evaluated pharmacologic
therapies for pediatric HFpEF associated with obesity or
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metabolic dysfunction. However, adult studies involv-
ing SGLT2 inhibitors, Glucagon-Like Peptide-1 Recep-
tor Agonists (GLP-1RA) (e.g., semaglutide), and dual
Glucose-dependent Insulinotropic Polypeptide (GIP)/GLP-
1RA (e.g., tirzepatide) support pathway-directed strategies,
particularly when HFpEF is driven by metabolic dysfunc-
tion [47–51]. While extrapolation from adult data may offer
therapeutic insights, treatment decisions in children should
be individualized, accounting for developmental physiol-
ogy and clinical context.

4. Conclusions
Recent advances underscore the urgent need for

pediatric-specific pharmacology and trial design, empha-
sizing stratification by cardiac phenotype (e.g., CHD,
systemic right ventricle, Fontan circulation, DCM), age-
appropriate pharmacokinetic/pharmacodynamic consider-
ations, and child-centered endpoints such as growth,
biomarkers, and hospital-free days. Professional soci-
eties continue to highlight critical evidence gaps and ad-
vocate for mechanistically targeted, phenotype-aware in-
vestigations. Trials such as PANORAMA-HF demon-
strated ARNIs-induced NT-proBNP reduction in children
with HFrEF, though without superiority over enalapril at 52
weeks, reflecting the limitations of extrapolating adult data.
Early registry findings suggest SGLT2 inhibitors may im-
prove LVEF and functional status in children, but random-
ized trials are needed to confirm efficacy, safety, and dos-
ing. In contrast, SHIFT-Peds offers more definitive support
for ivabradine, showing heart rate reduction and improved
LV function in symptomatic pediatric HFrEF. With grow-
ing investment in multicenter trials, refined biomarkers and
imaging surrogates, and real-world registries like ACTION
that capture clinical heterogeneity, the field is increasingly
positioned to translate promising signals into durable, child-
centered outcomes. Nonetheless, the distinct pathophysiol-
ogy and pharmacology of pediatric HF demand deeper bio-
logical insight to guide precision therapeutics. Despite on-
going challenges, momentum is building—driven by inno-
vation, collaboration, and a shared commitment to advanc-
ing personalized care and improving long-term outcomes
for children with HF.
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