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Abstract

Aims Genetic hypertrophic cardiomyopathy (HCM) is caused by mutations in sarcomere protein-encoding genes (i.e. genotype- 
positive HCM). In an increasing number of patients, HCM occurs in the absence of a mutation (i.e. genotype-negative HCM). 
Mitochondrial dysfunction is thought to be a key driver of pathological remodelling in HCM. Reports of mitochondrial re-
spiratory function and specific disease-modifying treatment options in patients with HCM are scarce.

Methods 
and results

Respirometry was performed on septal myectomy tissue from patients with HCM (n = 59) to evaluate oxidative phosphor-
ylation and fatty acid oxidation. Mitochondrial dysfunction was most notably reflected by impaired NADH-linked respir-
ation. In genotype-negative patients, but not genotype-positive patients, NADH-linked respiration was markedly 
depressed in patients with an indexed septal thickness ≥10 compared with <10. Mitochondrial dysfunction was not ex-
plained by reduced abundance or fragmentation of mitochondria, as evaluated by transmission electron microscopy. 
Rather, improper organization of mitochondria relative to myofibrils (expressed as a percentage of disorganized mitochon-
dria) was strongly associated with mitochondrial dysfunction. Pre-incubation with the cardiolipin-stabilizing drug elamipre-
tide and raising mitochondrial NAD+ levels both boosted NADH-linked respiration.

Conclusion Mitochondrial dysfunction is explained by cardiomyocyte architecture disruption and is linked to septal hypertrophy in geno-
type-negative HCM. Despite severe myocardial remodelling mitochondria were responsive to treatments aimed at restoring 
respiratory function, eliciting the mitochondria as a drug target to prevent and ameliorate cardiac disease in HCM. 
Mitochondria-targeting therapy may particularly benefit genotype-negative patients with HCM, given the tight link between 
mitochondrial impairment and septal thickening in this subpopulation.
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Structured Graphical Abstract

Our analyses reveal substantial variation in mitochondrial dysfunction in patients with hypertrophic cardiomyopathy. At the cellular level, this was 
strongly linked to mitochondrial disorganization. In patients with no known causative sarcomere mutation, mitochondrial dysfunction was associated 
with septal thickening. Mitochondria were responsive to treatments aimed at boosting NADH-driven respiration, indicating therapeutic potential of 
the mitochondria despite severe cardiac remodelling.

Keywords Hypertrophic cardiomyopathy • Mitochondrial dysfunction • Metabolism • Cardiomyocyte architecture • Mitochondrial 
therapy

Translational perspective
Hypertrophic cardiomyopathy is a highly prevalent cardiac disease and may be driven by mitochondrial dysfunction. We show a strong link be-
tween disease severity and mitochondrial dysfunction in patients with no causative mutation. Mitochondrial dysfunction was corrected by stimu-
lating NADH-driven respiration, indicating therapeutic potential despite advanced disease. The majority of newly diagnosed patients carry no 
causative mutation and may be less responsive to myofilament-targeting therapies. These patients may, therefore, particularly benefit from mito-
chondrial therapy. At the cellular level, mitochondrial dysfunction was strongly associated with mitochondrial disorganization, implying mainten-
ance of cardiomyocyte architecture as an important research area in cardiac disease.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/13/1170/7025313 by guest on 02 August 2023



1172                                                                                                                                                                                         E.E. Nollet et al.

Introduction
Hypertrophic cardiomyopathy (HCM) is a highly common inherited 
cardiomyopathy,1 characterized by impaired diastolic function and 
asymmetrical hypertrophy of the left ventricle (LV), frequently resulting 
in LV outflow tract (LVOT) obstruction.2,3 Patients frequently carry a 
heterozygous causative mutation in sarcomere protein-encoding genes 
(termed genotype-positive; Gpositive). An increasing number of patients, 
however, do not carry a mutation (termed genotype-negative; 
Gnegative).

4–6 In Gnegative patients, the underlying aetiology of the disease 
is largely unclear.

Metabolic perturbations and energetic impairment represent major 
pathological features in manifest HCM. At the cellular level, this has 
been linked to mutation-driven inefficient sarcomere performance 
with increased ATP utilization,7–11 leading to a chronic increase in car-
diac workload and energetic stress.12 In imaging studies in both Gpositive 

and Gnegative patients, cardiac inefficiency and energetic impairment are 
apparent from a reduced phosphocreatine/ATP ratio and lower 
myocardial external efficiency (MEE) compared with healthy 
individuals.9,13–15 Thus, in Gnegative patients, metabolic perturbations 
may be linked to remodelling-induced homeostatic disturbances. In 
line with imaging studies, recent multi-omics analyses in myectomy tis-
sue from patients with HCM revealed perturbations in oxidative mito-
chondrial metabolism, suggesting impaired mitochondrial respiratory 
function.16,17 However, comprehensive studies of mitochondrial re-
spiratory function have exclusively been conducted in animal models 
of HCM.18,19 Reduced MEE is already observed in sarcomere mutation 
carriers without hypertrophy, indicating metabolic alterations occur at 
an early disease stage.9,15 Counteracting metabolic stress by preventing 
or ameliorating mitochondrial dysfunction may, therefore, represent a 
treatment strategy to halt or reverse disease development. Current 
(pharmacological) treatment options in patients with HCM are invasive 
or not disease-specific and are aimed at symptom relief,20 underscoring 
the need for early-disease treatment options. The aim of this study was 
to gain insight into impaired mitochondrial respiratory function and 
identify therapeutic potential in human HCM.

To this end, we performed mitochondrial respirometry measure-
ments and ultrastructural tissue analysis in a large amount of myectomy 
samples from a clinically well-characterized cohort of patients with 
LVOT obstruction. Mitochondrial respiratory failure varied strikingly 
and was correlated with septal hypertrophy in Gnegative, but not 
Gpositive patients. The severity of mitochondrial dysfunction was signifi-
cantly associated with improper mitochondrial organization relative to 
myofibrils. Mitochondrial respiratory function could be improved ex 
vivo (i) via incubation with the cardiolipin-stabilizing drug elamipretide21

and (ii) by increasing mitochondrial nicotinamide adenine dinucleotide 
(NAD+) levels, suggesting targeting mitochondrial bioenergetics holds 
therapeutic potential despite severe cardiac remodelling in HCM 
myocardium.

Methods
An extended methods section is provided in the supplementary files.

Human myocardial samples
Interventricular septal tissue of 59 consecutive patients with HCM was ac-
quired during myectomy surgery to relieve LVOT obstruction (36 males 
and 23 females). Forty-seven patients underwent genetic testing as previ-
ously described;22 12 patients declined. A causative mutation was found 
in 23 patients (i.e. Gpositive); the other 24 patients were classified Gnegative 

(Figure 1). Left ventricle free wall (mid-ventricle) tissue samples from 14 
non-failing donors with no history of cardiac disease were procured in ac-
cordance with protocols and ethical regulations approved by Institutional 
Review Boards at the University of Pennsylvania and the Gift-of-Life 
Donor Program (PA, USA). Hearts from non-failing donors were obtained 
during organ donation from brain-dead donors. All hearts were arrested in 
situ using ice-cold cardioplegia solution and kept on ice until flash-freezing in 
liquid nitrogen or fixation within 4 h of explantation as previously de-
scribed.23 Clinical and cardiac parameters of patients and donors are de-
scribed in Table 1. An overview of all techniques that were used and 
sample sizes per analysis are depicted in Figure 1. Supplementary material 
online, Table S1 describes individual information of each patient and donor, 
including which samples were used for each analysis.

Mitochondrial respiratory function
Sample preparation
Respirometry was performed using small saponin-permeabilized bundles of 
fresh myectomy tissue. A detailed description of sample preparation is pro-
vided in the supplementary files.

Oxidative phosphorylation pathways
Leak respiration was evaluated using 10 mM sodium glutamate, 2 mM so-
dium malate, and 5 mM sodium pyruvate, providing electron input through 
NADH and complex I. Maximal NADH-linked respiration was measured 
after addition of 5 mM ADP. Cytochrome-c (10 µM) was added to assess 
outer mitochondrial membrane integrity. Maximal OXPHOS capacity, 
with simultaneous electron input through complexes I and II, was deter-
mined after adding 10 mM succinate. Excess capacity of the electron trans-
ferring complexes (I–IV) was measured through titration with a 
protonophore (carbonyl cyanide-p-trifluoro-methoxyphenylhydrazone; 
FCCP) in 0.05 μM steps. Succinate-linked respiration through complex II 
was evaluated after blocking complex I with 0.5 µM rotenone. 
Antimycin-A (2.5 µM) was added to fully inhibit mitochondrial oxygen con-
sumption and measure residual oxygen consumption, which was subtracted 
from all values as background. An overview of this respirometry protocol is 
depicted in Figure 2A. In a subset of samples (n = 13), the effect of the 
cardiolipin-stabilizing compound elamipretide on respiratory function was 
tested. Analogous to previous reports,24 we incubated tissue fibres for 
1 h in a preservation solution containing 100 µM elamipretide (or an equiva-
lent amount of H2O as vehicle). Subsequent tissue fibre preparation and 
measurement procedures were carried out in the presence of 100 µm ela-
mipretide. Respirometry measurements were performed in duplo and va-
lues per sample were averaged. To analyse supercomplex composition, 
fresh myectomy tissue portions (n = 5) were incubated with 100 µM elami-
pretide (or H2O as vehicle) for 1 h in preservation solution, snap-frozen in 
liquid nitrogen, and analysed via Blue Native gel electrophoresis,25 described 
in the supplementary files.

Fatty acid oxidation
To evaluate functional changes in fatty acid oxidation in HCM, we measured 
mitochondrial octanoylcarnitine oxidation, which proceeds independently 
of the mitochondrial carnitine shuttle,26 in a subset of samples (n = 37). 
Before adding fatty acid as substrate, a low concentration of malate 
(0.1 mM) and ADP (5 mM) were added. Malate is converted by malate de-
hydrogenase to oxaloacetate which is needed for condensation with 
β-oxidation-derived acetyl-CoA into citrate, which is needed to prevent ac-
cumulation of acetyl-CoA and consequent inhibition of β-oxidation.27 Next, 
octanoylcarnitine (0.2 mM) and cytochrome-c (10 µM) were added. The 
subsequent increase in respiration was taken as a value for fatty acid oxida-
tion capacity. An overview of this protocol is shown in Figure 3A. All mea-
surements were performed in duplo and values per sample were averaged.
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Transmission electron microscopy
Analyses of myofibrils and mitochondria
Myofibrillar area and mitochondrial area were quantified in 6 images of rep-
resentative myocytes (6800–11 000× magnification) per sample using 
QuPath software and averaged. Mitochondrial morphology was deter-
mined in 6 images (9300–23 000× magnification) per sample and averaged. 
Organization of interfibrillar (IF) mitochondria was determined in 4800× 
magnification images. Mitochondria were first segmented automatically 
using a neural network (described in detail in the supplementary files). 
Images were annotated using QuPath software, in which all IF mitochondria 
were annotated as being normally organized or disorganized. Mitochondria 
were considered to be normally organized if they were aligned parallel to 
myofibrils. Mitochondria that appeared as clustered were considered to 
be normally organized if such clusters clearly originated from converging 
lanes of normally organized mitochondria. Accordingly, mitochondria that 
did not display alignment to sarcomeric structures or appeared as isolated 
clusters were annotated as disorganized. An overview of all processing 
steps is provided in the Supplementary material online, Figure S5. 

Examples of annotated images are shown in the Supplementary material 
online, Figure S6. Annotations were performed blinded to sample ID. 
Percentages were calculated in 6–10 images per sample and averaged.

Statistical analyses
Statistical analyses were performed using GraphPad Prism v9 software. 
Data were statistically analysed using an unpaired Student’s t-test 
when comparing 2 groups or one-way analysis of variance (ANOVA) 
with Tukey’s multiple comparisons test when comparing >2 groups. 
Data with significantly different standard deviations between groups (ac-
cording to F-test when comparing 2 groups or the Brown–Forsythe test 
when comparing >2 groups) were analysed with Welch’s t-test when 
comparing 2 groups or Brown–Forsythe ANOVA with Dunnett’s T3 mul-
tiple comparisons test when comparing >2 groups. Data that did not pass 
normality testing (D’Agostino & Pearson) were analysed non-parametrically 
with the Mann–Whitney test when comparing 2 groups or the Kruskal– 
Wallis test with Dunn’s multiple comparisons test when comparing >2 
groups. Paired two-tailed t-tests were performed on data describing the 

Figure 1 Overview of samples and methods. In total, 59 myectomy tissue samples from patients with hypertrophic cardiomyopathy and 14 non-failing 
donor left ventricle heart tissue samples were used. Forty-seven patients with hypertrophic cardiomyopathy underwent genetic testing via next- 
generation sequencing of all known hypertrophic cardiomyopathy-linked genes.22 A causative mutation was found in 23 patients (genotype-positive; 
Gpositive); the other 24 patients were termed genotype-negative (Gnegative). Clinical information and echocardiographic features were available for all 
subjects included in this study. Respirometry was performed on hypertrophic cardiomyopathy samples to evaluate oxidative phosphorylation (N = 
59) and fatty acid oxidation (N = 37) capacity. The effects of elamipretide treatment and raising NAD+ levels were studied in 13 samples. 
Transmission electron microscopy was done on 19 hypertrophic cardiomyopathy samples and 5 non-failing donor heart samples to assess cardiomyo-
cyte ultrastructure. Abundance of OXPHOS protein subunits, proteins involved in mitochondria dynamics, and tubulin profile was determined via west-
ern blot on 12–19 hypertrophic cardiomyopathy samples and 5–8 non-failing donor heart samples.
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effect of treatments. Categorical distributions are presented as percentages 
and were analysed via Fisher’s exact test. A two-tailed P < 0.05 was consid-
ered statistically significant. In case a Bonferroni multiple testing correction 
was applied, this is indicated in the figure legend. Correlations were tested 
via linear regression, in which case the coefficient of determination (R2) is re-
ported, or described by Pearsons’s r. Data are displayed as mean ± standard 
error of the mean.

Results
Variation in mitochondrial function is not 
explained by sarcomere mutation status 
or sex
We performed respirometry measurements in 59 myectomy samples 
from patients with HCM to characterize mitochondrial respiratory 
function in a clinically well-characterized population (Table 1 and see 
Supplementary material online, Table S1). Echocardiographic para-
meters were evaluated as previously described.28 All patients with 
HCM displayed LVOT obstruction and varying degrees of diastolic im-
pairment, apparent from an E/e′ ratio >14, abnormally high LV filling 
pressure and/or left atrial dilation.29,30 Gnegative patients were older at 
the time of myectomy and had worse provocable LVOT obstruction 
than Gpositive patients. Septal hypertrophy normalized to body surface 
area (IVSi) and diastolic function parameters were comparable for 
both patient groups. We applied two separate protocols (Figures 2A
and 3A) to assess the functioning of OXPHOS pathways (i.e. leak res-
piration, NADH-linked respiration, total OXPHOS respiration, un-
coupled respiration, and succinate-linked respiration) and 
mitochondrial fatty acid β-oxidation capacity. For all parameters that 
were acquired from these protocols, we observed remarkable interpa-
tient variation (Figures 2C–J and 3C). We did not identify any significant 
differences between the average values of Gpositive and Gnegative patient 
groups. No sex differences were observed.

Mitochondrial dysfunction is associated 
with septal hypertrophy in Gnegative, but 
not in Gpositive patients with hypertrophic 
cardiomyopathy
Measuring a large amount of patient samples enabled us to explore as-
sociations between mitochondrial function parameters and clinical and 
echocardiographic parameters (Figure 4). Age and body mass index 
(BMI) were not correlated to any mitochondrial function parameter. 
Significant negative associations were observed between IVSi and mito-
chondrial function parameters, most notably fatty acid oxidation cap-
acity. NADH-linked respiration, uncoupled respiration, and 
NADH-linked respiration expressed as a fraction of total OXPHOS 
capacity were also negatively associated with IVSi, whereas succinate- 
linked respiration expressed as a fraction of uncoupled respiration 
was positively associated with IVSi (Figure 4A). Thus, as mitochondrial 
dysfunction progresses, NADH-linked respiration makes up a smaller 
proportion of total OXPHOS flux, whereas the relative contribution 
of succinate-linked respiration to total respiratory capacity increases. 
This suggests that worsening of mitochondrial dysfunction associated 
with septal growth is characterized by impairment of predominantly 
NADH-linked respiration. In line with this, we found a positive associ-
ation between OXPHOS capacity and normalized NADH-linked 
respiration and a negative association between OXPHOS and normal-
ized succinate-linked respiration.

While the clinical phenotype is similar, the underlying aetiology of the 
disease differs between Gpositive and Gnegative patients. We, therefore, 
assessed whether these patient groups displayed distinct associations 
between mitochondrial function and clinical phenotype (Figure 4B 
and C). Intriguingly, associations between IVSi and impaired mitochon-
drial function were absent in Gpositive patients (Figure 4B). In contrast, 
in Gnegative patients, IVSi correlated significantly with all but one 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Clinical characteristics of non-failing donors 
and patients with hypertrophic cardiomyopathy

NF donor  
(n = 14)

HCM all 
patients  
(n = 59)

P-value

Sex, male 50% (7) 61% (36) 0.55

Age, years 51 ± 19 53 ± 16 0.77

BMI (kg/m2) 25.7 ± 6.4 27.3 ± 4.1 0.36

HCM 
Gpositive  

(n = 23)

HCM 
Gnegative  

(n = 24)

P-value

Sex, male 61% (14) 67% (16) 0.77

Age, years 46 ± 16 56 ± 16 0.02*

BMI (kg/m2) 26.6 ± 4.0 27.5 ± 4.2 0.47

Dimensions

IVSi 11.4 ± 3.4 10.3 ± 3.2 0.21

LADi 24.0 ± 4.2 24.2 ± 3.7 0.85

Diastolic parameters

E/A 1.38 ± 0.85 1.21 ± 0.48 >0.99

E/e′ 17.3 ± 6.9 19.1 ± 6.1 0.38

Deceleration time 
(ms)

244 ± 69 256 ± 80 0.86

Diastolic dysfunction grade

1 30% (6) 24% (5) 0.73

≥2 70% (14) 76% (16)

Obstruction parameters

Rest LVOTg 
(mmHg)

52.3 ± 37.6 73.3 ± 41.1 0.09

Provoked LVOTg 
(mmHg)

65.4 ± 25.0 91.9 ± 29.5 0.01*

Medication

β-blocker 76% (16) 63% (15) 0.76

Calcium channel 
blocker

24% (5) 29% (7) 0.74

Statins 14% (3) 21% (5) 0.70

Displayed are the mean ± standard deviation. 
BMI, body mass index; IVSi, interventricular septum thickness normalized to body 
surface area; LADi, left atrial diameter normalized to body surface area; LVOTg, left 
ventricular outflow tract gradient; Gnegative, genotype-negative; Gpositive, 
genotype-positive. 
*P < 0.05.
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mitochondrial respiratory parameter (Figure 4C). These findings indi-
cate that the interplay between mitochondrial dysfunction and septal 
growth is different in Gnegative compared with Gpositive HCM. 
Associations observed in Gnegative patients between IVSi and mitochon-
drial function did not appear to be linearly correlated over the range of 
IVSi values (see Supplementary material online, Figure S1). Rather, re-
spiratory parameters were significantly lower in samples from patients 
with an IVSi ≥ 10 compared with IVSi < 10 samples. Therefore, we 
compared in both Gpositive and Gnegative patients, mitochondrial 

parameters between patients with an IVSi ≥10 and patients with an 
IVSi < 10 (Figure 5). In Gnegative patients with an IVSi ≥ 10, 
NADH-linked respiration, OXPHOS capacity, uncoupled respiration, 
normalized NADH-linked respiration, excess capacity of electron 
transferring complexes (I–IV), and fatty acid oxidation were lower 
and normalized succinate-linked respiration was higher compared 
with IVSi < 10 (Figure 5J–R). In Gpositive patients, fatty acid oxidation cap-
acity was lower in IVSi ≥ 10 vs. IVSi < 10 but no differences in other 
mitochondrial parameters were observed (Figure 5A–I).

Figure 2 Oxygen flux through oxidative phosphorylation (OXPHOS) pathways in myectomy tissue samples from patients with hypertrophic car-
diomyopathy. The combination of substrates (green) and uncouplers/inhibitors (purple) that were used to evaluate respiration is shown in (A). 
Average trace throughout the experimental protocol and respiratory state of each combination of substrates, uncouplers, and inhibitors is shown 
in (B). Parameters in (C–F) are absolute values. Normalized NADH-linked respiration indicates NADH-linked respiration expressed as a fraction of 
OXPHOS capacity (G). Normalized succinate-linked respiration indicates succinate-linked respiration expressed as a fraction of uncoupled respiration 
(H ). Electron transfer system excess capacity indicates the percentage difference between OXPHOS capacity and uncoupled respiration (I ). 
Normalized leak indicates leak respiration expressed as a fraction of OXPHOS capacity (J ). In all parameters that were acquired, no differences 
were observed between genotype-positive (Gpositive) patients (N = 23, 14 males, 9 females), genotype-negative (Gnegative) patients (N = 24, 16 males, 
8 females), and patients with unknown genotype status (N = 12; 6 males, 6 females) (C–J). Data are expressed as mean ± standard error of the mean. 
Statistical tests: one-way analysis of variance with Tukey’s multiple comparisons test in (C, D, F, and J ); Brown–Forsythe analysis of variance with 
Dunnett’s T3 multiple comparisons test in (E); the Kruskal–Wallis test with Dunn’s multiple comparisons test in (G–I). Blue and pink symbols indicate 
male and female patients, respectively. CytC, cytochrome-c; FCCP, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazine; ROX, residual oxygen 
consumption.
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Mitochondrial dysfunction is not explained 
by myofibrillar and mitochondrial density 
or mitochondrial fragmentation
We performed TEM on a subset of samples (n = 19) to assess whether 
mitochondrial dysfunction in HCM is associated with changes in cardi-
omyocyte ultrastructure (Figure 6). Myofibrillar area and mitochondrial 
area were unchanged in patients with HCM vs. non-failing donors, and 
among patients with HCM, there were no differences between Gnegative 

and Gpositive patients or males and females. The average mitochondrial 
size was significantly lower in patients with HCM compared with non- 
failing donors indicative of mitochondrial fragmentation. No sex or 
genotype differences were observed among patients with HCM 
(Figure 6C–E). Myofibril area, mitochondrial area, and mitochondrial 
size were not associated with any mitochondrial function parameter, 
which is exemplified in Figure 6F–H for OXPHOS capacity. Since mito-
chondrial fragmentation may be caused by an imbalance between mito-
chondrial fission and fusion or altered mitophagy,31 we evaluated 
abundance of markers of mitochondrial fission (Drp1), fusion (Opa1 
and Mfn2), and mitophagy (PINK1 and PARKIN), and additionally con-
sulted a proteomics dataset previously generated using myectomy sam-
ples from patients with HCM16 to assess levels of fission markers (Mff 
and Fis1) and fusion markers (Opa1 and Mfn2) (see Supplementary 
material online, Figure S2). Fission did not appear up-regulated in 

HCM compared with non-failing hearts, evident from unchanged levels 
of Mff, Fis1, and Drp1 (see Supplementary material online, Figure S2A 
and D). Mitochondrial fusion proteins were more abundant in HCM 
compared with non-failing hearts, apparent from higher levels of 
Opa1 and Mfn2 (see Supplementary material online, Figure S2B 
and G). Mitophagy markers PINK1 and PARKIN did not differ between 
HCM and non-failing donor hearts. Taken together, these findings indi-
cate that mitochondrial fragmentation in HCM is not accompanied by 
higher expression of fission or mitophagy markers or decreased fusion 
proteins.

Since disruption of mitochondrial cristae structure is associated with 
impaired respiration,32 we also explored whether mitochondrial dys-
function was associated with marked changes in cristae morphology. 
Supplementary material online, Figure S3A shows representative images 
from samples with varying degrees of mitochondrial dysfunction and 
disorganization. No obvious changes in cristae structure (e.g. swelling) 
were observed in severely affected tissue samples. Additionally, proteo-
mics data of myectomy samples from patients with HCM did not display 
reduced expression of key regulators of cristae structure (i.e. MICOS 
proteins, Metaxin1 and -2, Sam50, Dnajc1133)16 (see Supplementary 
material online, Figure S3B). In fact, MICOS subunit 25 was markedly in-
creased in HCM. Thus, these observations do not suggest that remod-
elling of cristae structure is associated with mitochondrial dysfunction 
in HCM.

Figure 3 Oxygen flux stimulated by oxidation of octanoylcarnitine in myectomy tissue samples from patients with hypertrophic cardiomyopathy. 
Octanoylcarnitine freely passes the mitochondrial membranes and is activated in the mitochondrial matrix via conversion to octanoyl-CoA, yielding 
NADH, FADH2, and acetyl-CoA via β-oxidation; acetyl-CoA generates NADH via stepwise conversion to citrate, α-ketoglutarate, and succinate, which 
is subsequently transported out of the mitochondria (A). Average trace throughout the experimental protocol is shown in (B). No differences were 
observed between genotype-positive (Gpositive; N = 15; 8 males, 7 females), genotype-negative (Gnegative; N = 14, 7 males, 7 females) patients, and pa-
tients with unknown genotype status (N = 8, 4 males, 4 females) (Kruskal–Wallis test with Dunn’s multiple comparisons test) (C ). Data are expressed as 
mean ± standard error of the mean. Blue and pink symbols indicate male and female patients respectively. CytC, cytochrome-c.
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Figure 4 Correlation matrices showing correlations between clinical, echocardiographic, and mitochondrial function parameters in patients with hyper-
trophic cardiomyopathy. Matrix A shows correlations of all patients combined; matrix B shows genotype-positive (Gpositive) patients; matrix C shows 
genotype-negative (Gnegative) patients. Values indicate Pearson’s r. Correlations significant at P < 0.05 are marked in yellow; correlations significant at P < 
0.01 are marked in green. Correlations between mitochondrial functional parameters and echocardiographic parameters are highlighted by an orange 
frame. BMI, body mass index; LAD, left atrial diameter; LADi, left atrial diameter indexed to body surface area; IVS, interventricular septum thickness; 
IVSi, interventricular septum thickness indexed to body surface area; LVD, left ventricular diameter at end-diastole; LVDi, left ventricular diameter at end- 
diastole indexed to body surface area; Dec. time, deceleration time; Rest LV pg, resting left ventricular outflow tract pressure gradient; Prov. LV pg, left 
ventricular outflow tract pressure gradient after Valsalva manoeuvre; OXPHOS, total oxidative phosphorylation capacity; Unc., uncoupled respiration; 
Succ.-linked, succinate-linked respiration; FAO, fatty acid oxidation; Norm. NADH, NADH-linked respiration normalized to OXPHOS; Norm. succ., 
succinate-linked respiration normalized to uncoupled respiration; Norm. leak, leak respiration normalized to OXPHOS.
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We also explored whether the expression of OXPHOS protein 
complex subunits was associated with mitochondrial respiratory 
function. Compared with non-failing donors patients with HCM 
displayed lower abundance of complex I subunit NDUFB8. 
Combined levels of OXPHOS protein complex subunits (i.e. the 
summed intensity of all bands) were lower in patients with HCM 
vs. non-failing donors, and correlated significantly with OXPHOS 

capacity (see Supplementary material online, Figure S4A–C). 
Hence, abundance of OXPHOS machinery rather than mitochon-
drial abundance is a determinant of respiratory capacity. 
Normalized NADH-linked respiration was not significantly asso-
ciated with abundance of complex I protein, indicating NADH oxi-
dation capacity is predominantly regulated via mechanisms other 
than complex I protein levels.

Figure 5 Mitochondrial respiration in myectomy tissue samples from genotype-negative (Gnegative) and genotype-positive (Gpositive) patients with 
hypertrophic cardiomyopathy with an indexed interventricular septum thickness (IVSi) <10 and ≥10. Parameters in (A–D, I, J–M, and R) represent ab-
solute values. Normalized NADH-linked respiration indicates NADH-linked respiration expressed as a fraction of OXPHOS capacity (E and H ). 
Normalized succinate-linked respiration indicates succinate-linked respiration expressed as a fraction of uncoupled respiration (F and O). Electron trans-
fer system excess capacity indicates the percentage difference between OXPHOS capacity and uncoupled respiration (G and P). Normalized leak in-
dicates leak respiration expressed as a fraction of OXPHOS capacity (H and Q). Data are expressed as mean ± standard error of the mean. Sample sizes: 
Gpositive patients in (A–H) N = 23 (14 males, 9 females) and (I ) N = 15 (8 males, 7 females); Gnegative patients in (J–Q) N = 24 (16 males, 8 females) and (R) 
N = 14 (7 males, 7 females). Statistical tests: unpaired Student’s t-test in (B–F, H, I, K–O, Q, and R); Welch’s t-test in (J ); Mann–Whitney test in (A, G, and 
P). A Bonferroni correction was applied in (A–H and J–Q). Blue and pink symbols indicate male and female patients, respectively.
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Figure 6 Overview of transmission electron microscopy analyses in tissue samples from non-failing donor hearts and myectomy samples from pa-
tients with hypertrophic cardiomyopathy. (A and B) Examples of how images were annotated to quantify myofibrillar area, mitochondrial area, and 
individual mitochondrial morphology, the results of which are displayed in (C–E). (F–H) Depict correlations between oxidative phosphorylation 
(OXPHOS) capacity and myofibrillar area, mitochondrial area, and mitochondrial size in myectomy samples from patients with hypertrophic cardio-
myopathy. Examples of TEM images of non-failing donor heart samples and hypertrophic cardiomyopathy myectomy tissue samples in which all inter-
fibrillar mitochondria are annotated; varying degrees of mitochondrial disorganization are visible in hypertrophic cardiomyopathy (I ). Percentage 
disorganized mitochondria in non-failing donor heart tissue and hypertrophic cardiomyopathy myectomy tissue (J ). Correlations between percentage 
disorganized mitochondria and mitochondrial function parameters in myectomy samples from patients with hypertrophic cardiomyopathy (K–P). (K–M 
and P) Absolute respiration values. Normalized NADH-linked respiration indicates NADH-linked respiration expressed as a fraction of OXPHOS cap-
acity (N ). Normalized succinate-linked respiration indicates succinate-linked respiration expressed as a fraction of uncoupled respiration (O). Scale bars 
indicate 2 µm (A, B, and I ). Data are expressed as mean ± standard error of the mean. Correlations are displayed as linear regression; dotted lines in-
dicate a 95% confidence interval. R2 indicates the coefficient of determination. Sample sizes: non-failing donors N = 5 (2 males, 3 females); genotype- 
positive (Gpositive) patients N = 10 (7 males, 3 females); genotype-negative (Gnegative) patients N = 8 (5 males, 3 females) in (C–H). Non-failing donors 
N = 5 (2 males, 3 females); Gpositive patients N = 10 (7 males, 3 females); Gnegative patients N = 9 (6 males, 3 females) in J. Gpositive patients N = 10 (7 males, 
3 females); Gnegative patients N = 9 (6 males, 3 females) in (K–P). Statistical tests: Welch’s t-test in (C ); unpaired Student’s t-test in (D, E, and J ). Bonferroni 
corrections were applied to all group comparisons (C–E and J ) and to all correlations (F–H and K–P). Blue and pink symbols indicate male and female 
patients, respectively.
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Mitochondrial dysfunction is related to 
disorganization of interfibrillar 
mitochondria
Myectomy samples from patients with HCM did not differ from non- 
failing donors in terms of abundance of myofibrils and mitochondria; 
however, a striking difference appeared to be the structural organiza-
tion of IF mitochondria relative to the myofilaments. In non-failing do-
nor samples, IF mitochondria were consistently properly organized in 
strands parallel to myofibrils. In HCM samples such organization was 
frequently disrupted, typified by distribution patterns of IF mitochon-
dria disconnected from myofibrillar organization, and by the forma-
tion of isolated clusters of IF mitochondria (Figure 6I, see 
Supplementary material online, Figure S6). In non-failing donor sam-
ples, clustering was also observed, but these typically appeared where 
separate strands of properly organized IF mitochondria converge (see 
Supplementary material online, Figure S6). We quantified the severity 
of so-called mitochondrial disorganization by calculating the average 
percentage of disorganized mitochondria in a subset of samples. In 
HCM, the percentage of disorganized mitochondria was eight-fold 
higher than in non-failing donors. The percentage of disorganized 
mitochondria correlated significantly with NADH-linked respiration, 
OXPHOS capacity, uncoupled respiration, normalized NADH-linked 
respiration, and normalized succinate-linked respiration (Figure 6J–P). 
Hence, these data suggest proper organization of IF mitochondria 
relative to myofibrils is required to safeguard mitochondrial respira-
tory capacity. Cardiac mitochondria are transported along microtu-
bules,34 which are markedly more abundant in the HCM 
myocardium.16 Microtubules moreover undergo extensive modifica-
tion by means of acetylation and detyrosination, increasing micro-
tubule flexibility and stability, respectively.35,36 We explored 
whether mitochondrial disorganization was associated with tubulin al-
terations. In line with previous reports,16,37 we found higher levels of 
total, acetylated, and detyrosinated α-tubulin in HCM vs. non-failing 
tissue, but none of these parameters displayed associations with mito-
chondrial disorganization (see Supplementary material online, 
Figure S7 and Table S2).

Elamipretide and increasing NAD+ levels 
both improve mitochondrial function 
ex vivo
We applied two strategies to improve mitochondrial respiration ex vivo, 
thereby aiming to identify possible therapeutic treatment targets.

In myectomy samples from patients with HCM, defects in NAD+ 

homoeostasis have been identified,16 suggesting mitochondrial 
NAD+ levels may be reduced, lowering the availability of NAD+ 

for conversion to NADH and contributing to bioenergetic impair-
ment. To assess whether NADH-linked respiration in HCM is lim-
ited by mitochondrial NAD+ levels, we tested in a subset of 
samples (n = 13) whether directly increasing NAD+ levels boosted 
respiration (Figure 7). All samples displayed a robust increase in 
NADH-linked respiration upon the addition of NAD+. Moreover, 
the increase in respiration was proportional to the severity of im-
pairment as evaluated prior to the addition of NAD+ (Figure 7C and 
D). Since raising mitochondrial NAD+ may activate mitochondrial 
NAD+-dependent deacetylases,38 we evaluated mitochondrial pro-
tein acetylation in fresh saponin-permeabilized myectomy samples 
(n = 3) in response to NAD+ treatment. However, no change in 

mitochondrial protein acetylation was observed (see 
Supplementary material online, Figure S9).

In HCM, it has been hypothesized that mitochondrial respiratory 
function is compromised due to cardiolipin peroxidation and concomi-
tant disruption of respiratory supercomplex formation.17,39 Treatment 
with the cardiolipin-stabilizing compound elamipretide may ameliorate 
energetic impairment and oxidative stress in HCM via improving re-
spiratory supercomplex assembly.21 Analogous to the approach of 
Chatfield et al.,24 who demonstrated a beneficial effect of elamipretide 
on respiratory function in explanted failing myocardium, we incubated 
myectomy tissue samples and measured flux through OXPHOS path-
ways in the presence of 100 µM elamipretide (Figure 8). NADH-linked 
respiration was significantly increased in response to elamipretide 
treatment, whereas succinate-linked respiration was unchanged. 
Accordingly, normalized NADH-linked respiration was higher and nor-
malized succinate-linked respiration was decreased upon elamipretide 
treatment (Figure 8C–J). The restorative effect of elamipretide was par-
ticularly apparent in samples that displayed impaired NADH-linked res-
piration at baseline (Figure 8K). Analysis of respiratory supercomplex 
composition via Blue Native gel electrophoresis revealed that 
elamipretide-treated tissue displayed higher amounts of respiratory 
supercomplexes containing complex I (Figure 8L and M). Taken to-
gether, these findings suggest that elamipretide may have a significant 
beneficial effect on respiratory capacity, which is mediated through en-
hanced incorporation of complex I into respiratory supercomplexes, 
thereby improving the capacity to oxidize NADH.

Discussion
Here, we performed mitochondrial respiration measurements in a large 
number of cardiac tissue samples from patients with HCM to charac-
terize mitochondrial function at the time of myectomy and identify pa-
tient group-specific mitochondrial changes. Mitochondrial performance 
varied greatly among patients, which was not explained by genotype, 
sex, age, or BMI. In Gnegative patients, but not Gpositive patients, mito-
chondrial function was negatively associated with septal thickness. At 
the cellular level, disorganization of mitochondria was found to be re-
lated to mitochondrial dysfunction. Despite this disrupted organization, 
mitochondrial function could be boosted via treatment strategies using 
NAD+ and elamipretide, eliciting the mitochondria as the potential 
druggable target to ameliorate or prevent cardiac remodelling in 
HCM (Structured Graphical Abstract). Taken together, this report is 
the first to comprehensively characterize mitochondrial function altera-
tions in HCM and how these are linked to clinical phenotype and car-
diomyocyte ultrastructure, and demonstrates therapeutic potential of 
the mitochondria in a human setting.

Associations between mitochondrial 
function and clinical characteristics
Our investigation shows that on average no differences in mitochon-
drial function exist between Gpositive and Gnegative patients with HCM 
at the time of myectomy. Functional impairment might be expected 
to be more pronounced in Gpositive than in Gnegative HCM, given the 
sarcomere mutation-induced myofilament defects in Gpositive 

patients that lead to increased ATP consumption and mitochondrial 
stress.7–12 This suggests that at the time of myectomy mitochondrial 
dysfunction is a common feature among all patients with HCM, the se-
verity of which is not impacted by the primary aetiology of the disease. 
This is in line with previous reports showing that metabolic derailment 
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Figure 7 Effect of NAD+ supplementation on mitochondrial function ex vivo in myectomy samples from patients with hypertrophic cardiomyopathy. 
(A) The proposed mechanism via which NAD+ supplementation boosts the capacity of NADH-linked respiration. NAD+ enters the mitochondrial ma-
trix via SLC25A51, raising the mitochondrial NAD+ pool and increasing NAD+ availability for NADH production and subsequent respiration via com-
plex I. Average trace during the experimental protocol is shown in (B). The absolute rate of NADH-linked respiration before and after adding NAD+ is 
seen in (C ) (paired two-tailed t-test). (D) The association between NADH-linked respiration before adding NAD+ and the absolute respiration increase 
that followed upon adding NAD+. Correlation is displayed as linear regression; dotted lines indicate a 95% confidence interval. R2 indicates the coef-
ficient of determination. Sample sizes: N = 13 (4 males, 9 females) in (C and D). Blue and pink symbols indicate male and female patients, respectively. 
Gpositive, genotype-positive; Gnegative, genotype-negative.

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/44/13/1170/7025313 by guest on 02 August 2023



1182                                                                                                                                                                                         E.E. Nollet et al.

Figure 8 Effect of elamipretide incubation on mitochondrial function ex vivo in myectomy samples from patients with hypertrophic cardiomyop-
athy. (A) The proposed mechanism via which elamipretide improves mitochondrial respiratory function. Elamipretide associates with cardiolipin, 
stabilizing respiratory supercomplexes which ameliorates electron transfer through complexes. Average traces for both treatment conditions dur-
ing the experimental protocol are shown in (B). (C–F) Absolute respiration values. Normalized NADH-linked respiration indicates NADH-linked 
respiration expressed as a fraction of OXPHOS capacity (G). Normalized succinate-linked respiration indicates succinate-linked respiration ex-
pressed as a fraction of uncoupled respiration (H ). Electron transfer system (ETS) excess capacity indicates the percentage difference between 
OXPHOS capacity and uncoupled respiration (I ). Normalized leak indicates leak respiration expressed as a fraction of OXPHOS capacity (J ). 
(K ) The association between NADH-linked respiration in vehicle-treated samples and the absolute difference in NADH-linked respiration relative 
to the matched elamipretide-treated samples. Representative Blue Native gel electrophoresis lanes showing supercomplex-bound complex I in 
myectomy samples from patients with hypertrophic cardiomyopathy that were treated with vehicle or 100 µM elamipretide (L); quantification 
in (M ). Treatment effects were analysed using the paired two-tailed t-test (C–J and M ). A Bonferroni correction was applied in (C–J). 
Correlation (K ) is displayed as linear regression; dotted lines indicate a 95% confidence interval. R2 indicates the coefficient of determination. 
Sample sizes: N = 13 (4 males, 9 females) in (C–K); N = 5 (1 male, 4 females) in (L and M ). Blue and pink symbols indicate male and female patients, 
respectively. CytC, cytochrome-c; FCCP, carbonyl cyanide p-trifluoro-methoxyphenyl hydrazine; ROX, residual oxygen consumption; Gpositive, 
genotype-positive; Gnegative, genotype-negative; TPS, total protein stain.
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is a key hallmark of the disease, occurring independently of sarcomere 
mutation status.16,17,40 Similarly, age and body weight, which are asso-
ciated with increased penetrance and aggravation of disease,41–44 did 
not correlate with severity of mitochondrial dysfunction at a time point 
of disease when patients present with symptomatic LVOT obstruction. 
We also found no sex differences in mitochondrial function, despite the 
fact that female patients with HCM display worse diastolic impairment 
and cardiac remodelling than male patients at the time of myectomy.28

Several (mitochondrial) sex differences that are thought to confer car-
dioprotective effects in females have been described,45 which may ex-
plain why female patients do not display worse mitochondrial 
dysfunction than men.

In Gnegative patients, OXPHOS-linked parameters and fatty acid oxi-
dation capacity displayed a strong negative association with septal 
hypertrophy. Thus, in Gnegative, HCM impairment of mitochondrial res-
piration and substrate inflexibility appear to be tightly linked to cardiac 
remodelling. Due to the availability of tissue samples only at one clinical 
endpoint in this study, we cannot establish whether mitochondrial dys-
function plays a causative role in hypertrophic remodelling. However, 
mitochondrial cardiomyopathies, in which primary mitochondrial de-
fects cause disease, typically precipitate an HCM-like phenotype;46

therefore, we speculate that mitochondrial dysfunction may be a driver 
of disease in Gnegative HCM. Models that recapitulate Gnegative HCM are 
lacking, thus disease-driving potential of mitochondrial impairment 
should be studied by linking the mitochondrial phenotype at the time 
of myectomy to long-term follow-up. In Gpositive patients, only fatty 
acid oxidation capacity was lower in patients with an IVSi ≥ 10 vs. 
IVSi < 10. Thus, in Gpositive HCM, septal hypertrophy does not appear 
to be a reflection of impaired mitochondrial performance and may ra-
ther represent a maladaptive response to inefficient myofilament func-
tion caused by mutant sarcomere proteins. The finding of lower 
fatty acid oxidation capacity in Gpositive patients with an IVSi ≥ 10 vs. 
IVSi < 10 is consistent with a shift from fatty acids towards glucose 
as the preferred energy source that typically occurs in cardiac 
hypertrophy.47

Diminished NADH-linked respiration is 
the main functional defect of hypertrophic 
cardiomyopathy
Our analyses show that as overall mitochondrial respiratory capacity 
(i.e. OXPHOS) deteriorates NADH-linked respiration makes up a 
smaller proportion of OXPHOS capacity, suggesting an impaired 
capacity to oxidize NADH is the most prominent mitochondrial 
defect. A recent investigation also showed oxygen flux in isolated mito-
chondria was depressed in response to NADH-producing substrates 
glutamate and malate and ADP in a small number of HCM myectomy 
samples (n = 5) compared with non-failing donor samples, but did 
not evaluate flux under different substrate combinations.17 A study in 
feline HCM revealed that NADH-linked respiration in permeabilized 
cardiac tissue was ≥50% lower in HCM hearts compared with 
non-failing hearts.19 Proteomic analyses in HCM myectomy 
samples furthermore demonstrated reduced abundance of OXPHOS 
proteins, which was most striking for subunits of complex I.16

The finding that NADH-linked rather than succinate-linked respiratory 
capacity is dysfunctional in human HCM implies severe consequences 
for bioenergetics, since succinate-driven respiration has been found 
to possess a large ex vivo reserve capacity of up to 90% that is not uti-
lized in vivo.48

Ultrastructural correlates of 
mitochondrial dysfunction
Our TEM analyses revealed smaller mitochondrial size compared 
with controls without a change in mitochondrial area suggestive of 
mitochondrial fragmentation, the severity of which was not related 
to mitochondrial function. In line with previous work,17 our findings 
yielded no indications for up-regulation of mitochondrial fission or mi-
tophagy, but rather imply up-regulation of fusion-related proteins, 
which may reflect an attempt to counteract excessive mitochondrial 
fragmentation. Thus, the mechanisms that mediate mitochondrial frag-
mentation in HCM remain unclear and may occur early in HCM patho-
genesis, warranting further study in mouse and human stem cell-derived 
models of HCM. Mitochondrial abundance was unchanged in HCM 
compared with non-failing donors, which was also observed by 
others.17 Diminished respiratory capacity was not associated with 
loss of mitochondria, underscoring the importance of mitochondrial 
quality rather than number in facilitating proper respiratory capacity.

Strikingly, we found mitochondrial function to be strongly related to 
the disorganization of IF mitochondria, presenting as aberrant clustering 
and/or loss of proper alignment to myofilaments. To the best of our 
knowledge, our study is the first to report a negative association between 
mitochondrial respiratory function and spatial organization of IF mito-
chondria in human cardiac tissue. A previous study in patients with 
HCM demonstrated that impaired contractile and relaxation reserve 
was associated with an increase in average distance from mitochondria 
to the nearest myofilament, which may indicate a link between mitochon-
drial dysfunction and abnormal clustering (i.e. disorganization).49

Mitochondrial clustering is also observed in patients with mitral regurgi-
tation and preserved ventricular function,50 and in animal models of right 
ventricular heart failure, pressure/volume overload-induced heart failure, 
tachypacing-induced heart failure, and diabetic cardiomyopathy,51–57 sug-
gesting mitochondrial disorganization in heart disease is a general patho-
logical response. Proper organization of mitochondria is required for 
efficient phosphocreatine provision to the myofilaments to support con-
traction and relaxation.58 In addition, mitochondria require close proxim-
ity to the sarcoplasmic and endoplasmic reticulum to maintain calcium 
homoeostasis,59,60 which is important in responding adequately to 
changes in cardiac workload.61 Analyses in an ovine model of 
tachypacing-induced heart failure showed that disorganization of IF mito-
chondria coincided with disruption of the structural relationship between 
the sarcoplasmic reticulum and mitochondria.56 Thus, mitochondrial dis-
organization in HCM may be linked to impaired mitochondria–sarcoplas-
mic reticulum cross-talk, compromising mitochondrial bioenergetics, 
reactive oxygen species (ROS) defence, and calcium-cycling. Cardiac 
mitochondria have also been demonstrated to form communicative net-
works that facilitate propagation and synchronization of ROS-signalling 
and mitochondrial membrane potential,62 which may be important in en-
suring physiological ROS-mediated cardioprotective processes such as 
mitochondrial quality control.63,64 In a guinea-pig model of heart failure 
displaying mitochondrial disorganization such network behaviour was dis-
rupted.54 Impaired mitochondrial network communication may thus re-
present an additional pathophysiological mechanism in HCM disease 
progression. In cardiomyocytes, the microtubule cytoskeleton facilitates 
mitochondrial movement;34 however, we observed no relations be-
tween mitochondrial disorganization and amounts of (post- 
translationally modified) tubulin. Thus, the mechanisms associated with 
mitochondrial disorganization remain unclear and warrant further study. 
Taken together, our observation of disrupted mitochondrial organization 
in cardiac tissue from patients with obstructive HCM indicates that this 
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represents a relatively early pathological change in HCM disease progres-
sion, which may have multiple adverse consequences for cardiomyocyte 
function and homoeostasis. An improved understanding of the mechan-
isms driving mitochondrial disorganization may aid in designing therapeut-
ic strategies aimed at preserving cardiomyocyte architecture.

Improving mitochondrial function as a 
potential treatment strategy in 
hypertrophic cardiomyopathy
In this study, we deployed two approaches to demonstrate the thera-
peutic potential of the mitochondria in HCM myocardium. 
Supplementation with NAD+ significantly improved NADH-linked res-
piration in HCM myectomy tissue. The increase in respiration upon 
stimulation with NAD+ was most pronounced in patient samples that 
displayed the worst degree of impairment at baseline. In HEK293T cells, 
NAD+ boosted respiration only when mitochondrial NAD+ levels were 
depleted.65 Combined, these findings suggest that the NAD+-induced 
respiration boost in HCM myectomy samples is a reflection of the de-
pressed capacity to produce and consume NADH, and do not imply the 
existence of a supraphysiological reserve of NADH-linked respiration 
capacity. Acetylation of mitochondrial proteins was unchanged in re-
sponse to NAD+-treatment, suggesting the acute boosting effect of 
NAD+ on NADH-linked respiration cannot be explained by an imme-
diate increase in sirtuin-mediated deacetylation.38 Rather, the effect of 
NAD+ supplementation on NADH-linked respiration implies that low-
ered mitochondrial NAD+ levels may be a major rate-limiting factor to 
produce NADH. NADH production may also be lowered as a conse-
quence of reduced abundance of Krebs cycle dehydrogenases and in-
sufficient mitochondrial calcium uptake in HCM,12,16 which may in 
part be compensated by increasing mitochondrial NAD+ levels. 
Further study is warranted to unveil whether strategies using NAD+ 

precursors, e.g. the recently introduced potent NAD+ precursor 
NMNH (reduced nicotinamide mononucleotide),66 may improve or 
prevent disease phenotypes in experimental models of HCM through 
increasing mitochondrial NAD+ levels and beneficial cardiometabolic 
effects mediated by activation of NAD+-dependent sirtuin enzymes.67

Elamipretide is a small tetrapeptide that selectively targets the mito-
chondrial membrane-specific phospholipid cardiolipin.21 Cardiolipin 
stabilizes respiratory supercomplexes and inhibits peroxidase activity 
of cytochrome-c, thereby facilitating optimal ATP synthesis while limit-
ing ROS production.68 Also, cardiolipin may be a key regulator of the 
active-to-deactive transition of complex I, i.e. complex I activation de-
pends on binding to cardiolipin.69 Elamipretide has been shown to im-
prove cardiac function in rodent and canine models of heart failure.70,71

More recently, elamipretide was reported to ameliorate mitochondrial 
function in explanted failing myocardium, which coincided with im-
proved supercomplex function.24 In HCM, it is hypothesized that per-
oxidation of cardiolipin destabilizes supercomplexes, contributing to 
energetic impairment and oxidative stress.17,39 Compounds that en-
hance the effects of cardiolipin may, therefore, potentially support bio-
energetics and restore redox state alterations in HCM. Here, we show 
that treating fresh HCM myectomy tissue with elamipretide increased 
complex I incorporation into respiratory supercomplexes and amelio-
rated overall mitochondrial performance via improved NADH-linked 
respiration. This suggests that functional impairment of NADH-linked 
respiration in HCM is partly explained by inefficient coupling of com-
plex I to complexes III and IV, which may be linked to depressed respira-
tory supercomplex formation and complex I inactivation.

Study limitations and clinical implications
Mitochondrial respiratory function was not studied in non-failing hearts 
as fresh tissue was unavailable, thus we could not determine how func-
tional alterations in HCM compare to healthy hearts. Instead, we linked 
mitochondrial performance to clinical aspects of disease to gain insight 
into the role of mitochondrial impairment in HCM pathophysiology. In 
Gnegative patients, mitochondrial dysfunction was strongly linked to sep-
tal growth, whereas in Gpositive patients, hypertrophy may rather occur 
in response to sarcomere mutation-induced myofilament inefficiency. 
Due to the availability of tissue only at the time of myectomy, we can-
not establish a causal relationship between mitochondrial dysfunction 
and hypertrophy. Nevertheless, we propose that particularly in 
Gnegative patients targeting mitochondrial function may halt and reverse 
disease progression, whereas in Gpositive patients, correcting sarcomere 
mutation-mediated myofilament dysfunction may be more effective. 
Indeed, in the EXPLORER-HCM trial, which evaluated the effectiveness 
of the myosin-inhibitor mavacamten, a larger percentage of Gpositive pa-
tients with HCM met the primary endpoint than Gnegative patients.72

Conclusions
Mitochondrial impairment in HCM is associated with disrupted cardio-
myocyte architecture and is linked to septal hypertrophy in Gnegative pa-
tients. Impaired NADH-linked respiration represented the main 
mitochondrial respiratory defect and could be boosted by raising 
mitochondrial NAD+ levels and by elamipretide treatment. 
Mitochondria-targeted therapy may prevent or ameliorate cardiac dis-
ease, particularly in Gnegative patients with HCM, given the tight link be-
tween mitochondrial impairment and septal thickening in this 
subpopulation. Our data provide proof for the potential of mitochon-
drial drugs in the treatment of HCM and further studies are warranted.
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