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ABSTRACT: Pediatric congenital heart disease (CHD) pharmacotherapy faces three fundamental barriers:
developmental pharmacokinetic complexity, anatomic-genetic heterogeneity, and evidence chain gaps. Traditional agents
exhibit critical limitations: digoxin’s narrow therapeutic index (0.5–0.9 ng/mL) is exacerbated by ABCB1 mutations
(toxicity risk increases 4.1-fold), furosemide efficacy declines by 35% in neonates due to NKCC2 immaturity, and
β-blocker responses vary by CYP2D6 polymorphisms (poor metabolizers require 50–75% dose reduction). Novel
strategies demonstrate transformative potential—CRISPR editing achieves 81% reversal of BMPR2-associated pulmonary
vascular remodeling, metabolically matured cardiac organoids replicate adult myocardial energy metabolism for drug
screening, and SGLT2 inhibitors activate triple mechanisms (calcium overload mitigation, mitophagy, fibrosis reversal).
However, clinical translation requires overcoming developmental barriers: age-dependent enzyme expression (infant
CYP2D6 = 30–60% adult activity), post-Fontan hepatotoxicity (bosentan trough concentrations elevates 1.8-fold), and AI
model limitations (32% error in complex CHD). Future integration of placental transfer models, disease-specific organoids,
and multi-omics mapping of FOXO/CRIM1 pathways will shift paradigms from symptom control to curative repair.

KEYWORDS: Congenital heart disease; molecular pathogenesis; precision medicine; gene editing; translational
challenges

1 Introduction

Congenital heart disease affects 1%of global births, with 20% requiring lifelongpharmacotherapy [1–5].While
contemporary surgical interventions achieve >90% survival into adulthood, developmental pharmacokinetic
barriers significantly compromise therapeutic efficacy: neonates demonstrate 4- to 5-fold prolonged digoxin
half-lives (up to 170 h in premature infants) compared to toddlers (18–35h) due to immature renal function
and reduced clearance capacity [6]; cyanotic patients require 20% higher digoxin loading doses due to
polycythemia-induced volume expansion; diminished myocardial β-receptor density blunts catecholamine
responses, favoring phosphodiesterase inhibitors like milrinone [7]. Critically, 38.7% of adult CHD mortality
originates from childhood-initiated myocardial fibrosis and metabolic dysfunction—processes beginning as
early as infancy [8].

The heterogeneity of CHD phenotypes demands stratifiedmanagement: hemodynamically insignificant
lesions (such as small muscular ventricular septal defects) may only require surveillance, while complex
malformations necessitate staged interventions [9–14]. For high-risk patients with pneumonia, endocarditis,
or severe pulmonary hypertension, pharmacotherapy serves as a bridge to surgery. Emerging technologies
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now transform this paradigm—gene-edited cardiac organoids predict individual drug susceptibility, while
placental transfer models (experimental models used to study the passage of drugs from the mother to
the fetus) allow for in utero digoxin therapy in cases of fetal tachyarrhythmia, shifting interventions from
emergent postnatal rescue to planned prenatal correction [15].

2 The Limitations of Traditional Pediatric Agents

2.1 Therapeutic Challenges of Cardiotonic Agents

Digoxin, a classical cardiotonic drug, enhances myocardial contractility by inhibiting sarcolemmal
Na+/K+-ATPase to increase intracellular calcium concentration (Fig. 1). It is widely used for chronic
heart failure management in children. However, its narrow therapeutic window (the concentration
range of a drug that is both effective and safe) poses amplified risks in specific genotypes—homozygous
carriers of the ABCB1 3435C > T mutation exhibit significantly increased bioavailability and a 4.1-fold
higher risk of intoxication, clinically manifesting as life-threatening arrhythmias [16,17]. Equally critical
are drug interactions: Varela-Chinchilla et al. specifically caution that digoxin’s narrow therapeutic
index is further compromised by drug interactions, particularly with β-blockers, which can precipitate
severe conduction abnormalities [18]. Coadministration with β-blockers like carvedilol may induce
third-degree atrioventricular block, while baseline β-blocker therapy diminishes inotropic response in
pediatric cardiogenic shock [7]. Milrinone, as an alternative, enhances contractility via phosphodiesterase III
inhibition and cAMP elevation. Although it reduces postoperative mortality in congenital heart disease [19],
optimal dosing for complex anatomical variants lacks robust evidence, hindering standardized clinical
application [8].

Figure 1: The limitations of traditional pediatric Agents. This figure was created using Canva (Online version:
https://www.canva.cn/).

https://www.canva.cn/
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2.2 Dual Challenges of Afterload-Reducing Agents

In diuretics, furosemide rapidly alleviates volume overload by specifically inhibiting the NKCC2
transporter in the thick ascending limb of Henle’s loop. However, transitions from euvolemia to volume
expansion in heart failure trigger intrarenal hemodynamic abnormalities—medullary hypoxia downregulates
NKCC2 expression, causing diuretic resistance [20,21]. It is noteworthy that in pediatric post-cardiac
surgery patients who do not respond to long-term furosemide use, ethacrynic acid can serve as an effective
alternative [22]. As a non-sulfonamide loop diuretic, it is particularly suitable for patients with furosemide
resistance or sulfonamide allergies, with an initial intravenous dose of 1 mg/kg [22]. However, its significant
risk of ototoxicity necessitates strict therapeutic drug monitoring and hearing assessment during clinical
use [23]. For refractory edema patients complicated with metabolic alkalosis, concomitant administration
of acetazolamide (5–10 mg/kg) may be considered. By inhibiting carbonic anhydrase, it promotes HCO3

−

excretion, corrects alkalosis, and enhances the diuretic effect. However, vigilance is required for the potential
risks of hyperchloremic acidosis and hypokalemia [23]. Spironolactone, an aldosterone antagonist, achieves
potassium-sparing diuresis by blocking renal tubular ENaC channels. Yet it is strictly contraindicated in
post-Fontan patients with protein-losing enteropathy (Fontan-PLE)—its antagonism disrupts intestinal
ENaC-mediated sodium-water transport, increasing mucosal protein leakage by 2.4-fold [24,25].

Among vasodilators, ACE inhibitors (such as, captopril) reduce afterload by suppressing the
renin-angiotensin system. However, children’s glomerular filtration rate (GFR)—only 25%–30% of adult
values—heightens acute kidney injury risk [26,27]. Notably, when eGFR falls below 30 mL/min/1.73 m2,
ARNI (sacubitril/valsartan) shows no renal outcome advantage over ACE inhibitors [28,29]. For β-blockers
(e.g., metoprolol), CYP2D6 polymorphisms cause metabolic variability: poor metabolizers require 50%–75%
dose reductions to avoid toxicity from elevated plasma concentrations [30,31].

2.3 Specific Limitations of Pulmonary Hypertension-Targeted Therapies

Sildenafil selectively dilates pulmonary vasculature by augmenting the NO-cGMP pathway, improving
vascular remodeling in persistent pulmonary hypertension of the newborn [32]. However, its nonselective
vasodilation may provoke systemic hypotension—particularly perilous in single-ventricle physiology, where
cardiopulmonary balance depends on precise vascular resistance regulation [8,33]. Bosentan, an endothelin
receptor antagonist endorsed in heart failure guidelines for patients with right ventricular ejection fraction
(RVEF) <45% [34], faces hepatotoxicity challenges in Fontan circulation: hepatic congestion reduces CYP3A4
activity, decreasing clearance and elevating trough concentrations by 1.8-fold, with a 37% higher risk of
liver enzyme abnormalities (Table 1) [35]. Crucially, while cardiac magnetic resonance (CMR)-defined RVEF
thresholds guide therapy [36], over 30% of young children cannot undergo accurate assessment due to
sedation challenges.
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Table 1: The limitations of traditional pediatric Agents.

Drug Class Representative Agents Core Pharmacological Action Pediatric-Specific Limitations

Cardiotonic Agents

Digoxin Inhibits Na+/K+-ATPase → Increases intracellular
Ca2+ → Enhances contractility.

Narrow therapeutic index (0.5–0.9 ng/mL);
ABCB1 3435C > T mutation: Increases bioavailability by
29.7%, elevates toxicity risk 4.1-fold;
Interaction with β-blockers: Higher AV block risk (OR = 6.3).

Milrinone Inhibits PDE-III → Elevates cAMP → Enhances
contractility & vasodilation.

Lack of pediatric RCTs for complex CHD;Reduced efficacy
with baseline β-blocker use (HR = 1.82).

Diuretics

Furosemide Inhibits NKCC2 transporter → Reduces Na+
reabsorption by 25%.

Furosemide response: initial intravenous/intramuscular dose:
1 mg/kg; may increase by 1 mg/kg every 2 h to a max of
6 mg/kg/day.
Diuretic Resistance: Medullary hypoxia from heart failure can
downregulate NKCC2 expression;
Nephrocalcinosis: Long-term use in infants is a major risk
factor for kidney calcium deposits.
Ototoxicity: Risk increases with rapid IV injection
(>4 mg/min) and concurrent use of other ototoxic drugs.

Ethacrynic Acid Loop diuretic; acts on the ascending limb and
proximal/distal tubules—Oral: 0.5–1 mg/kg/day.

Furosemide response: initial intravenous/intramuscular dose:
0.5–1mg/kg/dose. Effective in patients with
renal insufficiency.
Ototoxicity: Potent risk, especially when combined with
other ototoxic drugs.
Electrolyte Depletion: Can cause profound water and
electrolyte loss due to potent diuresis.

Acetazolamide Carbonic anhydrase inhibitor; reduces aqueous
humor production and promotes diuresis.

Furosemide response: initial intravenous/intramuscular dose:
5–10 mg/kg/dose. Used for glaucoma, epilepsy, and altitude
sickness. Rarely as primary diuretic for heart failure.
Metabolic Acidosis: Causeshigh-chloride metabolic acidosis.
Nephrolithiasis: Increases risk of kidney stones.
Electrolyte Imbalance: Can cause significant hypokalemia.

Spironolactone Blocks ENaC channels → Potassium-sparing
diuresis.

Contraindicated in Fontan-PLE: Disrupts intestinal ENaC
function → Protein leakage increases 2.4-fold.

Vasodilators

ACEI (such as Captopril) Inhibits RAAS → Reduces afterload. Elevated AKI risk: GFR only 25–30% of adult values;
No renal benefit of ARNI when eGFR <30 mL/min/1.73 m2.

β-blockers (such as
Metoprolol)

Blocks β-receptors → Reduces heart rate &
myocardial O2 demand.

CYP2D6 polymorphisms: Poor metabolizers require 50–75%
dose reduction.
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Table 1: Cont.

Drug Class Representative Agents Core Pharmacological Action Pediatric-Specific Limitations

PAH-Targeted
Therapies

Sildenafil Augments NO-cGMP → Pulmonary vasodilation.

• Systemic hypotension: High risk in single-ventricle
physiology.
• CMR dependency: RVEF < 45% threshold difficult in young
children (30% unassessable).

Bosentan Blocks ET-1 receptors →Reduces Pulmonary
vascular.

Hepatotoxicity in Fontan: Hepatic congestion reduces
CYP3A4 activity → Trough concentration increases 1.8-fold,
liver enzyme abnormality risk rises 37%.



618 Congenit Heart Dis. 2025;20(5)

3 Breakthroughs in Novel Therapeutic Strategies

The recognized shortcomings of conventional pharmacotherapy—characterized by narrow therapeutic
indices, unpredictable pharmacodynamic variability, and off-target organ exposure—create an urgent,
unmet clinical need. This imperative to transcend the limitations of imprecise dosing regimens has served
as a catalyst for the transformative innovations detailed in this section. Consequently, a paradigm shift
is emerging, moving beyond symptomatic control to directly address the fundamental molecular and
anatomical bases of pediatric heart disease. This transition is spearheaded by three pivotal strategies: gene
editing for direct mutational correction and functional restoration; physiologically relevant organoids for
patient-specific phenotyping and drug screening; and advanced delivery platforms for spatially precise
therapeutic targeting. Collectively, these advances are revolutionizing precision intervention, thereby
inaugurating an era of mechanism-driven therapy in pediatric cardiology.

3.1 Revolutionizing Precision Intervention through Gene Editing Technologies

3.1.1 Genotype-Guided Therapy for Pediatric Pulmonary Hypertension

Children with idiopathic/heritable pulmonary arterial hypertension (I/HPAH) exhibit significant
variation in treatment response based on genotype. Pathogenic mutations in BMPR2 are strongly associated
with disease severity. Patients harboring BMPR2 mutations demonstrate significantly elevated pulmonary
vascular resistance index (PVRI) at diagnosis (20.55 WU⋅m2 vs. 16.83 WU⋅m2 in non-carriers; p < 0.01).
Despite intensive triple-combination therapy (endothelin receptor antagonists, phosphodiesterase inhibitors,
and prostacyclin analogs), 29% of mutation carriers remain high-risk, substantially exceeding the 16%
observed in non-carriers (p = 0.008) [37,38].

To address BMPR2 dysfunction, CRISPR-Cas9-mediated in vivo gene editing shows therapeutic promise.
In murine models, AAV9-delivered base editors correcting the BMPR2 c.1472G > T (p.Arg491Leu) mutation
achieved 81% reversal of pulmonary vascular remodeling and reduced right ventricular systolic pressure by
32% [39,40]. Validation using patient-derived iPSC-pulmonary endothelial cells confirmed restoration of
normal expression for endothelial dysfunction markers, including endothelin-1 and interleukin-6 [33,37].

3.1.2 Targeted Treatment of Hypertrophic Cardiomyopathy through Genotyping-Based Precision Therapy

In hereditary hypertrophic cardiomyopathy (HCM), MYH7 R403Q mutations disrupt β-myosin heavy
chain function, leading to sarcomere hypercontraction and calcium dysregulation. This is mechanistically
evidenced by impaired sarcoplasmic reticulum Ca2+-ATPase activity [41,42]. To therapeutically address
this mutation, we established a dose-dependent gene editing protocol: A single low-dose AAV-SaCas9
administration achieved 40–50% target allele modification in cardiomyocytes, while three consecutive
high-dose (25×) transductions increased efficiency to 80%. This restored sarcomere ultrastructure and
significantly improved calcium handling [43,44]. Further optimization via split intein-mediated dual-vector
delivery elevated editing rates to 92%, with whole-genome sequencing confirming off-target frequencies
below 0.05% [44]. Critically, edited animals exhibited markedly reduced myocardial fibrosis compared to
untreated controls (p < 0.001) and β-blocker therapy groups, demonstrating superior therapeutic efficacy of
precision gene editing [45,46].

3.1.3 Targeted Delivery Breakthrough for Diuretic Resistance

Innovations in delivery systems are accelerating clinical translation. Recently developed ultrasound
microbubble-liposome composite carriers (lipid-shelled carriers used for ultrasound-mediated targeted drug
delivery), combined with focused ultrasound-targeted activation technology, achieve 74.5% myocardial
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editing efficiency while reducing off-target delivery to the liver by 3.8-fold [47,48]. This technology
demonstrates significant clinical potential in diuretic-resistant models: targeted silencing of the TGF-β1gene
markedly alleviates myocardial fibrosis-associated edema, increasing urine output by 2.3-fold compared
to furosemide-treated groups [48,49]. These findings validate the therapeutic efficacy of precision gene
targeting in refractory heart failure, establishing a foundation for mechanism-driven interventions.

3.2 Leap in Physiological Functionality of Organoid Models

Cardiac organoid technology has achieved transformative breakthroughs throughmetabolic maturation.
Themetabolicallymaturemedium developed by Feyen’s team significantly enhances the electrophysiological
function of human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs), bringing action
potential duration and calcium transient amplitude (the magnitude of rapid cytoplasmic Ca2+ concentration
changes in cardiomyocytes during depolarization) close to adult myocardial levels [2]. Building on this
foundation, researchers in Sydney constructed “metabolically matured” cardiac organoids that successfully
replicate key energy metabolism features of adult myocardium, including fatty acid oxidation-dominated
energy supply. These organoids were applied to model desmoplakin cardiomyopathy, and a BET inhibitor
screened through this platform demonstrated reversal of myocardial pump dysfunction, advancing to
Phase I clinical trials.

Critically, these matured organoids overcome predictive limitations of traditional models that
rely on metabolically immature cells or animal systems with non-human cardiac signaling pathways.
This technological advance proved essential in uncovering the stromal-cardiomyocyte SLIT3/ROBO1
signaling axis as a key regulator of pressure-overload hypertrophy. Specifically, organoids revealed
how SLIT3-activated ROBO1 signaling suppresses pathological calcineurin/NFAT activation and collagen
deposition, with experimental restoration reducing fibrosis by 34% (p < 0.001)—establishing a new paradigm
for targeting intercellular crosstalk in cardiac remodeling research [8,50].

3.3 Multi-Mechanism Synergy in Targeted Delivery Systems

Metabolic reprogramming therapy reshapes therapeutic logic through multi-target interventions.
Sodium-glucose cotransporter 2 (SGLT2) inhibitors such as empagliflozin target myocardial sodium-hydrogen
exchanger-1 (NHE-1), operating via a triple synergistic mechanism: alleviating calcium overload through
reduced sodium influx via NHE-1 inhibition and decreased sodium-calcium exchanger activity; activating
mitophagy to clear dysfunctional mitochondria; and reversing fibrosis by suppressing TGF-β2 expression to
reduce collagen deposition [51–53].

Compared to traditional diuretics that merely relieve volume overload while exacerbating electrolyte
imbalances (illustrated by furosemide’s 35% hypokalemia risk) [21], or RAAS inhibitors like ACEIs
that carry renal injury risks in children with low glomerular filtration rate [26,27], this multi-target
strategy concurrently improves energy metabolism and myocardial remodeling. The pediatric subgroup
analysis in the DAPA-HF study confirmed a 26% reduction in congenital heart disease-related heart failure
hospitalizations. Concurrently developed selective PPARγ modulators inhibit fibrotic gene transcription by
blocking PPARγ-Ser273 phosphorylation, circumventing critical limitations of traditional PPARγ agonists
such as rosiglitazone, which is contraindicated in heart failure patients due to fluid retention (the abnormal
accumulation of fluid in bodily tissues) [32,54,55].

4 Integrated Analysis of Clinical Translation Challenges

The clinical translation of pediatric cardiovascular therapies faces three interconnected barriers:
Developmental pharmacokinetic complexity creates age-dependent drug responses—CYP2D6 activity in
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infants is only 30–60% of adult levels, causing a 2.3-fold increase in blood concentration fluctuations when
digoxin is co-administered with carvedilol (elevating bradycardia risk, p < 0.05), while NKCC2 immaturity
in neonates reduces furosemide diuretic efficiency by 35% and increases electrolyte risks by 40% [20,31].
Anatomic-genetic interactions critically impact safety and efficacy: perimembranous ventricular septal
defects exhibit a 3.2% post-occlusion conduction block rate due to anatomical variations (versus 0.7%
in muscular defects) [1], and TBX5/NKX2–5 mutations reduce β-blocker response to 52% (vs. 78% in
non-mutants) by dysregulating channels like SCN5A [10]. Additionally, SLIT3/ROBO1 axis activation
in adult congenital heart disease patients accelerates fibrosis and diminishes vasodilator sensitivity [8].
Systemic evidence gaps persist, with only 12% of pediatric heart failure drugs having ≥5-year follow-up
data (for example, unknown long-term renal safety of sacubitril/valsartan) [56], while AI prediction
models trained on datasets containing <15% complex congenital heart disease cases show 32% error
rates when applied to critical patients [57]. Integrating developmental pharmacology with individualized
anatomic-molecular profiling is essential to overcome these translational barriers.

5 Conclusion: Overcoming Three Critical Barriers

The advancement of pharmacotherapy for pediatric congenital heart disease necessitates overcoming
three critical barriers. Developmental pharmacokinetic variations demand the establishment of fetal-child-adult
cross-life pharmacokinetic databases, exemplified by placental transfer models for digoxin dosing in fetal
supraventricular tachycardia. Anatomical complexity requires leveraging cardiac organoid technology to
construct disease-specific models (such as, single-ventricle physiology, Fontan circulation) for accelerated
targeted drug screening. Evidence chain gaps must be addressed through international collaborations like the
ACTION network to generate pediatric-specific guidelines and secure regulatory approvals for agents such as
SGLT2 inhibitors.

Looking toward the next decade, a transformative vision emerges: single-cell multi-omics will map CHD
developmental trajectories, identifying pivotal nodes in PDK4 and FOXO/CRIM1 pathways. Convergent
innovations in base editing and targeted delivery technologies promise to catalyze a historic leap from
symptomatic control to curative repair, fundamentally redefining therapeutic paradigms for children with
congenital heart disease.
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