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Abstract
Hypertrophic cardiomyopathy (HCM) is the most common genetic heart disease worldwide and may present with or without dynamic 
left ventricular outflow tract obstruction (LVOTO). Significant advances have been made in the management of obstructive HCM. 
On the other hand, despite their significant symptomatic burden, patients with non-obstructive HCM (nHCM) (i.e., without LVOTO) 
still do not have evidence-based therapeutical options. The recent IMPROVE-HCM study, a phase 2 randomized, double-blinded 
trial, aims to place a first step in filling this gap in knowledge. The study assessed the safety (primary endpoint) and efficacy (sec-
ondary endpoint) of ninerafaxstat, a novel cardiac mitotrope drug that increases adenosine triphosphate production. We highlighted 
the main findings of the trial, contextualizing these results within the larger landscape of completed and ongoing trials in nHCM.
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Hypertrophic cardiomyopathy (HCM) is the most common 
genetic heart disease worldwide with a prevalence ranging from 
1:500 to 1:200 in the general population [1, 2]. Pharmacological 
and interventional therapeutic options for HCM with dynamic 
left ventricular outflow tract obstruction (LVOTO), referred to 
as obstructive HCM (oHCM), are now available: beta-blockers 
or calcium channel blockers (diltiazem or verapamil), disop-
yramide, mavacamten (a selective, allosteric, reversible car-
diac myosin inhibitor), and myectomy or alcohol septal abla-
tion [3–6]. Up to 40% of patients with non-obstructive HCM 
(nHCM) and preserved left ventricular ejection fraction (LVEF) 

have significant symptoms such as fatigue, angina, dyspnoea 
on exertion, or limitation of exercise capacity mainly attrib-
uted to microvascular ischemia or diastolic dysfunction [7]. 
Despite this, no evidence-based drugs have been demonstrated 
to improve symptoms, quality of life, or exercise capacity in 
symptomatic patients with nHCM. Possibly, this is because 
drugs tested so far do not directly act on the pathophysiologi-
cal mechanisms of the disease [8], including the energy-deplete 
condition of the cardiomyocytes caused by alterations in sarco-
meric function [9]. Metabolic derangements in the myocardium 
of patients with HCM have been well characterized. Myocar-
dial contraction is critically dependent on energy metabolism, 
and cardiac diastolic function, particularly myocardial relaxa-
tion, can be adversely impacted as well. Impaired LV diastolic 
relaxation with the inability to increase stroke volume during 
exercise is a major determinant of heart failure (HF) symptoms 
and impaired functional capacity for HCM patients.

Thus, myocardial energetics are an attractive target for the 
treatment of nHCM. Mitotropes are positive inotropic drugs that 
can improve the efficiency of mitochondrial energy production 
by stabilizing the inner mitochondrial membrane or by shift-
ing cardiac energy metabolism from free fatty acid oxidation to 
more efficient energy sources (e.g., glucose oxidation) [10]. In 
a randomized, double-blind, placebo-controlled, phase 2 trial 
(METAL-HCM trial, NCT00500552), enrolling a small cohort 
of patients with symptomatic exercise limitation caused by 
nHCM (n = 46), the mitotrope perhexiline, a potent inhibitor of 
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carnitine palmitoyltransferase-1 enzyme which controls access 
of long chain fatty acids to the mitochondrial site of beta-oxida-
tion, improved exercise capacity and diastolic function [11]. The 
metabolic modulator trimetazidine dihydrochloride (TMZ) was 
tested in a further study but did not result in significant improve-
ment in exercise capacity [12].

Ninerafaxstat is a novel cardiac mitotrope pro-drug that par-
tially inhibits fatty acid oxidation through direct competitive 
inhibition of 3-ketoacyl-CoA thiolase. This induces an increase 
in adenosine triphosphate production through increased glucose 
oxidation, as demonstrated in phase 2a trial using magnetic 
resonance imaging spectroscopy (Fig. 1) [13]. Maron and col-
leagues have recently reported the results of the IMPROVE-
HCM trial, a phase 2 randomized, double-blinded, multicenter, 
placebo-controlled trial enrolling 67 patients with nHCM, pre-
served LVEF, and exercise limitation (i.e., defined as peak oxy-
gen consumption [pVO2] < 80% than predicted based on age 
and gender) [14]. Patients were randomized in a 1:1 ratio to 
receive ninerafaxstat or placebo and underwent assessment by 
Kansas City Cardiomyopathy Questionnaire Clinical Summary 
Score (KCCQ-CSS), cardiopulmonary exercise testing (CPET), 
echocardiography, and biomarkers at baseline and after a treat-
ment period of 12 weeks. Patients had a mean age of 57 years. 
There was an underrepresentation of Asian and Black race 

(only 10.5%). Interestingly, many patients were overweight or 
obese (mean body mass index [BMI] 32.1 ± 6.1 kg/m2). Overall, 
91% of the patients were already on calcium channel blockers 
or beta-blockers. The primary endpoint was the incidence and 
severity of adverse events (AEs), and the secondary endpoints 
were changes in CPET and echocardiography parameters, 
symptoms, KCCQ-CSS score, and biomarkers. There was no 
significant difference in serious or non-serious AEs between 
the two arms, although the rate of non-serious AEs (such as 
nausea, headache, hypokalemia, chest discomfort, and fatigue) 
was numerically higher in the ninerafaxstat arm. No significant 
differences were found in symptoms (New York Heart Associa-
tion (NYHA) class), and KCCQ-CSS score changes. Notably, a 
slight improvement in KCCQ-CSS was observed in both study 
arms. This is in line with previous studies and may be related to 
the closer follow-up and placebo effect [15, 16]. Importantly, in a 
post hoc analysis considering only patients most limited by heart 
failure symptoms (baseline KCCQ-CSS ≤ 80), patients on the 
ninerafaxstat arm showed a significantly greater mean improve-
ment in KCCQ-CSS as compared to placebo (9.3 points; 95% 
CI, 0.2 to 18.5; p = 0.04) [14]. In the whole population, the ven-
tilation/carbon dioxide production slope showed a statistically 
significant improvement with ninerafaxstat as compared to pla-
cebo; these results were confirmed in the subgroup of patients 

Fig. 1  Mechanism of action and potential benefits of ninerafaxstat 
in patients with nHCM. ATP, adenosine triphosphate production; 
KCCQ, Kansas City Cardiomyopathy Questionnaire; KCCQ-CSS, 
Kansas City Cardiomyopathy Questionnaire Clinical Summary Score; 
hs-cTnT, high-sensitivity cardiac troponin test; LA, left atrial; LV, 

left ventricular; LVEF, left ventricular ejection fraction; nHCM, non-
obstructive hypertrophic cardiomyopathy; NYHA Class, New York 
Heart Association Class; NT-proBNP, N-terminal pro-B-type natriu-
retic peptide;  pVO2, peak oxygen consumption; VE/VCO2, ventila-
tion/carbon dioxide production slope
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with more advanced symptoms (NYHA class III at baseline 
or baseline KCCQ-CSS ≤ 80). On the other hand, no signifi-
cant difference was found in peak oxygen consumption. Even 
though it was not statistically significant, a decrease in LVEF 
was observed. As for parameters related to diastolic dysfunction, 
a significant reduction of 2 mm (95% CI − 3 to + 1; p = 0.01) 
in LA diameter was reported, while no significant difference 
was found between the two groups in the E/eʹ ratio (with just a 
trend towards reduction in the ninerafaxstat arm). No significant 
reduction was found for both troponin and N-terminal pro-B-
type natriuretic peptide (NT-proBNP) values.

Overall, this small study showed the safety and tolerability 
of this new mitotrope drug ninerafaxstat over the short term, 
paving the way to larger phase 3 studies. The efficacy results, 
particularly in the subgroups with more advanced symptoms, 
seem promising but should be interpreted with caution. Indeed, 
ninerafaxstat therapy was associated with positive changes in 
quality of life and exercise capacity. However, other objective 
markers of HF severity like NT-proBNP did not improve sig-
nificantly. Furthermore, no improvement in E/e′ was found, 
while it was expected based on the mechanism of action and as 
the first step toward improvement in exercise capacity or symp-
toms. A potential extracardiac effect of the intervention that 
primarily drives improvement in functional capacity cannot be 
excluded. Also, the trend toward the reduction of LVEF requires 
further investigation. Finally, given the lack of heterogeneity 
in the sample, it will be interesting to see in phase 3 studies 
how ninerafaxstat behaves in patients with normal/low BMI 
or with different ethnicities. Further studies are also needed to 
explore if the modulation of disease mechanisms translates into 
positive effects on wall thickness and ventricular fibrosis. We 
may also consider that ninerafaxstat is a positive inotropic drug 
and might therefore increase the risk of developing LVOTO. 
Despite these possible study limitations, ninerafaxstat has the 
potential to emerge as a new safe and well-tolerated second-
line option to improve HF symptoms and functional capacity in 
patients affected by nHCM and with preserved LVEF.

In conclusion, the results of the IMPROVE-HCM study 
support the initiation of the phase 3 FORTITUDE-HCM 
clinical trial of ninerafaxstat in patients with symptomatic 
nHCM. Several studies with further drugs (i.e., mavacamten 
and aficamten) are ongoing (Table 1) and might support, in 
the future, the efficacy of drugs that act directly on patho-
physiological mechanisms in this population. The efficacy 
of drugs approved for the treatment of HF in patients with 
nHCM is currently scarce, being nHCM often among the 
exclusion criteria of major HF trials. Both sacubitril/valsar-
tan and sodium-glucose co-transporter 2 inhibitors are being 
studied in dedicated trials for nHCM (Table 1). Also, genetic 
therapy may represent an opportunity in the next years.

A few considerations for the design of future trials should 
be included. Most of the trials leading to changes in guide-
lines have been based on the composite primary endpoint 

of cardiovascular (CV) death and hospitalization for HF and 
have enrolled thousands of patients, which is not achiev-
able in nHCM trials. This endpoint now can be expanded 
to include outpatient worsening HF events [17]. More 
recently, patient-related outcome measures (PROMs) have 
been included to boost the number of events and the power 
to detect differences. Importantly, the improvement in qual-
ity of life, assessed by KCCQ, needs to be correlated with 
the objective improvements in functional capacity, by means 
of  VO2, which has been traditionally used as an endpoint in 
HCM. Other surrogate endpoints, like biomarkers, may be 
included as well. Repeated assessment with cardiac magnetic 
resonance imaging could allow the identification of structural 
and functional changes (i.e., the degree of myocardial fibro-
sis, LV systolic and diastolic function) following treatment 
with disease-modifying drugs in nHCM.

Author contribution All authors contributed to the conceptualization 
and the writing of the manuscript. All named authors have reviewed 
and approved the final version of the manuscript.

Declarations 

Conflict of interest D.T. received speaker fees from Alnylam, Astra-
Zeneca, Boehringer Ingelheim, Pfizer and Roche Diagnostics, outside 
the present work. A.A. received grants from Pfizer and Eidos, outside 
the present work. Other authors have nothing to declare.

References

 1. Elliott P, Andersson B, Arbustini E, Bilinska Z, Cecchi F, Charron 
P, Dubourg O, Kuhl U, Maisch B, McKenna WJ et al (2008) Clas-
sification of the cardiomyopathies: a position statement from the 
European Society Of Cardiology Working Group on Myocardial 
and Pericardial Diseases. Eur Heart J 29:270–276. https:// doi. org/ 
10. 1093/ eurhe artj/ ehm342

 2. Maron BJ, Rowin EJ, Maron MS (2018) Global burden of hyper-
trophic cardiomyopathy. JACC Heart Fail 6:376–378. https:// doi. 
org/ 10. 1016/j. jchf. 2018. 03. 004

 3. Arbelo E, Protonotarios A, Gimeno JR, Arbustini E, Barriales-
Villa R, Basso C, Bezzina CR, Biagini E, Blom NA, de Boer RA 
et al (2023) 2023 ESC Guidelines for the management of cardio-
myopathies. Eur Heart J 44:3503–3626. https:// doi. org/ 10. 1093/ 
eurhe artj/ ehad1 94

 4. Ommen SR, Mital S, Burke MA, Day SM, Deswal A, Elliott P, 
Evanovich LL, Hung J, Joglar JA, Kantor P et al (2020) 2020 
AHA/ACC Guideline for the diagnosis and treatment of patients 
with hypertrophic cardiomyopathy: a report of the American Col-
lege of Cardiology/American Heart Association Joint Committee 
on Clinical Practice Guidelines. J Am Coll Cardiol 76:e159–e240. 
https:// doi. org/ 10. 1016/j. jacc. 2020. 08. 045

 5. Zhang Y, Adamo M, Zou C, Porcari A, Tomasoni D, Rossi M, 
Merlo M, Liu H, Wang J, Zhou P et al (2024) Management of 
hypertrophic cardiomyopathy. J Cardiovasc Med (Hagerstown). 
https:// doi. org/ 10. 2459/ JCM. 00000 00000 001616

 6. Bertero E, Chiti C, Schiavo MA, Tini G, Costa P, Todiere G, 
Mabritto B, Dei LL, Giannattasio A, Mariani D et al (2024) Real-
world candidacy to mavacamten in a contemporary hypertrophic 

https://doi.org/10.1093/eurheartj/ehm342
https://doi.org/10.1093/eurheartj/ehm342
https://doi.org/10.1016/j.jchf.2018.03.004
https://doi.org/10.1016/j.jchf.2018.03.004
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1093/eurheartj/ehad194
https://doi.org/10.1016/j.jacc.2020.08.045
https://doi.org/10.2459/JCM.0000000000001616


Heart Failure Reviews 

obstructive cardiomyopathy population. Eur J Heart Fail 26:59–
64. https:// doi. org/ 10. 1002/ ejhf. 3120

 7. Maron MS, Rowin EJ, Olivotto I, Casey SA, Arretini A, Tomb-
erli B, Garberich RF, Link MS, Chan RHM, Lesser JR, Maron 
BJ (2016) Contemporary natural history and management of 
nonobstructive hypertrophic cardiomyopathy. J Am Coll Cardiol 
67:1399–1409. https:// doi. org/ 10. 1016/j. jacc. 2016. 01. 023

 8. Ammirati E, Contri R, Coppini R, Cecchi F, Frigerio M, Olivotto 
I (2016) Pharmacological treatment of hypertrophic cardiomyo-
pathy: current practice and novel perspectives. Eur J Heart Fail 
18:1106–1118. https:// doi. org/ 10. 1002/ ejhf. 541

 9. Crilley JG, Boehm EA, Blair E, Rajagopalan B, Blamire AM, 
Styles P, McKenna WJ, Ostman-Smith I, Clarke K, Watkins H 
(2003) Hypertrophic cardiomyopathy due to sarcomeric gene 
mutations is characterized by impaired energy metabolism 
irrespective of the degree of hypertrophy. J Am Coll Cardiol 
41:1776–1782. https:// doi. org/ 10. 1016/ s0735- 1097(02) 03009-7

 10. Psotka MA, Gottlieb SS, Francis GS, Allen LA, Teerlink JR, 
Adams KF Jr, Rosano GMC, Lancellotti P (2019) Cardiac cal-
citropes, myotropes, and mitotropes: JACC review topic of the 
week. J Am Coll Cardiol 73:2345–2353. https:// doi. org/ 10. 1016/j. 
jacc. 2019. 02. 051

 11. Abozguia K, Elliott P, McKenna W, Phan TT, Nallur-Shivu G, 
Ahmed I, Maher AR, Kaur K, Taylor J, Henning A et al (2010) 
Metabolic modulator perhexiline corrects energy deficiency and 
improves exercise capacity in symptomatic hypertrophic cardio-
myopathy. Circulation 122:1562–1569. https:// doi. org/ 10. 1161/ 
CIRCU LATIO NAHA. 109. 934059

 12. Coats CJ, Pavlou M, Watkinson OT, Protonotarios A, Moss L, 
Hyland R, Rantell K, Pantazis AA, Tome M, McKenna WJ et al 
(2019) Effect of trimetazidine dihydrochloride therapy on exer-
cise capacity in patients with nonobstructive hypertrophic cardio-
myopathy: a randomized clinical trial. JAMA Cardiol 4:230–235. 
https:// doi. org/ 10. 1001/ jamac ardio. 2018. 4847

 13. Hundertmark M, Siu AG, Matthews V, Lewis AJ, Grist JT, Patel 
J, Chamberlin P, Sarwar R, Yavari A, Frenneaux MP et al (2022) 
A phase 2a trial investigating ninerafaxstat – a novel cardiac mito-
trope for the treatment of diabetic cardiomyopathy (IMPROVE-
DiCE). Eur Heart J 43(Supplement_2):ehac544.246. https:// doi. 
org/ 10. 1093/ eurhe artj/ ehac5 44. 246

 14. Maron MS, Mahmod M, Abd Samat AH, Choudhury L, Massera 
D, Phelan DMJ, Cresci S, Martinez MW, Masri A, Abraham TP, 
Adler E, Wever-Pinzon O, Nagueh SF, Lewis GD, Chamberlin 
P, Patel J, Yavari A, Dehbi HM, Sarwar R, Raman B, Valkovič 
L, Neubauer S, Udelson JE, Watkins H (2024) Safety and effi-
cacy of metabolic modulation with ninerafaxstat in patients with 
nonobstructive hypertrophic cardiomyopathy. J Am Coll Cardiol 
83(21):2037–2048. https:// doi. org/ 10. 1016/j. jacc. 2024. 03. 387

 15. Spertus JA, Jones PG, Sandhu AT, Arnold SV (2020) Interpreting 
the Kansas City cardiomyopathy questionnaire in clinical trials 
and clinical care: JACC state-of-the-art review. J Am Coll Cardiol 
76:2379–2390. https:// doi. org/ 10. 1016/j. jacc. 2020. 09. 542

 16. Mendes JL, Dos Santos CM, Sousa-Pinto B (2024) Assess-
ment of patient-reported outcomes measures in heart failure: 
a systematic review. Heart Fail Rev. https:// doi. org/ 10. 1007/ 
s10741- 024- 10404-y

 17. Metra M, Tomasoni D, Adamo M, Bayes-Genis A, Filippatos G, 
Abdelhamid M, Adamopoulos S, Anker SD, Antohi L, Bohm M 
et al (2023) Worsening of chronic heart failure: definition, epide-
miology, management and prevention. A clinical consensus state-
ment by the Heart Failure Association of the European Society of 
Cardiology. Eur J Heart Fail 25:776–791. https:// doi. org/ 10. 1002/ 
ejhf. 2874

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/ejhf.3120
https://doi.org/10.1016/j.jacc.2016.01.023
https://doi.org/10.1002/ejhf.541
https://doi.org/10.1016/s0735-1097(02)03009-7
https://doi.org/10.1016/j.jacc.2019.02.051
https://doi.org/10.1016/j.jacc.2019.02.051
https://doi.org/10.1161/CIRCULATIONAHA.109.934059
https://doi.org/10.1161/CIRCULATIONAHA.109.934059
https://doi.org/10.1001/jamacardio.2018.4847
https://doi.org/10.1093/eurheartj/ehac544.246
https://doi.org/10.1093/eurheartj/ehac544.246
https://doi.org/10.1016/j.jacc.2024.03.387
https://doi.org/10.1016/j.jacc.2020.09.542
https://doi.org/10.1007/s10741-024-10404-y
https://doi.org/10.1007/s10741-024-10404-y
https://doi.org/10.1002/ejhf.2874
https://doi.org/10.1002/ejhf.2874

	Modulating energy metabolism to treat non-obstructive hypertrophic cardiomyopathy? Insights from IMPROVE-HCM
	Abstract
	References


