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Abstract
Hypertrophic cardiomyopathy (HCM), the most common inherited heart disease, is still orphan of a specific drug treatment. 
The erroneous consideration of HCM as a rare disease has hampered the design and conduct of large, randomized trials in 
the last 50 years, and most of the indications in the current guidelines are derived from small non-randomized studies, case 
series, or simply from the consensus of experts. Guideline-directed therapy of HCM includes non-selective drugs such as 
disopyramide, non-dihydropyridine calcium channel blockers, or β-adrenergic receptor blockers, mainly used in patients 
with symptomatic obstruction of the outflow tract. Following promising preclinical studies, several drugs acting on poten-
tial HCM-specific targets were tested in patients. Despite the huge efforts, none of these studies was able to change clinical 
practice for HCM patients, because tested drugs were proven to be scarcely effective or hardly tolerated in patients. However, 
novel compounds have been developed in recent years specifically for HCM, addressing myocardial hypercontractility and 
altered energetics in a direct manner, through allosteric inhibition of myosin. In this paper, we will critically review the use 
of different classes of drugs in HCM patients, starting from “old” established agents up to novel selective drugs that have 
been recently trialed in patients.
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Key Points 

Pharmacological therapy for hypertrophic cardiomyopa-
thy (HCM) patients, according to the latest guidelines, 
includes non-selective drugs such as β-blockers, cardiac-
selective calcium antagonists, and disopyramide, to be 
used in symptomatic patients with obstruction of the 
left ventricular outflow tract for their negative inotropic 
effects.

Current drugs are unable to address the pathophysiologi-
cal mechanisms of left ventricular dysfunction in HCM 
and are not, therefore, effective in preventing arrhyth-
mias or slowing down disease progression in HCM 
patients.

Novel allosteric inhibitors of myosin are being developed 
and clinically validated, specifically targeting HCM-
related patho-mechanisms, i.e., myocardial hypercontrac-
tility and altered energetics.

1 Introduction

Hypertrophic cardiomyopathy (HCM) is the commonest 
primitive inherited disease of the myocardium, with an 
autosomal dominant pattern of inheritance and a worldwide 
prevalence of approximately one in 500 adult subjects [1, 
2]. HCM can be caused by over 1400 different mutations in 
11 genes encoding for sarcomeric proteins [3], but 70% of 
mutations occur in the β-myosin heavy chain gene (MYH7) 
or in the myosin binding protein C gene (MYBPC3) [4]. 
HCM is defined by the presence of left ventricular (LV) 
hypertrophy (maximal thickness > 15 mm) in the absence 
of abnormal loading conditions. However, the clinical 
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expression of HCM is widely heterogeneous and encom-
passes several additional pathological features that are the 
result of the functional alterations mediated directly by the 
disease-causing mutation, combined with the secondary 
functional changes occurring as an adaptive response to the 
mutation in the affected myocardium. These pathological 
features include LV fibrosis (from microscopic intra-myo-
cardial fibrosis to massive scarring), abnormalities of myo-
cardial small vessels (microvascular remodeling and dys-
function), tissue disarray (abnormal alignment of myocytes 
and myofibrils), mitral valve anomalies (elongated anterior 
leaflet), and electrophysiological abnormalities (ventricular 
and supraventricular arrhythmias) [5]. The genetic hetero-
geneity of HCM is a major determinant of the large phe-
notypical variability among HCM patients [6]. Moreover, 
clinical presentation may vary even among members of the 
same family carrying the same mutation [7]. Thus, the clini-
cal management of HCM patients is challenging and often 
requires personalized approaches.

Since the first detailed description of the disease by Teare 
in 1958 [8], HCM has always been considered a rare condi-
tion with very limited therapeutic options to manage the risk 
of adverse disease progression and life-threatening ventricu-
lar arrhythmias. In the first case series of HCM patients with 
symptomatic obstruction of the LV outflow tract (LVOT) 
described by Morrow and Braunwald in 1959 [9], the disease 
was described as showing no conceivable pharmacological 
or surgical therapeutic options. Obstructive HCM (oHCM), 
associated with LVOT obstruction (LVOTO), is diagnosed 
when a pressure gradient equal to or exceeding 30 mmHg 
is measured in the LVOT using Doppler echocardiogra-
phy, either at rest or during exercise [1, 2]. About half of 
HCM patients develop LVOTO at some point during their 
life, and oHCM is often associated with heart failure symp-
toms (dyspnea, exercise intolerance), syncope, and angina 
[1, 2]. After its first description, the clinical and preclini-
cal research has shifted the perception of HCM from a rare 
malignant condition to a relatively common disease with 
an often stable course and favorable outcome, with a low 
mortality and morbidity when compared with other inher-
ited heart conditions [10]. Although several HCM patients 
may show a normal life expectancy, LVOTO, atrial fibrilla-
tion, or ventricular arrhythmias may significantly affect the 
outcome of individual patients [11]. The analysis of follow-
up data from the international SHaRe registry, comprising 
thousands of HCM patients from several referral centers, 
showed mortality rates that were slightly but significantly 
higher as compared with the general population, mainly 
driven by two classes of events: progression towards ter-
minal heart failure and lethal arrhythmias [11]. Although 
the preventive efforts of clinicians are often focused on 
young patients with overt disease, the complications more 

often occur between the fifth and the seventh decades of 
life. Interestingly, the “honeymoon period” of HCM, i.e., 
the time between the first diagnosis and the occurrence of 
the most severe complications, may be over 30 years long, 
giving clinicians the unique opportunity to actively prevent 
or delay the adverse progression of the disease, thanks to the 
use of disease-modifying drugs or interventions [11]. How-
ever, while acute complications are currently manageable 
with non-specific therapeutic approaches aimed at reducing 
symptoms and restoring quality of life, no currently available 
drugs or interventions have been proven to significantly slow 
down the progression of LV systolic or diastolic dysfunction, 
to prevent the development of cardiac fibrosis or to markedly 
decrease the risk of ventricular arrhythmias [12, 13]. HCM 
is still orphan of a specific drug treatment, in particular with 
regards to selective disease-modifying drugs. The erroneous 
consideration of HCM as a rare disease has hampered the 
design and conduct of large randomized trials in the last 50 
years and most of the indications in the current guidelines 
[1, 2] are derived from small non-randomized studies, case 
series, or simply from the consensus of experts [13]. Cur-
rent recommendations are indeed based on empirical data 
obtained using non-selective drugs such as disopyramide, 
non-dihydropyridine calcium channel blockers (CCBs), 
or β-adrenergic receptor blockers, mainly used in patients 
with symptomatic LVOTO. However, as detailed below, 
such drugs provide a complete relief from obstruction in a 
minority of patients, leaving most treated individuals with 
persistent LVOT gradients and remaining symptoms upon 
effort. In oHCM patients with gradient exceeding 50 mmHg, 
persisting even after maximal drug therapy, current guide-
lines [1, 2] recommend invasive septal reduction therapies 
with either surgical septal myectomy or catheter-based alco-
hol septal ablation. Such therapeutic options are linked with 
a variable surgical risk, which is rather low only in highly 
specialized centers of excellence and may be nearly inacces-
sible for a large part of the world’s population. Following 
promising preclinical studies, several drugs acting on poten-
tial HCM-specific targets were tested in HCM patients with 
or without obstruction [13]. Despite the huge efforts, the 
tested drugs were proven to be scarcely effective or hardly 
tolerated in patients [13]. However, novel compounds have 
been developed in recent years specifically for HCM [14], 
addressing myocardial hypercontractility and altered ener-
getics in a direct manner through allosteric inhibition of 
myosin, the main force-generating protein of the cardiac 
muscle [15]. In this paper, we will critically review the use 
of different classes of drugs in HCM patients, from “old” 
established agents to novel selective drugs that have been 
recently trialed in patients. Preclinical and clinical pharma-
cological studies conducted on HCM models and patients 
are summarized in Table 1.
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2  Non‑selective Drugs to Reduce Symptoms 
and Prevent Lethal Arrhythmias

In the following section, we will describe all the drugs that 
are being employed or trialed in HCM patients. Such drugs 
are defined as non-selective because they do not directly 
target the primary patho-mechanisms of HCM, that is, 
the abnormal function of the cardiac sarcomeres. On the 
contrary, non-selective drugs act on different downstream 
targets that are modified as a consequence of the hyper-
trophic response of the affected myocardium. Due to their 
non-selective nature, none of the following drugs have been 
specifically developed for HCM, some of them being “old” 
compounds developed and validated for use in different car-
diovascular conditions.

2.1  β‑Blockers

β-blockers are the most widely used drugs in HCM, with 
a particular predilection for non-vasodilating agents (e.g., 
atenolol, nadolol, bisoprolol and metoprolol) (Fig.  1). 
β-blockers represent the first-line therapy for the relief of 
LVOTO. The first study on the topic dates back to 1967, 
when Eugene Braunwald showed that propranolol reduced 
LVOTO gradient and associated symptoms [16]. In our 
center, nadolol, a non-selective β-blocker, represents the 
main therapy for patients with obstruction, since it is well 
tolerated and requires a single administration [13] per day. 
Furthermore, it exhibits a good antiarrhythmic profile, 
indeed it is also used in arrhythmic syndromes such as long 
QT syndrome (LQTS) and catecholaminergic polymorphic 
ventricular tachycardia (CPVT) [17]. In arrhythmogenic 
diseases such as CPVT, non-selective β-blockers have a 
markedly increased protective effect against arrhythmias 
as compared with selective agents such as bisoprolol [18]. 
When used to treat patients with LVOTO, β-blockers should 
be titrated focusing on symptoms to the maximally toler-
ated dose [1, 2]. In the case of nadolol, the initial dose (20 
mg) may be increased gradually to 40 and 80 mg at 1- to 
2-week intervals until optimum clinical response. Patients 
tend to tolerate titration at relatively high dosages, since 
symptomatic LVOTO is commonly associated with myo-
cardial hypercontractility combined with a strong adrener-
gic drive [13]. β-blockers are very effective in the reduc-
tion of exercise-induced LVOTO, that is, the appearance of 
symptomatic LV gradients only during exercise and not at 
rest. When a significant LVOT gradient is evident also at 
rest, the association with disopyramide is recommended [1, 
2]. Patients with non-oHCM and preserved ejection frac-
tion may experience angina and dyspnea associated with 
microvascular ischemia, diastolic dysfunction, and elevated 
filling pressures. β-blockers, through their negative chrono-
tropic (heart rate) and inotropic (force of cardiac muscle 

contraction) effects, may improve symptoms and are there-
fore recommended in symptomatic patients with non-oHCM 
[1, 2]. In patients with restrictive physiology, characterized 
by a fixed stroke volume making the cardiac output fre-
quency dependent, an iatrogenic chronotropic incompetence 
may be badly tolerated and may be easily identified with an 
ambulatory electrocardiogram (ECG) or a stress test [1, 2]. 
In patients with non-oHCM and reduced ejection fraction, 
current guidelines recommend the inclusion of β-blockers, 
angiotensin-converting enzyme (ACE) inhibitors/sartans or 
angiotensin receptor-neprilysin inhibitors (ARNIs), min-
eralocorticoid receptor antagonists (MRAs), and sodium 
glucose cotransporter 2 (SGLT2) inhibitors [19]. Further 
indications for β-blocker therapy include rate control in 
atrial fibrillation and the presence of recurrent ventricular 
arrhythmias. In the latter, the combination of β-blockers and 
low-dose amiodarone is well tolerated and may reduce the 
ventricular arrhythmic burden, particularly in patients with 
implanted defibrillators and frequent appropriate discharges 
[1, 2, 20]. In recent work conducted in isolated ventricular 
cardiomyocytes from patients with oHCM [21], we observed 
that the β-adrenoceptor agonist isoproterenol, despite show-
ing a normal mechanical response with positive inotropic 
and lusitropic (cardiac muscle relaxation) effects, exerted 
abnormal electrical effects at the cell level. In particular, we 
showed that β-stimulation shortens the duration of action 
potential in control cells, while it unexpectedly prolongs 
repolarization in HCM myocytes, promoting an increased 
rate of cellular arrhythmogenic events (early and delayed 
after-depolarizations [EADs and DADs]) [21]. This mecha-
nism might be relevant for arrhythmias arising during stress 
or exercise, and our findings support the use of β-blockers to 
prevent stress-related arrhythmias in HCM patients.

2.2  Calcium Channel Blockers

Calcium channel blockers (CCBs) are divided into dihy-
dropyridine and non-dihydropyridine agents, the former 
exerting a more prominent vasodilator effect, while the lat-
ter having marked direct effects on the heart muscle [22, 
22] (Fig. 1). CCBs are an important resource for clinicians, 
representing drugs of choice for angina pectoris, supraven-
tricular arrhythmias, and hypertension. Their key effects 
[24], especially those observed for non-dihydropyridine 
CCBs, make them very useful for the management of HCM 
associated with symptomatic LVOTO. When β-blockers 
are not well tolerated, guidelines suggest the use of non-
dihydropyridine CCBs [13], that is, diltiazem or verapamil. 
Dihydropyridine agents, however, are generally contrain-
dicated because systemic vasodilation may increase LVOT 
gradients and obstructive symptoms. Calcium antagonists 
exert their effects by inhibiting the L-type calcium chan-
nel in cardiomyocytes and in the vascular smooth muscle, 
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thus promoting peripheral vessel dilatation as well as nega-
tive inotropic and chronotropic effects. Negative inotropy is 
achieved via the reduction of calcium entry through L-type 
channels into ventricular working myocytes, while negative 
chronotropy is mediated by the reduced calcium-mediated 
spontaneous firing rate of the sinus node. Diltiazem or 
verapamil also reduce atrio-ventricular conduction and pro-
long atrio-ventricular delay (negative dromotropic effect), 
through lengthening of the refractory period in the atrio-
ventricular node. CCBs must be used carefully in patients 
with underlying hypotension, atrio-ventricular block or 
atrial fibrillation; indeed, these compounds can rarely lead 
to heart failure or conduction disturbances in the presence 
of other cardiac diseases. Side effects of CCB include head-
ache, dizziness, nausea, constipation, edema, and flushing. 
Combining non-dihydropyridine CCBs with β-blockers is 
always dangerous and contraindicated, due to the high risk 
of developing severe conduction blocks.

Calcium handling impairment is one of the main patho-
mechanisms of HCM, promoting an increased myofilament 
calcium sensitivity and a higher intracellular concentra-
tion of cytosolic calcium. The latter is responsible for an 
increased filling of the sarcoplasmic reticulum (calcium 
overload) that leads to hypercontractility and increased dias-
tolic tension (diastolic dysfunction), while facilitating the 
onset of arrhythmic events mediated by calcium-dependent 
triggers (e.g., DADs) [6]. Therefore, the impaired calcium 
handling represents the main target of the therapeutic man-
agement of HCM. In particular, non-dihydropyridine CCBs 
restore calcium cycling in pathological cardiomyocytes, 
by blocking the L-type calcium channel and consequently 
reducing calcium overload. Diltiazem and verapamil have 
been shown to be effective in restoring cardiac function and 
reducing symptoms in HCM patients, and their efficacy is 
comparable to β-blockers [25]. The effects of verapamil and 
diltiazem on HCM-related symptoms have been tested in 
different clinical studies [26]. In a report from 1982, HCM 
patients with and without LVOTO showed symptomatic 
improvements after treatment with verapamil [27, 28]; 
patients with obstruction also showed a significant reduction 
of the LVOT gradient after the treatment. Another work from 
1996 showed that diltiazem ameliorated diastolic function by 
both direct myocardial actions and changes in hemodynamic 
and loading conditions (due to systemic vasodilation) [29]. 
At a direct comparison between verapamil and diltiazem, no 
differences in the efficacy of the two drugs were observed, 
but diltiazem was associated with fewer side effects [22, 25].

2.3  Disopyramide

Disopyramide has been used to treat atrial and ventricu-
lar arrhythmias since 1977. Disopyramide was designed 
to be used in substitution of procainamide and quinidine Ta
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[30], antiarrhythmic drugs that were not well tolerated due 
to the poor oral bioavailability and the high incidence of 
adverse events observed in clinical practice. Side effects 
were observed also with disopyramide, most of them being a 
consequence of its anticholinergic activity due to muscarinic 
receptors antagonism, commonly associated with dry mouth, 
constipation, and urinary hesitancy. Such side effects are 
rarely severe, but they may cause excessive discomfort in 
some patients, forcing them to stop treatment. Like quinidine 
and procainamide, disopyramide is a class IA antiarrhythmic 
drug that blocks the cardiac sodium channel, reducing the 
fast-inward sodium current responsible for the rapid upstroke 
of the action potential, with additional inhibitory activity 

on human Ether-à-go-go-Related Gene (hERG) potassium 
channels, consequently lengthening the action potential 
duration (APD) in healthy cardiomyocytes (Fig. 1). Disop-
yramide reduces the rate of arrhythmic events by prolonging 
the effective refractory period of the atrial and ventricular 
working myocardium, preventing the formation of stable re-
entry circuits [31].

Disopyramide was first used to prevent arrhythmias after 
myocardial infarction, thanks to the larger inhibition of exci-
tation exerted on ischemic depolarized regions. However, a 
double-blind study revealed that there were no differences 
in mortality after myocardial infarction in patients treated 
with disopyramide or placebo [32]. Therefore, its use as a 

Fig. 1.  Molecular targets for “old” and novel drugs used in HCM. 
The figure summarizes the different targets of the drugs used to 
treat HCM. β-Blockers are the first-choice therapy for the relief of 
LVOTO. Diltiazem is a calcium antagonist (cardiac L-type calcium 
channel blocker), reducing calcium entry and force of ventricular 
working myocytes, in addition to a negative chronotropic effect due to 
reduction of Ca-dependent firing of the sinus node. Disopyramide is 
a class IA antiarrhythmic drug that targets the cardiac sodium chan-
nel, reducing the fast-inward current responsible for the AP upstroke. 
Moreover, disopyramide exerts an additional blocking effect on 
the ryanodine receptors, as well as on Ca channels, contributing to 
lower the diastolic calcium concentration. Cibenzoline is a class IA 
antiarrhythmic drug used for the management of oHCM in Japan 
and Korea. Cibenzoline has supposedly similar effects as compared 
with disopyramide. INaL blockers such as ranolazine target the cardiac 

sodium channel Nav 1.5 but also exert an inhibitory effect on NCX 
and the ryanodine receptor (indirect action). Sartans are blockers of 
angiotensin II receptor (AT1), that are expressed mainly in vessels 
but also on the membrane of both cardiomyocytes and cardiac fibro-
blasts, promoting hypertrophic and fibrotic responses. Mavacamten 
is a novel specific myosin inhibitor that restores the equilibrium of 
the SRX and the DRX conformational states of myosin, thus reducing 
myocardial force and the adenosine triphosphate (ATP) consumption 
by myosin in myofibrils. DRX disordered relaxed state, HCM hyper-
trophic cardiomyopathy, INaL late sodium current, LV left ventricular, 
LVOT LV outflow tract, LVOTO LVOT obstruction, NCX sodium-cal-
cium exchanger, oHCM obstructive HCM, SRX super relaxed state, 
ADP adenosine diphosphate, AP action potential, Ito transient out-
ward potassium current, IK1 inward rectifier potassium current, IKr 
rapid delayed rectifier potassium current, RYR  ryanodine receptor
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prophylactic treatment to prevent arrhythmias in myocar-
dial infarction was stopped. It was also noticed that patients 
with cardiac hypotension or heart failure showed a nega-
tive response to disopyramide treatment. Further evidence 
revealed a strong negative inotropic effect of disopyramide, 
which may be responsible for the development of acute heart 
failure in the presence of left ventricle dysfunction [33]. It is 
also known that disopyramide can block the delayed rectified 
potassium current (IKr), thus contributing to the prolonga-
tion of the APD and consequently of the QT interval on the 
ECG in a normal heart. Disopyramide administration must 
be avoided in the presence of prolonged QT, and attention 
should be paid while combining disopyramide with other 
QT-prolonging drugs such as neuroleptic agents or mac-
rolide antibiotics [34].

The strong negative inotropic effect of disopyramide 
prompted its use for the treatment of symptomatic HCM 
associated with LVOTO [35]. In 1988, a study involving 
seven oHCM patients by Sherrid and co-workers reported 
a solid reduction of the LVOT gradient and an ameliora-
tion of diastolic function exerted by disopyramide [36]. The 
effect of the drug on diastolic function was also assessed by 
Matsubara et al. in a clinical trial with disopyramide involv-
ing 13 patients with and without LVOTO; their results con-
firmed the reduction in the outflow pressure gradient and 
an improvement of myocardial relaxation in patients with 
obstruction, suggesting that disopyramide is likely to exert 
a differential effect in the absence and presence of obstruc-
tion [37]. The leading role of negative inotropic agents in 
the management of LVOTO was clarified by Sherrid and 
co-workers in 1998, when the hydrodynamics of the flow 
around the mitral valve was investigated, highlighting that 
negative inotropic agents are able to reduce early flow veloc-
ity in the LVOT by reducing the pulling force on the anterior 
mitral leaflet (Venturi effect), abolishing its systolic anterior 
motion, and ultimately lowering the final pressure drop and 
the hemodynamic consequences of obstruction [38]. Dis-
opyramide was more effective than other inotropic agents 
in reducing obstruction and alleviating symptoms [39, 40]. 
More recently, Sherrid and co-workers studied the safety and 
efficacy of long-term treatment with disopyramide in oHCM 
patients [41]. This study confirmed the ability of disopyra-
mide to reduce the subaortic gradient by approximately 50% 
in a sustained manner, and the positive effects on symptoms 
were maintained over the many years of treatment. Moreo-
ver, a major result of this study was the observation that dis-
opyramide treatment improved patient survival when com-
pared with placebo, by reducing the rate of cardiovascular 
deaths including the occurrence of arrhythmic sudden death. 
This clear anti-arrhythmic effect of disopyramide in a struc-
tural heart disease was somehow unexpected, and the mech-
anisms behind it remained unexplored for several years, until 
our group investigated the fine mechanisms of disopyramide 

by testing the drug in cardiomyocytes and trabeculae from 
oHCM patients who underwent myectomy [42]. We had 
previously shown [43] that human HCM cardiomyocytes 
are characterized by a large number of electrical alterations; 
indeed, patch clamp experiments on cardiomyocytes isolated 
from septal myectomy of HCM patients demonstrated that 
the APD in HCM cardiomyocytes is prolonged due to dif-
ferent electrical abnormalities: the large increase in the late 
sodium current (INaL) and L-type calcium current (ICaL) and 
the reduction of the repolarizing potassium currents. Our 
recent study demonstrated that the negative inotropic effect 
of disopyramide is not mediated by a direct interaction with 
the contractile proteins; conversely, it is associated with the 
reduction of the amplitude of intracellular calcium tran-
sients, which is responsible for myofilament activation [44]. 
The reduction of systolic calcium release is achieved directly 
by disopyramide via reduction of ICaL and of the open prob-
ability of ryanodine receptors (the calcium-release channels 
of the sarcoplasmic reticulum); moreover, the reduction of 
intracellular calcium is also indirectly enhanced through 
reduction of INaL, leading to lower intracellular sodium 
concentration and an increased activity of the sodium–cal-
cium exchanger (NCX), enhancing the outflow of calcium 
from the myocyte during diastole. Coppini and co-workers 
highlighted that disopyramide has a multichannel inhibi-
tory activity leading to APD shortening in oHCM cardi-
omyocytes, mainly achieved through the reduction of the 
enhanced INaL; in HCM, the effects mediated by the block 
of potassium currents are minimal, because potassium cur-
rents are downregulated in HCM myocytes. Conversely, in 
non-HCM or control cardiomyocytes, where INaL is minimal 
and potassium currents are normally expressed, disopyra-
mide slightly prolongs the APD, mainly through inhibition 
of repolarizing potassium currents. The drug shows a dif-
ferent selectivity for the peak and late component of the 
cardiac sodium current, as it strongly blocks the INaL while 
slightly inhibiting the peak sodium current at clinically rel-
evant concentrations; it also slightly reduces the ICaL as well 
as potassium currents. In line with the modest effects of 
disopyramide on repolarization in HCM, the drug leads to 
minimal QT prolongation in patients, and none of the treated 
patients developed any dangerous QT prolongation due to 
disopyramide, confirming the safety of this drug in oHCM 
patients [42]. Due to differential effects of disopyramide on 
APD depending on the local degree of electrophysiologi-
cal remodeling, we have also suggested that disopyramide 
reduces the spatial dispersion of repolarization among dif-
ferent regions of the left ventricle, avoiding the creation of 
functional re-entry arrhythmias. Alongside the reduction 
of cellular arrhythmic triggers, these observations support 
the idea that disopyramide exerts a protective effect against 
arrhythmias in HCM myocardium.
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2.4  Cibenzoline

Cibenzoline is a class IA antiarrhythmic drug used for the 
treatment of oHCM in Japan and Korea but is currently not 
in clinical practice in the USA or Europe. This compound 
reduces action potential up-stroke velocity, shows small 
prolonging effects on the QT interval, and does not alter 
the heart rate (Fig. 1). Compared with disopyramide, it has 
a lower inhibitory activity on muscarinic receptors and is 
therefore rarely associated with anti-cholinergic side effects, 
such as dry mouth, constipation, and urinary hesitancy. In 
line with disopyramide, cibenzoline also exerts a negative 
inotropic effect. The latter led to use of this drug with cau-
tion in the presence of reduced LV function [45]. Hamada 
et al. reported that they first administered cibenzoline in 
1995 to an 80-year-old patient affected by oHCM, stopping 
the treatment for its strong anticholinergic side effects. They 
described that the positive effects occurred after 2 h from 
the oral administration of 200 mg of cibenzoline, and these 
included the reduction of dyspnea and of the LV pressure 
gradient, as well as the amelioration of diastolic function. 
The mechanism of action of cibenzoline in oHCM includes 
the reduction of LV hypercontractility and the decrease of 
calcium overload inside cardiomyocytes, because of the 
reduced intracellular sodium concentrations [46, 46]. Ham-
ada and co-workers performed many studies comparing 
cibenzoline with other class I antiarrhythmic drugs, to assess 
its safety profile and its capability of reducing obstruction 
and preventing arrhythmias. It was observed that cibenzoline 
was equal or better than other sodium channel blockers such 
as disopyramide in reducing obstruction, albeit with less side 
effects. Besides that, scientists did not observe any reduction 
in the occurrence of sudden cardiac death with cibenzoline 
[48]. In a recent study, the efficacy of cibenzoline in reduc-
ing oHCM symptoms and ameliorating prognosis was better 
elucidated [49]. Hamada and co-workers enrolled a cohort 
of 132 patients affected by oHCM and administered ciben-
zoline to 88 and placebo to 44, with an average follow-up 
time of 16 years. During the follow-up, researchers exam-
ined LV remodeling, emergence of arrhythmias, and the 
general health status. They confirmed that cibenzoline was 
effective in reducing the LV pressure gradient, limiting LV 
remodeling, and diminishing the incidence of severe cardio-
vascular complications, although there were no differences 
between the two groups with regards to the incidence of 
sudden cardiac death. This study confirms the safety profile 
of cibenzoline, its good tolerability, and its possible use as a 
safety and effective drug for the management of symptoms 
in oHCM, but also suggests that cibenzoline may inhibit 
the progression of HCM toward systolic heart failure and 
end-stage disease.

2.5  Late Sodium Channel Blockers (Ranolazine 
and Eleclazine)

We have previously shown that the increased INaL in HCM 
myocytes plays a pivotal role as a determinant of electrical 
and mechanical functional changes in HCM myocardium 
[43]. The increased INaL, a long-lasting depolarizing cur-
rent active during the plateau of the action potential, plays 
a crucial role in determining the prolongation of the APD 
in HCM cells, which in turn facilitates the occurrence of 
after-depolarizations (EADs). This observation has been 
confirmed by patch clamp and in silico studies; Passini and 
co-workers developed a computational model of HCM cardi-
omyocytes, supporting the idea that the inhibition of INaL in 
an HCM phenotype strongly reduces the APD and the inci-
dence of triggered activity. Multiple studies on human adult 
HCM cardiomyocytes demonstrated that the use of selec-
tive INaL inhibitors, such as ranolazine or eleclazine (GS-
967), shortens the prolonged action potential and reduces 
the incidence of EAD events, suggesting that the block of 
the INaL may help to prevent arrhythmic events in HCM 
[50, 51] (Fig. 1). In addition, we observed that ranolazine, 
through reduction of intracellular sodium concentrations, 
was able to normalize diastolic calcium, ameliorating the 
relaxation of HCM myocardium [43]. Moreover, the sus-
tained reduction of intracellular calcium by ranolazine was 
associated with less spontaneous diastolic calcium-release 
events, ultimately leading to a lower incidence of DADs 
[43]. Interestingly, ranolazine was also able to abolish the 
increase of after-depolarizations in HCM myocytes follow-
ing activation of β-adrenoceptors with isoproterenol [21]. In 
this setting, ranolazine also reduced the positive inotropic 
effect of isoproterenol in vitro, demonstrating a potential as 
a specific treatment for inducible obstruction, where sympto-
matic hypercontractility only occurs during stress or exercise 
[21]. Eleclazine (GS-967) exerted the same in vitro effects of 
ranolazine, albeit at a 20 times lower concentration, owing to 
its enhanced selectivity and potency of INaL inhibition [21].

Considering the aforementioned in  vitro observa-
tions with ranolazine and eleclazine, clinical trials with 
INaL blockers in HCM patients were performed [52]. The 
RESTYLE-HCM clinical trial with ranolazine enrolled 
80 patients with exercise-limiting symptoms but without 
LVOTO, in a double-blind placebo-controlled multicenter 
study [53]. In the study, patients were randomly assigned 
to placebo or ranolazine (up to 1000 mg twice daily) and 
followed up for 5 months. During follow-up, the diastolic 
function, the exercise capability, and the symptomatic status 
were investigated. The primary outcome, i.e., an increase 
of maximal oxygen consumption during exercise at car-
diopulmonary exercise test (CPET), was not met. The lack 
of a genetic screening before the patient selection for the 
study, the low number of recruited patients, and the lack 
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of obstructive patients were big limitations of this study. 
Indeed, pre-clinical studies in murine HCM models carry-
ing different mutations highlighted that carriers of different 
variants develop different electrophysiological alterations 
and may differently respond to pharmacological treatments 
[54]. Nonetheless, in the RESTYLE-HCM study, patients 
treated with ranolazine displayed lower levels of proBNP, a 
notable index of LV stress, and showed a clear reduction of 
ventricular ectopies, suggesting a positive effect of ranola-
zine on the occurrence of ventricular arrhythmias [53]. This 
clinical trial also helped us to understand how difficult it 
is to translate evidence obtained from animal and cellular 
models to clinical practice. In the LIBERTY-HCM study, 
symptomatic HCM patients, with or without LVOTO, were 
treated with eleclazine for at least 24 weeks (after day 1 
loading dose of 30 mg, patients were treated with 3 mg daily 
up to week 12; then, from week 12 to week 24, 6 mg daily). 
The suggested endpoints to be evaluated were exercise 
capacity, diastolic function, changes of natriuretic peptides, 
arrhythmias, and the severity of obstruction [55]. However, 
the data collected during another clinical trial with elecla-
zine on patients with implanted defibrillators (TEMPO trial, 
NCT02104583) suggested no beneficial effects on the occur-
rence of ventricular arrhythmias and prompted the sponsor 
to stop the clinical development of eleclazine, terminating 
all ongoing and planned studies, including LIBERTY-HCM. 
As a consequence, LIBERTY-HCM was interrupted before 
the conclusion of the double-blind phase. Nonetheless, as 
over 70% of the planned patients had already completed the 
study, the results obtained during the trial were analyzed and 
posted online at https:// clini caltr ials. gov/ ct2/ show/ resul ts/ 
NCT02 291237. The analysis showed that the primary out-
come (increased exercise capacity measured with CPET) 
was not met: the change of  pVO2 after 24 weeks of drug 
exposure was +0.15 ± 4.31 mL/kg/min in the eleclazine 
arm and +0.48 ± 4.14 mL/kg/min in the placebo group (P = 
0.416). Secondary endpoints (improvement of quality of life 
measured using a questionnaire and increase of total exercise 
time during exercise tests) were also not met. All the other 
suggested secondary endpoints were not evaluated, includ-
ing the effects of eleclazine on natriuretic peptides, diastolic 
function, outflow gradients, or arrhythmias. Altogether, the 
results of the RESTYLE-HCM and the LIBERTY-HCM 
studies showed that INaL blockers are not effective in improv-
ing the exercise capacity of HCM patients with exercise-
limiting symptoms. As limiting symptoms in non-oHCM 
are mainly driven by diastolic dysfunction, this means that 
the amelioration of diastolic function by pure INaL inhibition, 
despite being observed in vitro, has apparently limited clini-
cal relevance. However, we have indications that INaL inhibi-
tion might help to protect from arrhythmias, and ranolazine 
is used in many specialized centers to reduce the occurrence 

of ventricular arrhythmias in HCM patients with implanted 
defibrillators and frequent appropriate firing.

2.6  Angiotensin II Receptor Antagonists

Since 1995, sartans have been angiotensin II receptor (AT1) 
blockers (ARBs) used for the treatment of hypertension. 
These compounds exert an antihypertensive action thanks 
to the vasodilating and natriuretic consequences of AT1 inhi-
bition. AT1 receptors are also expressed in the myocardium, 
on the membrane of both cardiomyocytes and fibroblasts, 
mediating hypertrophic and fibrotic responses in cardiac 
diseases. Sartans are also an essential drug for heart failure 
and, according to current guidelines, the use of sartans in 
HCM patients is reserved to the subgroup with LV systolic 
dysfunction and progression towards end stage (Fig. 1). 
The presence of interstitial fibrosis is an important feature 
of HCM pathology. The patho-mechanisms linking HCM 
mutations with the development of cardiac fibrosis remain 
to be established. Seidman and co-workers suggested that 
the activation of the Tgf-β pathway (one of the downstream 
consequences of AT-1 receptor activation) will induce the 
death of mutant cardiomyocytes, promoting the prolifera-
tion of non-cardiomyocyte cells, enlarging the interstitial tis-
sue volume, and potentially creating fibrotic scars. Fibrosis 
affects cardiac function, in particular myocardial relaxation, 
leading to impairment of diastolic function [56]. In 2005, a 
clinical study with valsartan conducted on 22 HCM patients 
(11 treated with valsartan and 11 with placebo) showed that 
AT1 inhibition decreased the production of type I collagen in 
HCM patients, but the study did not highlight any structural 
or functional amelioration in terms of LV wall thickness and 
ejection fraction [57]. Losartan (50 mg twice daily), used in 
non-oHCM patients, reduced the formation of fibrotic scar 
tissue and hypertrophy after 1 year of treatment in a small 
clinical study from 2013 [58]. A larger randomized clini-
cal study with losartan involving 318 HCM patients (with 
and without obstruction) was performed in 2015 (INHERIT 
trial). Patients received 100 mg daily of losartan or placebo 
during a year of follow-up, and the alteration of LV mass 
analyzed by cardiac magnetic resonance was investigated. 
Researchers observed that losartan did not change the LV 
mass albeit, as expected, it reduced blood pressure [59]. 
Altogether, these studies suggest that ARBs are not mark-
edly effective in reducing established LV fibrosis and hyper-
trophy in HCM patients with advanced disease [59, 59]. In 
2021, the results of the innovative phase II VANISH study 
were published [61]. This study enrolled 178 patients with 
early-stage HCM carrying mutations in sarcomeric genes 
associated with familial forms of HCM, but still having a 
mild disease expression. Patients were followed up for 2 

https://clinicaltrials.gov/ct2/show/results/NCT02291237
https://clinicaltrials.gov/ct2/show/results/NCT02291237
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years while being treated with valsartan (320 mg/day in 
adults) or placebo. The results demonstrated that the treat-
ment prevented the worsening of cardiac diastolic function 
and slowed down the progression of LV hypertrophy. The 
positive results from this study are to be related with the 
young age of recruited patients and to the genetic based 
selection (patients with sarcomeric mutations only). Indeed, 
the age of patients at the beginning of the treatment was 
20–30 years younger than that of the patients enrolled in the 
INHERIT trial. Moreover, the stage of disease progression 
was much less advanced in this study; the average LV wall 
thickness at the beginning of VANISH was only 16 mm. 
Nevertheless, the long-term effects of valsartan treatment 
remain unknown. There is no certain evidence that sartans 
will limit LV hypertrophy in HCM patients for their whole 
life. Nonetheless, this study identified the subgroup of young 
mutation carriers with mild initial manifestations of HCM 
as a population where targeted disease-modifying treatments 
may change the clinical history of the disease, delaying the 
onset of LV hypertrophy, fibrosis, and diastolic dysfunction. 
Moreover, the VANISH study highlighted the importance of 
identifying the genotype of patients before a proper selection 
of the most effective therapies.

Aldosterone receptors are expressed in the heart, mediat-
ing cardiomyocyte hypertrophy and fibrosis, and appear to 
be overexpressed in HCM human myocardium and animal 
models [62]. Aldosterone receptor inhibition with spirono-
lactone reduces myocyte disarray and fibrosis in transgenic 
HCM mouse models [62] but did not exert any beneficial 
effects in Maine Coon cats with familial HCM [63]. No trials 
with aldosterone inhibitors have been performed in patients 
so far.

2.7  Sacubitril/Valsartan

Recent data show that sacubitril/valsartan may increase exer-
cise tolerance in heart failure with preserved ejection frac-
tion (HFpEF) following amelioration of diastolic function 
[64], suggesting a potential use in symptomatic patients with 
HCM, especially in non-obstructive patients. To assess this 
hypothesis, 240 patients with a certain diagnosis of HCM 
(mean maximum wall thickness of 19 ± 4 mm) have been 
enrolled in the prospective, multicenter phase II clinical trial 
SILICOFCM (NCT03832660), evaluating whether and how 
the sacubitril/valsartan fixed combination affects exercise 
tolerance in patients with non-oHCM. In this regard, eligible 
patients were randomly assigned to sacubitril/valsartan (n 
= 14), lifestyle intervention (physical activity and dietary 
supplementation with inorganic nitrate) (n = 7) or standard 
therapy alone (control group), and the potential effects of 
sacubitril/valsartan on functional capacity were assessed 
during cardiopulmonary stress tests by measuring changes 
in peak oxygen consumption  (pVO2) (primary endpoint). 

Secondary and points are (1) decrease of biomarkers corre-
lated to injury and stretch activation, such as creatine kinase 
(CK), cardiac-specific creatine kinase (CKMB) and N-termi-
nal pro-B-type natriuretic peptide at baseline (NT-proBNP), 
(2) increase of total exercise time, and (3) improvement of 
quality of life (evaluated using an appropriate questionnaire). 
SILICOFCM is currently ongoing and will be completed by 
the end of 2022. The results of the study may modify the 
therapeutic management of non-oHCM patients.

2.8  Perhexiline and Trimetazidine

Impaired myocardial energetics is a hallmark of HCM 
pathophysiology, driven by the higher ATP consumption 
by the mutated myofilament to produce the same amount 
of force [65]. Indeed, patients carrying HCM-related sar-
comeric mutations show an impaired metabolism of inor-
ganic phosphates in the heart [66]. Abnormal myocardial 
energetics is likely to be an important determinant of the 
hypertrophic remodeling in HCM hearts, as well as a driver 
of disease progression towards heart failure. β-Blockers 
and non-dihydropyridine CCBs reduce myocardial energy 
demands and oxygen consumption, but do not significantly 
increase its energy efficiency. A valid alternative is repre-
sented by drugs able to shift myocardial metabolism from 
fatty acids to the relatively more efficient use of glucose 
and ketone bodies, requiring less oxygen per mole of ATP 
produced. Perhexiline, by inhibiting palmitoyl transferase-1, 
reduces fatty acid oxidation and increases glucose utiliza-
tion by the myocardium [67]. The METAL-HCM phase I/
II trial showed that perhexiline slightly improved exercise 
capacity in HCM patients, as measured with CPET [68]. Fol-
lowing these promising results, a larger phase II study was 
conducted (NCT028626000), but it was interrupted early 
because the investigators found a complete lack of efficacy. 
Moreover, perhexiline is characterized by an unfavorable 
safety profile, showing a high likelihood of liver damage. 
Trimetazidine has the same effects as perhexiline, albeit with 
a much better safety profile. Again, in a small, randomized, 
placebo-controlled study, trimetazidine did not exert any sig-
nificant advantages in terms of exercise capacity in HCM 
patients [69].

3  The New Frontier: Mavacamten and Other 
Myosin Modulators

3.1  HCM Mutations and Myosin Function

Heart muscle works continuously as a pump balancing myo-
cardial performance and energetic costs [70]. The produced 
myocardial energy depends on the activation state of myosin 
molecules. Myosin is the propeller of the sarcomere and 
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shifts between two conformations during relaxation: (1) a 
sequestered “super relaxed state” (SRX), characterized by a 
significantly low adenosine triphosphatase (ATPase) activ-
ity, (2) and a “disordered relaxed state” (DRX), where more 
myosin heads are available to interact with actin [71]. The 
myosin conformation depends on the myocardial energetic 
demand; the SRX conformation prevents the creation of 
unnecessary cross bridges, maximizing energy conserva-
tion, while the DRX state provides greater performance at a 
higher energetic cost [70, 71]. In HCM, the balance between 
the mechanical and energetic properties of the myocardium 
is deeply impaired [72, 73]. Studies on young patients carry-
ing MYH7 or MYBPC3 mutations demonstrated that hyper-
dynamic contraction [74, 75] and impaired relaxation [72] 
represent early manifestations of HCM, preceding the onset 
of LV hypertrophy [76, 77]. The first HCM-causing mutation 
(R403Q) identified in β-cardiac myosin [78] and many HCM 
variants in MYBPC3 are evidenced [73, 75, 79] to result in 
an increased energetic consumption by the sarcomeres. The 
hyperdynamic contraction of the myocardium plays a key 
role in the pathogenesis of HCM and represents a funda-
mental determinant of dynamic LVOTO [80–82]. As men-
tioned above, current pharmacological therapy for oHCM 
patients includes β-blockers, non-dihydropyridine CCBs, 
and disopyramide [83], whereas invasive septal reduction 
therapies [84, 85] are an alternative option for non-respon-
sive patients. Recent experimental evidence suggests that 
the hyperdynamic contractility and the impaired relaxation 
could be due to a pathological shift of the myosin equilib-
rium towards the DRX state, increasing the number of myo-
sin heads accessible to actin, and consequently promoting 
the actomyosin chemo-mechanical cycle with an increased 
energy expenditure [79, 86–96]. This evidence is supported 
by many biomechanical assays performed in mutant myo-
sin molecules from different origin or human myofibrillar 
preparations, showing that ATPase activity of the myosin 
was consistently increased, in association with increased ten-
sion development, and/or increased unloaded actin-filament 
sliding velocities [97, 98]. Since the pathological increased 
energetic consumption and the related mechanical abnormal-
ities are likely to be promoted by an increased ATPase activ-
ity of the myosin [99], a molecule that specifically reduces 
the ATPase activity of β-cardiac myosin would ameliorate 
the contractile properties of the HCM myocardium, directly 
acting on the basal patho-mechanisms of the disease [100].

3.2  Mavacamten, a Novel Myosin Inhibitor

Mavacamten is a novel specific myosin inhibitor that has 
recently been identified through a chemical screening for 
molecules decreasing the ATPase rate of myosin in bovine 
myofibrils. Mavacamten significantly reduced ATPase 
activity in a dose-dependent manner (median inhibitory 

concentration [IC50] of 0.3 µM) in both mouse cardiac 
myofibrils and in purified bovine myosin S1, highlighting 
the ability of the compound to directly act on myosin [99] 
(Figs. 1, 2).

Furthermore, mavacamten acts on multiple [100] steps 
of the chemo-mechanical cycle of myosin [99], including a 
marked slowing of the rate of phosphate release from myosin 
heads [99]. The decrease of the rate-limiting step of the cycle 
(phosphate release) represents the principal but not the only 
mechanism by which mavacamten exerts its inhibitory effect 
on cardiac myosin. In particular, mavacamten inhibited by 
50% the basal (myosin alone) rate of ADP release without 
affecting the ADP release rate of bovine cardiac myosin 
S1 in an actin-associated state (Fig. 2). The latter effect 
results in a consistent reduction of myosin heads available 
for interaction with actin during the shift from the weakly 
to the strongly bound conformation, preventing them from 
actively participating in the acto-myosin chemomechani-
cal cycle [100]. The decrease of ATPase activity exerted 
by mavacamten administration resulted in the reduction of 
the ensemble power generated by the sarcomere, that is, the 
power output generated by the sarcomere—the product of 
the ensemble force that actomyosin filaments produce and 
the contraction velocity [86]. Indeed, mavacamten treat-
ment significantly reduced the maximal tension produced 
by skinned cardiac muscle fibers isolated from adult rats in 
a dose-dependent manner (~70% reduction at 1.0 µM) [99]. 
The effect of mavacamten on force generation was confirmed 
also in human ventricular myofibrils from frozen LV sam-
ples of human donors mainly expressing MYH7 [101] and 
in fast skeletal myofibrils from rabbit psoas mainly express-
ing fast skeletal muscle myosin MYH1 [102]. Mavacamten 
exerted a strong and extremely fast inhibitory effect on maxi-
mal calcium-activated tension in both myofibril systems, but 
the sensitivity to the drug was consistently higher in human 
ventricular myofibrils (IC50 0.58 ± 0.07 µM). Moreover, the 
kinetics of force development were consistently decreased 
in fast skeletal myofibrils, but no effects were evidenced in 
human preparations. Similarly, force relaxation was signifi-
cantly accelerated in human ventricular myofibrils but not 
affected in rabbit psoas. However, the effects observed in 
both cardiac and skeletal myofibrils are extremely rapid but 
completely reversible after a washout [103].

The observations deriving from the “in vitro” experi-
ments are reflected in “in vivo” evaluations performed in 
young (ages 6–15 weeks) wild-type (WT) and pre-hyper-
trophic HCM mice carrying the R403Q (Arg403→Gln403), 
R719W (Arg719→Trp719), or R453C (Arg453→Cys453) 
missense mutation in α-cardiac myosin heavy chain, repro-
ducing most morphologic and functional abnormalities of 
human pathology [56, 104, 105]. Oral administration of 
mavacamten (2.5 mg/kg/day via drinking water) reduced 
cardiac contractility in a dose-dependent manner in WT 
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and HCM mice, suggesting that mavacamten treatment 
can reduce the fractional shortening. Since the impaired 
sarcomere function is likely to represent one of the earli-
est changes of HCM, mavacamten was tested as a “disease 
modifying agent” [99]. Indeed, mavacamten administration 
to young (ages 8–15 weeks) pre-hypertrophic HCM mice 
(LV wall thickness ≤ 0.8 mm) suppressed the development 
of hypertrophy, since LV wall thickness measured in mava-
camten-treated HCM mice was comparable to that of WT 
mice, while it increased over time in placebo-treated mice 
[99]. The disease-modifying effect exerted by mavacamten is 
evident also at the histological level, promoting a consistent 
reduction (~ 80%) of fibrosis after 20–26 weeks of treatment. 

The onset of fibrosis was not affected when mavacamten was 
administered after the development of hypertrophy, suggest-
ing that the maximal effect of the compound can be achieved 
only in an early phase of the disease development. Since the 
increased net sarcomere power and the energetic impairment 
of HCM [106] are correlated to an impaired expression of 
genes encoding proteins localized to the sarcomere or mito-
chondria, R403Q and R453C mice were screened for the 
identification of genes with significantly impaired expres-
sion. Mavacamten restored the physiological expression of 
contractility and metabolism-related genes in both HCM 
mice, suggesting that the inhibitory effect at the sarcomere 

Fig. 2.  Mavacamten exerts a disease-modifying effect in HCM myo-
cardium, normalizing the equilibrium of myosin molecules in the 
SRX and DRX states. Hyperdynamic contractility and the impaired 
relaxation typical of HCM are likely to be due to a pathological shift 
of the myosin equilibrium towards the DRX state, increasing the 
number of myosin heads accessible to actin, and consequently pro-
moting the actomyosin chemomechanical cycle with an increased 
energy expenditure. Mavacamten (MYK-461) reduces myosin 
ATPase activity in a dose-dependent manner, acting at multiple 

steps of the chemomechanical cycle. Indeed, MYK-461 slows down 
the rate of phosphate release and inhibits the basal rate of adenosine 
diphosphate (ADP) release. The latter effect results in a consistent 
reduction of myosin heads available for interaction with actin during 
the shift from the weakly to the strongly bound conformation, pre-
venting them from actively participating in the acto-myosin chemo-
mechanical cycle. ATPase adenosine triphosphatase, DRX disordered 
relaxed state, HCM hypertrophic cardiomyopathy, SRX super relaxed 
state
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level results in a restoration of the physiological transcrip-
tion pathways of the cardiomyocyte [99].

Evidence suggests that most myosin missense HCM 
mutations cause hypercontractility by shifting the equilib-
rium from the SRX towards the DRX conformational states 
of myosin. To test this hypothesis, the percentage of myosin 
heads in the SRX or the DRX state was evaluated in Yucatan 
minipigs  [71] carrying the heterozygous MYH7 R403Q 
mutation [78, 104], reproducing a typical HCM in vivo phe-
notype with hypercontractility and hypertrophy. Methylan-
thraniloyl (MANT)-ATP assays performed in cardiac fibers 
from the R403Q Yucatan minipigs revealed that the R403Q 
mutation caused a significant decrease in the percentage of 
SRX, while mavacamten treatment (10 μM) normalized the 
percentage of SRX back to the normal WT level. The stabi-
lizing effect exerted by mavacamten on the SRX state was 
replicated also in fibers isolated from human cardiac tissue 
from an HCM patient carrying the MYH7 R663H-causing 
mutation, with mavacamten treatment (10 μM) restoring 
the SRX percentage down to the level of WT. The latter 
evidence suggests that mavacamten stabilizes myosin heads 
in the closed off SRX state, reducing the number of myosin 
molecules available for the interaction with actin, conse-
quently restoring a physiological equilibrium that prevents 
unnecessary acto-myosin interactions and preserving the 
physiological performance of the myocardium [71] (Fig. 2). 
The destabilization of the SRX/DRX equilibrium mediated 
by HCM mutations and the consequent restoring of the phys-
iological balance after mavacamten treatment was observed 
also in cardiomyocytes derived from induced pluripotent 
stem cell-derived cardiomyocytes (iPSC-CMs), developed 
by engineering heterozygous HCM variants of the MYH7 
gene (V606M R403Q and R719W) in human isogenic iPSCs 
[70]. Each mutation caused hypercontractility and impaired 
relaxation in human iPSCs. An evaluation at day 30 post 
differentiation revealed that the proportion of myosin in the 
DRX conformation significantly increased compared to the 
SRX state, suggesting that HCM mutations impair the physi-
ological equilibrium of myosin heads. The amelioration of 
the functional parameters promoted by mavacamten treat-
ment correlated with the normalization of the SRX/DRX 
balance, suggesting that the hyperdynamic contractility is 
likely to be promoted by an increased proportion of myo-
sin in the DRX conformation, whereas delayed relaxation 
is mediated by the reduction of myosin head in the SRX 
state [70].

3.3  Effects of Mavacamten in oHCM Patients

In view of the aforementioned results, mavacamten should 
likely be able to improve myocardial performance in patients 
with oHCM by reducing dynamic LVOTO. The promis-
ing results from three phase I clinical trials (86 healthy 

volunteers and 15 patients) promoted the planning of the 
PIONEER-HCM study, a phase II, multicenter, open-label 
trial conducted in 25 patients with oHCM divided into 
cohort A and B, where each participant was subjected to a 
12-week treatment cycle with once-daily oral mavacamten 
followed by a 4-week post-treatment phase. Patients enrolled 
in cohort A were treated with mavacamten to gain insights 
into the pharmacokinetic and pharmacodynamic relation-
ship of the compound, with a starting dose depending on 
patient weight (10 mg/day for patients weighing 60 kg or 
less and 15 mg/day for those weighing more than 60 kg), 
while patients enrolled in cohort B were treated with lower 
concentrations of mavacamten (2 mg/day for all patients) 
in order to evaluate whether different doses could influence 
the expected effect [80]. The results of the study suggest 
that 12 weeks of mavacamten treatment exerted beneficial 
effects on oHCM patients enrolled in the study, promot-
ing a rapid and marked reduction in the degree of postex-
ercise LVOTO, correlating with a consistent improvement 
in exertional capacity and symptoms [107, 108]. The effect 
on LVOT reduction is more prominent on cohort A (82% 
vs. 29% mean reduction), particularly among patients with 
plasma drug concentrations over 350 ng/mL, suggesting that 
higher doses of the compound can achieve a better outcome 
for the patients. Indeed, plasma concentrations between 350 
and 695 ng/mL strongly correlated with an efficient reduc-
tion of LVOT preserving the physiological left ventricu-
lar ejection fraction (LVEF), consequently highlighting a 
beneficial balance between symptomatic improvement and 
the maintenance of physiological myocardial performance. 
Mavacamten administration was associated with the onset 
of mild (80%) and moderate (19%) adverse effects, the most 
common being the reduction of LVEF below 50% (three 
events) and atrial fibrillation (five possibly related events) 
[80]. Electrical cardioversion for persistent atrial fibrillation 
was required in one patient assigned to cohort A, approxi-
mately 2 weeks into the study, requiring hospitalization and 
treatment with amiodarone. For this reason, the patient opted 
for the interruption of the treatment between weeks 3 and 4. 
However, mavacamten treatment showed a safe pharmaco-
logical profile, since LVEF reduction was reversible and the 
cardiac electrical activity was consistently preserved, with 
no evidence of sustained arrhythmias or QT prolongation. 
Moreover, a link between mavacamten and atrial fibrillation 
could not be established due to the very low incidence of 
new-onset atrial fibrillation during the study. The long-term 
extension of the study (PIONEER-OLE, NCT03496168) 
will shed light on the long-tern efficacy of the drug and on 
the actual occurrence of side effects with this drug.

MAVERICK-HCM (Mavacamten in Adults With Symp-
tomatic Non-Obstructive Hypertrophic Cardiomyopa-
thy) [109] was a phase II, multicenter, double-blind, ran-
domized, placebo-controlled study enrolling 59 patients 
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with symptomatic non-oHCM, with preserved LVEF (≥ 
55%), increased NT-proBNP (≥ 300 pg/mL) and exertional 
symptoms (New York Heart Association [NYHA] functional 
class II/III). Patients were randomly assigned to three dif-
ferent cohorts. Cohort 1 comprised 19 patients treated with 
a pharmacokinetic-adjusted dose of mavacamten, where the 
serum drug concentration was set to approximately 200 ng/
mL; patients belonging to group 2 were treated with higher 
doses of mavacamten, in order to achieve serum drug con-
centrations averaging around 500 ng/mL. Group 3 was 
treated with placebo. Patients were treated for 16 weeks fol-
lowed by an 8-week post-treatment washout period, in order 
to evaluate the safety profile and the efficacy of mavacamten 
in this particular group of patients. Mavacamten was well 
tolerated in the vast majority of patients with symptomatic 
non-oHCM enrolled in the study. Moreover, the detection 
of serum biomarkers revealed a significant reduction of NT-
proBNP and cTnI in the mavacamten groups compared to 
the placebo treatment, highlighting an amelioration of the 
myocardial wall stress. In particular, NT-proBNP decreased 
by 53% in the mavacamten group versus 1% in the placebo 
group, while cardiac Troponin-I (cTnI) decreased by 34% in 
the mavacamten group versus a 4% increase in the placebo 
group. Finally, exploratory analyses showed that mavaca-
mten treatment improved echo parameters of diastolic func-
tion (E/e', e' velocity). A number of adverse events occurred 
in the participants but were consistently mild (76%) or mod-
erate (21%) and always self-limited. In particular, the most 
common adverse events described in HCM patients treated 
with mavacamten were palpitations, dizziness, and fatigue. 
Some serious adverse events were experienced by both 
mavacamten-treated and placebo-treated patients and were 
found to be not likely related to the treatment agent.

The aforementioned results promoted the development of 
a larger clinical trial enrolling 251 patients with oHCM, of 
whom 123 (49%) were randomly assigned to mavacamten 
and 128 to placebo (51%); EXPLORER-HCM [81] was a 
phase III, multicenter, randomized, double-blind, placebo-
controlled study conducted in 68 clinical cardiovascular 
centers in 13 countries, aiming to evaluate the efficacy and 
safety profile of mavacamten (Fig. 3). Mavacamten was 
superior to placebo in primary and secondary endpoints. 
Regarding the primary endpoint, 45 (37%) of 123 patients 
on mavacamten versus 22 (17%) of 128 on placebo experi-
enced 1.5 mL/kg per min or greater increase in  pVO2 with 
at least one point NYHA class reduction or an increase of 
over 30 mL/kg per min in  pVO2 with no changes of NYHA 
class. Furthermore, patients in the mavacamten arm showed 
an improvement in post-exercise LVOT gradient,  pVO2, and 
patient-reported health status. Almost 30% (32 of 117) of 
patients treated with mavacamten compared to less than 
1% (one of 126) of patients on placebo showed a complete 
pharmacological response, defined as a reduction in LVOT 

gradient to less than 30 mmHg with marked amelioration of 
symptoms [81]. Notably, the greatest benefit was observed 
in patients who were not on β-blockers [81]. Treatment with 
mavacamten resulted also in a consistent amelioration of the 
patients reported health status, with greater improvement 
in symptoms and quality of life in patients on mavacamten 
compared to placebo [110]. Of note, a larger improvement 
in the patient’s health status strongly correlated with a larger 
amelioration in  pVO2, highlighting a correlation between 
mavacamten treatment and improvement in patient health 
and quality of life. The latter relation is further consolidated 
by the evidence that the health status improvement is totally 
reversed 8 weeks after treatment [110].

Further studies are needed to evaluate whether the dis-
ease-modifying effects of mavacamten could be also applied 
in the clinic. Since mavacamten is a specific β-myosin inhib-
itor, the preventive therapeutic effect could be effective only 
for specific mutations. Pre-clinical and clinical evidence also 
differ for the timing of mavacamten-related effects observed 
in simple molecular preparations; while mavacamten rap-
idly decreased the development of force in human myofibrils 
[103], the clinical effect of mavacamten in oHCM patients 
is observed only after weeks of treatment. In the same way, 
the kinetics of the reversal of the myosin-inhibitory effect of 
mavacamten are extremely slow.

Mavacamten was generally well tolerated by oHCM 
patients enrolled in the PIONEER-HCM and in the 
EXPLORER-HCM studies, but in a few cases, the reduc-
tion of LVOT was associated with an excessive decrease of 
LVEF. The normalization of LVEF after the conclusion of 
the therapy was not immediate, suggesting that, although in 
a few cases, the amelioration of the health status of oHCM 
patients could be counteracted by the slow reversal of the 
effect, due to the very long half-life of the drug (7–10 days).

3.4  CK‑274 (Aficamten)

A second myosin inhibitor/allosteric modulator is currently 
being developed, CK-3773274 (CK-274 or aficamten). 
Despite having a similar molecular effect as mavacamten, 
aficamten binds myosin heads in a different regulatory site. A 
small, phase I/II study with aficamten (REDWOOD-HCM) 
is about to be completed (https:// clini caltr ials. gov/ ct2/ show/ 
NCT04 219826). REDWOOD-HCM enrolled 95 participants 
that were randomly assigned to three different cohorts, with 
different treatment schemes. Patients participating in cohort 
1 were then divided into two subgroups, receiving 5–15 mg 
of aficamten per day or placebo for 10 weeks. Cohort 2 
patients were treated with higher doses of aficamten (10–30 
mg) or placebo for 10 weeks. Finally, patients assigned to 
cohort 3 simultaneously received the same aficamten doses 
as cohort 1 (5–15 mg) in addition to disopyramide. The 
clinical trial is currently ongoing, and the completion of the 

https://clinicaltrials.gov/ct2/show/NCT04219826
https://clinicaltrials.gov/ct2/show/NCT04219826
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Fig. 3.  EXPLORER-HCM study results summary. The figure high-
lights the main points of the EXPLORER-HCM clinical trial. The 
KCCQ is a validated self-report instrument for measuring disease-
specific quality of life in chronic heart failure. HCMSQ-SoB is a spe-
cific questionnaire to assess the impact of dyspnea in symptomatic 
HCM. HCM hypertrophic cardiomyopathy, HCMSQ-SoB Hyper-

trophic Cardiomyopathy Symptom Questionnaire Shortness-of-
Breath subscore, KCCQ Kansas City Cardiomyopathy Questionnaire, 
LV left ventricular, LVOT LV outflow tract, NYHA New York Heart 
Association, pVO2 peak oxygen consumption, KCCQ-OS KCCQ 
overall summary, KCCQ-CSS KCCQ clinical summary score, o.d. 
once daily, EF ejection fraction
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study is expected by June 2023. The primary outcome of the 
phase II REDWOOD-HCM clinical trial is the incidence of 
adverse events in the enrolled patients, but the reduction of 
LVOT gradients by aficamten is also an exploratory out-
come. Preliminary results of the study have been recently 
announced (https:// www. globe newsw ire. com/ news- relea se/ 
2021/ 07/ 19/ 22647 59/0/ en/ Cytok ineti cs- Annou nces- Posit 
ive- Topli ne- Resul ts- of- Redwo od- HCM. html). The major-
ity of patients treated with aficamten (78.6% in cohort 1 and 
92.9% in cohort 2) achieved the treatment target, that is a 
reduction of resting gradient below 30 mmHg and a reduc-
tion of post-Valsalva gradient below 50 mmHg at week 10, 
compared to placebo (7.7%, P < 0.0001 vs. aficamten). The 
incidence of adverse events was similar between treatment 
arms, with minimal decrease of LVEF in patients receiv-
ing aficamten; LVEF was transiently reduced below 50% in 
only one treated patient. REDWOOD-OLE is the open-label 
extension of the REDWOOD-HCM study. In particular, 300 
HCM patients will be enrolled in this phase II clinical trial 
to evaluate the incidence of adverse events during long-term 
treatment with aficamten (up to 5 years). REDWOOD-OLE 
is currently ongoing and the definitive results are expected to 
be available by March 2026. A larger randomized placebo-
controlled phase III study with aficamten called SEQUOIA-
HCM, which is expected to recruit 270 total patients, started 
at the beginning of 2022 (https:// clini caltr ials. gov/ ct2/ show/ 
NCT05 186818). The primary outcome is the evaluation of 
changes in  pVO2 by aficamten, as evaluated during CPETs. 
The completion of the study is expected by September 2023. 
The results of the SEQUOIA-HCM study will be pivotal 
for the future regulatory approval of aficamten for use in 
oHCM patients. Aficamten has some potential pharmacoki-
netic advantages over mavacamten, such as the shorter half-
life (approximately 2 days vs. 7–10 days with mavacamten), 
allowing faster washout in the presence of side effects, and 
the absence of interactions with CYP2C19 and CYP3A4, 
reducing the likelihood of drug–drug interactions.

4  In Silico Modeling and Simulation 
for Drug Testing and Personalized Therapy 
in HCM

Because of the large genotypical and phenotypical variabil-
ity of HCM, a personalized approach to therapy represents 
the major goal for the management of this disease. However, 
the preclinical and clinical evaluation of novel drugs is ham-
pered by multiple limiting factors, such as the limitations 
of transgenic animal models, the difficulties in recruiting 
patients, and the time needed to develop a well assembled 
trial.

Human in vitro models based on cardiomyocytes differen-
tiated from patient-specific iPSC lines of HCM patients are 

being currently employed to model HCM myocardium and 
to perform in vitro tests of novel drugs such as mavacamten 
[70]. However, the functional and structural phenotype of 
cardiomyocytes differentiated from iPSCs is very immature 
and it is still unclear whether and how individual iPSC-
derived in vitro models reflect the actual disease manifesta-
tions of a specific patient in a personalized manner. Moreo-
ver, some of the therapeutic targets that are present in “real” 
cardiomyocytes might be differently expressed in immature 
iPSC-derived cells. The advantages and disadvantages of 
iPSCs for HCM research have been extensively reviewed 
elsewhere [6, 111, 112]. To overcome the limitations of 
animal models and in vitro human models, computational 
approaches are being developed and applied to HCM.

Over the last years, human-based computational meth-
odologies have proven to be powerful tools to investigate 
mechanisms of cardiac pathophysiology and to evaluate 
pharmacological therapies [113]. Through the integration of 
experimental and clinical findings, simulation studies have 
been conducted to explain HCM pathophysiology, pheno-
type expression, arrhythmic risk, and response to pharmaco-
logical therapies, advancing our mechanistic understanding 
of the disease, and paving the way for a new era of personal-
ized therapy in HCM [114] (Fig. 4).

Passini et al. [43] used human experimental HCM data 
to develop and calibrate an electrophysiological model of 
the human HCM cardiomyocyte. The model was able to 
unravel key mechanisms underlying arrhythmia precursors 
in HCM and to identify effective pharmacological targets. 
The reactivation of the overexpressed ICaL was identified 
as a key mechanism driving repolarization abnormalities in 
HCM. Through the simulation of human drug trials, they 
investigated potentially efficacious anti-arrhythmic strate-
gies specific to the HCM phenotype. Selective ICaL block 
was shown to have high efficacy in the suppression of pro-
arrhythmic abnormalities, but also compromised calcium 
transient amplitude. On the contrary, the multichannel block 
of NCX, INaL, and ICaL exhibited a better efficacy profile than 
the respective single blocks, without the negative effects on 
systolic calcium.

In most patients, HCM is caused by genetic mutations 
of sarcomeric proteins. Several studies have investigated in 
silico the primary effects of point mutations on sarcomere 
contractility [115–120] and their related propensity for 
arrhythmogenesis [121], with computational techniques 
ranging from molecular dynamics to spatially explicit sar-
comere modeling. Information on the early human patho-
physiology associated with HCM mutations, decoupled 
from compensatory responses and long-term remodeling, 
can be exploited to identify effective targets that, if pharma-
cologically modulated, would aid in phenotype resolution. 
By leveraging information on the effect of a myosin muta-
tion on cellular contractility [70, 122], Margara et al. used 

https://www.globenewswire.com/news-release/2021/07/19/2264759/0/en/Cytokinetics-Announces-Positive-Topline-Results-of-Redwood-HCM.html
https://www.globenewswire.com/news-release/2021/07/19/2264759/0/en/Cytokinetics-Announces-Positive-Topline-Results-of-Redwood-HCM.html
https://www.globenewswire.com/news-release/2021/07/19/2264759/0/en/Cytokinetics-Announces-Positive-Topline-Results-of-Redwood-HCM.html
https://clinicaltrials.gov/ct2/show/NCT05186818
https://clinicaltrials.gov/ct2/show/NCT05186818
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a human electromechanical cardiomyocyte in silico model 
[123] to simulate the effect of the novel myosin inhibitor 
mavacamten and investigate its mutation-specific efficacy in 
HCM [124]. They demonstrated in silico that mavacamten 
is highly effective in correcting HCM abnormalities caused 
by mutations that destabilize the myosin energy-conserving 
state. Similarly, human cardiac electrophysiology models 
can also be complemented with detailed representations of 
the β-adrenergic receptor stimulation response [125], which 
would enable further insights on the altered response of 
HCM to β-adrenergic receptor signaling [21], as well as on 
the response to β-blockers, as a common frontline therapy 
choice in the disease.

Organ-level models allow for the inclusion of disease-
specific factors of HCM, including hypertrophic abnor-
malities, tissue microstructure alterations, conduction 

abnormalities, and cellular remodeling. These models can 
be exploited to simulate the ECG and its changes under drug 
action, facilitating translation between patient and simulated 
data. In order to mechanistically explain distinct ECG phe-
notypes in HCM patients, Lyon et al. [126] constructed 3D 
models from cardiac imaging representative of the most 
common HCM phenotypes. The resulting simulations pro-
vided evidence of distinct arrhythmia mechanisms for each 
phenotype, highlighting potential implications for personal-
ized pharmacological treatments. Effects of disopyramide 
in patients with oHCM have also been investigated with a 
multiscale in silico approach, from the cellular to the ECG 
levels [42]. The findings showed the beneficial action of 
disopyramide in decreasing dispersion of repolarization in 
regions of septal hypertrophy, while providing insights on 
responders to therapy.

Fig. 4.  Human multiscale in silico modeling and simulation for per-
sonalized medicine in HCM. From left to right: heterogenous sources 
of experimental and clinical data are used to inform, calibrate, and 
validate multiscale models of human cardiac function and struc-
ture from the subcellular to the organ level, in order to determine 
the best therapy strategy based on mechanistic insights. This can 
be achieved through the investigation of (1) the phenotypic vari-
ability, as observed in HCM patients’ ECGs, to first cluster patients 
and then determine underlying patient-specific pathophysiology (A, 
from [126]); (2) the cellular (B, from [43]) and organ (C, from [42]) 

mechanisms that determine drug action response in HCM patients 
with identification of novel therapeutic targets; and (3) the mecha-
nisms behind HCM mutation-induced changes in cellular mechanical 
function (D, from [119]) and arrhythmia propensity (E, from [43]). 
All sub-panels (A–E) reproduced under Open Access licenses. HCM 
hypertrophic cardiomyopathy, ICaL L-type calcium current, SRX super 
relaxed state, CTRL control, ECG electrocardiogram, exp. experimen-
tal, INCX sodium calcium exchanger current, WT wild type, Mon/
off myosin bound or unbound to actin, Non/off calcium bound or 
unbound to troponin
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5  Experimental Disease‑Modifying 
Therapies in HCM

Recent evidence has highlighted the compelling need for 
novel therapeutic strategies aimed at preventing LV hyper-
trophy and cardiac remodeling associated with HCM muta-
tions. In this view, many groups have tried to investigate 
the capability of some compounds to prevent the cardiac 
alteration associated with HCM, if administered on the basis 
of genetic screening, before the onset of LV hypertrophy and 
symptoms. Many experimental works have confirmed that 
alterations in calcium handling, sodium fluxes, and ener-
getic balance precede the development of hypertrophy and 
diastolic dysfunction in HCM. Scientists have investigated 
whether some of the compounds in use for HCM treatment 
are also capable of preventing the phenotype manifestation 
or reversing disease progression, if administered early in the 
course of the disease.

N-acetylcysteine (NAC) is an antioxidant that has been 
tested as a modifying therapy in experimental models 
of HCM. In 2006, on a mouse model with a mutation in 
cardiac troponin T, Marian et al. [127] tested the capabil-
ity of NAC to reverse the hypertrophic phenotype. They 
observed that by reducing the oxidative stress with NAC, 
fibrosis and hypertrophy were reduced in mice. Wilder and 
co-workers [128], also using a mouse model of HCM in 
cardiac α-tropomyosin (Tm-E180G mutation), investigated 
the capability of NAC to restore cardiac function and pre-
vent hypertrophy. They demonstrated that the administra-
tion of NAC for 30 days to 1-month-old mice normalized 
the phosphorylation of phospholamban in mutant mice and 
increased tension cost and rate of cross-bridge reattachment. 
The suggestion is that, by reducing oxidative stress, NAC 
will ameliorate the myosin cycling and reverse the progres-
sion of the pathology. After this preliminary study, Marian 
and its group designed and performed a small clinical trial 
in 2018 (HALT-HCM) to better understand if the antioxidant 
activity of NAC reversed the course of the disease in patients 
[129]. In a cohort of 42 randomized HCM patients, NAC 
(2.4 g daily) or placebo was administered for 12 months. The 
study did not highlight any beneficial effect in terms of wall 
thickness reduction after the treatment. The different results 
of this study compared to those obtained in animal models 
are likely to be related to the different genetic complexity of 
human HCM and to the small number of patients enrolled. 
More studies need to be performed to better understand the 
role of antioxidant therapy for the prevention of HCM in 
mutation carriers.

CCBs have also been extensively investigated as drugs 
to modify disease onset and progression in HCM models 
[130, 131], in particular diltiazem. A study from Semsarian 
and co-workers (2002) was conducted in a transgenic HCM 

mouse carrying the Arg403Gln variant in the α-cardiac 
myosin heavy chain. Treatment with diltiazem reduced 
hypertrophy and myocardial fibrosis by restoring the cal-
cium cycling of cardiomyocytes [132]. In 2006, a study 
on a different mouse model (I79N mutation in troponin-T) 
showed similar results in terms of disease phenotype pre-
vention [130]. In 2016, an additional effect of diltiazem was 
reported [133]: using the same mouse model as in Semsar-
ian’s study from 2002, scientists highlighted a significant 
amelioration of the energetic profile of HCM cardiomyo-
cytes during diltiazem treatment, mediated by a reduction of 
the hyperactivation of the mitochondria. This mechanism is 
possible because L-type calcium channels are connected to 
the voltage-dependent anion channel on the mitochondrial 
membrane via F-actin; by blocking the calcium channel, the 
activity of the anion channel is also reduced and, with that, 
the mitochondrial voltage membrane potential, ultimately 
normalizing mitochondrial activity and energy balance in 
the cardiomyocytes [133]. Following these promising pre-
clinical results, an important clinical trial with diltiazem 
was designed and conducted in 2015 by Ho and co-workers 
[134]. They investigated the capability of diltiazem to pre-
vent disease progression in selected young HCM mutation 
carriers in the pre-hypertrophic stage of the disease. In this 
study, only young patients with sarcomeric mutations were 
enrolled, without any phenotypic manifestations of HCM 
at the beginning of the study. Diltiazem was administered 
once daily as 90 mg for adults and 1 mg/kg for children and 
titrated up to 360 mg/day for adults and 5 mg/kg/day for 
children; the follow-up lasted for 1–3 years, including ECG, 
magnetic resonance imaging, and serum biomarkers analy-
sis. They observed that diltiazem prevented changes in LV 
cavity size, which tends to become smaller during disease 
progression in carriers of HCM mutations. The preserved 
LV size is associated with a preserved diastolic function and 
LV filling. A year after treatment was stopped, the observed 
improvements disappeared and disease progression resumed. 
This study opens new perspectives for preventing the onset 
of HCM in young patients and confirms the safety of long-
term treatment with diltiazem in selected HCM mutation 
carriers.

Ranolazine, due to its efficacy in normalizing calcium 
homeostasis in cardiomyocytes, in line with the results of 
CCB studies, may also be an effective drug to affect HCM 
disease development and progression. Our group recently 
performed a preclinical study on two different mouse mod-
els of HCM (E163R and R92Q mutations of the cardiac 
troponin-T gene), suggesting that the response to ranolazine 
treatment can be influenced by the disease-causing muta-
tions [54]. While the E163R mutation directly led to myo-
cardial dysfunction, R92Q caused diastolic dysfunction and 
LV remodeling by inducing large secondary changes of cal-
cium signaling, linked with the hyperactivation of calcium/
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calmodulin-dependent protein kinase II (CaMKII). Moreo-
ver, R92Q mice showed an early overexpression of INaL, the 
target of ranolazine, even before the onset of hypertrophy 
or diastolic dysfunction. After model characterization, we 
tested the response of R92Q mice to long-term ranolazine 
treatment, starting 2 weeks after birth, before the devel-
opment of the HCM-related phenotype [135]. Long-term 
ranolazine treatment, through reduction of CaMKII acti-
vation, led to a near complete prevention of the develop-
ment of LV hypertrophy, LV fibrosis, and cardiomyocyte 
calcium handling abnormalities, and significantly reduced 
the impairment of diastolic function in adult mutant mice. 
Altogether, our work supports the idea of using ranolazine 
for the prevention of phenotype in HCM mutation carriers, 
but also prompts researchers to identify the basal mechanism 
of disease linked with each mutation, to better select the 
ideal drug for treatment and prevention.

Statins are inhibitors of 3-hydroxy-3-methylglutaryl-
CoA (HMG-CoA) reductase, the enzyme responsible for 
the synthesis of mevalonic acid, a precursor of cholesterol. 
Statins exert a beneficial effect on the cardiovascular sys-
tem by modulating lipid metabolism; these molecules induce 
anti-atherosclerotic effects and are primarily employed in 
coronary patients [136]. Early in the 21st century, different 
studies investigated the capability of statins to reduce LV 
hypertrophy in HCM models. Since the presence of oxi-
dative stress was demonstrated in HCM cardiomyocytes 
through different models of disease [137], it became a tar-
get of interest, and statins were tested for their antioxidant 
effects [138–140]. Marian and coworkers investigated the 
antioxidant capability of atorvastatin in a transgenic rabbit 
model of HCM carrying a mutation on the β-myosin heavy 
chain (R403Q). Data showed the reduction of all the mark-
ers of hypertrophy in the treated animals, including myocyte 
size, LV wall thickness, and LV mass. This work suggested 
that atorvastatin improves cell function and slows down the 
development of LV hypertrophy by modifying the oxidative 
level of the cardiomyocytes [141]. After these promising 
preclinical studies with statins, clinical trials were devel-
oped. SIRCAT was a trial focusing on the use of atorvastatin 
in 22 HCM patients; after 12 months follow-up, researchers 
observed that the LV wall thickness and diastolic function 
were comparable between patients treated with atorvastatin 
or with placebo [142], suggesting a lack of efficacy of statins 
in human HCM.

Another example of a preventive therapeutic approach in 
HCM comes from the studies on the novel small molecule 
β-myosin inhibitor mavacamten. MYK-461 was demon-
strated to promote the shift to the SRX of the myosin heads, 
promoting energy saving and improving myocardial relaxa-
tion and diastolic tension. The results in pre-clinical trials 
conducted in mouse models suggested that the capability of 
MYK-461 to prevent HCM progression and the hypertrophic 

manifestations depends on the site of the mutation responsi-
ble for the disease. In particular, while mavacamten prevents 
LV hypertrophy and myocardial dysfunction in a mouse 
model with a mutation in the motor domain of the myosin 
heavy chain [99], its efficacy is reduced in a mouse model 
with mutations in the myosin binding protein C gene [79]. 
Current studies in patients are not aimed at evaluating the 
long-term effects of mavacamten on disease progression. 
However, the new VALOR-HCM [143] clinical study is cur-
rently ongoing. This study aims to investigate the capability 
of mavacamten to reduce LVOTO and to prevent surgical 
septal reduction; the follow-up will be 138 weeks, with a 
cohort of 100 patients, selected on the basis of the pharma-
cological treatment received. The results of this study will 
give us an overview of the ability of MYK-461 to reverse 
the hypertrophy and/or prevent the worsening of the disease. 
In this view, genetic screening of HCM patients becomes of 
primary importance before starting a new clinical study or 
a pharmacological treatment.

6  Conclusions

The pharmacological therapy of HCM has evolved dra-
matically and has greatly changed from empiric and mainly 
based on the experience of a few high-volume centers to 
evidence based, following a number of large multicenter 
trials. Mavacamten is a true revolution, in that it is the first 
compound specifically developed for HCM, that will change 
the management of obstructive patients worldwide. New 
molecules targeting myofilaments are being developed and 
tested, including the myosin inhibitor aficamten, which is 
currently being evaluated in a large clinical trial on oHCM 
patients (https:// clini caltr ials. gov/ ct2/ show/ NCT05 186818). 
Future developments include personalized approaches to 
drug selection, based on the genetic background of each 
patient and on in silico approaches, as well as attempts to 
prevent disease onset in mutation carriers.
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