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Hypertrophic cardiomyopathy (HCM) is a frequent inherited form of heart failure. The underlying cause of HCM is
generally attributed to mutations in genes that encode for sarcomeric proteins, but the pathogenesis of the disease is
also influenced by non-genetic factors, which can contribute to diastolic dysfunction and hypertrophic remodeling.
Central to the pathogenesis of HCM is hypercontractility, a state that is an antecedent to several key derangements, in-
cluding increased mitochondrial workload and oxidative stress. As a result, energy depletion and mechano-energetic
uncoupling drive cardiac growth through signaling pathways such as ERK and/or potentially AMPK downregulation.
Metabolic remodeling also occurs in HCM, characterized by decreased fatty acid oxidation and increased glucose up-
take. In some instances, ketonesmay also feed the heart with energy and act as signalingmolecules to reduce oxidative
stress and hypertrophic signaling. In addition, arrhythmias are frequently triggered in HCM, resulting from the high
Ca2+-buffering of the myofilaments and changes in the ATP/ADP ratio. Understanding the mechanisms driving the
progression of HCM is critical to the development of effective therapeutic strategies. This paper presents evidence
from both experimental and clinical studies that support the role of hypercontractility and cellular energy alterations
in the progression of HCM towards heart failure and sudden cardiac death.
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1. Introduction

Hypertrophic cardiomyopathy (HCM) is a frequent inherited form of
heart failure, affecting 1 in every 500 individuals, that is frequently caused
by mutations in genes that encode for sarcomeric proteins [1]. Thick and
thin filament-encoding genes account for most cases [2]. HCM is clinically
defined by left ventricle (LV) hypertrophy, particularly in the interventric-
ular septum, and diastolic dysfunction, which progresses to diastolic
heart failure and ventricular arrhythmias, making HCM a notable cause of
sudden cardiac death, particularly in young adult people with sarcomeric
gene mutations [3,4].

The relationship between HCM genotype and phenotype is complex,
with a wide range of presentations ranging from asymptomatic
mutation carriers (genotype-positive, phenotype-negative; G+/Ph-)
to symptomatic patients (genotype-positive, phenotype-positive;
G+/Ph+) who exhibit significant cardiac remodeling, including
hypertrophy, cellular disarray, interstitial fibrosis, and vascular dys-
function [5,6]. Some reports identify pathogenic mutations in 63 % of
HCM patients, with the other 37 % of individuals having HCM of
unknown origin (genotype-negative, phenotype-positive; G-/Ph+)
[1,7]. Increased prevalence of LV outflow tract obstruction (HOCM) is
reported at rest or during exercise in genotype-negative patients [8,9].
In some rare instances, patients develop systolic heart failure, defined
by a reduction in ejection fraction to <50 %, cavity dilation, and hyper-
trophic regression [10].

This review takes a comprehensive approach to the pathogenesis of
HCM, exploring both genetic and non-genetic factors that contribute to
the disease.We present a thorough examination of themost recent research
on the topic, emphasizing the particular significance of hypercontractility,
cellular energy disruptions, redox imbalance, and metabolic abnormalities.
This review fills a critical gap in the current literature by bringing together
all these key components, identifying prospective therapeutic targets, and
suggesting areas where future research is needed for a deeper understand-
ing of the underlying mechanisms and to improve HCM patient manage-
ment and outcomes.
2

2. Heterogeneity of hypertrophic cardiomyopathy

The majority of patients with hereditary HCM (G+) have an autosomal
dominant pattern of inheritance, meaning they have one mutant and one
wild-type allele. However, simply carrying a heterozygous sarcomere
gene mutation is not enough to fully explain the pathophysiology of
HCM, as the same mutation can have varying effects on different individ-
uals [1]. Additionally, the onset of HCM symptoms often occurs later in
life, usually after the age of 20, despite the presence of sarcomeric gene al-
terations from birth. Even minor increases in body weight during late ado-
lescence can contribute to the penetrance of HCM in adulthood [11],
highlighting the role of non-genetic factors in disease progression. Mount-
ing evidence suggests that sex differences play a major role in the onset
and progression of HCM disease [12–15]. Females were found to be under-
represented in an HCM patient group study, indicating that females are less
likely to develop symptoms or develop them later in life (e.g., on average
9 years older than males) [14]. Another study in patients with obstructive
HCM found that women have a thinner interventricular septum than men
[13]. Asymptomatic mutation male carriers have larger atrial and ventricu-
lar dimensions and lower fractional shortening than females [15]. Further-
more, studies in HCM animal models confirm that males and females adapt
differently to exercise [16].

These findings suggest that non-genetic factors contribute to the devel-
opment and progression of HCM.

3. HCM: a disease characterized by hypercontractility

The root cause of the severe cardiac remodeling observed in patients
with HCM remains elusive due to the varied mechanisms by which HCM
can develop. Impaired myocardial relaxation, or diastolic dysfunction, has
been consistently identified in both animal [17–26] and human [27–33]
studies as an early hallmark of HCMdevelopment, preceding the appearance
of hypertrophy. Regardless of the underlying mutations, elevated myocar-
dial activation at low diastolic Ca2+ concentrations, resulting in
hypercontractility, is a common feature of HCM [34].Hypercontractility
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in HCM can have primary causes, such as mutations in sarcomeric proteins,
or can be secondary, driven by protein expression changes and post-
translational modifications that can directly impact contractile function
(see Section 4) [35–38]. Other factors that increase contractility in HCM in-
clude the location and effects ofmutated amino acids, the burden ofmultiple
gene mutations and changes to myocardial ATP/ADP ratio as a result of an
increased mitochondrial workload (see Section 6.1) [35,39–42].

4. HCM progression: a disease driven by secondary modifications

While hereditary HCM (G+) is primarily caused by autosomal domi-
nantmutations in sarcomere genes, the contribution of non-genetic factors
cannot be ignored in the development and progression of the disease. Un-
derstanding the role of these secondary factors may explain differences
in disease onset and severity between asymptomatic and symptomatic
patients with HCM.

4.1. Protein-dosage effect and its impact on HCM progression

Initial investigations into the specific locus of mutations suggested that
mutation hotspots could be responsible for the progression of HCM, with
certainmutations conferring a benign ormalignant phenotype [43,44]. How-
ever, these findings were based on in vitro Ca2+ affinity investigations of
reconstituted HCM mutant proteins in solution, which does not accurately
reflect the heterozygous mutant profile of HCM presentation [45,46]. The
balance between mutant and normal protein expression, referred to as pro-
tein-dosage, provides a more straightforward explanation for the pene-
trance and presentation of HCM. Cases where both alleles are affected
provide evidence for the mutation-dosage impact. Homozygous or com-
poundmutations are linked to a lower life expectancy and an early require-
ment for heart transplantation [47,48]. This is in line with studies showing
that higher amount of heterozygous mutant protein expression associates
with more severe forms of HCM [19,49,50]. Further corroboration of this
concept comes from studies that have directly exchanged healthy and mu-
tant myofilament proteins in human demembranated cardiomyocytes,
which revealed that myofilament function was dependent on the degree
of mutant troponin reconstituted [35,39–42]. A low level of reconstitution
(as low as 14%) of HCM-causing cTnT (cardiac troponin T) mutations
(cTnT-I79N, -R94C and -K280N) is sufficient to promote hypercontractility
in human cardiomyocytes [41,42]. The effects of protein-dosage are addi-
tionally noticeable in HCM caused by MYBPC3 truncating mutations,
many of which result in haploinsufficiency of native protein rather than
the presence of a truncated cMyBP-C (cardiac myosin-binding protein-C)
[51,52]. Haploinsufficiency changes contractile performance in engineered
heart tissue when cMyBP-C protein levels are equal to or lower than 73 %
[53]. These studies support the notion that when the mutant protein dose
exceeds a hazardous threshold or the normal protein level falls below a par-
ticular level, themyocardium becomes severely hypercontractile, with phe-
notypic progression of disease expected to occur (i.e., transition from
asymptomatic to symptomatic HCM).

The precisemechanisms that underlie protein-dosage effects inHCM re-
main unclear, but alterations to the protein quality control (PQC) system
may play a role [54]. The PQC systemmaintains a balance between protein
synthesis, folding, assembly, and clearance, and alterations in this system
may be influenced by various factors such as comorbidities [11] and sex dif-
ferences [13–15]. The impact of PQC on protein-dosage effects in HCM
however remains an area of ongoing research.

4.2. The role of post-translational modifications in HCM progression

Post-translational modifications play an essential role in the pathogenesis
of HCM, evoking hypercontractility and intracellular Ca2+ handling, which
are common features of the disease. Reduced phosphorylation of down-
stream effectors of the adrenergic pathway and redox protein modifications
via s-glutathionylation are among the key post-translational modifiers con-
tributing to HCM progression that have been noted to date [35–38].
3

4.2.1. Limited β-adrenergic activation
The regulation of contractility and intracellular Ca2+ handling in the

heart is an important physiological process controlled by adrenergic path-
way activation. Stimulation of β-adrenergic receptors by catecholamines
leads to an increase in cytosolic cyclic AMP levels, resulting in the
activation of the downstream protein kinase A (PKA) (Fig. 1) [55]. PKA-
mediated phosphorylation of Ca2+ handling proteins, including phospho-
lamban, as well as myofilament proteins cTnI (cardiac troponin I) [56,57]
and cMyBP-C [58,59], modulate inotropic, lusitropic, and chronotropic re-
sponses, ultimately regulating myocardial contractility. Impairments in
PKA-mediated phosphorylation of myofilament proteins have been linked
to cardiomyocyte hypercontractility [17,60–63]. Studies in both animal
models [64] and humans [35,40,52] with HCM have shown that
hypercontractility is often associated with decreased phosphorylation of
sarcomeric protein targets, regardless of the presence of sarcomeric protein
mutations. Moreover, HCM mice demonstrate reduced responsiveness to
pharmacological activation by the β-adrenergic receptor agonist isoproter-
enol, indicating limited capacity of β-adrenergic receptor stimulation
[61,65–67]. This reduced response could be due tomultiple factors, includ-
ing downregulation and desensitization of β-adrenergic receptors [65], hy-
peractivity of β-ARK1 (β-Adrenergic Receptor Kinase 1), which uncouples
β-adrenergic receptors from their downstream targets [65], and changes
to cAMP and A-kinase anchoring proteins (AKAPs), whichmediate PKA sig-
naling subcellular localization [68].

4.2.2. Protein redox modifications
Reactive oxygen species can cause oxidative damage to amino acids

leading to protein fragmentation, cross-links and interfering with protein
function [69,70]. These modifications can also indirectly affect protein
function by interfering with protein phosphorylation [71]. Redoxmodifica-
tions to myofilament proteins involved in cardiac contraction and Ca2+

handling can cause hypercontractility and diastolic dysfunction [72,73].
Cysteine residues are particularly susceptible to reversible redoxmodifica-
tions such as s-glutathionylation and protein disulfide formation, which can
alter protein function [74,75]. Studies have shown that s-glutathionylation
is present in high levels in the sarcomeric protein cMyBP-C in HCMmodels
[37,38], a redox event that can additionally explain the hypercontractility
and diastolic dysfunction observed. Anti-oxidant treatment strategies (see
Section 9) that reduce oxidative stress, and lower s-glutathionylation of
cMyBP-C, have been shown to improve diastolic function, reverse hypertro-
phy, and normalize hypercontractility [38].

In the following section, we delve into the impact of
hypercontractility on cardiac energy production and cellular redox bal-
ance, and their role in driving the progression of HCM. For example,
proteins involved in energy buffering, such as creatine kinase, are espe-
cially susceptible to oxidative damage, as evidenced by the formation of
protein disulfides [73,76]. Furthermore, studies have consistently dem-
onstrated elevated levels of reactive oxygen species in HCM patients
[38,77–84], underscoring the importance of redox imbalance in disease
pathogenesis.

5. HCM: a disease driven by myocardial energetic alterations

Hypercontractility is a hallmark of human HCM [35,36]. However, this
increased contractility comes at an energetic cost during HCM progression
[85,86], exerting a larger strain on the heart's energy-producing mecha-
nisms. Studies in animals [87–89] and humans [90,91] with HCM have re-
vealed changes in cellular metabolism and energy production prior to the
appearance of hypertrophy or arrhythmias. Nuclear magnetic resonance
(NMR) imaging can be used to non-invasively analyze these changes and
evaluate cardiac work output. The phosphocreatine/ATP (PCr/ATP) ratio,
an indication of cardiac energy recycling, is consistently decreased in ani-
mals [87,88,92] and humans [90] with HCM, regardless of hypertrophy, as
shown by 31P NMR studies. Both asymptomatic and symptomatic G+HCM
patients have lower cardiac efficiency, as evaluated by the ratio of oxygen
consumption to external work [91]. These findings support the “engine



Fig. 1. Mechanisms of mechano-energetic coupling in cardiomyocytes in normal and hypertrophic cardiomyopathy (HCM), as well as its association with oxidative stress
production, arrhythmia generation, and hypertrophic development. A. Normal heart, during the cardiac action potential, Ca2+ enters cardiomyocytes via L-type Ca2+

channels and triggers an even larger intracellular Ca2+ release from the Ca2+ storage organelle, the sarcoplasmic reticulum (SR). Cytosolic Ca2+ rises nearly tenfold from
~100 nmol/L during diastole to a peak of ~1 μmol/L in systole, activating the myofilament apparatus to contract. During diastole, Ca2+ diffuses away from
myofilaments and is actively pumped into the SR (~70 %) by the SR Ca2+ ATPase (SERCA) or extruded out of the cell by Na+/Ca2+ exchangers (NCX; ~30 %). The
decrease of intracellular Ca2+ then initiates myocardial relaxation. The creatine kinase (CK)-phosphocreatine (PCr) pathway is depicted in healthy cardiomyocytes.
Mitochondria phosphorylate ADP to ATP, whose phosphoryl group is used to generate PCr in an intermembrane space-localized reaction catalyzed by mitochondrial
creatine kinase (Mt-CK). At the myofilaments, muscle CK (M-CK) utilizes the shuttled PCr to rapidly regenerate ATP from ADP. A. HCM heart, in cardiomyocytes from
HCM patients, hypercontractility can lead to several pro-arrhythmic conditions that can result in ventricular arrhythmias, including high Ca2+-buffering at the
myofilaments and decreases in SERCA expression and activity. At the same time, slowed SERCA-mediated Ca2+ storage into the SR decelerates cytosolic Ca2+ decay
during diastole, which is further impaired by reduced NCX-dependent Ca2+ extrusion, i.e., reverse mode, as a consequence of elevated intracellular Na+ concentrations,
which occurs in some of the HCM patients (G+). Cr-PCr export pathway in HCM. In conjunction with decreased Cr shuttle activity and PCr levels, impaired mitochondrial
function reduces the Cr-PCr pathway's ability to buffer ATP, resulting in ADP accumulation at the myofilaments. AR, adrenergic receptor; cAMP, cyclic adenosine
monophosphate; PKA, protein kinase A; SERCA, sarcoplasmic reticulum Ca2+ ATPase; RyR, ryanodine receptor; NCX, Na+/Ca2+ exchanger; INa, Na+ current; ICa, Ca2+

current; T-tubule, transversal tubule; Cx43, Connexin 43; CaMKII, Ca2+/calmodulin kinase II; ROS, reactive oxygen species. B. ERK is involved in the development of cardiac
hypertrophy in HCM. Activation of the redox-sensitive signaling pathway (i.e., themitogen-activated protein (MAP) kinase ERK1/2 pathway), in response to ROS, is second-
ary to hypercontractility and increased mitochondrial workload. ROS can explain the close relationship between tension development (hypercontractility in HCM septum)
and the degree of concentric heart growth. Lipid peroxides, such as 4-HNE (4-hydroxynonenal), may be responsible for the inhibition of AMPK activity in human HCM.
Inactivation of AMPK promotes protein synthesis and the development of hypertrophy and may be involved in hypertrophy development in HCM. AMP-activated protein
kinase, AMPK; NAC, N-acetylcysteine; SS-31, Szeto-Schiller peptide; NAD suppl, NAD supplementation. See text for details.
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out of fuel” hypothesis, which proposes that the development of HCMmay
be driven by hypercontractility and excessive consumption of ATP, among
other factors [93]. Severe decreases in the PCr/ATP ratio have been linked
to cardiac decompensation in dilated cardiomyopathy, where low PCr/ATP
is a prognostic sign for mortality [94]. This implies that significant and
long-term changes in energy buffering mechanisms are likely to account
4

for HCM patients who develop systolic heart failure. As wewill explore fur-
ther, multiple factors in HCM disrupt the regulation of cellular energy buff-
ering mechanisms, such as creatine kinase (CK) and the mitochondria,
along with rapid changes in energy utilization. Some of these modifications
are likely caused by hypercontractility and excessive ATP use, which adds
to the mitochondrial energetic burden.
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6. Disrupted energy recycling in HCM

6.1. Disrupted CK/PCr system

The balance of energy generation and transmission is disturbed inHCM,
resulting in a shift in the energy usage between the myofilaments and the
mitochondria. The heart relies on the CK/PCr system and mitochondrial
coupling to rapidly renewATP at sites of energy consumption (Fig. 1) [95].

*In the intermembrane space of mitochondria, the mitochondrial isoform of
creatine kinase (Mt-CK) transfers the phosphoryl group of ATP to creatine
(Cr), forming PCr. The muscle CK isoform (M-CK) located at the myofilament
M-band area facilitates the reverse reaction, thus regenerating ATP in close prox-
imity to the site of utilization, while lowering [ADP]. The PCr/Cr shuttle functions
as an energy carrier buffer that maintains the [ATP]/[ADP] ratio by preventing
the rise in ADP levels, maximizing against the lower cellular diffusions of ATP
and ADP. Even though the ATP cellular pool (about 10 mM) is smaller than
the PCr pool (about 20 mM), [ATP] remains constant due to the continuous
replenishment from the larger pool of PCr.

Investigations utilizing 31P NMR revealed that the PCr/ATP ratio is
lower in both animals [87,88,92] and humans [90] with HCM, and this
is accompanied by a decrease in CK flux in humans [96,97], suggesting
a disruption in the PCr/CK shuttle system. Experimental studies have dem-
onstrated that measurements of ATP levels in HCM animal models with
MyHC-R403Q, cTnT-R92L, and cTnT-R92W mutations remain largely un-
changed (10 mM in controls to 7 mM in HCM) even under conditions of in-
creased cardiac workload or stress [87,88,92]. This is accompanied by
significant decreases in the PCr content, from ~20 mM in controls to
~14 mM in HCM animals [87,88,92]. Notably, ADP levels can increase
by>500% up to 130 μM in HCMmodels, from a baseline of approximately
20 μM [87,88,92]. These changes in the ATP/ADP ratio, caused by ADP ac-
cumulation, can exacerbate the already higher contractility observed in
HCM [35]. Literature on cellular expression levels and CK activity in
HCM is limited. To address this, we conducted experiments using two
HCM mouse models - mutant Tnnt2-I79N [98] and Mybpc3-KI [99] - aged
between 12 and 16 weeks. The Mybpc3-KI mouse model carries the
human c.772G > A MYBPC3 mutation in the homozygous state [99] and
replicates the main features of HCM, i.e., Ca2+ sensitization and diastolic
dysfunction [24,37], while Tnnt2-I79N transgenic mice express the
human I79N TNNT2mutation and exhibit high myofilament Ca2+ sensitiv-
ity and diastolic dysfunction, aswell as susceptibility to ventricular arrhyth-
mias during β-adrenergic stimulation [17,89,100,101]. Our findings
support the idea of a disrupted PCr/CK shuttle system, as we observed de-
creased CK expression and activity in both HCM mouse models (Fig. 2).
This inefficiency is further compounded by increasedmyosin-ATPase activ-
ity [85,86] and cellular hypertrophy [35,36], which puts additional strain
on the PCr/CK shuttle capacity in human HCM. Despite the evidence, the
mechanisms underlying the decrease in CK flow in HCM remain unknown,
and it is unclear whether CK protein levels and activity are altered in
human HCM myocardium.

6.2. Disrupted mitochondrial function

In both animals [23,102] and humans [103,104] with HCM, there are
indications of changes in cardiomyocyte-mitochondrial architecture, func-
tion, and metabolic pathways. Mitochondrial function is determined by
several factors, including morphology, number, size, localization across
the myofilament space, substrate supply, enzyme activity, supercomplex
quantity, and oxygen-dependent respiration. HCM models have revealed
diverse ultrastructural findings relating to mitochondria, such as disorgani-
zation and loss along the myofilament space, decreased respiration, and
hypoactivity of Krebs cycle enzymes [23,102]. Similarly, human HCM
also shows largemitochondriawith disorganized cristae and farther separa-
tion from the nearest myofibrils [103,104]. Improper spatial organization
of mitochondria closely associates with limited mitochondrial respiration
in human HCM, and increased septum mass in G-/Ph+, but not in G+/
Ph+ HCM patients [104].
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Literature on the state of mitochondrial supercomplexes in animals and
humans with HCM is however limited. To address this gap, we conducted
protein biochemistry experiments in our two HCM mouse models,
i.e., mutant Tnnt2-I79N and Mybpc3. By targeting the five mitochondrial
complexes with selective antibodies, we were able to reveal that the mito-
chondrial supercomplexes remain unaltered (Fig. 3). The absence of ob-
servable changes via protein immunoblotting, on the other hand, does not
rule out intrinsic changes in the activities of certain mitochondrial com-
plexes or proper respiratory chain operation, which are not evaluated by
the experimental conditions. In addition, it is also likely that the observed
results represent the early phases of the disease in animals that are either
too young or do not have the influence of comorbidities such as hyperten-
sion, obesity, and diabetes, as is expected in human HCM [1]. Indeed, alter-
ation of mitochondrial respiratory components in human HCM is
substantiated by the fact that ex vivo treatment with NAD+ supplementa-
tion, which enhances the availability of Krebs-cycle NADH, improves mito-
chondrial respiration. Furthermore, the application of a tetrapeptide
compound, such as elamipretide, that enhances the cohesiveness of mito-
chondrial respirasome complexes was shown to increase the expression of
complex I in human HCM (see Sections 8.1.2 and 9.2) [104].

Disrupted energy balance not only affects the heart's ability to contract
and relax properly in HCM [35,105] but also has significant implications
for the development of hypertrophy and the occurrence of arrhythmias,
i.e., mechano-energetic uncoupling.

7. Mechano-energetic uncoupling in HCM

In a healthy heart, the processes of excitation-contraction coupling are
closely linked to ATP synthesis in mitochondria, i.e., mechano-energetic
coupling. During increased cardiac workload, the amplitude of cytosolic
Ca2+ transients also increase, leading to an increase in ATP consumption
and, subsequently, an acceleration of ADP delivery to the mitochondria
via the creatine shuttle (Fig. 1). At the same time, Ca2+ accumulates in
the mitochondrial matrix, which stimulates Krebs cycle dehydrogenases
to regenerate NADH, thereby matching the increase in ATP demand with
an increase in ATP production at the respiratory chain [106]. However, in
the case of HCM myocardium, which is sensitized to Ca2+ at the myofila-
ment space [35,36], the ATP demand for any given cytosolic Ca2+ concen-
tration is higher than in a healthy heart [86]. Nevertheless, it is considered
that the increased NADH oxidation in the respiratory chain is not accompa-
nied by adequate Ca2+-dependent stimulation of the Krebs cycle, resulting
in net oxidation of the mitochondrial pyridine nucleotide pool [107]. This
bioenergetic mismatch can further exacerbate ADP increases, which can
accentuate the elevated cardiac workload seen in HCM [35,105].
Additionally, NADH oxidation reverses the reaction of the mitochondrial
nicotinamide nucleotide transhydrogenase (NNT), which converts
NADPH to NADH and ATP regeneration while decreasing mitochondrial
anti-oxidative capacity [107]. As a result, there is an overflow of hydrogen
peroxide (H2O2) in the mitochondria, and oxidative stress is frequently re-
ported in HCM [38,77–84] and a well-known cause of LV hypertrophy and
fibrosis in HCM models [108,109].

In the next subsection, we will further examine how the rise in oxida-
tive stress in HCM can contribute to the development of hypertrophy.

7.1. Hypertrophy development

7.1.1. ROS-induced CaMKII activation
Ca2+/calmodulin kinase II (CaMKII) is a pro-hypertrophic signaling

pathway activated by ROS in pressure-overload hypertrophy [110,111].
ROS has been shown to oxidize histone deacetylase 4 (HDAC4) in heart fail-
uremodels, causing its nuclear export and activation of the nuclear factor of
activated T cells (NFAT) and the myocyte enhancer factor-2 (MEF2), lead-
ing to transcription of pro-hypertrophic genes [112]. Studies on human
HCM biopsies have shown that constitutively activated CaMKII is increased
exclusively in sarcomeric G+HCM, but not in G- HCM [113]. Despite this,
HDAC4, the downstream target of CaMKII, was found to be elevated in both
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symptomatic G+andG-HCMgenotype groups. Thesefindings suggest that
HDAC4 phosphorylation increased independently of CaMKII, indicating
that there is no common link between ROS-induced CaMKII activation
and MEF2-mediated hypertrophic signaling in human HCM [113].
6

7.1.2. ROS-induced ERK1/2 signaling activation
External factors such as growth factors, cytokines, and physical stress

activate the mitogen-activated protein kinase (MAPK) family member,
ERK1/2 pathway [38]. ROS can also activate this pathway [114], which
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has been linked to HCM development [115]. When activated, ERK moves
into the nucleus and modifies gene expression through phosphorylation
of transcription factors, ultimately influencing the type of cardiac remodel-
ing that occurs [115]. Hypercontractility in HCM is predicted to promote
the development of concentric LV hypertrophy through activation of the
MAPK/ERK pathway in a ROS-dependent manner (Fig. 1B) [115]. These
findings establish a mechanism through which hypercontractility in HCM
might contribute to increasedmitochondrial workload and oxidative stress,
inducing hypertrophic remodeling.

7.1.3. AMPK activation
Patients with HCM have symptoms that are comparable to other cardio-

myopathies, such as Protein Kinase AMP-Activated Non-Catalytic Subunit
Gamma 2 (PRKAG2) syndrome [116,117] and Glycogen Storage Disease
Type IIIa (GSDIIIa) [118]. In these cardiomyopathies, the energy sensor
AMP-activated protein kinase (AMPK) is often hypoactive and associates
with substantial metabolic alterations such as activation of anabolic path-
ways, including protein synthesis [119,120] and glycogen storage
[121,122], both of which are required for cardiac growth. In line with
this, glycogen deposits was an early observation in symptomatic HCM
patients [123–125] and recent proteomic analysis revealed lower AMPK
expression in both symptomatic G+ and G- HCM [126]. One may argue
for AMPK involvement in the development of cardiac hypertrophy in
HCM based on the causal relationship between AMPK inhibition and in-
creased glycogen storage and protein synthesis (Fig. 1B). Overexpression
of AMPK reverses myocardial hypertrophy in pressure-overload animals
[127]. The specific cause of AMPK downregulation in HCM is unknown,
but higher 4-HNE levels are reported in HCM patients [84] and have been
shown to exert an inhibitory action on AMPK [128]. 4-HNE is a lipid perox-
idation product that is mostly derived from mitochondrial cardiolipin per-
oxidation (see Section 9.2.1).

In the following section, we will explore how hypercontractility,
mechano-energetic uncoupling and ROS serve as a substrate for cellular
arrhythmias in HCM.

7.2. Arrhythmogenicity

7.2.1. Hypercontractility and energy depletion: a substrate for arrhythmias
in HCM

In HCM, hypercontractility can lead to various conditions that contrib-
ute to ventricular arrhythmias. These conditions involve high diastolic
Ca2+ levels and energy depletion, which are frequent in both animals
[17,87,88,92,129] and humans [96,97,130] with HCM (Fig. 1). The high
diastolic Ca2+ levels can arise as a result of direct Ca2+-buffering at the
myofilaments, which can cause arrhythmias and abrupt cardiac arrest, as
seen in HCM animals [17,89,129]. Additionally, a decrease in the ATP/
ADP ratio can limit the performance of ATP-dependent cardiomyocyte
ion pumps, such as the sarcoplasmic reticulum calcium-ATPase (SERCA)
(Fig. 1) [131]. This slows cardiac relaxation and provides a substrate for
arrhythmias in HCM by limiting Ca2+ removal from the cytosol. SERCA
hypoactivity and low expression have been found in human symptomatic
G+ and G- HCM [113,130]. Furthermore, the reduction in the ATP/ADP
ratio can also lead to regional conduction velocity anomalies by impairing
connexin 43 function at membrane junction locations [89]. This reduction
Fig. 2. Profile of myofilament creatine kinase (MM-CK) in mutant Tnnt2-I79N and Myb
c.772G>A MYBPC3 mutation at the homozygous state (Mybpc3-KI) and WT control
Schlossarek et al. 2009) and used at an age of 12–16 weeks. Transgenic mice expressin
previously (Miller, Szczesna et al. 2001) in a mixed genetic background and used at an
(Santa Cruz, sc-15,164) and an antibody against α-actinin (Sigma, A7811) to correct fo
et al. 2015). The CK antibody was diluted to a final working concentration of 2.0 μg/mL
was diluted to a final working concentration of 0.4 μg/mL by a 2500× dilution of the s
colorimetric test kit (Abcam, ab65339), with signal saturation after 30min. An unpaired
significance level was set to *p < 0.05. The data is presented as mean± SEM and is norm
four intrinsic replicates (total of n = 16 replicates, where n is experimental repetitions)
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can cause a decrease in the function of connexin 43, which is critical for
conduction properties, and its loss of function can result in gap junction clo-
sure and regional conduction velocity reduction, providing a substrate for
arrhythmias (Fig. 1) [132]. Indeed, ischemia is accompanied by gap junc-
tion closure [133], which is most likely induced by ATP depletion [134].
Gap junction uncoupling causes regional conduction velocity slowing and
arrhythmias in HCM mice, which are related to diminished function of
connexin 43 [89].

7.2.2. ROS-Induced CaMKII Activation in Genotype-positive (G+) HCM
In HCM, the relationship between ROS-induced activation of CaMKII

and its contribution to the development of arrhythmias is a complex and
multifactorial one [135]. Studies show that ROS-induced activation of
CaMKII can result in the phosphorylation of Na+ channels, resulting in an
increase in the late Na+ current (INa,L), intracellular [Na+], and action po-
tential prolongation [136]. This activation of CaMKII can also cause early
and delayed afterdepolarizations (EADs and DAPDs, respectively; DADs)
through the activation of L-type Ca2+ channel currents (ICa,L). In humans
with HCM, CaMKII activation by ROS leads to an increase in INa,L and di-
rectly contributes to action potential prolongation [137]. High diastolic
Ca2+, prolongation of action potential, andDADs are common observations
in HCM animals [17,129] with constitutively active CaMKII [138] (Fig. 1).
Notably, and as stated previously, studies in humans showed that the in-
creases in constitutively activated CaMKII are unique to symptomatic
G+ HCM [113], implicating differential Ca2+-sensing post-translational
modulation between HCM genotypes. These findings suggest that the role
of CaMKII in HCM-related arrhythmias is not universal and may differ de-
pending on the specific genotype of the disease.

7.2.3. ROS-mediated mechanisms of arrhythmogenicity
Other mechanisms also exist by which ROS can contribute to arrhyth-

mias in HCM. One such mechanism is the impact of ROS on diastolic
Ca2+ levels. ROS can increase diastolic Ca2+ by suppressing the activity
of SERCA [139,140] and oxidizing type 2 ryanodine receptors (RyR2)
[141,142]. These alterations can activate the sarcolemmal Na+/Ca2+ ex-
changer and Ca2+-induced Ca2+ release from the SR, and result in abnor-
mal action potentials and arrhythmias (Fig. 1). Additionally, even small
amounts of mitochondrial ROS can trigger spontaneous SR Ca2+ release
events (so-called Ca2+ sparks and waves), which can lead to arrhythmias
[142,143]. Studies in HCM animals have shown that drug therapy aimed
at reducing ROS levels can prevent arrhythmia episodes and sudden
death (see Section 9.2.1, elamipretide discussion) [144]. Furthermore, it
has been observed that hypercontractility inducing drugs can increase
spontaneous SR Ca2+ release events and Ca2+ waves, which are well-
defined arrhythmia triggers, but inhibition of mitochondrial H2O2 can pre-
vent their occurrence (Fig. 1) [144]. In human HCM, arrhythmias may still
occur even when RyR2 dysfunction by oxidation is absent, as indicated by
the lack of altered RyR2 oxidation (also phosphorylation and nitrosylation)
in symptomatic G+ and G- HCM [113]. This could be due to rapid cellular
redoxfluctuations that happenwithin the cell but are not detectable by pro-
tein immunoblotting techniques. Alternatively, other mechanisms such as
those described in Section 7.2.1 may be more critical determinants for
arrhythmias, including high diastolic Ca2+ levels and the reduction in
ATP/ADP ratio.
pc3 hypertrophic cardiomyopathy (HCM) mouse hearts. Mice that carry the human
s were generated in a Black Swiss background as described previously (Vignier,
g mutant or the WT troponin T (Tnnt2-I79N and -WT) were generated as described
age of 12–16 weeks. A. Western blot with a creatine kinase (CK) specific antibody
r loading following methods described in Sequeira and colleagues (Sequeira, Najafi
by a 500× dilution of the stock solution (1 mg/mL), while the α-actinin antibody

tock solution (1 mg/mL). B. Creatine kinase activity was evaluated at 37 °C using a
t-test was used to compare I79N orMybpc3 to their respectivewild-type controls. The
alized relative to controls (set to 100). A total of N=5mouse hearts with three to
were used per each sample group.
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8. Metabolic adaptation in the heart: balancing substrate usage
against energy production

The unique metabolic demands of the heart make it crucial for the bal-
ance between substrate uptake and local usage to be tightly regulated. In
8

normal conditions, fatty acid oxidation is the primary source of ATP regen-
eration in the heart (70–80 %), while 20 to 30 % is driven by glucose and
lactate oxidation, and a smaller contribution is attributed to ketones and
amino acids [145,146]. The utilization of different substrate sources for
energy production in the heart results in variable amounts of NADH (and
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FADH2) generated per carbon cycle, as well as the utilization of ejected
electrons and protons entering respiration. Specifically, electrons from
NADH generated by glycolysis enter the mitochondria via complex I, as op-
posed to those obtained from fatty acid β-oxidation, which are transferred
primarily via the complex electron transferring flavoprotein (CETF) and
complex III [147]. β-oxidation provides a lower ATP/O2 ratio output (but
also lower H+/O2) than glucose; that is, more oxygen is utilized to regener-
ate ATP with estimated values of ~2.5 ATP/O2 for fatty acids vs 3.17 ATP/
O2 for glucose [148].

Consequently, it is considered that after periods of elevated cardiac
workload and/or myocardial remodeling, regulation of enzymes and trans-
porters involved in metabolic pathways, and changes in coronary flow and
reserve, oxygen availability may occur. These changes can promote a shift
towards glucose-driven oxidation, reducing reliance on mitochondrial oxy-
gen, while promoting ATP production [149,150]. This metabolic adapta-
tion is especially noticeable in models of pressure-overload induced
hypertrophy and heart failure [151–153], as it enables the heart to main-
tain adequate levels of ATP even in the presence of limited oxygen supply.
In this section, we explore potential mechanisms underlying the metabolic
adaptation in HCM progression.

8.1. Metabolic adaptability in HCM

8.1.1. Metabolic adaptability in genotype-positive (G+) HCM
The pathological mechanisms underpinning the metabolic shift in

HCM, aswell as themagnitude of changes observed, in contrast to other dis-
eases have not been established. However, clinical [91,154] and pre-
clinical [126] studies support that the metabolic shift is more visible in
symptomatic HCM. Indeed, enhanced glucose uptake [154] and decreased
myocardial oxygen consumption in symptomatic HCMpatients is observed,
while this is absent in asymptomatic HCM patients [91]. The precise cause
of this metabolic shift remains unknown, but it is likely a complex interplay
betweenmultiple factors. Downregulation of fatty acid metabolic pathways
may play a role, as demonstrated by studies showing decreased expression
of proteins involved in fatty acid oxidation in symptomatic HCM biopsies
[126]. Microvascular dysfunction, which is frequently observed in HCM,
can reduce oxygen availability [155–158], and may also contribute to this
metabolic shift. Furthermore, the high cardiac workload and oxygen con-
sumption during the transition from asymptomatic to manifested HCM
may create a mismatch between energy supply and demand, prompting
the heart to rely more heavily on glucose oxidation to generate ATP [91].
Evidence of altered fatty acid pathways is further supported by studies
showing decreased expression of fatty acid receptors, including cluster dif-
ferentiation 36 (CD36), in symptomatic HCM but not in asymptomatic
cases [159]. CD36 is responsible for the absorption and utilization of
long-chain fatty acids, such as palmitic acid, which is the main primary
source of energy for the heart [160]. Decreased expression of CD36 is asso-
ciated with a shift towards glucose consumption in heart failure [161].

8.1.2. Metabolic adaptability in genotype-negative (G-) HCM
While one-third of symptomatic HCM cases are negative for sarcomeric

mutations (G-/Ph+) [1,7], recent studies have identified geneticmutations
in mitochondrial DNA and related nuclear DNA genes in these patients
[162]. These mutations affect mitochondrial supercomplexes proteins,
transfer RNA, and ribosomal RNA proteins [162]. However, it is still
Fig. 3.Mitochondrial protein expression of electron transport system components (OXPH
hearts. Mice that carry the human c.772G > AMYBPC3mutation at the homozygous sta
scribed previously (Vignier, Schlossarek et al. 2009) and used at an age of 12–16weeks. T
generated as described previously (Miller, Szczesna et al. 2001) in a mixed genetic backg
complexes using the MitoProfile antibody cocktail (abcam, ab110413). The concentratio
concentration of 6.0 μg/mL. B\\F. An unpaired t-Test was used to compare either I79N
*p < 0.05. The data is presented as mean ± SEM and is normalized relative to controls
homogenate (loading Ctrl) was used as loading control to normalize protein levels be
complex V.
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unclear whether these mutations are prevalent and relevant toHCM in gen-
eral, as mitochondrial disorders often show symptoms comparable to other
forms of cardiomyopathies.

It is unknown whether G- HCM patients, who are more likely to be
obese and have LVOT blockage (HOCM) [9], experience the same declines
in myocardial external efficiency and oxygen consumption as symptomatic
G+ HCM patients [91]. The extra hemodynamic burden from septal bulg-
ing and mitral valve systolic anterior motion worsens cardiac function in
HOCM [163,164] and has the potential to exacerbate the already high mi-
tochondrial burden to maintain ATP regeneration, predisposing to the met-
abolic shift. Additionally, exercise may worsen the obstruction of the LVOT
and further deteriorate cardiac function [1,165]. Nollet and colleagues
[104] discovered recently a close relationship between mitochondrial
dysfunction and septal hypertrophy in symptomatic G- HCM, which was
associated with poor mitochondrial architecture. These findings suggest
that genotype-negative HCM patients may have specific mitochondrial
problems, but more research is needed to determine whether their cardiac
efficiency and oxygen consumption are similar to those reported in symp-
tomatic G+ HCM patients [91].

8.2. Changes to coronary perfusion and flow in HCM

In some situations, metabolic adaptation may occur associated with
changes in myocardial oxygen availability, as microvascular dysfunction
is frequently observed in individuals with manifested HCM [155–158].
Microvascular dysfunction has been identified as a predictor of death in
human HCM [166]. In a healthy heart, coronary perfusion mostly occurs
during diastole, while blood flow is reduced during systole due to constric-
tion (compression) of coronary arteries embedded in the ventricular wall
[167]. In HCM, however, the hypercontractile myocardium combined
with slow ventricular relaxation, and excessive ventricular remodeling,
are speculated to result in inefficient myocardial perfusion [155,156]
and decreased coronary flow reserve [157,158]. Adverse survival rates
have been reported in the context of LV hypertrophy and coronary artery
disease [156,167], suggesting that increased cavity mass is a contributing
factor that is indicative of myocardial ischemia in patients [168]. Ventricu-
lar remodeling involving intramyocardial vessel changes is a frequent find-
ing in HCM [169,170], characterized by thickening of the tunica media
with narrowing of the vessel lumen [169], and/or proliferation of intimal
components of the vessel wall, i.e., vascular dysplasia [171]. This is most
commonly observed in septal hypertrophy [169,172] and, more specifi-
cally, inHCM [171], and is frequently associatedwithmicroinfarctions dur-
ing post-mortem histological examination [169].

The majority of observed alterations in microvascular function in HCM
have been limited to symptomatic cases. Given the close relationship be-
tween coronary perfusion and the diastolic phase, it is often speculated
that the observed microvascular dysfunction occurs early in HCM, and it
is likely already present in asymptomatic cases directly affected by
hypercontractility. This is suggested from the finding that impairment of
microvascular function in HCM is more closely linked to the presence of
sarcomeric mutations (G+) than to hypertrophy development in G- HCM
[155,173], and sarcomeric HCM patients are frequently more hypercon-
tractile than G- HCM patients [36,174]. We performed critical proof-of-
concept experiments to investigate the potential role of hypercontractility
on microvascular function, independent of cardiac remodeling. We found
OS), inmutant Tnnt2-I79N andMybpc3 hypertrophic cardiomyopathy (HCM)mouse
te (Mybpc3-KI) and WT controls were generated in a Black Swiss background as de-
ransgenicmice expressingmutant or theWT troponin T (Tnnt2-I79N and -WT) were
round and used at an age of 12–16 weeks. A. Western blot of the fivemitochondrial
n of the antibody cocktail (1.5mg/mL)was reduced 250× to obtain a final working
or Mybpc3 to their respective wild-type controls. The significance level was set to
(set to 100). N = 4 mouse hearts were used per each sample group and a rat heart
tween blots. CI, complex I; CII, complex II; CIII, complex III; CIV, complex IV; CV,
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a direct link between hypercontractility and enhanced coronary flow
constriction using synchrotron microangiography imaging in mice that
had been acutely perfused with the hypercontractility inducing drug
10
EMD-57033 (Fig. 4). Under vehicle conditions, the net visualized coronary
vessel area in wild-type mice dropped by 30 ± 13 % from diastole
(0.036 ± 0.006 mm2) to systole (0.031 ± 0.006 mm2) (Figs. 4B-D),
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consistent with physiological constriction of coronary arteries during the
cardiac cycle. After EMD-57033 perfusion, diastolic coronary vessel area
decreased by 82 ± 16 % from vehicle perfusion (0.036 ± 0.006 mm2) to
as low as 0.021 ± 0.004 mm2, while systolic vessel area decreased by
32 ± 11 % from 0.031 ± 0.006 mm2 to 0.023 ± 0.004 mm2 (Figs. 4B-
D). These findings are consistent with our hypothesis that
hypercontractility induces pathological coronary artery constriction and
demonstrate that sustained hypercontractility is likely sufficient to chroni-
cally decrease coronary flow, and potentially oxygen availability indepen-
dent of other causes such as cardiac remodeling.

8.3. Exploring the complex relationship between catabolic and anabolic
metabolism in HCM

A keymetabolic endpoint in both heart failure and HCM is the metabolic
shift from fatty acid to glucose oxidation. However, it is uncertain whether
the persistent shift towards glucose is long-term beneficial to the HCM
heart or simply a sign of disease progression. The complicated interplay of
numerous processes, such as metabolite competition for energy production
and cardiac growth, complicates our understanding of HCM pathogenesis
even further. In particular, the competition between the metabolic pathways
that increase energy demands for cardiac contraction (catabolic metabo-
lism) and those that are essential for heart growth (anabolic metabolism).
Both glucose and fatty acids provide energy to the heart, but they also have
diverse effects on cardiac growth. Fatty acid oxidation, for example, inhibits
cardiac growth stimulation, but glucose promotes protein synthesis during
pathological cardiac growth [152]. In pressure-overload models, increased
anabolic metabolism via glucose-derived uptake is required to sustain aspar-
tate synthesis for hypertrophic growth [152].

While glucose uptake, rather than glucose oxidation, increases in symp-
tomatic HCM patients [154], most glycolytic metabolism proteins are
downregulated [126]. Notably, glycogen synthetase and mitochondrial
hexokinase are upregulated in symptomatic HCM [126], implying that as
HCM severity increases, glucose sustains anabolic pathways to account
for increases in ventricular septum mass and hypertrophy development
rather than being entirely utilized for energy generation. These findings
are also consistent with early reports of increased glycogen deposits in
symptomatic HCM [123–125], as well as AMPK downregulation [126],
supporting that protein synthesis assists in hypertrophic development. In-
terestingly, large quantities of amino acids, particularly branched amino
acids, but also ketones, have been found in the plasma of symptomatic
HCM patients but not in individuals who are asymptomatic [175].

8.3.1. Exploring the potential role of ketones as alternative substrate sources
Recent investigations have explored alternative substrate sources for en-

ergy production in heart failure beyond glucose oxidation. Studies indicate
that ketones, specifically β-hydroxybutyrate oxidation, could potentially
become the primary source of ATP regeneration in the failing heart
[176–178]. Although the role of ketones in manifested HCM is unknown,
their energy yield is higher than that of fatty acids (but not glucose)
[148], making them a potential alternative oxygen-efficient substrate for
the energetically starved HCM heart.
Fig. 4. Microvascular function using synchrotron microangiography. The coronary mac
eight-week-old wild-type C57BL6/J mice (internal caliber 30-100 μm). Synchrotron
Facility in the Sayo District, Japan following protocols described previously (Pearson, Yo
tion of the Calcium-sensitizer EMD-57033 allowed us to investigate the role of hypercont
1%DMSO, 30%PEG, 1%Tween80 and 68% saline (v/v%). A. Left, To produce baseline
A. Right, EMD-57033 was then infused for 10 min and imaging repeated. For image filte
was utilized. B. In the absence andpresence of EMD-57033, three to four of themicrovess
and D. Vehicle conditions, visualized coronary vascular area decreased from 0.036±0.0
with physiological constriction of coronary arteries. After EMD-57033, diastolic coronary
as low as 0.021± 0.004 mm2, while systolic vessel area decreased by 32 ± 11 % from
tentiated coronary artery constriction caused by hypercontractility. The vascular area d
during EMD-57033 perfusion.N=4 animals were used for microangiography imaging,
of n = 13 microvessels). The data is presented as mean ± SEM and a paired t-test was
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*When referring to ketones, the phrase “bodies” is a historical artifact.
Although the term “bodies” is often used in organic chemistry to describe insoluble
particles, ketones are soluble in both blood and urine. Ketones are a result of
acetyl-CoA metabolism in the liver and are released into the bloodstream to pro-
vide a substrate for ATP regeneration in extra-hepatic tissues during prolonged
fasting or starvation.

While plasma from symptomatic HCM patients contains significant
quantities of ketones [175], proteomic data suggest that the usefulness of
ketones as energy sinks in HCMmay be limited due to the downregulation
of multiple enzymes involved in ketone oxidation, including β-
hydroxybutyrate dehydrogenase and 3-ketoacid CoA-transferase [126].
However, ketones may also play a diverse role in HCM, including signaling
and gene expression. Research has shown that ketones have potential as sig-
naling molecules, including their ability to act as HDAC1 inhibitors, which
protect against oxidative stress [179], reduce hypertrophic signaling [180],
and have anti-inflammatory effects by suppressing inflammasome activa-
tion [181]. The latter effects of ketones on HDAC inhibition are particularly
intriguing, given the increase of HDAC4 in both symptomatic G+ and G-
HCM [113].

While research on ketones in the failing heart, particularly in HCM, is
still in its infancy, it provides a promising direction for investigating alter-
native sources beyond the conventional glycolytic-derived pathways
involved in heart failure progression. This approach is critical in HCM,
where previous studies have focused mainly on substrate metabolism in
energy provision and contraction, while ignoring metabolic and signaling
aspects that contribute to ventricular hypertrophy.

Promising therapies that target myofilament and mitochondrial func-
tion are emerging as potential treatments for HCM. Additionally, a newer
class of metabolic-treatment drugs that affect overall cardiovascular and
renal hemodynamics, inflammation, and myocardial Na+ handling offer
alternative strategies for treatment. Inhibitors of the Na+/glucose co-
transporter 2 (SGLT2), which are anti-obesity and anti-diabetic drugs, not
only reduce cardiovascular and overall mortality rates in heart failure pa-
tients [182], but also increase blood ketone levels [183]. This increase in
ketones may positively impact mitochondrial metabolism, oxidative stress
and hypertrophy development in HCM.

9. Novel approaches for treating HCM

Treatment options for HCMmainly focus on managing symptoms, such
as shortness of breath, angina, and arrhythmias, rather than addressing the
root cause. Medications used to treat HCM include β-blockers, Ca2+ chan-
nel blockers, and ACE inhibitors, which can help reduce hypercontractility,
lower blood pressure, and improve blood flow [163]. In cases with LVOT
blockage, surgical procedures such as septalmyectomy or alcohol septal ab-
lation may be considered, and implantable cardioverter defibrillators can
help manage the risk of sudden cardiac death [163]. Lifestyle changes
such as weight loss may also be recommended, as excess body weight
could contribute to HCM development [11]. However, these treatment
options do not directly address the underlying pathophysiology of HCM.
Perhexiline, a medication that was initially regarded as a metabolic thera-
peutic option for HCM, has been shown to improve exercise capacity
ro- and microvessels were evaluated in vivo by contrast microangiography in four
microangiography imaging was performed at the Spring-8 Radiation Research
shimoto et al. 2017, Katare, Pearson et al. 2018). The acute intravenous administra-
ractility on coronarymicrovessel function. EMD-57033 (1.6mg/kg)was dissolved in
cine-angiograms a vehicle solutionwas infused through the jugular vein for 10min.
ring, background removal, and vessel area measurements, Fiji/ImageJ 2.9.0/1.53 t
els permousewere quantified as visualized vessel area during diastole and systole. C.
06mm2 in diastole to 0.031±0.006mm2 in systole (i.e., by 30± 13%), consistent
vessel area decreased by82±16% fromvehicle perfusion (0.036±0.006mm2) to
0.031 ± 0.006 mm2 to 0.023± 0.004 mm2. These findings are consistent with po-
id not change from diastole (0.021 ± 0.004 mm2) to systole (0.023 ± 0.004 mm2)
and the number of microvessels analyzed per mouse ranged from three to four (total
conducted. The significance level was set to *p < 0.05.
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[184] and reduce ventricular hypertrophy in HCM animals [185].
Perhexiline's capacity to shift substrate usage from fatty acids to glucose
was initially postulated to play a role in the drug's effects [184]. However,
decreased oxygen availability and lower reliance on mitochondrial oxygen
via glucose-driven oxidation to maximize ATP regeneration is likely a con-
sequence of HCM progression. Instead, the effects of perhexiline are likely
pleiotropic, and may be attributable to its ability to enhance the activity of
anti-oxidant enzymes and decrease oxidative stress [185–187], which may
aid in rebalancing the redox state and reducing ventricular mass in HCM.

It is essential to consider selective treatment strategies that address
mechano-energetic uncoupling, mitochondrial dysfunction and the rise in
oxidative stress to prevent or reverse the progression of HCM, hypertrophy,
and arrhythmia susceptibility. In addition, since weight loss improvesmyo-
cardial energetics [188], metabolic drugs are likely favorable for
the treatment of patients with HCM. These treatment strategies are
discussed next.

9.1. NAC for the treatment of HCM

In recent years, there has been growing interest in the potential of anti-
oxidant and mitochondria-targeted therapies for preventing or reversing
HCM progression. One such therapy that has been investigated is
N-acetylcysteine (NAC), an anti-oxidant that has been shown to protect
the heart from HCM-related injury in mice [38,109,189,190] (Fig. 1).
NAC serves as a precursor of glutathione, which is the largest intracellular
thiol pool that protects against oxidative stress [191,192]. Specifically,
NAC has been found to lower lipid peroxidation, myocardial fibrosis, cellu-
lar disarray, and hypertrophy development, while also improving diastolic
function [38,109,189,190]. NAC treatment was also shown to restore the
cardiac phenotype in HCM models while also normalizing the level of oxi-
dized glutathione [79]. Furthermore, NAC treatment has been observed to
inhibit the MAPK signaling system, which is a known principal contributor
to the development of concentric hypertrophy in HCM [115]. In HCM
animals, NAC treatment decreased myofilament oxidation (lowered
s-glutathionylation of cMyBP-C) and hypercontractility [38]. These promis-
ing findings suggest that NAC may have the potential as a therapeutic op-
tion for HCM.

9.2. Mitochondria-targeted treatments in HCM

9.2.1. Benefits of SS-31
Mitochondrial dysfunction is a key factor in the development of HCM in

humans [103,104] and treatments targeting mitochondrial function have
been investigated. The integrity of the mitochondrial respiratory chain is
challenged when the mitochondrial membrane is degraded by lipid perox-
idation, resulting in decreased ATP generation and increased ROS forma-
tion. Cardiolipin, a phospholipid found in both the inner (up to 22 %)
and outer (3 %) mitochondrial membranes, is an essential component of
the mitochondrial membrane [193–195]. Cardiolipin supports mitochon-
drial supercomplexes and electron transfer flow for ATP regeneration,
while decreasing electron leakage and ROS formation (Fig. 5) [196]. Car-
diolipin, on the other hand, is particularly sensitive to lipid peroxidation
and formation of 4-HNE, which disrupts mitochondrial supercomplexes
and impairs ATP generation while increasing ROS production [197]. The
cohesiveness of mitochondrial supercomplexes is disrupted when cardio-
lipin is damaged, and essential molecules such as cytochrome c (Cytc)
and coenzyme Q (CoQ or Q) are depleted (Fig. 5, middle panel) [198].
The Szeto-Schiller peptide (SS-31 or elamipretide) is a mitochondria-
targeted peptide that binds to cardiolipin and accumulates in the mito-
chondria, improving the curvature of the inner mitochondrial membrane
and bringing the supercomplexes closer together [199]. This reduces
electron leakage during electron transfer reactions, decreasing excessive
ROS production and enhancing ATP regeneration (Fig. 5, lower panel)
[200,201]. Animal studies have demonstrated that SS-31 treatment reduces
mortality in pressure-overload models [107], as well as HCM animal
models, while preventing arrhythmia episodes [144]. Recent ex vivo
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experiments on humanHCM biopsies have shown that SS-31 treatment im-
proves the cohesiveness of mitochondrial respirasome complexes and in-
creases complex I stability [104]. These findings suggest that improving
mitochondrial function with SS-31 could be a promising treatment strategy
for HCM.

9.2.2. Benefits of CoQ
Coenzyme Q (CoQ) is an essential lipid-soluble molecule for the trans-

port of electrons between complexes I and III in the mitochondria, which
are necessary for energy production (Fig. 5). Cardiolipin instability in the
innermitochondrial membrane can lead to depletion of CoQ. CoQ therapy
reduces symptoms ofHCM, such as fatigue and dyspnea, while also decreas-
ing septal thickness [202]. Additionally, administration of CoQ to HCM pa-
tients significantly improved their NYHA class, quality of life, and diastolic
function [203]. CoQ therapy in patients with HOCM also reduced the gra-
dient of the LV outflow tract and septum mass [203]. The benefits of CoQ
therapy in HCM are likely due to its ability to restore the energetic-redox
equilibrium by scavenging electrons from the inner mitochondrial mem-
brane, and thereby preventing excessive ROS production.

9.2.3. Benefits of NAD+ supplementation
Numerous studies suggest that NAD+ boosters have promising po-

tential as a treatment option for heart failure. Restoring cellular NAD+

levels in mouse models of aging, metabolic syndrome, and hypertension
was found to improve both diastolic function and mitochondrial
bioenergetics [204]. Additionally, nicotinamide riboside therapy, a
precursor to NAD+, was shown to prevent the onset of heart failure
in dilated cardiomyopathy mice [205]. In HCM biopsies [126], changes
in NAD+ homeostasis have been observed, implying reduced NADH
availability. The addition of NAD+ to fresh HCM biopsies enhances mi-
tochondrial respiration by potentially increasing mitochondrial NADH
availability (Figs. 1 and 5, lower panel) [104]. These data support the
potential use of NAD+ supplementation in various HCM models, and
eventually in individuals with HCM.

9.3. Hypercontractility in HCM: the potential benefits of myosin deactivators as
treatment

A new class of compounds has been developed to target the disease-
causing mechanism of HCM by inhibiting the myosin ATPase and reducing
hypercontractility of the myofilaments [206]. The first of its class,
Mavacamten, is a myosin inactivator that improves diastolic function by
stabilizing the super relaxed state (SRX) of the myosin molecule, which is
an energy-conserving state, inducing a negative inotropic effect and reduc-
ing the energetic load on the HCM myocardium [207].

*during myofilament contraction, myosin transits between three functioning
biochemical states. The (1) actin-bound state, which has a rapid ATP turnover,
and two unbound states with extremely low ATP turnover: (2) the disorder
relaxed state (DRX), which has approximately 100-fold less activity than the
actin-bound state, and (3) the super relaxed state (SRX), which has an
additional 10-fold decrease in activity [207]. Up to 60 % of unbound myosin
heads are held “in reserve” in the energy-conserving SRX state.

Mavacamten was shown to reverse hypercontractility, maladaptive car-
diac remodeling, myofibrillar disarray, and fibrosis in animal models of
HCM [206] as well as in patients with HCM [208,209]. In clinical trials,
Mavacamten reduced the LVOT obstruction in patients with HOCM, im-
proving symptoms, exercise capacity and LV geometry [208–211]. Further
compounds with a similar mode of action are currently under development
and some have entered clinical trials [212]. Mavacamten and related drugs
offer prospective HCM therapy alternatives by addressing the underlying
cause of the disease as early as possible.

9.4. Gene editing as a potential therapy for HCM

CRISPR gene editing is a promising technology for treating hereditary
cardiomyopathies, including HCM. The success of CRISPR editing in



Fig. 5. Mitochondria-targeted therapies in hypertrophic cardiomyopathy (HCM). The top panel illustrates a healthy cardiomyocyte-mitochondrial organization in
asymptomatic HCM individuals. The cardiomyocyte-mitochondrial organization in HCM is characterized by near normal production of viscoelastic proteins, such as
desmin and microtubules, and the close proximity of mitochondrial supercomplexes or respirasomes in the presence of cardiolipin. The inner mitochondrial membrane
(IMM) is traversed by NADH dehydrogenase (complex I, CI), cytochrome b–c1 complex (complex III, CIII), cytochrome c oxidase (complex IV, CIV), and FoF1-ATP synthase
(complex V). Reduced forms of NADH and FADH2 (derived from succinate) donate electrons to the electron transport system via CI or CII (not membrane spanning), which
are sequentially transferred to electron carriers, such as coenzyme Q (CoQ or Q), CIII, and cytochrome c (Cytc). CIV accepts electrons from the electron transport system and
transforms oxygen into water. As electronsmove along the electron transfer system, protons (H+) are pumped from themitochondrial matrix into themitochondrial IMM (at
CI, CIII, and CIV; CII lacks a proton pumping mechanism), establishing an electrochemical proton gradient across the IMM. This gradient is used to regenerate ATP fromADP
at complex V. Themiddle panel illustrates the potential consequences of septal hypercontractility, high ATP utilization and increased NADH oxidation, to induce septal en-
largement in manifested HCM individuals. This progression is characterized by increased production of viscoelastic elements, such as microtubule densification, desmin de-
position, and hypertrophiedmyofibrils. Consequently, this results in poormyofibril andmitochondrial architecture, and disorganizedmitochondrial respirasomes. The lower
panel highlights the potential benefits of improving the provision of reducing equivalents in the Krebs cycle with NAD+ supplementation or improving respiratory chain
function with elamipretide to stabilize cardiolipin in the IMM. These therapies may improve the proximity of mitochondrial respirasomes, reduce electron leakage and ox-
idative stress, and enhance ATP regeneration. Image adapted with permission from Sequeira et al. Eur Heart J. 2023 (Sequeira, Batzner et al. 2023).
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repairing genetic defects in other diseases such as Duchenne Muscular Dys-
trophy (DMD) [213] has led to exploration of its potential in treating HCM.
DMD is a severe genetic disease caused by mutations in the dystrophin
gene, leading to early death from cardiac and respiratory failure. CRISPR
gene editing has been shown to correct DMD mutations and restore
dystrophin production in skeletal and cardiac muscle [213]. In two recent
pre-clinical studies [214,215], researchers gene-edited the human HCM
missense mutation in theMYH7 gene that encodes theMyHC-R403Qmuta-
tion. Both studies used CRISPR-Cas9 approaches to achieve highly efficient
and precise correction of the pathogenic variant in human-derived HCM
cells, with reduction of hypercontractility and improved mitochondrial ox-
ygen consumption, while in HCMmodels CRISPR gene-editing of the muta-
tion decreased cardiac hypertrophy and fibrosis [214,215]. Challenges
remain in optimizing mutation-specific gene editing, improving gene
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editing precision, delivering editing components throughout the muscle,
and minimizing immunological reactions. The prospect of using single-
dose definitive therapies for HCM through CRISPR or other gene editing al-
ternatives presents an encouraging avenue for addressing another root
cause of HCM.

9.5. Novel treatment strategies for HCM

Alternative therapeutic approaches for HCM should be examined, such
asmetabolic focused therapies that have been demonstrated to improve pa-
tient outcomes in other heart failure disorders. Weight loss, for example,
improvesmyocardial energetics in obese patients [188], implying thatmet-
abolic treatment approachesmay be effective in treatingmyocardial energy
depletion in HCM. The use of sodium glucose cotransporter 2 (SGLT2)
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inhibitors, which have shown encouraging outcomes in heart failure stud-
ies, is one such targeted-treatment approach, although their efficacy in
HCM is currently unknown and hence merits investigation.

9.5.1. SGLT2-inhibitors
SGLT2 inhibitors have revolutionized metabolic management for heart

failure patients, demonstrating improved outcomes across all heart failure
types [182]. The SGLT2 inhibitor empagliflozin induces a starvation-like
metabolism by removing glucose via the kidney [216], which reduces
heart failure hospitalization rates and lowers cardiovascular mortality
regardless of comorbidities [217]. SGLT2 inhibitors appear to influence
cardiovascular and renal hemodynamics, inflammation [218], and cardio-
myocyte Na+ handling directly [219] or indirectly through CaMKII
inhibition [220,221]. Also, they enhance cardiac, renal, and systemic me-
tabolism. Improving Na+ handling may help mitigate the arrhythmogenic
effects of CaMKII hyperactivation and the ROS-induced increase in the
late Na+ current (INa,L) observed in HCM (see Section 7.2.2) [136].

Some SGLT2 inhibitors have been shown to inhibit the sarcolemmal
Na+/H+ exchanger (NHE-1), leading to a reduction in cytosolic Na+ con-
centrations in cardiomyocytes and increasing mitochondrial Ca2+ levels
[222,223]. The increase in mitochondrial Ca2+ may prevent the rise in ox-
idative stress and arrhythmias in HCM, since an increase in mitochondrial
Ca2+ is required to stimulate Krebs cycle dehydrogenases for the regenera-
tion of NADH under increased workload or stress, this may facilitate the
matching of the increase in ATP demand to an increase in ATP production
at the respiratory chain (see Section 6) [106]. In addition, SGLT2 inhibitors
are known to raise blood ketone levels [183], suggesting that they could be
a useful treatment for disrupted mitochondrial metabolism, oxidative
stress, and hypertrophy development in HCM. The ongoing EMPA-
VISION trial is currently evaluating whether empagliflozin can improve
myocardial PCr/ATP ratio [224]. If successful, this could be a promising ap-
proach to improve the observed reduction in PCr/ATP ratio seen in animal
models [87,88,92] and humans [90] with HCM.

10. Beyond sarcomeric mutations: mechano-energetic uncoupling
and metabolic factors contributing to HCM pathophysiology

The relevance of mechano-energetic uncoupling and metabolic dysregu-
lation cannot be overlooked in the context of HCM, as various forms of the
disease are associatedwith such dysregulations, in addition to HCMwith sar-
comeric mutations (G+). Other causes of HCM include variations in genes
encoding proteins that are involved in metabolism, mitochondrial function,
and pro-hypertrophic signaling [1]. As discussed earlier in Section 7.1.3, in-
sights from other types of cardiomyopathies, such as PRKAG2 and GSDIIIa
syndromes, can inform about the pathophysiological mechanisms contribut-
ing to the transition from asymptomatic to symptomatic HCM with
sarcomeric mutations (G+). This cross-talk of knowledge might prove in-
valuable in the development of effective treatment strategies for HCM.

Barth syndrome cardiomyopathy is an example of amitochondrial car-
diomyopathy characterized by diastolic dysfunction and hypertrophy, and
is sometimes accompanied by LV non-compaction [225]. Mutations in the
gene encoding tafazzin, a mitochondrial transacylase involved in cardio-
lipin biogenesis, result in cardiolipin synthesis defects. Cardiolipin remod-
eling in Barth syndrome destabilizes the mitochondrial Ca2+ uniporter
complex, preventing mitochondrial Ca2+ uptake and activation of the
Krebs cycle [226]. Consequently, this causes mechano-energetic uncou-
pling, hypercontractility, and arrhythmias [226]. Gene-editing therapy
with human TAZwas demonstrated to reverse the cardiomyopathy pheno-
type in mice [227]. Despite failing to improve the trial's primary endpoint
(6-min walk test), elamipretide improved stroke volume and well-being
in patients with Barth syndrome [228]. Ongoing clinical investigations
are focusing on interventions that target fatty acid metabolism [229]. Al-
though Barth syndrome is a rare disease, the mechanistic insights from se-
lective cardiolipin defects may also be applicable to HCM with sarcomeric
mutations, early phases of diabetes [230,231], and ischemia/reperfusion
injury [232], where cardiolipin remodeling is substantial [233].
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The Noonan syndrome is another cause of HCM. It is a multisystemic
disorder caused by mutations in genes linked to the Ras-Raf-MEK1/2 path-
way, i.e., RASopathies, which converge on ERK1/2 signaling [234,235]. In
mouse models of Noonan syndrome, interfering with ERK1/2 [236] or
MEK1/2 [237,238] improves cardiac function. MEK inhibition with
trametinib, typically used to treat specific types of cancer with RAS/
MAPK pathway activation, ameliorated LV hypertrophy in Noonan syn-
drome patients [239]. To selectively target hypertrophy without
cardiotoxic side effects, the development of specific ERK1/2-inhibitors
that interfere with ERK-dimerization at the nucleo-cytosolic interface may
be advantageous as a potential therapeutic concept for various forms of
HCM [240].

Fabry disease is a rare X-linked inherited lysosomal storage disorder
characterized by deficient α-galactosidase A activity, which results in the
accumulation of globotriasylceramide (Gb3) in affected tissues such as
the heart [241]. This causes LV hypertrophy, myocardial fibrosis, diastolic
dysfunction, and arrhythmias. Enzyme replacement therapy prevents car-
diac complications and delay disease progression [241]. Similar to HCM
with sarcomeric mutations, myocardial energy deprivation with decreased
PCr/ATP ratio is typically observed and closely correlateswith the extent of
LV hypertrophy and fibrosis [242,243]. This metabolic defect is reversible
after sphingolipid clearance by enzyme replacement therapy with the
administration of α-Gal A [243].

Although hereditary forms of HCM have distinct etiologies, which in
some cases can be specifically targeted with tailored treatments, they may
share common pathophysiological mechanism paths that drive disease pro-
gression through a vicious cycle of mechano-energetic uncoupling, oxida-
tive stress and metabolic dysregulation.

11. Conclusion

The pathogenesis of HCM is multifactorial and involves various cellular
perturbations that contribute to diastolic dysfunction and remodeling of the
HCM heart. Sarcomeric mutations or secondary mutation-induced cellular
perturbations play a crucial role in the impaired relaxation of the myocar-
dium. Hypercontractility lies upstream of several key derangements includ-
ing increasedmitochondrial workload, and oxidative stress, contributing to
energy depletion and mechano-energetic uncoupling, driving growth of
myocardial mass through signaling pathways such as ERK and, potentially,
suppression of AMPK. In HCM, metabolic remodeling also occurs, charac-
terized by decreased fatty acid oxidation, increased glucose uptake and
decreased oxygen utilization in the myocardium. Moreover, under certain
conditions, alternative metabolic sources such as ketones may offer an en-
ergy supply for the heart, while also serving as potential signaling mole-
cules that can mitigate oxidative stress and regulate hypertrophic
signaling. In addition, arrhythmias are frequently triggered in HCM by
the high Ca2+-buffering at the myofilaments and changes in the ATP/
ADP ratio. Understanding the mechanisms that drive the progression of
HCM is crucial in the development of effective therapeutic strategies.
Targeting the underlying mechano-energetic and metabolic derangements
may provide potential treatment alternatives to improve HCM course be-
yond what is now available.
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