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Abstract 

Hypertrophic cardiomyopathy (HCM) is a myocardial disease defined by an increased left 

ventricular wall thickness not solely explained by abnormal loading conditions. It is often 

genetically determined, with sarcomeric gene mutations accounting for around 50% of cases. 

Several conditions, including syndromic, metabolic, infiltrative, and neuromuscular diseases, may 

present with left ventricular hypertrophy (LVH), mimicking the HCM phenotype but showing a 

different pathophysiology, clinical course, and outcome. Despite being rare, they are collectively 

responsible for a large proportion of patients presenting with hypertrophic heart disease, and their 

timely diagnosis can significantly impact patients’ management. 

The understating of disease pathophysiology has advanced over the last few years, and several 

therapeutic targets have been identified, leading to a new era of tailored treatments applying to 

different etiologies associated with LVH. 

This review aims to provide an overview of the existing and emerging therapies for the principal 

causes of hypertrophic heart disease, discussing the potential impact on patients’ management and 

clinical outcome. 
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Non-standard Abbreviations and Acronyms 

AAV, adeno-associated virus 

AL, amyloid immunoglobulin light chain 

ASO, antisense oligonucleotide 

ATTR, amyloid transthyretin 

CFC, cardio-facio-cutaneous syndrome 

CMI, cardiac myosin inhibitor 

CPET, cardiopulmonary exercise testing 

CS, Costello syndrome 

ERT, enzyme replacement therapy 

FA, Friedreich ataxia 

FXN, frataxin 

Gb3, globotriaosylceramide 

HCM, hypertrophic cardiomyopathy 

IOPD, infantile-onset Pompe disease 

LOPD, late-onset Pompe disease 

LVEF, left ventricular ejection fraction 

LVOT, left ventricular outflow tract 

LVOTO, left ventricular outflow tract obstruction 

MAPK, RAS/Mitogen-activated protein kinase  

MAT, multifocal atrial tachycardia 

MEK1, mitogen-activated protein kinase kinase 1 

NS, Noonan syndrome 

NSML, Noonan syndrome with multiple lentigines 

NT-proBNP, N-terminal-pro hormone B-type natriuretic peptide 

oHCM, obstructive hypertrophic cardiomyopathy 

NYHA, New York Heart Association 

PZR, protein-zero-related 

RCT, randomized clinical trial 

RVOTO, right ventricular outflow tract obstruction 

SHP2, Src homology-2 domain-containing protein tyrosine phosphatase-2 

siRNA, small interfering RNA molecule 

SRX, super-relaxed state 

TTR, transthyretin 



Background 

Hypertrophic cardiomyopathy (HCM) is a myocardial disease characterized by increased left 

ventricular (LV) wall thickness not solely explained by abnormal loading conditions1,2. The 

etiology of HCM is heterogeneous, with sarcomeric gene mutations identified in up to 40-60% of 

cases2. However, several other conditions may be associated with LV hypertrophy (LVH) 

mimicking an HCM phenotype, including malformative syndromes, metabolic, infiltrative, and 

neuromuscular disorders3. 

International expert panels have suggested several work-up strategies to improve the recognition of 

underlying etiology in patients presenting with hypertrophic heart disease2–4. Since the causes can 

be significantly different between adults and children, the diagnostic assessment should be tailored 

according to the age of presentation and clinical characteristics3 (Figure 1). 

Identifying the underlying etiology of hypertrophic heart disease is crucial, as certain causes could 

benefit from specific treatment5. Additionally, early diagnosis plays a key role in preventing disease 

progression and related complications by appropriately starting a tailored therapy3. In recent years, 

our understanding of the pathophysiology of several inherited cardiac conditions has improved and 

led to the development of novel therapies that target the underlying substrate. 

This review aims to provide an overview of the existing and emerging therapies for the principal 

causes of hypertrophic heart disease, discussing the potential impact on patients’ management and 

clinical outcome. 

 

Hypertrophic heart disease in children 

Hypertrophic heart disease in children may underlie several disorders with different clinical courses 

and management6. According to current registries, non-sarcomeric causes (including inborn error of 

metabolism, neuromuscular disorders, and malformative syndromes) are responsible for up to 40% 

of cases of hypertrophic heart disease, with differences according to the age of presentation7. Infants 

are more likely to have a non-sarcomeric etiology than children or adolescents. In contrast, the 

prevalence of sarcomeric mutations increases with age, with sarcomeric HCM responsible for most 

cases of hypertrophic heart disease in adolescence. 

 

Sarcomeric HCM 

Mutations in genes encoding for sarcomeric proteins are the most common cause of HCM8, with 

about half of the cases associated with a pathogenic variant in MYH7 or MYBCP38. The 

presentation and progression of sarcomeric HCM in children are variable, ranging from a mild 

phenotype with a benign clinical course to severe disease combined with complications, evolving to 



end-stage9. In the future, disease-modifying therapies (such as mavacamten or gene therapy, 

discussed below) will offer a unique opportunity to modify the natural history and improve patients’ 

outcome (Figure 2). 

 

RASopathies 

RASopathies are multisystemic disorders caused by germline mutations in the RAS/Mitogen-

activated protein kinase (MAPK) pathway10. These disorders include Noonan syndrome (NS), 

Noonan syndrome with multiple lentigines (NSML), Costello syndrome (CS), and cardio-facio-

cutaneous syndrome (CFC). From a cardiac perspective, RASopathies present with hypertrophic 

heart disease in childhood, commonly characterized by biventricular involvement, end-stage 

remodeling, frequent heart failure-related hospitalizations, and increased mortality11,12. 

 

MEK1 inhibitors 

The RAS/MAPK cascade has been considered a promising therapeutic target in animal and human 

studies. Several studies have recently suggested that mitogen-activated protein kinase kinase 1 

(MEK1) inhibitors may effectively treat cardiovascular and lymphatic abnormalities associated with 

RASopathies (Figure 2). For example, regression of LVH has been documented in mouse models 

carrying the RAF1 p.L613V gain-of-function variant after treatment with MEK1 inhibitors13. 

Trametinib, a highly selective allosteric MEK1 inhibitor, was associated with regression of LVH 

and significant improvement in clinical status combined with decongestion in two cases of RIT1-

associated NS14. After 17 months of follow-up, both patients showed sustained clinical 

improvement, with regression of LVH, reduction of right ventricular outflow tract (RVOT) 

gradients, and normalization of N-terminal-pro hormone B-type natriuretic peptide (NT-proBNP) 

levels. Of interest, treatment cessation was associated with LVH recurrence. 

The administration timing appears crucial for successful treatment. Indeed, murine models of NS-

associated LVH showed that prenatal administration of MEK1 inhibitors caused LVH regression, 

but postnatal use failed to demonstrate evidence of effectiveness15. Recently, trametinib was 

administered in an infant with NS carrying a RAF1 pathogenic variant associated with severe LVH 

and pulmonary hypertension16. After trametinib was introduced, a significant improvement in the 

Ross functional class and a reduction of LV wall thicknesses was observed, allowing the patients to 

be weaned off inotropes. Unfortunately, the patient developed severe pulmonary hypertension and 

died due to respiratory failure. 

In addition, trametinib improves multifocal atrial tachycardia (MAT) on top of anti-arrhythmic 

treatment17. Although the mechanism of action is not entirely understood, trametinib modulates 



intracellular calcium handling by reducing ryanodine receptor phosphorylation. Consequently, it 

reduces the delayed after-depolarizations responsible for the MAT occurrence18. Trametinib was 

also shown to alleviate lymphatic abnormalities and reduce the need for mechanical support in a 

patient with NS. This effect may contribute to the reduction of atrial arrhythmias18. 

Despite the beneficial effects on the cardiovascular system, safety reviews and data from the 

experience of trametinib use in melanoma report increased cardiovascular events, including 

systemic hypertension, LV systolic dysfunction, arrhythmias, and venous thromboembolism. 

Further studies with pre-specified endpoints are needed to investigate the long-term outcomes of 

MEK inhibition in NS and evaluate the timing of therapy weaning to minimize possible adverse 

reactions. 

   

mTOR inhibitors 

Increased Akt/mTOR pathway activity is associated with specific PTPN11 variants and contributes 

to LVH in patients with NSML (Figure 2). Pharmacological studies on PTPN11 p.Y279C murine 

models showed that postnatal administration of rapamycin attenuated the development of LVH19. 

Based on these findings, everolimus was administered for compassionate use in an infant with 

severe LVH. Unfortunately, despite the decrease in NT-proBNP concentration, there was no 

evidence of LVH regression or clinical improvement, and the patient underwent cardiac 

transplantation20. 

 

Src family kinase inhibitors 

In recent years, the identification of protein-zero-related led to the hypothesis of a common pathway 

both in NS and NSML, as this protein was found to be hyperphosphorylated and bound to Src 

homology-2 domain-containing protein tyrosine phosphatase-2 (SHP2) both in PTPN11 p.Y279C 

NSML and PTPN11 p.D61G NS mice. Subsequently, it was shown that dasatinib, an inhibitor of 

Src homology proteins, improved cardiac function and reversed LVH in NSML mice. Similar 

results were obtained in PTPN11 p.D61G knock-in mice models of NS-associated LVH21,22. Given 

that LVH regression was obtained with low doses of dasatinib, its use in clinical trials appears 

promising. 

 

Glycogenosis 

Glycogenosis is a rare inborn disorder of glycogen metabolism caused by defects along the 

synthesis or degradation pathway of glycogen, leading to its abnormal tissue and organ 

accumulation6. The classification of the disease is based on the degree of enzyme deficiency23. The 



organs primarily affected are the liver and muscles, where glycogen is stored, and processes like 

glycolysis, gluconeogenesis, and glycogen synthesis are regulated23. Disease manifestations are 

caused by the toxic effect of glycogen deposits on lysosomal function, cellular architecture, and 

tissue biophysical properties23. Only Pompe disease, Cori disease, Danon disease, and PRKAG2 

disease within the glycogenosis spectrum have been associated with the occurrence of LVH5. 

However, no targeted therapies are currently available for any of these disorders except for Pompe 

disease. 

 

Pompe disease 

Pompe disease is a rare autosomal recessive neuromuscular disorder caused by GAA mutation 

leading to alpha-glucosidase deficiency and abnormal lysosomal glycogen storage24. According to 

the degree of residual enzyme activity, two main phenotypes have been described. The severe 

infantile-onset form (IOPD [infantile-onset Pompe disease]) includes patients with less than 1% 

enzyme activity who present with early clinical involvement characterized by LVH and pulmonary 

disease25. On the other hand, the late-onset form (LOPD [late-onset Pompe disease]) is 

characterized by higher residual enzyme activity and is not associated with cardiac involvement in 

most cases26. Patients with IOPD have limited life expectancy due to severe cardio-respiratory 

complications unless specific therapy is delivered. 

 

Enzyme replacement therapy 

Enzyme replacement therapy (ERT) based on recombinant human alpha-glucosidase received FDA 

approval in 2006 to treat patients with infantile and late-onset Pompe disease (Figure 2). In phase I-

II clinical trials, the administration of ERT to infants with Pompe disease was associated with 

significant improvement in overall survival and cardio-respiratory and motor function27. These data 

were confirmed in phase III trials and long-term studies, showing that, when administered in the 

first years of life, alglucosidase alfa reduced the risk of death and invasive ventilation and improved 

LVH and functional capacity28,29. Several factors can influence the treatment response, including 

age, disease severity degree, cross-reactive immunologic material status and development of IgG 

antibodies30. 

Limitations of ERT include its insufficient uptake into some affected tissues31, responsible for 

variable treatment response in some patients, the rare occurrence of severe anaphylactic and 

immunological reactions, and the inability to cross the blood-brain barrier31. These limitations and 

the requirement for lifelong intravenous infusions have prompted the active search for alternative 

targeted strategies, such as pharmacological chaperone therapy, substrate reduction therapy, and 



gene therapy32–34. Although studies are still limited, these treatments may become an active part of 

the pharmacological armamentarium for patients with Pompe disease in the future. 

 

Danon disease 

Danon disease is a rare X-linked disorder caused by LAMP2 mutation, leading to the accumulation 

of autophagosomes and glycogen, with prominent effects on the skeletal and cardiac muscle, which 

ultimately leads to heart failure and, for male patients, premature death during adolescence or early 

adulthood5,6. Unfortunately, no etiological therapy is currently available to treat Danon disease. 

 

Gene therapy 

Due to its monogenic etiology, gene therapy represents a promising therapy for treating Danon 

disease (Figure 2). In mouse models, the administration of adeno-associated virus 9 (AAV9) 

carrying the wild-type human LAMP2B complementary DNA (AAV9:LAMB2B) resulted in a 

dose-dependent restoration of human LAMP2B protein in the heart, liver, and skeletal muscle, 

improved heart and liver function, and increased survival35. Subsequently, an open-label, single-

dose, phase I trial enrolling seven Danon disease male patients with LAMP2 mutation and 

cardiomyopathy was designed to evaluate the safety of RP-A501, an AAV9:LAMP2B gene therapy. 

The first results of this trial demonstrated that RP-A501 administration was safe and responsible for 

increased LAMP2B expression, improved autophagy, and improved or stabilized serologic, 

echocardiographic, and clinical parameters. In detail, improvement or stabilization of BNP, 

troponin, left ventricular ejection fraction (LVEF), LV wall thickness, and New York Heart 

Association (NYHA) class were observed in 6-12 months of treatment (NCT03882437). Based on 

these enthusiastic results, the FDA has granted Regenerative Medicine Advanced Therapy (RMAT) 

designation to RP-A501, thus expediting the drug development and review process. 

 

Friedreich Ataxia 

Friedreich ataxia (FA) is an autosomal recessive neuromuscular disorder that principally affects the 

heart and the nervous system36. It is caused by a triplet repeat expansion mutation in the gene 

encoding frataxin (FXN). Approximately 96% of affected individuals are homozygous for an 

expanded GAA trinucleotide repeat in intron 1 of FXN, while the remaining 4% are compound 

heterozygous36. The expanded GAA repeat in FA results in the formation of repressive chromatin, 

an essential mediator of FXN transcriptional deficiency37. Repressive chromatin spreads upstream 

from the expanded GAA repeat in intron 1 towards the FXN promoter, silencing the gene37. In 



addition, abnormal DNA methylation also occurs upstream of the expanded GAA repeat in FA and 

contributes to reduced gene expression37. 

Frataxin is a highly conserved protein that acts as an iron chaperone protein. It is essential to energy 

metabolism and positively correlates to tissue with high requirements of energy metabolism38. It 

plays a critical role in synthesizing Fe-S (iron-sulfur) cluster proteins that regulate mitochondrial 

iron content38. Because of complete frataxin deficiency in cardiac and skeletal muscle, the activities 

and levels of mitochondrial Fe-S proteins are reduced, and mitochondrial iron levels are increased, 

with associated mitochondrial dysfunction and severe oxidative stress despite normal iron levels in 

the blood39. 

FA is a common cause of LVH in children and adolescents3,5. Cardiac involvement can range from 

asymptomatic cases to severe cardiomyopathy with progressive LV systolic dysfunction and 

chronic heart failure39. The hypertrophic phase is caused by the striking proliferation of 

mitochondria within the cardiomyocytes, while the hypokinetic phase is due to the increased 

sensitivity to oxidative stress and the respiratory chain defects caused by the deficiency of the inner 

mitochondrial membrane protein frataxin in addition to progressive iron accumulation, fibrosis, and 

loss of contractile fibers40. Other systemic manifestations of FA include ataxia, progressive 

cerebellar dysfunction, diabetes mellitus, impaired speech, loss of vision and hearing, and scoliosis.   

There are several past and emerging therapies for FA with potential clinical benefits for affected 

individuals. These therapies include, among others, antioxidants and mitochondrial-related agents, 

transcription factor NF-E2 p45-related factor 2 (NRF2) agonists (e.g., omaveloxolone, which 

improves mitochondrial function, restores the balance of reduction and oxidation, and reduces 

inflammation), vatiquinone (which reduces neuroinflammation and oxidative stress), deuterated 

polyunsaturated fatty acids, iron chelators, histone deacetylase inhibitors, transactivator of 

transcription-frataxin, transcription elongation factor, interferon-gamma, erythropoietin, resveratrol, 

PPARγ agonist, gene therapy, and antisense oligonucleotides. Some of these therapies (e.g., 

antioxidants) continue to be used off-label in selected patients. 

 

Coenzyme Q10 analogues 

Idebenone, a coenzyme Q10 analogue, has antioxidant activity and facilitates mitochondrial 

phosphorylation as an electron carrier. It has shown the potential to reduce LV mass in open-label 

studies. However, randomized controlled trials (RCTs) have not demonstrated any clear benefit41. 

Specifically, although the first preliminary study showed promising improvement of the cardiac 

outcomes in FA patients42, four randomized placebo-controlled phase III RCTs failed to 



demonstrate any significant effects on the neurologic or cardiac function in FA patients43–46 (Table 

1). 

 

Transcription factor NF-E2 p45-related factor 2 agonists 

The NRF2 pathway is essential in protecting against several diseases with oxidative stress and 

inflammation as underlying substrate47. Proteins encoded by NRF2-target genes have different roles 

in antioxidation, detoxification and anti-inflammation47. Patients with FA show an impairment of 

the NRF2 signaling, responsible for increased sensitivity to oxidative insults48.  

Omaveloxolone is an NRF2 agonist that has been shown to improve mitochondrial function and 

reduce oxidative stress and inflammation in models of FA. Furthermore, it was evaluated in an 

international, double-blind, randomized, placebo-controlled, parallel-group, phase II trial enrolling 

103 patients with FA who were randomly assigned to receive omaveloxolone or placebo49 (Figure 

2). Omaveloxolone significantly improved the neurological function of FA patients, as assessed by 

the baseline modified Friedreich's Ataxia Rating Scale (mFARS), compared with placebo49. The 

results of this trial led to the FDA approval of omaveloxolone for the treatment of FA. 

 

Gene therapy 

Gene therapy and stem cell-based therapy might be future therapeutic strategies for patients with 

FA50. Gene therapy is based on the use of attenuated viral vectors expressing FXN51. Early 

experiments have shown that gene therapies in FA are promising but may have toxicities50,52. 

 

Hypertrophic heart disease in adults 

The underlying etiology of adults with hypertrophic heart disease is significantly different from that 

observed in pediatric patients. While sarcomeric HCM is the most common disease observed, 

several conditions associated with LVH are also prevalent in the adult and aging population. 

 

Sarcomeric HCM 

In the sarcomere, myosin is the molecular engine that catalyzes ATP-hydrolysis to power cyclical 

coupling with actin filaments. However, only 10% of the myosin molecules are thought to be 

involved in generating force53, suggesting the presence of energy-saving systems54. Sarcomeric 

mutations disrupt sarcomere equilibrium and increase cardiac contractility by making more myosin 

heads accessible to build cross-bridges with actin while leaving fewer myosin molecules in their 

energy-saving super-relaxed state (SRX)55. Current guidelines-recommended treatments1,2 operate 



on downstream targets trying to mitigate hypercontractility, rely on observational studies56,57, and 

are often insufficient to manage symptoms. Thus, an unmet medical need weigh on HCM patients. 

 

Cardiac myosin inhibitors 

Several preclinical studies have elucidated the main steps of the mechanochemical myosin cycle 

laying the groundwork for a potential paradigm shift in HCM therapy with the discovery of cardiac 

myosin inhibitors (CMIs) (Figure 3).  

Mavacamten (previously MYK-461) is a first-in-class cardio-selective, allosteric, reversible myosin 

inhibitor that works at different levels in the myosin cycle58. Indeed, it decreases ATPase activity, 

reduces phosphate and ADP release, and stabilizes the SRX form of myosin shifting myosin heads 

to an “OFF-state”, thus limiting myocardial force generation. In addition, mavacamten accelerates 

cross-bridge detachment and reduces calcium sensitivity, suggesting a beneficial effect on diastolic 

function59. 

In parallel with this ground-breaking preclinical research, many RCTs were conducted. At first, an 

open-label, dose-finding phase II study60 was performed to assess pharmacodynamic and 

pharmacokinetic features in two small cohorts of obstructive HCM (oHCM) patients. After 12 

weeks of therapy, patients in PIONEER-HCM (A Phase 2 Open-label Pilot Study Evaluating MYK-

461 in Subjects With Symptomatic Hypertrophic Cardiomyopathy and Left Ventricular Outflow 

Tract Obstruction) who received tailored daily doses exhibited a significant decrease in the post-

exercise LV outflow tract (LVOT) gradient and an improvement in exercise capacity and symptoms 

when a plasma concentration of 350-700 ng/mL was achieved. Individuals with and without history 

of medical treatment for oHCM had similar dose-response associations60. 

These results led to the EXPLORER-HCM (Clinical Study to Evaluate Mavacamten [MYK-461] in 

Adults With Symptomatic Obstructive Hypertrophic Cardiomyopathy), the first phase III RCT on 

mavacamten61. In this study, enrolled participants had symptomatic (NYHA 2) oHCM on beta-

blockers or non-dihydropyridine calcium-channel blockers, resulting in a population similar to those 

observed in clinical practice. It was observed that a significant proportion of patients treated with 

mavacamten fulfilled the primary endpoint, which consisted of an increase in peak O2 consumption 

(pVO2) at cardiopulmonary exercise testing (CPET) and a reduced or at least stable NYHA class62. 

Moreover, 27% of patients treated with mavacamten experimented a full response, defined as a 

stable decrease in LVOT gradients <30 mmHg and a NYHA class I, suggesting that mavacamten 

may be able to achieve remarkable alleviation of symptoms and LVOT obstruction (LVOTO). 

Beneficial effects and tolerance to the study drug were uniform across all subgroups. Seven patients 

in the treatment group had a decrease in LVEF <50%. However, this complication was rapidly 



reversible with medication suspension in all patients62. Nevertheless, patients on disopyramide and 

those with severe symptoms (NYHA class IV) were not included in the EXPLORER-HCM. 

Thus, the VALOR-HCM (A Study to Evaluate Mavacamten in Adults With Symptomatic 

Obstructive HCM Who Are Eligible for Septal Reduction Therapy)63 aimed to evaluate if 

mavacamten was able to delay needing for septal reduction therapy (SRT). Several studies have 

established that SRT, such as surgical myectomy or alcohol septal ablation, significantly improves 

long-term survival and quality of life in individuals with severe symptomatic oHCM despite 

medical therapy. However, these interventions, especially in low-volume institutions, are associated 

with a significant risk of morbidity and death. In addition, repeated interventions, increased need for 

pacemakers, limited access to high-volume facilities, and prolonged hospital stays are all possible 

outcomes of an unsuccessful operation64. Despite facing a challenging goal, after 16 weeks of 

therapy, mavacamten significantly reduced the proportion of patients fulfilling the guidelines 

criteria for SRT compared with placebo63. 

Translational efforts led to the development of a second-generation CMI, aficamten (at first CK-

274)65. Compared with mavacamten, this novel agent has attractive pharmacokinetic properties, 

such as a shorter half-life (about three days) allowing rapid washout or dose adjustments when 

adverse effects occur, combined with less interaction with cytochromes65.  

A phase II dose-finding RCT, REDWOOD-HCM (Randomized Evaluation of Dosing With CK-

3773274 in HCM) (https://clinicaltrials.gov/ct2/show/NCT04219826), was started analyzing four 

different cohorts of patients. The first two cohorts66 included patients receiving first-line 

background therapy assigned to lower and higher aficamten regimens. The third cohort included 

patients on background therapy with a first-line treatment associated with disopyramide, and the last 

cohort included non-obstructive HCM (noHCM) patients. Valsalva and resting LVOT gradients 

were significantly lower in the first three experimental groups. These positive results were mirrored 

by improvements in clinical status and biomarkers levels. Finally, a phase III RCT, SEQUOIA-

HCM (CY 6031 Study Will Evaluate the Effects of Treatment With Aficamten [CK-3773274] Over 

a 24-week Period on Cardiopulmonary Exercise Capacity and Health Status in Patients With 

Symptomatic oHCM) (https://clinicaltrials.gov/ct2/show/NCT05186818), randomly assigning 

participants to receive either aficamten or placebo on top of standard of treatment, including 

disopyramide, is still ongoing (Table 2). 

However, current studies have not reported the impact of disease-modifying therapies (e.g., 

mavacament, aficamten) on the risk of SCD. Further data, including Holter sub-studies, are required 

to address this unsolved question. 

 



Angiotensin receptor blockers 

Studies in mouse models of sarcomeric HCM showed that the activation of the transforming growth 

factor-beta (TGF-β) pathway has a dominant role in triggering the development of myocardial 

hypertrophy and fibrosis. Angiotensin receptor blockers (ARBs) can inhibit TGF-β and 

theoretically prevent fibrosis progression. Although clinical trials using ARBs failed to demonstrate 

significant benefit in patients with clinically manifested HCM, a phase 2 trial (The Valsartan for 

Attenuating Disease Evolution in Early Sarcomeric Hypertrophic Cardiomyopathy [VANISH] trial) 

showed that, if administered in early stages, ARBs could improve both cardiac structure and 

function67. However, further studies are needed to characterize the long-term treatment effects and 

define the optimal timing of ARBs administration. 

 

Gene therapy 

The improved knowledge of the molecular basis of HCM enables early gene-based diagnosis, with 

the potential to identify pathogenic variants carriers who have not already developed the disease 

phenotype. Since dominant missense pathogenic variants in sarcomeric genes are the leading cause 

of HCM, base editing has emerged as an attractive method to cure this condition (Figure 3). 

Gene editing strategies have recently been shown to efficaciously convert pathogenic variants of 

MYH7 and MYH6 to non-pathogenic alleles in mouse models of HCM68,69. Chai et al. reported the 

use of different base editing strategies and showed their efficacy in correcting pathological 

phenotypes of HCM in patient-derived cells68. Moreover, they applied the base editing to 

humanized mouse models containing the MYH7 p.R403Q pathogenic missense variant and showed 

that its postnatal correction might prevent the onset of the HCM phenotype. In addition, Reichart et 

al. assessed the role of different genetic therapies in preventing disease in mice carrying the same 

MYH7 variant69. They observed that one dose of AAV9 vector delivering an adenine base editor and 

Cas9 nuclease corrected the pathogenic variant in more than 70% of cardiomyocytes, thus stabling 

and providing a durable and normal cardiac structure and function. Despite their promising results, 

the potential benefit of gene therapies should be evaluated in the context of potential safety issues, 

such as the introduction of bystander and off-target mutations, which could lead to severe genotoxic 

effects. 

 

TTR amyloidosis 

Cardiac amyloidosis is a progressive infiltrative disease characterized by the extracellular 

deposition of misfolded proteins in the heart, responsible for a hypertrophic phenotype with 

restrictive physiology70. Most cases of cardiac amyloidosis result from two protein precursors, 



namely amyloid immunoglobulin light chain (AL), in which the misfolded protein is a monoclonal 

immunoglobulin light chain typically produced by bone marrow plasma cells, and amyloid 

transthyretin (ATTR) amyloidosis, in which the misfolded protein is transthyretin (TTR), a serum 

transport protein for thyroid hormone and retinol that is synthesized primarily by the liver71. ATTR 

amyloidosis is subtyped into wild-type (ATTRwt) and hereditary (ATTRv), the latter resulting from 

genetic variants in the TTR gene72. 

The management of cardiac amyloidosis includes preventing and treating complications through 

halting or delaying organ damage due to amyloid deposition 73. While treatment of AL amyloidosis 

is limited to treating the underlying hematological condition, there is an increasing availability of 

novel, effective, targeted therapeutic options for ATTRwt and ATTRv73. Disease-modifying 

therapies target the pathophysiological cascade that ranges from the synthesis of TTR to 

fibrillogenesis. Effective treatments reduce the production of mutated and overall TTR (liver 

transplantation, genetic silencers), stabilize circulating TTR molecules (stabilizers), avoid misfolded 

monomer aggregation, or promote amyloid reabsorption72 (Figure 3). 

 

Silencing TTR production 

Silencing of the TTR protein is currently achievable by promoting TTR mRNA degradation 

[antisense oligonucleotides (ASOs) and small interfering RNA molecules (siRNA)] or editing the 

TTR gene (CRISPR Cas9)74. Avoiding TTR protein production has been achieved in the past in 

ATTRv patients by liver transplant (Ltx). Long-term survival after Ltx is excellent, especially for 

early-onset TTR p.V30M patients. In contrast, non-TTR p.V30M patients show a worse outcome, 

most commonly characterized by a mixed neurological and cardiological phenotype75.  

ASOs are single-stranded amphipathic molecules which bind to proteins in the serum, on the cell 

surface, and within cells. Within the target cell's nucleus, the ASO binds to the target mRNA and, 

via the endonuclease RNase H2, initiates mRNA degradation73. 

Inotersen is a 2′-O-methoxyethyl–modified ASO. In a recent RCT (the NEURO-TTR study, 

NCT01737398), the administration of inotersen three times during the first week, followed by a 

once-weekly subcutaneous injection for the next 64 weeks, demonstrated an improvement in 

neurological disease and quality of life in patients with ATTRv amyloidosis76. The clinical response 

to inotersen treatment depends on the individual rate of disease progression, baseline amyloid 

burden, and the rate of amyloid clearance from tissue76. These benefits are independent 

of TTR variant, disease stage, and cardiomyopathy status at baseline. 

Eplotersen is a new generation ASO conjugated to the triantennary N-acetyl galactosamine, which 

facilitates hepatocyte uptake to reduce immunogenic reactions and promotes TTR gene expression 



reduction. A phase III RCT (CARDIO-TTRansform, NCT04136171) is currently investigating its 

efficacy and safety in patients with ATTR cardiomyopathy. 

siRNAs are double-stranded oligonucleotides containing sense and antisense strands, the former 

acting as a drug delivery device and the latter being the active moiety. Once within the cytoplasm, 

the antisense strand is loaded onto Ago2, creating a complex that binds to the target mRNA to form 

the RNA-induced silencing complex with subsequent mRNA degradation73. 

Patisiran is a siRNA encapsulated into lipid nanoparticles, which protect the RNA molecule from 

degradation by circulatory endonucleases and exonucleases and facilitate delivery to the liver77. The 

APOLLO study assessed the efficacy and tolerability of patisiran in patients with ATTRv 

amyloidosis78. In this trial, patisiran decreased mean LV wall thickness, global longitudinal strain, 

NT-proBNP, and adverse cardiac outcomes at 18 months, compared with placebo78. These data 

suggest that patisiran may halt or reverse the progression of the cardiac manifestations of ATTRv 

amyloidosis. The APOLLO-B phase III RCT (NCT03997383), specifically aimed to evaluate its 

efficacy and safety in patients with ATTR cardiomyopathy, is ongoing. 

Vutrisiran (ALN-TTRsc02) is a second-generation siRNA approved for treating amyloid 

polyneuropathy79 and is currently under investigation for its use in ATTR cardiomyopathy 

(NCT04153149). 

Genomic editing using CRISPR Cas9 is a promising therapeutic strategy in ATTR amyloidosis, 

achievable using a nuclease (Cas9) linked to a single-stranded RNA, leading to irreversible 

silencing of the TTR gene80. Recently, Gillmore et al. showed a significant reduction of TTR serum 

levels in ATTRv patients with polyneuropathy after a single administration80. A Phase I clinical 

trial (NCT04601051) is evaluating its safety, tolerability, pharmacokinetics, and pharmacodynamics 

in participants with ATTRv polyneuropathy, or ATTRv and ATTRwt cardiomyopathy. 

 

Transthyretin stabilization 

Tetramer stabilizers are small molecules that influence the rate-limiting step in forming amyloid 

fibrils (i.e., the dissociation of TTR tetramers into amyloidogenic monomers)73. Previous treatments 

with small non-specific molecules, such as diflunisal and tolcapone, have been tested in small 

studies. However, their use is limited primarily by their dose-dependent side adverse effects. 

Indeed, TTR tetrameter stabilization requires a high concentration of TTR stabilizer to prevent its 

dissociation and misfolding81. 

Tafamidis is an orally bioavailable benzoxazole derivative that stabilizes the TTR tetramer by 

binding to the T4-binding sites, preventing their dissociation or cleavage into amyloidogenic 

fragments. The ATTR-ACT trial showed that tafamidis was superior to placebo in reducing the 



occurrence of the combined endpoint of all-cause mortality and cardiovascular-related 

hospitalizations82. Tafamidis was also associated with a significant reduction in the decline in 

functional capacity and quality of life at 30 months, with the first differences observed at six 

months82 (Table 3). While ATTR‐ACT was not designed for a dose‐specific assessment, further 

analysis from ATTR‐ACT and its long‐term extension study can guide the determination of the 

optimal dose. The long-term extension of the ATTR-ACT showed a 30% relative reduction in the 

risk of death with tafamidis 80 mg compared with 20 mg. These data support the use of tafamidis 

80 mg (bioequivalent to tafamidis free acid 61 mg) as the optimal dose in patients with ATTR 

cardiomyopathy83. Two phase III RCTs (NCT03860935 and NCT04622046) are ongoing to 

evaluate the efficacy and safety of acoramidis, a new TTR stabilizer, in patients with ATTR 

cardiomyopathy. 

 

Immune-mediated amyloidolysis.  

Immuno-mediated amyloidolysis is based on monoclonal antibodies (mAbs), which bind to specific 

epitopes of amyloid, opsonize the deposits and promote their degradation by the activity of native 

immunity84. NI006 is a recombinant human anti-ATTR monoclonal IgG1 antibody that selectively 

binds amyloid conformations of both wild-type and variant TTR but does not bind physiological 

folded TTR85. It showed to deplete ATTR by inducing ATTR fibrils phagocytosis and removal of 

ATTR deposits from tissue85. Recently, a phase I, double-blind trial showed that its use was 

associated with no-apparent drug-related serious adverse events in patients with ATTR 

cardiomyopathy86. In addition, it reduced the cardiac tracer uptake on scintigraphy and extracellular 

volume on cardiac magnetic resonance, which are surrogate markers of cardiac amyloid burden, 

over a 12-month period86.  

 

Fabry disease 

Fabry disease is an X-linked lysosomal storage disorder caused by a pathogenic mutation in GLA, 

which encodes for alpha-galactosidase87. The GLA mutation is thereby responsible for a reduced or 

absent enzyme activity resulting in the accumulation of lysosomal globotriaosylceramide (Gb3) and 

related globotriaosylsphingosine (lyso-Gb3) in several organs and tissues87. 

The cardiac involvement in Fabry disease is variable and, when present, is the main determinant of 

adverse outcome of affected patients88. LVH represents the most common manifestation of cardiac 

involvement89. Other cardiac manifestations include conduction abnormalities, chronotropic 

incompetence, ventricular and supraventricular arrhythmias, valve disease, and microvascular 

dysfunction89. 



In the last two decades, several treatment options emerged for Fabry disease. Available treatments 

include ERT and oral chaperone therapy migalastat. However, several other emerging therapies are 

under investigation and may become available soon (Figure 3). 

 

Enzyme replacement therapy 

ERT is available for treating Fabry disease in two different forms, agalsidase alfa and agalsidase 

beta, at a dosage of 0.2 mg/kg and 1.0 mg/kg every two weeks, respectively. Several studies and 

clinical trials documented the sustained benefit of treatment with ERT, leading to the FDA and 

EMA approval of agalsidase alfa and beta for patients with Fabry disease. 

The efficacy and safety of agalsidase alfa were investigated for the first time in a multicenter, 

randomized, double-blind, placebo-controlled trial, which demonstrated that recombined agalsidase 

alfa was able to reduce microvascular endothelial deposits of Gb3 from the kidneys, heart, and skin 

of affected patients, thus reversing the pathogenesis of the disease90. Subsequent long-term studies 

confirmed that the beneficial effects were sustained and that treatment with agalsidase alfa was 

associated with a slower decline of renal function and slower progression of LVH, reducing the 

morbidity and mortality of Fabry disease patients91,92. Similar results were observed in patients 

treated with agalsidase beta93. 

However, it was observed that the response to ERT was not homogeneous among different patients. 

In particular, it was reduced in patients with advanced disease (e.g., proteinuria, presence of 

myocardial fibrosis), suggesting the need for an early initiation, especially in male patients94,95. In 

addition, ERT presents several limitations, such as high costs, infusion-related reactions, and the 

life-long burden of biweekly intravenous infusions. 

A novel second-generation ERT, pegunigalsidase-alpha is a pegylated form of alfa galactosidase, 

which was developed to increase the half-life and reduce immunogenicity, thus enhancing its 

efficacy compared with available ERT96. A phase III trial (NCT03018730) investigating its efficacy 

and safety is ongoing. 

 

Chaperone therapy 

Chaperone therapy consists of small molecules that restores the endogenous activity of the alfa-

galactosidase enzyme and its ability to degrade Gb3, preventing tissue accumulation97. Migalastat is 

the only agent approved for treating patients with Fabry disease and amenable mutation (i.e., those 

mutations that retain enzyme catalytic activity despite abnormal protein folding). In particular, it 

acts by selectively binding the active sites of the alfa-galactosidase enzyme, preventing its 

degradation and facilitating trafficking to lysosomes, where the enzyme can properly solve its 



function98. The efficacy of migalastat was assessed in two RCTs, the FACETS and the 

ATTRACT99,100. In both studies, migalastat treatment was associated with a slower decline in 

glomerular filtration rate and improved LV mass99,100. 

 

Substrate reduction therapy 

Substrate reduction therapy consists of molecules acting as glucosylceramide synthase inhibitors to 

reduce the rate of synthesis of Gb3 to a level compatible with its residual clearance. This therapy 

can potentially delay disease progression and improve outcomes of Fabry disease patients, 

irrespective of GLA mutation. Currently, lucerastat and venglustat are two substrate reduction 

therapies under investigation in phase III and II trials. 

 

Future directions 

The development of disease-modifying therapies, with their ability to improve clinical features and 

long-term outcomes of rare diseases manifesting with hypertrophic heart disease, advocate the 

promotion of educational programs and multicenter networks to enhance public and physician 

awareness.  

Any efforts should be made to identify these rare conditions, especially when a disease-modifying 

therapy is available. The systematic investigation for specific diagnostic clues associated with these 

conditions (e.g., X-linked inheritance in Fabry disease, RVOTO in RASopathies) is likely to 

represent the most effective strategy for suspecting a rare disease and triggering specific diagnostic 

and management procedures. This “red flags” approach, often called the cardiomyopathy mindset, 

aims to look for rare diseases in common conditions (e.g., LVH, heart failure, arrhythmias). 

Current disease-modifying therapies are mainly developed for patients presenting overt phenotypes 

or disease-related complications. However, it has been observed that patients are more likely to 

benefit from treatment when it is started during the early stages of the disease. Nevertheless, 

whether specific treatments effectively prevent disease phenotype in genotype-positive phenotype-

negative individuals remains unsolved. 

 

Conclusions 

Hypertrophic heart disease is a condition characterized by a highly heterogenous etiology. Target 

therapies are now available for different underlying conditions and provide the opportunity to alter 

the natural history of these progressive disorders. 

 

Sources of funding 



None. 

 

Disclosures 

None. 

 

Acknowledgements 

None. 

 

 



References 

1.  Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, Evanovich LL, Hung J, 

Joglar JA, Kantor P, Kimmelstiel C, Kittleson M, Link MS, Maron MS, Martinez MW, Miyake CY, 

Schaff HV, Semsarian C, Sorajja P. 2020 AHA/ACC Guideline for the Diagnosis and Treatment of 

Patients With Hypertrophic Cardiomyopathy: A Report of the American College of 

Cardiology/American Heart Association Joint Committee on Clinical Practice Guidelines. 

Circulation. 2020;142:e558–e631.  

2.  Authors/Task Force members, Elliott PM, Anastasakis A, Borger MA, Borggrefe M, Cecchi 

F, Charron P, Hagege AA, Lafont A, Limongelli G, Mahrholdt H, McKenna WJ, Mogensen J, 

Nihoyannopoulos P, Nistri S, Pieper PG, Pieske B, Rapezzi C, Rutten FH, Tillmanns C, Watkins H. 

2014 ESC Guidelines on diagnosis and management of hypertrophic cardiomyopathy: the Task 

Force for the Diagnosis and Management of Hypertrophic Cardiomyopathy of the European Society 

of Cardiology (ESC). Eur Heart J. 2014;35:2733–2779.  

3.  Limongelli G, Adorisio R, Baggio C, Bauce B, Biagini E, Castelletti S, Favilli S, Imazio M, 

Lioncino M, Merlo M, Monda E, Olivotto I, Parisi V, Pelliccia F, Basso C, Sinagra G, Indolfi C, 

Autore C, WG on Cardiomyopathies of SIC (Società Italiana di Cardiologia), WG on 

Cardiomyopathies of SICPed (Società Italiana di Cardiologia Pediatrica). Diagnosis and 

Management of Rare Cardiomyopathies in Adult and Paediatric Patients. A Position Paper of the 

Italian Society of Cardiology (SIC) and Italian Society of Paediatric Cardiology (SICP). Int J 

Cardiol. 2022;357:55–71.  

4.  Limongelli G, Monda E, Tramonte S, Gragnano F, Masarone D, Frisso G, Esposito A, 

Gravino R, Ammendola E, Salerno G, Rubino M, Caiazza M, Russo M, Calabrò P, Elliott PM, 

Pacileo G. Prevalence and clinical significance of red flags in patients with hypertrophic 

cardiomyopathy. Int J Cardiol. 2020;299:186–191.  

5.  Monda E, Rubino M, Lioncino M, Di Fraia F, Pacileo R, Verrillo F, Cirillo A, Caiazza M, 

Fusco A, Esposito A, Fimiani F, Palmiero G, Pacileo G, Calabrò P, Russo MG, Limongelli G. 

Hypertrophic Cardiomyopathy in Children: Pathophysiology, Diagnosis, and Treatment of Non-

sarcomeric Causes. Front Pediatr. 2021;9:632293.  

6.  Lipshultz SE, Law YM, Asante-Korang A, Austin ED, Dipchand AI, Everitt MD, Hsu DT, 

Lin KY, Price JF, Wilkinson JD, Colan SD. Cardiomyopathy in Children: Classification and 

Diagnosis: A Scientific Statement From the American Heart Association. Circulation. 

2019;140:e9–e68.  

7.  Norrish G, Field E, Mcleod K, Ilina M, Stuart G, Bhole V, Uzun O, Brown E, Daubeney 

PEF, Lota A, Linter K, Mathur S, Bharucha T, Kok KL, Adwani S, Jones CB, Reinhardt Z, Kaski 

JP. Clinical presentation and survival of childhood hypertrophic cardiomyopathy: a retrospective 

study in United Kingdom. Eur Heart J. 2019;40:986–993.  

8.  Marian AJ. Molecular Genetic Basis of Hypertrophic Cardiomyopathy. Circ Res. 

2021;128:1533–1553.  

9.  Norrish G, Cleary A, Field E, Cervi E, Boleti O, Ziółkowska L, Olivotto I, Khraiche D, 

Limongelli G, Anastasakis A, Weintraub R, Biagini E, Ragni L, Prendiville T, Duignan S, McLeod 

K, Ilina M, Fernandez A, Marrone C, Bökenkamp R, Baban A, Kubus P, Daubeney PEF, Sarquella-

Brugada G, Cesar S, Klaassen S, Ojala TH, Bhole V, Medrano C, Uzun O, Brown E, Gran F, 

Sinagra G, Castro FJ, Stuart G, Yamazawa H, Barriales-Villa R, Garcia-Guereta L, Adwani S, 

Linter K, Bharucha T, Gonzales-Lopez E, Siles A, Rasmussen TB, Calcagnino M, Jones CB, De 

Wilde H, Kubo T, Felice T, Popoiu A, Mogensen J, Mathur S, Centeno F, Reinhardt Z, Schouvey S, 

Elliott PM, Kaski JP. Clinical Features and Natural History of Preadolescent Nonsyndromic 

Hypertrophic Cardiomyopathy. J Am Coll Cardiol. 2022;79:1986–1997.  

10.  Lioncino M, Monda E, Verrillo F, Moscarella E, Calcagni G, Drago F, Marino B, Digilio 

MC, Putotto C, Calabrò P, Russo MG, Roberts AE, Gelb BD, Tartaglia M, Limongelli G. 

Hypertrophic Cardiomyopathy in RASopathies: Diagnosis, Clinical Characteristics, Prognostic 

Implications, and Management. Heart Fail Clin. 2022;18:19–29.  



11.  Delogu AB, Limongelli G, Versacci P, Adorisio R, Kaski JP, Blandino R, Maiolo S, Monda 

E, Putotto C, De Rosa G, Chatfield KC, Gelb BD, Calcagni G. The heart in RASopathies. Am J 

Med Genet C Semin Med Genet. 2022;190:440–451.  

12.  Monda E, Prosnitz A, Aiello R, Lioncino M, Norrish G, Caiazza M, Drago F, Beattie M, 

Tartaglia M, Russo MG, Colan SD, Calcagni G, Gelb BD, Kaski JP, Roberts AE, Limongelli G. 

Natural History of Hypertrophic Cardiomyopathy in Noonan Syndrome With Multiple Lentigines. 

Circ: Genomic and Precision Medicine [Internet]. 2023 [cited 2023 May 22];e003861. Available 

from: https://www.ahajournals.org/doi/10.1161/CIRCGEN.122.003861 

13.  Wu X, Simpson J, Hong JH, Kim K-H, Thavarajah NK, Backx PH, Neel BG, Araki T. 

MEK-ERK pathway modulation ameliorates disease phenotypes in a mouse model of Noonan 

syndrome associated with the Raf1(L613V) mutation. J Clin Invest. 2011;121:1009–1025.  

14.  Andelfinger G, Marquis C, Raboisson M-J, Théoret Y, Waldmüller S, Wiegand G, Gelb BD, 

Zenker M, Delrue M-A, Hofbeck M. Hypertrophic Cardiomyopathy in Noonan Syndrome 

Treated by MEK-Inhibition. J Am Coll Cardiol. 2019;73:2237–2239.  

15.  Hebron KE, Hernandez ER, Yohe ME. The RASopathies: from pathogenetics to 

therapeutics. Dis Model Mech. 2022;15:dmm049107.  

16.  Mussa A, Carli D, Giorgio E, Villar AM, Cardaropoli S, Carbonara C, Campagnoli MF, 

Galletto P, Palumbo M, Olivieri S, Isella C, Andelfinger G, Tartaglia M, Botta G, Brusco A, 

Medico E, Ferrero GB. MEK Inhibition in a Newborn with RAF1-Associated Noonan Syndrome 

Ameliorates Hypertrophic Cardiomyopathy but Is Insufficient to Revert Pulmonary Vascular 

Disease. Genes (Basel). 2021;13:6.  

17.  Meisner JK, Bradley DJ, Russell MW. Molecular Management of Multifocal Atrial 

Tachycardia in Noonan’s Syndrome With MEK1/2 Inhibitor Trametinib. Circ Genom Precis Med. 

2021;14:e003327.  

18.  Lioncino M, Fusco A, Monda E, Colonna D, Sibilio M, Caiazza M, Magri D, Borrelli AC, 

D’Onofrio B, Mazzella ML, Colantuono R, Arienzo MR, Sarubbi B, Russo MG, Chello G, 

Limongelli G. Severe Lymphatic Disorder and Multifocal Atrial Tachycardia Treated with 

Trametinib in a Patient with Noonan Syndrome and SOS1 Mutation. Genes (Basel). 2022;13:1503.  

19.  Marin TM, Keith K, Davies B, Conner DA, Guha P, Kalaitzidis D, Wu X, Lauriol J, Wang 

B, Bauer M, Bronson R, Franchini KG, Neel BG, Kontaridis MI. Rapamycin reverses hypertrophic 

cardiomyopathy in a mouse model of LEOPARD syndrome-associated PTPN11 mutation. J Clin 

Invest. 2011;121:1026–1043.  

20.  Hahn A, Lauriol J, Thul J, Behnke-Hall K, Logeswaran T, Schänzer A, Böğürcü N, 

Garvalov BK, Zenker M, Gelb BD, von Gerlach S, Kandolf R, Kontaridis MI, Schranz D. Rapidly 

progressive hypertrophic cardiomyopathy in an infant with Noonan syndrome with multiple 

lentigines: palliative treatment with a rapamycin analog. Am J Med Genet A. 2015;167A:744–751.  

21.  Yi J-S, Huang Y, Kwaczala AT, Kuo IY, Ehrlich BE, Campbell SG, Giordano FJ, Bennett 

AM. Low-dose dasatinib rescues cardiac function in Noonan syndrome. JCI Insight. 

2016;1:e90220.  

22.  Yi J-S, Perla S, Huang Y, Mizuno K, Giordano FJ, Vinks AA, Bennett AM. Low-dose 

Dasatinib Ameliorates Hypertrophic Cardiomyopathy in Noonan Syndrome with Multiple 

Lentigines. Cardiovasc Drugs Ther. 2022;36:589–604.  

23.  Ellingwood SS, Cheng A. Biochemical and clinical aspects of glycogen storage diseases. J 

Endocrinol. 2018;238:R131–R141.  

24.  Meena NK, Raben N. Pompe Disease: New Developments in an Old Lysosomal Storage 

Disorder. Biomolecules. 2020;10:1339.  

25.  Bay LB, Denzler I, Durand C, Eiroa H, Frabasil J, Fainboim A, Maxit C, Schenone A, 

Spécola N. Infantile-onset Pompe disease: Diagnosis and management. Arch Argent Pediatr. 

2019;117:271–278.  

26.  Vanherpe P, Fieuws S, D’Hondt A, Bleyenheuft C, Demaerel P, De Bleecker J, Van den 

Bergh P, Baets J, Remiche G, Verhoeven K, Delstanche S, Toussaint M, Buyse B, Van Damme P, 



Depuydt CE, Claeys KG. Late-onset Pompe disease (LOPD) in Belgium: clinical characteristics and 

outcome measures. Orphanet J Rare Dis. 2020;15:83.  

27.  Klinge L, Straub V, Neudorf U, Schaper J, Bosbach T, Görlinger K, Wallot M, Richards S, 

Voit T. Safety and efficacy of recombinant acid alpha-glucosidase (rhGAA) in patients with 

classical infantile Pompe disease: results of a phase II clinical trial. Neuromuscul Disord. 

2005;15:24–31.  

28.  Nicolino M, Byrne B, Wraith JE, Leslie N, Mandel H, Freyer DR, Arnold GL, Pivnick EK, 

Ottinger CJ, Robinson PH, Loo J-CA, Smitka M, Jardine P, Tatò L, Chabrol B, McCandless S, 

Kimura S, Mehta L, Bali D, Skrinar A, Morgan C, Rangachari L, Corzo D, Kishnani PS. Clinical 

outcomes after long-term treatment with alglucosidase alfa in infants and children with advanced 

Pompe disease. Genet Med. 2009;11:210–219.  

29.  Kishnani PS, Corzo D, Nicolino M, Byrne B, Mandel H, Hwu WL, Leslie N, Levine J, 

Spencer C, McDonald M, Li J, Dumontier J, Halberthal M, Chien YH, Hopkin R, Vijayaraghavan 

S, Gruskin D, Bartholomew D, van der Ploeg A, Clancy JP, Parini R, Morin G, Beck M, De la 

Gastine GS, Jokic M, Thurberg B, Richards S, Bali D, Davison M, Worden MA, Chen YT, Wraith 

JE. Recombinant human acid [alpha]-glucosidase: major clinical benefits in infantile-onset Pompe 

disease. Neurology. 2007;68:99–109.  

30.  Chien Y-H, Lee N-C, Chen C-A, Tsai F-J, Tsai W-H, Shieh J-Y, Huang H-J, Hsu W-C, Tsai 

T-H, Hwu W-L. Long-term prognosis of patients with infantile-onset Pompe disease diagnosed by 

newborn screening and treated since birth. J Pediatr. 2015;166:985-991.e1–2.  

31.  Parenti G, Andria G, Ballabio A. Lysosomal storage diseases: from pathophysiology to 

therapy. Annu Rev Med. 2015;66:471–486.  

32.  Smith BK, Collins SW, Conlon TJ, Mah CS, Lawson LA, Martin AD, Fuller DD, Cleaver 

BD, Clément N, Phillips D, Islam S, Dobjia N, Byrne BJ. Phase I/II trial of adeno-associated virus-

mediated alpha-glucosidase gene therapy to the diaphragm for chronic respiratory failure in Pompe 

disease: initial safety and ventilatory outcomes. Hum Gene Ther. 2013;24:630–640.  

33.  Borie-Guichot M, Tran ML, Génisson Y, Ballereau S, Dehoux C. Pharmacological 

Chaperone Therapy for Pompe Disease. Molecules. 2021;26:7223.  

34.  Douillard-Guilloux G, Raben N, Takikita S, Ferry A, Vignaud A, Guillet-Deniau I, Favier 

M, Thurberg BL, Roach PJ, Caillaud C, Richard E. Restoration of muscle functionality by genetic 

suppression of glycogen synthesis in a murine model of Pompe disease. Hum Mol Genet. 

2010;19:684–696.  

35.  Manso AM, Hashem SI, Nelson BC, Gault E, Soto-Hermida A, Villarruel E, Brambatti M, 

Bogomolovas J, Bushway PJ, Chen C, Battiprolu P, Keravala A, Schwartz JD, Shah G, Gu Y, 

Dalton ND, Hammond K, Peterson K, Saftig P, Adler ED. Systemic AAV9.LAMP2B injection 

reverses metabolic and physiologic multiorgan dysfunction in a murine model of Danon disease. Sci 

Transl Med [Internet]. 2020 [cited 2023 May 22];12:eaax1744. Available from: 

https://www.science.org/doi/10.1126/scitranslmed.aax1744 

36.  Delatycki MB, Williamson R, Forrest SM. Friedreich ataxia: an overview. J Med Genet. 

2000;37:1–8.  

37.  Castaldo I, Pinelli M, Monticelli A, Acquaviva F, Giacchetti M, Filla A, Sacchetti S, Keller 

S, Avvedimento VE, Chiariotti L, Cocozza S. DNA methylation in intron 1 of the frataxin gene is 

related to GAA repeat length and age of onset in Friedreich ataxia patients. J Med Genet. 

2008;45:808–812.  

38.  Babcock M, de Silva D, Oaks R, Davis-Kaplan S, Jiralerspong S, Montermini L, Pandolfo 

M, Kaplan J. Regulation of mitochondrial iron accumulation by Yfh1p, a putative homolog of 

frataxin. Science. 1997;276:1709–1712.  

39.  Monda E, Lioncino M, Rubino M, Passantino S, Verrillo F, Caiazza M, Cirillo A, Fusco A, 

Di Fraia F, Fimiani F, Amodio F, Borrelli N, Mauriello A, Natale F, Scarano G, Girolami F, Favilli 

S, Limongelli G. Diagnosis and Management of Cardiovascular Involvement in Friedreich Ataxia. 

Heart Fail Clin. 2022;18:31–37.  



40.  Ramirez RL, Qian J, Santambrogio P, Levi S, Koeppen AH. Relation of cytosolic iron 

excess to cardiomyopathy of Friedreich’s ataxia. Am J Cardiol. 2012;110:1820–1827.  

41.  Meier T, Buyse G. Idebenone: an emerging therapy for Friedreich ataxia. J Neurol. 

2009;256 Suppl 1:25–30.  

42.  Rustin P, von Kleist-Retzow JC, Chantrel-Groussard K, Sidi D, Munnich A, Rötig A. Effect 

of idebenone on cardiomyopathy in Friedreich’s ataxia: a preliminary study. Lancet. 1999;354:477–

479.  

43.  Cook A, Boesch S, Heck S, Brunt E, Klockgether T, Schöls L, Schulz A, Giunti P. Patient-

reported outcomes in Friedreich’s ataxia after withdrawal from idebenone. Acta Neurol Scand. 

2019;139:533–539.  

44.  Di Prospero NA, Baker A, Jeffries N, Fischbeck KH. Neurological effects of high-dose 

idebenone in patients with Friedreich’s ataxia: a randomised, placebo-controlled trial. Lancet 

Neurol. 2007;6:878–886.  

45.  Lynch DR, Perlman SL, Meier T. A phase 3, double-blind, placebo-controlled trial of 

idebenone in friedreich ataxia. Arch Neurol. 2010;67:941–947.  

46.  Lagedrost SJ, Sutton MSJ, Cohen MS, Satou GM, Kaufman BD, Perlman SL, Rummey C, 

Meier T, Lynch DR. Idebenone in Friedreich ataxia cardiomyopathy-results from a 6-month phase 

III study (IONIA). Am Heart J. 2011;161:639-645.e1.  

47.  Cuadrado A, Rojo AI, Wells G, Hayes JD, Cousin SP, Rumsey WL, Attucks OC, Franklin 

S, Levonen A-L, Kensler TW, Dinkova-Kostova AT. Therapeutic targeting of the NRF2 and 

KEAP1 partnership in chronic diseases. Nat Rev Drug Discov [Internet]. 2019 [cited 2023 May 

22];18:295–317. Available from: https://www.nature.com/articles/s41573-018-0008-x 

48.  D’Oria V, Petrini S, Travaglini L, Priori C, Piermarini E, Petrillo S, Carletti B, Bertini E, 

Piemonte F. Frataxin deficiency leads to reduced expression and impaired translocation of NF-E2-

related factor (Nrf2) in cultured motor neurons. Int J Mol Sci. 2013;14:7853–7865.  

49.  Lynch DR, Chin MP, Delatycki MB, Subramony SH, Corti M, Hoyle JC, Boesch S, 

Nachbauer W, Mariotti C, Mathews KD, Giunti P, Wilmot G, Zesiewicz T, Perlman S, Goldsberry 

A, O’Grady M, Meyer CJ. Safety and Efficacy of Omaveloxolone in Friedreich Ataxia ( MOXIE 

Study). Annals of Neurology [Internet]. 2021 [cited 2023 May 22];89:212–225. Available from: 

https://onlinelibrary.wiley.com/doi/10.1002/ana.25934 

50.  Perdomini M, Belbellaa B, Monassier L, Reutenauer L, Messaddeq N, Cartier N, Crystal 

RG, Aubourg P, Puccio H. Prevention and reversal of severe mitochondrial cardiomyopathy by 

gene therapy in a mouse model of Friedreich’s ataxia. Nat Med. 2014;20:542–547.  

51.  Tanguy Y, Biferi MG, Besse A, Astord S, Cohen-Tannoudji M, Marais T, Barkats M. 

Systemic AAVrh10 provides higher transgene expression than AAV9 in the brain and the spinal 

cord of neonatal mice. Front Mol Neurosci. 2015;8:36.  

52.  Belbellaa B, Reutenauer L, Messaddeq N, Monassier L, Puccio H. High Levels of Frataxin 

Overexpression Lead to Mitochondrial and Cardiac Toxicity in Mouse Models. Mol Ther Methods 

Clin Dev. 2020;19:120–138.  

53.  Spudich JA. Three perspectives on the molecular basis of hypercontractility caused by 

hypertrophic cardiomyopathy mutations. Pflugers Arch. 2019;471:701–717.  

54.  Hooijman P, Stewart MA, Cooke R. A new state of cardiac myosin with very slow ATP 

turnover: a potential cardioprotective mechanism in the heart. Biophys J. 2011;100:1969–1976.  

55.  Toepfer CN, Wakimoto H, Garfinkel AC, McDonough B, Liao D, Jiang J, Tai AC, Gorham 

JM, Lunde IG, Lun M, Lynch TL, McNamara JW, Sadayappan S, Redwood CS, Watkins HC, 

Seidman JG, Seidman CE. Hypertrophic cardiomyopathy mutations in MYBPC3 dysregulate 

myosin. Sci Transl Med. 2019;11:eaat1199.  

56.  Iavarone M, Monda E, Vritz O, Calila Albert D, Rubino M, Verrillo F, Caiazza M, Lioncino 

M, Amodio F, Guarnaccia N, Gragnano F, Lombardi R, Esposito G, Bossone E, Calabrò P, Losi 

MA, Limongelli G. Medical treatment of patients with hypertrophic cardiomyopathy: An overview 

of current and emerging therapy. Arch Cardiovasc Dis. 2022;115:529–537.  



57.  Monda E, Lioncino M, Palmiero G, Franco F, Rubino M, Cirillo A, Verrillo F, Fusco A, 

Caiazza M, Mazzella M, Moscarella E, Dongiglio F, Sepe J, Pacileo G, Calabrò P, Limongelli G. 

Bisoprolol for treatment of symptomatic patients with obstructive hypertrophic cardiomyopathy. 

The BASIC (bisoprolol AS therapy in hypertrophic cardiomyopathy) study. Int J Cardiol. 

2022;354:22–28.  

58.  Green EM, Wakimoto H, Anderson RL, Evanchik MJ, Gorham JM, Harrison BC, Henze M, 

Kawas R, Oslob JD, Rodriguez HM, Song Y, Wan W, Leinwand LA, Spudich JA, McDowell RS, 

Seidman JG, Seidman CE. A small-molecule inhibitor of sarcomere contractility suppresses 

hypertrophic cardiomyopathy in mice. Science. 2016;351:617–621.  

59.  Awinda PO, Bishaw Y, Watanabe M, Guglin MA, Campbell KS, Tanner BCW. Effects of 

mavacamten on Ca2+ sensitivity of contraction as sarcomere length varied in human myocardium. 

Br J Pharmacol. 2020;177:5609–5621.  

60.  Heitner SB, Jacoby D, Lester SJ, Owens A, Wang A, Zhang D, Lambing J, Lee J, Semigran 

M, Sehnert AJ. Mavacamten Treatment for Obstructive Hypertrophic Cardiomyopathy: A Clinical 

Trial. Ann Intern Med. 2019;170:741–748.  

61.  Ho CY, Olivotto I, Jacoby D, Lester SJ, Roe M, Wang A, Waldman CB, Zhang D, Sehnert 

AJ, Heitner SB. Study Design and Rationale of EXPLORER-HCM: Evaluation of Mavacamten in 

Adults With Symptomatic Obstructive Hypertrophic Cardiomyopathy. Circ Heart Fail. 

2020;13:e006853.  

62.  Olivotto I, Oreziak A, Barriales-Villa R, Abraham TP, Masri A, Garcia-Pavia P, Saberi S, 

Lakdawala NK, Wheeler MT, Owens A, Kubanek M, Wojakowski W, Jensen MK, Gimeno-Blanes 

J, Afshar K, Myers J, Hegde SM, Solomon SD, Sehnert AJ, Zhang D, Li W, Bhattacharya M, 

Edelberg JM, Waldman CB, Lester SJ, Wang A, Ho CY, Jacoby D, EXPLORER-HCM study 

investigators. Mavacamten for treatment of symptomatic obstructive hypertrophic cardiomyopathy 

(EXPLORER-HCM): a randomised, double-blind, placebo-controlled, phase 3 trial. Lancet. 

2020;396:759–769.  

63.  Desai MY, Owens A, Geske JB, Wolski K, Naidu SS, Smedira NG, Cremer PC, Schaff H, 

McErlean E, Sewell C, Li W, Sterling L, Lampl K, Edelberg JM, Sehnert AJ, Nissen SE. Myosin 

Inhibition in Patients With Obstructive Hypertrophic Cardiomyopathy Referred for 

Septal Reduction Therapy. J Am Coll Cardiol. 2022;80:95–108.  

64.  Liebregts M, Vriesendorp PA, Mahmoodi BK, Schinkel AFL, Michels M, ten Berg JM. A 

Systematic Review and Meta-Analysis of Long-Term Outcomes After Septal Reduction Therapy in 

Patients With Hypertrophic Cardiomyopathy. JACC Heart Fail. 2015;3:896–905.  

65.  Chuang C, Collibee S, Ashcraft L, Wang W, Vander Wal M, Wang X, Hwee DT, Wu Y, 

Wang J, Chin ER, Cremin P, Zamora J, Hartman J, Schaletzky J, Wehri E, Robertson LA, Malik FI, 

Morgan BP. Discovery of Aficamten (CK-274), a Next-Generation Cardiac Myosin Inhibitor for the 

Treatment of Hypertrophic Cardiomyopathy. J Med Chem. 2021;64:14142–14152.  

66.  Maron MS, Masri A, Choudhury L, Olivotto I, Saberi S, Wang A, Garcia-Pavia P, 

Lakdawala NK, Nagueh SF, Rader F, Tower-Rader A, Turer AT, Coats C, Fifer MA, Owens A, 

Solomon SD, Watkins H, Barriales-Villa R, Kramer CM, Wong TC, Paige SL, Heitner SB, Kupfer 

S, Malik FI, Meng L, Wohltman A, Abraham T, REDWOOD-HCM Steering Committee and 

Investigators. Phase 2 Study of Aficamten in Patients With Obstructive 

Hypertrophic Cardiomyopathy. J Am Coll Cardiol. 2023;81:34–45.  

67.  Ho CY, Day SM, Axelsson A, Russell MW, Zahka K, Lever HM, Pereira AC, Colan SD, 

Margossian R, Murphy AM, Canter C, Bach RG, Wheeler MT, Rossano JW, Owens AT, 

Bundgaard H, Benson L, Mestroni L, Taylor MRG, Patel AR, Wilmot I, Thrush P, Vargas JD, 

Soslow JH, Becker JR, Seidman CE, Lakdawala NK, Cirino AL, VANISH Investigators, Burns 

KM, McMurray JJV, MacRae CA, Solomon SD, Orav EJ, Braunwald E. Valsartan in early-stage 

hypertrophic cardiomyopathy: a randomized phase 2 trial. Nat Med. 2021;27:1818–1824.  

68.  Chai AC, Cui M, Chemello F, Li H, Chen K, Tan W, Atmanli A, McAnally JR, Zhang Y, 

Xu L, Liu N, Bassel-Duby R, Olson EN. Base editing correction of hypertrophic cardiomyopathy in 



human cardiomyocytes and humanized mice. Nat Med [Internet]. 2023 [cited 2023 May 

23];29:401–411. Available from: https://www.nature.com/articles/s41591-022-02176-5 

69.  Reichart D, Newby GA, Wakimoto H, Lun M, Gorham JM, Curran JJ, Raguram A, 

DeLaughter DM, Conner DA, Marsiglia JDC, Kohli S, Chmatal L, Page DC, Zabaleta N, 

Vandenberghe L, Liu DR, Seidman JG, Seidman C. Efficient in vivo genome editing prevents 

hypertrophic cardiomyopathy in mice. Nat Med [Internet]. 2023 [cited 2023 May 23];29:412–421. 

Available from: https://www.nature.com/articles/s41591-022-02190-7 

70.  Rubin J, Maurer MS. Cardiac Amyloidosis: Overlooked, Underappreciated, and Treatable. 

Annu Rev Med. 2020;71:203–219.  

71.  Lioncino M, Monda E, Palmiero G, Caiazza M, Vetrano E, Rubino M, Esposito A, Salerno 

G, Dongiglio F, D’Onofrio B, Verrillo F, Cerciello G, Manganelli F, Pacileo G, Bossone E, Golino 

P, Calabrò P, Limongelli G. Cardiovascular Involvement in Transthyretin Cardiac Amyloidosis. 

Heart Fail Clin. 2022;18:73–87.  

72.  Garcia-Pavia P, Rapezzi C, Adler Y, Arad M, Basso C, Brucato A, Burazor I, Caforio ALP, 

Damy T, Eriksson U, Fontana M, Gillmore JD, Gonzalez-Lopez E, Grogan M, Heymans S, Imazio 

M, Kindermann I, Kristen AV, Maurer MS, Merlini G, Pantazis A, Pankuweit S, Rigopoulos AG, 

Linhart A. Diagnosis and treatment of cardiac amyloidosis: a position statement of the ESC 

Working Group on Myocardial and Pericardial Diseases. Eur Heart J. 2021;42:1554–1568.  

73.  Griffin JM, Rosenthal JL, Grodin JL, Maurer MS, Grogan M, Cheng RK. ATTR 

Amyloidosis: Current and Emerging Management Strategies: JACC: CardioOncology State-of-the-

Art Review. JACC CardioOncol. 2021;3:488–505.  

74.  Aimo A, Castiglione V, Rapezzi C, Franzini M, Panichella G, Vergaro G, Gillmore J, 

Fontana M, Passino C, Emdin M. RNA-targeting and gene editing therapies for transthyretin 

amyloidosis. Nat Rev Cardiol. 2022;19:655–667.  

75.  Ericzon B-G, Wilczek HE, Larsson M, Wijayatunga P, Stangou A, Pena JR, Furtado E, 

Barroso E, Daniel J, Samuel D, Adam R, Karam V, Poterucha J, Lewis D, Ferraz-Neto B-H, Cruz 

MW, Munar-Ques M, Fabregat J, Ikeda S-I, Ando Y, Heaton N, Otto G, Suhr O. Liver 

Transplantation for Hereditary Transthyretin Amyloidosis: After 20 Years Still the Best Therapeutic 

Alternative? Transplantation. 2015;99:1847–1854.  

76.  Benson MD, Waddington-Cruz M, Berk JL, Polydefkis M, Dyck PJ, Wang AK, Planté-

Bordeneuve V, Barroso FA, Merlini G, Obici L, Scheinberg M, Brannagan TH, Litchy WJ, Whelan 

C, Drachman BM, Adams D, Heitner SB, Conceição I, Schmidt HH, Vita G, Campistol JM, Gamez 

J, Gorevic PD, Gane E, Shah AM, Solomon SD, Monia BP, Hughes SG, Kwoh TJ, McEvoy BW, 

Jung SW, Baker BF, Ackermann EJ, Gertz MA, Coelho T. Inotersen Treatment for Patients with 

Hereditary Transthyretin Amyloidosis. N Engl J Med. 2018;379:22–31.  

77.  Whitehead KA, Langer R, Anderson DG. Knocking down barriers: advances in siRNA 

delivery. Nat Rev Drug Discov. 2009;8:129–138.  

78.  Solomon SD, Adams D, Kristen A, Grogan M, González-Duarte A, Maurer MS, Merlini G, 

Damy T, Slama MS, Brannagan TH, Dispenzieri A, Berk JL, Shah AM, Garg P, Vaishnaw A, 

Karsten V, Chen J, Gollob J, Vest J, Suhr O. Effects of Patisiran, an RNA Interference Therapeutic, 

on Cardiac Parameters in Patients With Hereditary Transthyretin-Mediated Amyloidosis. 

Circulation. 2019;139:431–443.  

79.  Adams D, Tournev IL, Taylor MS, Coelho T, Planté-Bordeneuve V, Berk JL, González-

Duarte A, Gillmore JD, Low S-C, Sekijima Y, Obici L, Chen C, Badri P, Arum SM, Vest J, 

Polydefkis M, HELIOS-A Collaborators. Efficacy and safety of vutrisiran for patients with 

hereditary transthyretin-mediated amyloidosis with polyneuropathy: a randomized clinical trial. 

Amyloid. 2022;1–9.  

80.  Gillmore JD, Gane E, Taubel J, Kao J, Fontana M, Maitland ML, Seitzer J, O’Connell D, 

Walsh KR, Wood K, Phillips J, Xu Y, Amaral A, Boyd AP, Cehelsky JE, McKee MD, Schiermeier 

A, Harari O, Murphy A, Kyratsous CA, Zambrowicz B, Soltys R, Gutstein DE, Leonard J, Sepp-

Lorenzino L, Lebwohl D. CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis. N 



Engl J Med. 2021;385:493–502.  

81.  Benbrahim M, Norman K, Sanchorawala V, Siddiqi OK, Hughes D. A Review of Novel 

Agents and Clinical Considerations in Patients With ATTR Cardiac Amyloidosis. J Cardiovasc 

Pharmacol. 2021;77:544–548.  

82.  Maurer MS, Schwartz JH, Gundapaneni B, Elliott PM, Merlini G, Waddington-Cruz M, 

Kristen AV, Grogan M, Witteles R, Damy T, Drachman BM, Shah SJ, Hanna M, Judge DP, 

Barsdorf AI, Huber P, Patterson TA, Riley S, Schumacher J, Stewart M, Sultan MB, Rapezzi C, 

ATTR-ACT Study Investigators. Tafamidis Treatment for Patients with Transthyretin Amyloid 

Cardiomyopathy. N Engl J Med. 2018;379:1007–1016.  

83.  Damy T, Garcia-Pavia P, Hanna M, Judge DP, Merlini G, Gundapaneni B, Patterson TA, 

Riley S, Schwartz JH, Sultan MB, Witteles R. Efficacy and safety of tafamidis doses in the 

Tafamidis in Transthyretin Cardiomyopathy Clinical Trial (ATTR-ACT) and long-term extension 

study. Eur J Heart Fail. 2021;23:277–285.  

84.  Cantone A, Sanguettoli F, Dal Passo B, Serenelli M, Rapezzi C. The treatment of 

amyloidosis is being refined. Eur Heart J Suppl. 2022;24:I131–I138.  

85.  Michalon A, Hagenbuch A, Huy C, Varela E, Combaluzier B, Damy T, Suhr OB, Saraiva 

MJ, Hock C, Nitsch RM, Jan Grimm  null. A human antibody selective for transthyretin amyloid 

removes cardiac amyloid through phagocytic immune cells. Nat Commun. 2021;12:3142.  

86.  Garcia-Pavia P, Aus Dem Siepen F, Donal E, Lairez O, Van Der Meer P, Kristen AV, 

Mercuri MF, Michalon A, Frost RJA, Grimm J, Nitsch RM, Hock C, Kahr PC, Damy T. Phase 1 

Trial of Antibody NI006 for Depletion of Cardiac Transthyretin Amyloid. N Engl J Med [Internet]. 

2023 [cited 2023 May 23];NEJMoa2303765. Available from: 

http://www.nejm.org/doi/10.1056/NEJMoa2303765 

87.  Germain DP. Fabry disease. Orphanet J Rare Dis. 2010;5:30.  

88.  Monda E, Limongelli G. A Roadmap to Predict Adverse Outcome in Fabry Disease. J Am 

Coll Cardiol. 2022;80:995–997.  

89.  Rubino M, Monda E, Lioncino M, Caiazza M, Palmiero G, Dongiglio F, Fusco A, Cirillo A, 

Cesaro A, Capodicasa L, Mazzella M, Chiosi F, Orabona P, Bossone E, Calabrò P, Pisani A, 

Germain DP, Biagini E, Pieroni M, Limongelli G. Diagnosis and Management of Cardiovascular 

Involvement in Fabry Disease. Heart Fail Clin. 2022;18:39–49.  

90.  Eng CM, Guffon N, Wilcox WR, Germain DP, Lee P, Waldek S, Caplan L, Linthorst GE, 

Desnick RJ, International Collaborative Fabry Disease Study Group. Safety and efficacy of 

recombinant human alpha-galactosidase A replacement therapy in Fabry’s disease. N Engl J Med. 

2001;345:9–16.  

91.  Kampmann C, Perrin A, Beck M. Effectiveness of agalsidase alfa enzyme replacement in 

Fabry disease: cardiac outcomes after 10 years’ treatment. Orphanet J Rare Dis. 2015;10:125.  

92.  Beck M, Hughes D, Kampmann C, Larroque S, Mehta A, Pintos-Morell G, Ramaswami U, 

West M, Wijatyk A, Giugliani R, Fabry Outcome Survey Study Group. Long-term effectiveness of 

agalsidase alfa enzyme replacement in Fabry disease: A Fabry Outcome Survey analysis. Mol Genet 

Metab Rep. 2015;3:21–27.  

93.  Germain DP, Waldek S, Banikazemi M, Bushinsky DA, Charrow J, Desnick RJ, Lee P, 

Loew T, Vedder AC, Abichandani R, Wilcox WR, Guffon N. Sustained, long-term renal 

stabilization after 54 months of agalsidase beta therapy in patients with Fabry disease. J Am Soc 

Nephrol. 2007;18:1547–1557.  

94.  Weidemann F, Niemann M, Störk S, Breunig F, Beer M, Sommer C, Herrmann S, Ertl G, 

Wanner C. Long-term outcome of enzyme-replacement therapy in advanced Fabry disease: 

evidence for disease progression towards serious complications. J Intern Med. 2013;274:331–341.  

95.  Germain DP, Weidemann F, Abiose A, Patel MR, Cizmarik M, Cole JA, Beitner-Johnson D, 

Benistan K, Cabrera G, Charrow J, Kantola I, Linhart A, Nicholls K, Niemann M, Scott CR, Sims 

K, Waldek S, Warnock DG, Strotmann J, Fabry Registry. Analysis of left ventricular mass in 

untreated men and in men treated with agalsidase-β: data from the Fabry Registry. Genet Med. 



2013;15:958–965.  

96.  Schiffmann R, Goker-Alpan O, Holida M, Giraldo P, Barisoni L, Colvin RB, Jennette CJ, 

Maegawa G, Boyadjiev SA, Gonzalez D, Nicholls K, Tuffaha A, Atta MG, Rup B, Charney MR, 

Paz A, Szlaifer M, Alon S, Brill-Almon E, Chertkoff R, Hughes D. Pegunigalsidase alfa, a novel 

PEGylated enzyme replacement therapy for Fabry disease, provides sustained plasma 

concentrations and favorable pharmacodynamics: A 1-year Phase 1/2 clinical trial. J Inherit Metab 

Dis. 2019;42:534–544.  

97.  Parenti G, Andria G, Valenzano KJ. Pharmacological Chaperone Therapy: Preclinical 

Development, Clinical Translation, and Prospects for the Treatment of Lysosomal Storage 

Disorders. Mol Ther. 2015;23:1138–1148.  

98.  McCafferty EH, Scott LJ. Migalastat: A Review in Fabry Disease. Drugs. 2019;79:543–554.  

99.  Germain DP, Hughes DA, Nicholls K, Bichet DG, Giugliani R, Wilcox WR, Feliciani C, 

Shankar SP, Ezgu F, Amartino H, Bratkovic D, Feldt-Rasmussen U, Nedd K, Sharaf El Din U, 

Lourenco CM, Banikazemi M, Charrow J, Dasouki M, Finegold D, Giraldo P, Goker-Alpan O, 

Longo N, Scott CR, Torra R, Tuffaha A, Jovanovic A, Waldek S, Packman S, Ludington E, Viereck 

C, Kirk J, Yu J, Benjamin ER, Johnson F, Lockhart DJ, Skuban N, Castelli J, Barth J, Barlow C, 

Schiffmann R. Treatment of Fabry’s Disease with the Pharmacologic Chaperone Migalastat. N Engl 

J Med. 2016;375:545–555.  

100.  Hughes DA, Nicholls K, Shankar SP, Sunder-Plassmann G, Koeller D, Nedd K, Vockley G, 

Hamazaki T, Lachmann R, Ohashi T, Olivotto I, Sakai N, Deegan P, Dimmock D, Eyskens F, 

Germain DP, Goker-Alpan O, Hachulla E, Jovanovic A, Lourenco CM, Narita I, Thomas M, 

Wilcox WR, Bichet DG, Schiffmann R, Ludington E, Viereck C, Kirk J, Yu J, Johnson F, Boudes 

P, Benjamin ER, Lockhart DJ, Barlow C, Skuban N, Castelli JP, Barth J, Feldt-Rasmussen U. Oral 

pharmacological chaperone migalastat compared with enzyme replacement therapy in Fabry 

disease: 18-month results from the randomised phase III ATTRACT study. J Med Genet. 

2017;54:288–296.  



Table 1. Summary of the studies investigating the effects of Idebenone in patients with Friedreich Ataxia. 

Reference Patients n 

(age in years)* 

Treatmen

t duration 

Idebenone dose† Type Clinical endpoints Effects 

Rustin et al. 
42 

3 (11-21) 4–9 

months 

5 mg/kg daily OL Cardiac: SWT, 

PWT, LVMI 

↓ SWT 31-36 %, ↓ PWT 8–20 %,  

↓ LVMI 21-32 % 

Di Prospero 

et a.44 

48 (9–17) 6 months Randomization to receive placebo 

or one of three doses of 

idebenone. The 

total dose of idebenone was 

stratified by body weight (≤45 kg/ 

>45 kg): 

L (180/360 mg/d),  

M (450/900 mg/d), 

H (1350/2250 mg/d)‡ 

RCT Neurological: 

ICARS, FARS, 

ADL 

Biomarker: urinary 

8OH2’dGc 

 No significant difference in ICARS, FARS, 

or ADL total scores, but dose-related 

response. 

No difference in 8OH2´dG concentrations. 

Lynch et al45 70 (8-18) 24 weeks Randomization into 1 of 3 

treatment arms: 450 or 900 mg of 

idebenone per day (in those with a 

body weight ≤  or > 45 Kg, 

respectively; 

n=22); 1350 or 2250 mg of 

idebenone per day (n=24); 

or placebo (n=24). 

RCT Neurological: 

ICARS (primary 

endpoint) FARS, 

and ADL 

(secondary efficacy 

variables) 

For both endpoints, the difference 

between the idebenone and placebo groups 

was not statistically 

different. 

Lagedrost et 

al46 

70 (<18) 6 months Randomization: idebenone 

(450/900 mg/d or 1,350/2,250 

mg/d) or placebo 

RCT ECGs were 

assessed at each 

visit, and 

echocardiograms, 

at baseline and 

week 24 

LVMI, PWT, LVEF, and ECG parameters 

were not significantly improved by 

treatment with 

idebenone 

Cook et al43 

 

 

29 patients (16 

idebenone 

group, 13 

placebo group) 

2 months Randomization to placebo or 

idebenone continuation (patients 

who had already received 

continuous high-dose 

RCT Patient assessment 

of treatment 

assignment 

No significant differences between the 

idebenone and placebo groups on 

assessment of treatment assignment or early 

study withdrawal. A small but significant 

difference in ataxia rating scale scores  



idebenone (1350mg/day if ≤45kg 

or 2250mg/day if >45kg) for at 

least 12 months in 

the open-label MICONOS 

Extension Study (MES) 

for two-month treatment cycles 

detected between treatment groups when 

considering ambulatory patients only. 

 

Abbreviations: ADL, activities of daily living scale (Note: a decrease in ADL score indicates improvement); ECG, electrocardiograms; FARS, 

Friedreich Ataxia Rating Scale (Note: a decrease in FARS score indicates improvement); ICARS, International Cooperative Ataxia Rating Scale 

(Note: a decrease in ICARS score indicates improvement); LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; OL, open-

label trial; pt(s), patient(s); PWT, (left ventricular) posterior wall thickness; RCT, randomized, placebo-controlled trial; SWT, (interventricular) septal 

wall thickness; 8OH2’dG, 8-hydroxy-2-deoxyguanosine normalized for creatinine; ↑, Increase; ↓, Decrease.  
*Age at baseline of study (rounded numbers). 
†Where available, max. daily dose provided in brackets. 
‡Daily dose adapted to body weight. Low-dose group (L):180 mg/d for pts ≤ 45 kg; 360 mg/d for patients > 45 kg; mid-dose group (M): 450 mg/d for 

pts ≤ 45 kg, 900 mg/d for pts > 45 kg; high-dose group (H): 1350 mg/d for pts ≤ 45 kg; 2250 mg/d for pts > 45 kg.



Table 2. Main clinical trials of cardiac myosin inhibitors in hypertrophic cardiomyopathy.  

 

Trials 

(Reference or 

NCT Number) 

Drug Country Phase Population Background 

Therapy 

Design Dose Duration Outcomes 

PIONEER-

HCM60 

Mavacamten International II oHCM, 

NYHA II-III 

BB Open label,       

Non 

randomized 

2 mg - 

20 mg 

12 weeks 

treatment 

↓ mean postexercise 

LVOT gradient                

↑ pVO2                             

↓ Dyspnea score  

EXPLORER-

HCM62 

Mavacamten United States III oHCM, 

NYHA II-III 

BB or CCB Randomized, 

double-blind, 

placebo-

controlled  

2.5 mg 

- 15 mg 

30 weeks 

treatment 

↓ mean postexercise 

LVOT gradient                

↑ KCCQ-CSS, 

↑ pVO2                   

↓NYHA class           

VALOR-HCM63 Mavacamten United States III oHCM, 

NYHA III-IV 

or NYHA II 

with syncope 

or near 

syncope. 

BB, CCB and 

disopyramide 

taken 

together or as 

monotherapy   

Randomized, 

double-blind, 

placebo-

controlled  

2.5 mg 

- 15 mg 

16 weeks 

treatment 

↓ guideline eligible 

patients for SRT              

↓ mean postexercise 

LVOT gradient                

↑ KCCQ-CSS                     

↓ NT-proBNP 



REDWOOD-

HCM66 

Aficamten International II oHCM, 

NYHA II-III 

BB, CCB Randomized, 

double-blind, 

placebo-

controlled  

5 mg - 

30 mg 

10 weeks 

treatment 

↓ mean postexercise 

LVOT gradient                

↓ NT-proBNP 

SEQUOIA-

HCM 

(NCT05186818) 

Aficamten International III oHCM, 

NYHA II-III 

BB, CCB and 

disopyramide 

Randomized, 

double-blind, 

placebo-

controlled  

5 mg - 

20 mg 

24 weeks 

treatment 

pVO2                    

KCCQ-CSS          

NYHA class             

mean postexercise 

LVOT gradient         

(Ongoing)             

 

 

Abbreviations: CMIs, Cardiac Myosin Inhibitors; oHCM, obstructive Hypertrophic Cardiomyopathy; NCT, National Clinical Trial Identifier 

Number; NYHA, New York Heart Association; BB, Beta Blockers; CCB, Calcium Channel Blockers; LVOT, Left Ventricular Outflow Tract; 

pVO2, Peak oxygen uptake; KCCQ-CSS, Clinical Summary Score of the Kansas City Cardiomyopathy Questionnaire; NT-proBNP, N-terminal pro-

B-type natriuretic peptide.   



Table 3. Main clinical trials of disease-modifying therapies for ATTR amyloidosis. 

 

Trials 

(Reference or 

NCT Number) 

Drug Mechanism Study design Population Results 

ATTR-ACT82 Tafamidis Benzoxazole derivative of 

NSAIDs, binds to T4-binding 

site on TTR. 

Phase III, 

multicentre, 

randomized, double 

blind, placebo 

controlled. 

Patients with transthyretin 

amyloid cardiomyopathy 

(ATTRwt or ATTRv). 

 

Reduction of all-cause mortality 

and cardiovascular-related 

hospitalizations.  

Reduction of the decline in 

functional capacity (6-minute 

walking test) and the decline in 

quality of life (KCCQ-CSS). 

NEURO-TTR76 Inotersen 2’-O-methoxyethyl-modified 

phosphonothioate antisense 

ASO, binds to target mRNA in 

liver and initiates mRNA 

degradation. 

Phase III, 

multicentre, 

randomized, double-

blind, placebo 

controlled. 

Patients with stage 1-2 

AATRv-polyneuropathy. 

Improvement in the course of 

neuropathy and QOL. 

APOLLO78 Patisiran siRNA, target the 3’ 

untranslated region of TTR 

mRNA in the liver to form the 

RNA-induced silencing 

complex, initiating mRNA 

degradation. 

Phase III, 

multicentre, 

randomized, double-

blind, placebo 

controlled. 

Patients with ATTRv 

amyloidosis with a 

baseline left ventricular 

wall thickness ≥13 mm 

and no history of 

hypertension or aortic 

valve disease. 

Reduction of mean left ventricular 

wall thickness, global longitudinal 

strain, N-terminal prohormone of 

brain natriuretic peptide, and 

adverse cardiac outcomes. 

APOLLO-B 

(NCT03997383) 

Patisiran siRNA, target the 3’ 

untranslated region of TTR 

mRNA in the liver to form the 

RNA-induced silencing 

complex, initiating mRNA 

degradation. 

Phase III, 

multicentre, 

randomized, double-

blind, placebo-

controlled. 

Patients with transthyretin 

amyloid cardiomyopathy. 

Improvement in 6 -minute walking 

test and in KCCQ-CSS. 

 

 



Abbreviations: ASO, antisense oligonucleotide; KCCQ-CSS, Clinical Summary Score of the Kansas City Cardiomyopathy Questionnaire; NCT, 

National Clinical Trial Identifier Number; NSAIDs, non-steroidal anti-inflammatory drugs; TTR, transthyretin.



Figure legends 

Figure 1. Diagnostic work-up and etiology of pediatric and adult patients with hypertrophic heart 

disease. Patients with hypertrophic heart disease should undergo first-line evaluation. Subsequently, 

the second-line investigations should be tailored to the clinical suspicion to identify the underlying 

etiology. Abbreviations: CMR, cardiac magnetic resonance; ECG, electrocardiogram; Echo, 

echocardiography.  

Figure 2. Etiology, pathophysiology, and novel therapies for children with hypertrophic heart 

disease. The figure reports the pathophysiology and the disease-modifying therapies for treating 

children with hypertrophic heart disease according to the underlying etiology. Abbreviations: HCM, 

hypertrophic cardiomyopathy; LVH, left ventricular hypertrophy; MEK1, mitogen-activated protein 

kinase kinase; NRF2, NF-E2 p45-related factor 2; NS, Noonan syndrome; NSML, Noonan 

syndrome with multiple lentigines; PI3K-AKT-mTor, phosphatidylinositol 3-kinase-protein kinase 

B-mammalian target of rapamycin; RAS-MAPK, Ras-mitogen activated protein kinase. 

Figure 3. Etiology, pathophysiology, and novel therapies for adults with hypertrophic heart 

disease. The figure reports the pathophysiology and the disease-modifying therapies for treating 

adults with hypertrophic heart disease according to the underlying etiology. Abbreviations: Gb3, 

Globotriaosylceramide; HCM, hypertrophic cardiomyopathy; LysoGb3, Globotriaosylsphingosine 

LVH, left ventricular hypertrophy.  


