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What Is New?

. Skeletal muscle myosin dynamics are disrupted in HFrEF patients, leading to
chronically elevated sarcomeric ATP consumption at rest.

. Skeletal muscle myosin in HFrEF patients show dysregulated acetyl-lysine
modifications that predict to alter protein stability.

. Ex vivo treatment with the myosin inhibitor mavacamten restores biochemical

function and improves ATP usage in skeletal muscle from HFrEF patients.

What are the Clinical Implications?

° Skeletal muscle myosin ATPase may represent a new therapeutic target for HFrEF
patients.
° Incorporating pharmacological muscle-directed strategies into comprehensive HFrEF

care could help alleviate symptoms.
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Abstract

Background: Heart failure with reduced ejection fraction (HFrEF) affects millions worldwide
and is characterized by chronic cardiac dysfunction, impaired perfusion, altered skeletal
muscle energetics and, thus, exercise intolerance. Efficient therapeutic strategies reducing
the burden of the impaired muscle metabolism in HFrEF are currently lacking. Hence, in the
present study, we sought to determine whether myosin dynamics and its important role in
ATP consumption can constitute a potent biochemical target to optimise skeletal muscle
energy usage in HFrEF.

Methods: We used skeletal muscle tissue from eleven human HFrEF patients and ten
controls with comparable age, sex and body mass index. We isolated individual myofibres
and incubated them ex vivo with varying concentrations of a myosin inhibitor, mavacamten.
We then performed Mant-ATP chase experiments, together with LC/MS-based proteomics
profiling.

Results: We observed a distinct regulation of acetyl-lysine sites and higher myosin energy
consumption in resting muscle fibres from HFrEF patients than controls. When exposed to
mavacamten, we found a dose-dependent reduction of myosin ATP consumption in
myofibres of HFrEF patients, reversing the pathological over-consumption.

Conclusions: Skeletal muscle myosin becomes inefficient in HFrEF. Pharmacological
inhibition of myosin ATPase activity offers an inventive strategy to lower muscle energy

demand and potentially address metabolic disturbances in HFrEF.

Key words: Heart failure; skeletal muscle; myosin; mavacamten; energetics
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Non-standard Abbreviations and Acronyms

ATP: adenosine triphosphate

DRX: disordered-relaxed

EvoEF: EvoDesign physical Energy Function

GO: BP: Gene Ontology enrichment analysis for terms relating to Biological Processes
HFrEF: Heart failure with reduced ejection fraction

IHM: interacting-head-motif

LVEF: Left ventricular ejection fraction

Mant-ATP: 2'-(or-3')-O-(N-Methylanthraniloyl) adenosine 5'-triphosphate
PCA: Principal component analysis

PC1: First principal component

PC2: Second principal component

SRX: super-relaxed

6MWT = 6 minute-walk test
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Introduction

Worldwide, more than 60 million people suffer from heart failure, and rates continue to
increase, making this disease a major global public health issue.” 2 The most prevalent
phenotype is heart failure with reduced ejection fraction (HFrEF), most commonly resulting
from coronary artery diseases.” HFrEF is pathophysiologically defined by progressive left
ventricular dilatation, maladaptive cardiac remodeling and a left ventricular ejection fraction

(LVEF) < 40%."

While impaired central hemodynamics remains the hallmark of HFrEF, the syndrome extends
beyond the failing myocardium. It is increasingly understood as a multiorgan condition in
which peripheral tissue alterations, particularly in skeletal muscles, play a critical role in
disease progression and clinical expression.g'5 Exercise intolerance is a cardinal symptom of
HFrEF and a powerful predictor of prognosis.” ’ However, this cannot be explained solely by
reduced cardiac output.8 Rather, maladaptive changes in skeletal muscles contribute
significantly to functional decline, diminished quality of life, and excess mortality.*”
Maladaptations in HFrEF include atrophy, changes in capillary density, high proportion of
(non-oxidative) glycolytic fast-twitch muscle fibres, impaired mitochondrial number and

function, and switch in substrate utilization.”**

These cellular and metabolic maladaptations
mirror the chronic energy deficiency imposed by reduced perfusion and oxygen delivery.
Importantly, they represent therapeutic targets. Interventions aimed at mitigating the effects
of hypoperfusion not only by improving oxygen supply but also by lowering skeletal muscle
ATP demand may offer novel strategies to improve functional capacity and outcomes in

HFrEF.

While multiple processes consume ATP in skeletal muscle, recent evidence highlights
myosin, the most abundant sarcomeric protein, myosin, as a key contributor to energy

14,1
demand.**

Contraction requires large amounts of ATP hydrolyses to move myosin heads
along actin filaments.' In parallel, maintaining a cellular resting state, is not energy free.”
Indeed, myosin molecules can adopt at least two biochemical relaxed states. They can either
be in a super-relaxed (SRX) state where ATP usage is very minimal or in a disordered-relaxed
(DRX) state where ATP consumption increases ten-fold.® We have recently shown that

resting skeletal muscle maintains an approximate 50:50 ratio between DRX and SRX states."’

5
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112  Importantly, this balance is essential for skeletal muscle homeostasis and can be

113 pharmacologically modified or rescued.'® ?°

Muscle myosin inhibitors such as mavacamten
114  stabilise the SRX state, thereby lowering ATP turnover and reducing the energetic burden in
115  cardiomyocytes and slow twitch skeletal myofibres that express cardiac B/slow myosin heavy
116 chain.®?° Since human skeletal muscles display heterogeneous fibre type composition and
117  myosin isoform expression, this isoform specific action of mavacamten is directly relevant for
118 interpreting its effects across fast- and slow-twitch skeletal fibres in HFrEF.

119

120  Other acquired conditions, such as critical iliness and type 2 diabetes mellitus, where

121 skeletal muscle metabolism is substantially altered, have been associated with increased

122  proportions of myosin molecules in the DRX state due to aberrant post-translational

123  modifications in these sarcomeric proteins.”’ ! Hence, we hypothesized that the DRX-SRX
124  equilibrium of myosin molecules in skeletal muscles is impaired in HFrEF and this relates to
125  specific changes in post-translational modifications. Accordingly, pharmacological

126  stabilization of the SRX state with myosin ATPase inhibitors could effectively reduce resting
127  skeletal muscle ATP demand. The present study was therefore designed to test this

128  hypothesis and to establish whether targeting skeletal muscle myosin ATPase could offer a
129  mechanistically grounded strategy to alleviate skeletal muscle energy deficiency in HFrEF.
130  While our experiments were performed under resting ex vivo conditions and do not directly
131 assess contractile function or exercise performance,®? they provide a framework to explore
132  how altered myosin relaxation states may constrain the energetic reserve available for

133 contraction.
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Methods

Data availability

The physiological data supporting the findings of this study are available from the
corresponding author upon reasonable request. Proteomics-related data are available via

ProteomeXchange with identifier PXD068673.

Ethical approval

Our study used historical human tissue samples. It was approved by the Central Denmark
Region Committee for Health Research Ethics (#1-10-72-218-16) and was performed in
accordance with the latest version of the declaration of Helsinki. Written informed consent

was received from all participants before inclusion.

Human muscle biopsy specimens

Vastus lateralis muscle biopsy specimens were obtained from male patients suffering from
coronary artery disease and diagnosed with HFrEF (N = 11) and from male controls with no
history of neuromuscular diseases, no signs/symptoms of cardiac diseases/heart failure and
not engaged in any recreational physical activity (N = 10). Patients and controls were
comparable in age, sex and body mass index as shown in Table 1.%* Controls were required
to be free of cardiac disease and were not engaged in regular recreational physical activity,
but detailed objective physical activity or cardiorespiratory fitness measures were not
available for either group. Additional baseline characteristics including medication, inclusion
and exclusion criteria for the HFrEF patients are presented elsewhere.”® All samples were
flash-frozen and stored at -80°C until use. Full details of the subsequent analyses are

provided within the Supplemental Material.

Sex as a biological variable

In the present study, we only used samples from human males, as shown in Table 1. This
choice was driven by the design of the original clinical study from which tissue was obtained
and by our intention to minimise additional variability arising from known sex related
differences in skeletal muscle pathology and myosin regulation in HFrEF.%* We acknowledge

that this approach limits the generalisability of our findings to women.
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Statistical analyses

Data are presented as means + standard deviations. Graphs were prepared and analysed in
GraphPad Prism v10.4. Statistical significance was set to P < 0.05. For each outcome,
participant-level averages were calculated from all analysed fibres and used for
between-group comparisons to account for the non-independence of repeated
measurements within individuals. One-way ANOVAs were used to determine differences
between groups (controls versus HFrEF patients) while taking fibre type (slow- versus
fast-twitch) into account. Two-way repeated-measures ANOVAs were applied for
experiments with within-participant factors, including fibre type and increasing
concentrations of mavacamten (0, 1, 5 and 10 uM). Where appropriate, linear trends across
mavacamten doses were evaluated. Data distribution was assessed by inspection of

residuals and the Shapiro—Wilk test.
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Results

Disrupted muscle myosin DRX to SRX ratio in HFrEF

To first verify our initial hypothesis of altered proportion of muscle myosin heads in either
DRX or SRX biochemical states with heart failure, we isolated and membrane-permeabilised
skeletal muscle fibres from eleven HFrEF patients and ten sex, age and activity-matched
controls. In total, 322 individual myofibres were examined (> 15 fibers per subject), each
standardized to a sarcomere length of 2.2 um and analyzed using Mant-ATP chase
experiments (Fig. 1A). In line with our expectations, the DRX state (P1) was significantly
greater in both slow- and fast-twitch fibres from HFrEF patients than in controls (Fig. 1B).
Conversely, the SRX state (P2) was significantly smaller across both fibre types in HFrEF
patients than controls (Fig. 1C). The ATP turnover time of myosin molecules in the DRX state
(T1) and the ATP turnover time of myosin heads in the SRX state (T2) were not statistically
different between groups (Fig. 1D-E). Using these parameters (P1, P2, T1, and T2), we
estimated the relative theoretical myosin ATP consumption in arbitrary units (a.u.) (equation
provided in the Supplementary Material). Mant-ATP chase provides relative nucleotide
kinetics, not absolute hydrolysis rates, as it does not quantify sarcomere volume, myosin

17.25 across individual participants, the relative

head density, or non-myosin ATP use.
theoretical myosin ATP consumption in slow twitch fibres ranged from 0.81 to 1.25 a.u. in
controls and from 1.01 to 2.28 in HFrEF, whereas in fast twitch fibres values ranged from
0.55to 1.29 in controls and 0.94 to 1.82 in HFrEF (Fig. 1F). The analysis revealed significantly
higher resting myosin ATP demand in slow-twitch muscle fibres from HFrEF patients
compared with controls (Fig. 1F), and in fast-twitch fibres, a similar trend towards elevated
resting ATP demand was observed (Fig. 1F). This reflects energetic inefficiency at rest
(increased ATP usage without enhanced mechanical output), narrowing the reserve available
for contraction. Even though the estimated myosin ATP consumption did not correlate with
the patients’ left ventricular ejection fraction (Fig. S1), we unveiled a significant negative and
linear relationship between the 6 minute walk test (6MWT, index of aerobic capacity and
endurance) and the calculated myosin ATP consumption for both slow and fast twitch
muscle fibres at rest in HFrEF patients (Fig. 1G; r = -0.7491, R? = 0.56, P = 0.008 for slow
twitch fibres and r=-0.8176, R? = 0.66, P = 0.0021 for fast twitch myofibres), indicating a
potential link between the extent of impaired myosin dynamics and exercise intolerance in

HFrEF. 6BMWT data were not systematically available for the control group, precluding
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analogous analyses in controls or in the combined cohort. Note that our measurements
were obtained in permeabilised fibres at rest and cannot quantify the impact on force
generation, shortening velocity, or fatigue during dynamic contractions. The association with
6MWT distance therefore supports a mechanistic link between elevated resting myosin ATP
demand and limited functional reserve, but interventional studies that concurrently assess
myosin relaxation states and skeletal muscle contractile performance in vivo will be required

to establish causality.

Altered muscle myosin acetyl-lysine sites in HFrEF

To provide molecular insights into the observed myosin maladaptation, we quantified both
the abundance and post-translational modifications of skeletal muscle proteins, with
particular attention to those implicated int the regulation of myosin DRX and SRX states.’> %
The subsequent proteomic and acetyl proteomic analyses were performed on whole muscle

homogenates from vastus lateralis, which contain a heterogeneous mix of fibre types.

Principal component analysis (PCA) revealed clear separation of proteomic profiles between
HFrEF patients and controls, primarily driven by the second principal component (PC2; Fig.
2A). Differential abundance analyses were defined using a permutation-based FDR < 0.01
and sO = 1.0, as detailed in the Supplemental Methods. They confirmed significant proteomic
dysregulation in muscle from HFrEF patients compared to controls (Fig. 2B). Although HFrEF
samples displayed more proteins with increased abundance (159 upregulated and 116
downregulated), gene ontology enrichment analysis for terms relating to Biological
Processes (GO:BP) identified significantly enriched biological processes only among
downregulated proteins (Fig. 2C). Among the 275 differentially expressed proteins, entities
belonging to metabolic homeostasis were prominent (e.g., gas transport, 02/CO2 transport;
Fig. 2C) and confirmed the well-known hypoperfusion/skeletal muscle energetic remodelling

-1 . . . . .
913 Otherwise, 22 differentially expressed proteins were sarcomeric

happening in HFrEF.
isoforms, of which the majority (15) showed reduced abundance (Table S1). Notably, myosin
binding protein C (MYBPC) isoforms showed divergent regulations: the fast isoform
(MYBPC2) was significantly downregulated, whereas the slow isoform (MYBPB1)
upregulated in HFrEF patients (Table S1). Similarly, myosin light chains and related proteins

were affected by heart failure (MYL1, MYLK and MYL11).

10
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Following quantification of protein abundance, we investigated post translational
modifications. Given the well described impairment of skeletal muscle metabolism in
HFrEF,** % including altered substrate utilization that modifies acetyl CoA availability, we

focused specifically on lysine acetylation as a post translational modification.?® *°

Lysine
acetylation is tightly linked to cellular metabolic state and can directly modulate sarcomeric
protein structure, stability and function, making it a plausible regulatory mechanism for
myosin relaxation states in this context. Unexpectedly, we identified only 73 acetyl-lysine
sites across 53 proteins that were significantly altered between HFrEF patients and controls
(15 up-regulated and 58 down-regulated; Tables S2 and S3 respectively). Gene ontology

enrichment analyses (https://functionome.geneontology.org/) revealed that these

acetylation changes in HFrEF patients primarily affected sarcomeric proteins of the
contractile machinery and metabolic proteins involved in glycolysis, pyruvate metabolism,
and ATP generation. Of particular interest for the present study, 15 acetyl-lysine sites were
detected on myosin proteins: MYH7 (K34, K1528 and K1791 on cardiac-B/slow myosin heavy
chain), MYH2 (K35, K562, K568, K1079 and K1266 on type Ila myosin heavy chain), and
MYH1 (K205, K614, K829, K880, K914, K955 and K1655 on Type lIx myosin heavy chain) (Fig.
3A). These residues clustered in functionally critical regions involved in myosin head
interactions and stabilizing the interacting-head motif (IHM) and are structurally associated

with the energy-conserving SRX conformation.® 3

To assess the functional consequences of
these unusual modifications, we introduced acetyl-mimicking mutations (lysine-to-
glutamine substitutions, K= Q) and performed in-silico simulations using EvoDesign physical

Energy Function (EvoEF).”> >3

Out of the fifteen mutations incorporated, fourteen led to
increased AAG Stabilities (Fig. 3B). This indicates that acetylations on MYH7, MYH2 and
MYH1 lysine residues (that we found) are functionally relevant for myosin stability and
essential for a normal physiological regulation. In further exploratory analyses, we examined
correlations between the above myosin acetyl lysine sites and 6MWT distance; however,

none of these were statistically correlated and therefore not shown/pursued here.

Mavacamten rescues muscle myosin biochemical dynamics in HFrEF
To further test our initial hypothesis that the disrupted balance of myosin in DRX and SRX

states in HFrEF can be pharmacologically corrected, we evaluated the biochemical effects of

11
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the clinically available mavacamten (also known as MYK-461 or Camzyos). This specific

cardiac/B-slow myosin inhibitor stabilizes the SRX conformation, thereby reducing ATP

31,34,35 18, 20

consumption in myosin molecules of cardiomyocytes, and skeletal muscle fibres.
Additional experiments testing myosin inhibitors specific to type lla or lIx isoforms were not
pursued as none were available at the time of our study.g6 We then isolated and skinned
muscle fibres from eight of the HFrEF patients and eight controls, yielding a total of 164
isolated myofibres (> 10 fibres per individual), standardized to a sarcomere length of 2.2
um. Myofibres were incubated with increasing physiological concentrations of mavacamten
(0,1, 5 and 10 uM) and subjected to Mant-ATP chase experiments. In slow-twitch muscle
fibres, mavacamten produced a marked biochemical effect. Indeed, in both HFrEF patients
and controls, concentrations of 5 and 10 uM significantly decreased myosin DRX:SRX
equilibrium (P1:P2 ratio; Fig. 4A). The ATP turnover time of myosin molecules in the DRX
state (T1) and SRX state (T2) was also affected at the highest mavacamten concentration
tested, 10 uM (Fig. S2). These changes resulted in a corresponding reduction in relative
theoretical myosin ATP consumption, at 10 uM for controls, and at 1, 5, and 10 uM for
HFrEF patients (Fig. 4B). In these slow twitch fibres, the absolute reduction in theoretical
ATP consumption across the 0-10 uM range tended to be greater in HFrEF than in controls,
consistent with a larger baseline energetic excess; however, the group by dose interaction
did not reach statistical significance in our sample. In fast-twitch fibres, the effects of
mavacamten were less pronounced. While 10 uM significantly lowered the DRX to SRX ratio
(P1:P2 ratio; Fig. 4C), no meaningful changes in relative theoretical ATP consumption were
detected (Fig. 4D), suggesting fibre type—specific responsiveness to SRX stabilization. Given
the well described shift toward a higher proportion of type Il fibres in HFrEF skeletal
muscle,’ these data imply that the aggregate effect of mavacamten on whole muscle ATP
consumption in locomotor muscles may be attenuated compared with muscles with a

higher type | fibre content.

12
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Discussion

Here, we provide novel insights into skeletal muscle myosin maladaptation in HFrEF,
demonstrated by the disrupted acetyl-lysine regulation and an altered DRX:SRX equilibrium,
which together drive increased ATP consumption in sarcomeres/fibres. Importantly, the
myosin-targeting small molecule mavacamten counteracts these maladaptations by
stabilizing the SRX state and reducing the energy demand in a dose-dependent manner,
suggesting a potential therapeutic strategy to address energy deficiency in HFrEF. Together,
our data provide a basis for testable hypotheses regarding the contribution of skeletal

muscle myosin energetics to exercise intolerance.

Muscle myosin dysfunction in HFrEF: Extending the clinical paradigm

The present study adds to the past evidence that exercise intolerance in HFrEF cannot be
solely explained by the impaired cardiac output. Thus, we have identified a previously
unrecognized molecular defect at the sarcomeric protein level, myosin. Specifically, the
equilibrium between the biochemical DRX and SRX states is shifted towards a higher
proportion of the ATP-consuming DRX conformation in both slow- and fast-twitch fibres
from HFrEF patients than controls. ATP turnover time within each state did not differ
between groups. This suggests that the higher basal energy consumption arises primarily
from a shift in population occupancy rather than changes in intrinsic kinetics. Altogether, our
findings indicate that skeletal muscle fibres in HFrEF patients exhibit energetic inefficiency at
rest, imposing an elevated sarcomeric ATP demand that could limit the energetic reserve
available for contraction characterized by elevated resting sarcomeric ATP demand (due to
DRX shift) that diminishes the energetic reserve available for contraction. In turn, this may
exacerbate overall metabolic stress and contribute to exercise intolerance, supporting a
potential mechanistic link between elevated resting myosin ATP demand and reduced
exercise capacity, though causality cannot be inferred from this correlation alone.?” Our
measurements quantified one component of resting sarcomeric ATP utilization and therefore
contribute to understanding how energy is allocated at baseline, but they do not encompass
total muscle ATP turnover, mitochondrial oxidative capacity or the cost of contraction across
different workloads. Also, because our measurements were obtained under resting ex

vivo conditions, these implications for contractile function and exercise bioenergetics should

be viewed as hypothesis-generating and warrant confirmation in studies directly assessing in

13



332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363

vivo skeletal muscle performance. Alternatively, or in addition, the DRX:SRX imbalance in
HFrEF patients may partially deprive other ATP-dependent processes that regulate fibre
homeostasis and size, thereby contributing to cellular atrophy and skeletal muscle wasting,

which in turn negatively affects exercise tolerance.*®

Muscle myosin acetylation in HFrEF: Novel potential regulatory mechanism

Acetylation of lysine residues is a critical modulator of protein function and structural
stability.39 Our proteomic analysis identified 15 acetyl-lysine sites on myosin heavy chains
that were dysregulated in HFrEF patients compared to controls, spanning cardiac-B/slow
(MYH?7), type lla (MYH2) and Type lIx (MYH1) isoforms. Simulations and in silico studies
suggest that many of these residues reside in functionally critical regions known to stabilize
the interacting-heads motif (IHM), the structural basis of the energy-conserving SRX state.®
034 and K35 are located in the head/mesa region and can form salt bridges, stabilizing
IHM and SRX state.>* 3! K562 and K568 are located at the interface of sub-fragment 1 and
sub-fragment 2, and are involved in the dynamic folding and head-to-head contact.** K1079
and K1266 are located in the sub-fragment 2/tail region and are responsible for electrostatic
tail-head contact, impacting energy conservation.** K1528 and K1791 are also located in the
sub-fragment 2/tail region and anchor folding, stabilizing auto-inhibition and SRX state.’
K205, K614, K829, K880, K914, K955 and K1655 are located in multiple interfaces and
domains and are involved in head-to-head contact points, allowing shifts in SRX/DRX
balance.*! Taken together, these findings predict that altered lysine acetylation disrupts
structural determinants of the SRX state, offering a plausible molecular mechanism for the
heightened ATP consumption and energy imbalance observed in skeletal muscle of HFrEF
patients. We did not perform acetyl proteomic profiling after ex vivo mavacamten
treatment of skeletal muscle fibres. Our experiments were designed to probe the acute
biochemical consequences of SRX stabilisation on myosin relaxation states and ATP
consumption, and the time scale and conditions may not have been appropriate to elicit
detectable changes in lysine acetylation. Whether chronic myosin ATPase inhibition can
modulate myosin acetylation in vivo, and whether such changes contribute to sustained SRX

stabilisation, remains an important question for future work.

Muscle myosin partners’ isoform shifts in HFrEF: Another potential player

14
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In addition to subtle but functionally relevant changes in myosin lysin acetylation, our
proteomic analysis has also unveiled altered abundance of a key regulator of the SRX/DRX
balance, MYBPC2."> MYBPC2, also known as fast skeletal myosin binding protein C, promotes
formation of the myosin interacting-heads motif (IHM) and stabilization of the SRX state,
thereby maintaining heads in the folded-back conformation and limiting ATPase activity.“’ 42
Consistent with impaired SRX stabilization, we observed reduced MYBPC2 expression in
HFrEF muscle, accompanied by increased MYBPC1 expression (slow skeletal myosin-binding
protein C). In parallel, our analyses indicated that the abundance of MYL1, MYL11 and MYLK
(Ca?*/calmodulin-dependent kinase that phosphorylates myosin regulatory light chains),

were changed and may further affect the DRX and SRX conformations.* %

Together, these
changes provide an additional potential explanation for destabilization of the SRX state and

enhanced myosin ATP consumption at rest in skeletal muscle of HFrEF patients.

Myosin ATPase inhibitors in HFrEF: Emerging therapeutic approach

Our results convincingly demonstrate the biochemical efficacy of mavacamten, a selective
cardiac/B-slow myosin ATPase inhibitor, in shifting the myosin DRX to SRX ratio and lowering
ATP consumption in a dose-dependent manner. The attenuation of the excessive resting
energy demand due to SRX was most evident in slow-twitch muscle fibres, which
predominantly express the cardiac/B-slow myosin heavy chain. In contrast, fast-twitch
myofibres (type Ila and lIx myosin heavy chains isoforms), exhibited only blunted responses,
as anticipated. In the context of HFrEF, where locomotor muscles frequently display a
relative enrichment of type Il fibres,” any systemic skeletal muscle benefit from a cardiac
slow myosin selective inhibitor is therefore likely to be modest unless combined with
strategies that also target fast twitch myosin isoforms or promote a shift toward a more

oxidative phenotype.

Although mavacamten was originally developed to address hypertrophic cardiomyopathic
pathologies,36 our findings using an ex vivo approach provide a compelling rationale for
targeting skeletal muscle myosin as therapeutic strategy to mitigate metabolic stress in
HFrEF. Importantly, however, development of skeletal muscle-specific myosin inhibitors will
be required to avoid risk of further lowering cardiac output in HFrEF patients (most

frequently caused by coronary artery disease as was also the case for the patients included
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in the present study).?’6 As an example, in the EXPLORER trial investigating patients with
hypertrophic obstructive cardiomyopathy and preserved LVEF, mavacamten had beneficial
clinical effect in reducing left ventricular outflow gradients and symptoms. However, 10% of
patients did experience a significant transient decrease in LVEF to < 50% to as low as 35%.%
Future clinical studies should therefore assess the systemic effects of myosin ATPase
inhibition on skeletal muscle energetics, function, and exercise performance in HFrEF. These
cardiac findings mirror preclinical observations that stabilizing the SRX state can reduce

contractile output in the myocardium,44’ >

and they raise the possibility that excessive
myosin inhibition in skeletal muscle could also compromise maximal force production or
contribute to fatigue under high demand. Our ex vivo experiments, which were conducted
under non contracting conditions, demonstrate biochemical normalization of myosin
relaxation states and ATP utilization but do not address potential effects on force
development or fatigability. Future work should therefore combine myosin targeted

interventions with direct assessments of skeletal muscle function in both HFrEF and control

populations.

From a therapeutic perspective, whether reducing resting skeletal muscle energy
expenditure is desirable will depend on the extent to which this intervention preserves or
compromises the capacity for force generation and power output during activity. Excessive
stabilisation of the SRX state might theoretically blunt the contractile dynamics or alter
fatigue development, especially in muscles already affected by atrophy and fibre-type shifts.
Thus, future myosin-targeted strategies in HFrEF will need to balance improved resting
energetics against the imperative to maintain adequate skeletal muscle strength and
endurance, likely through the development of skeletal-specific agents with carefully titrated

dosing regimens.

Limitations and considerations

Our study has primarily examined isolated permeabilized skeletal muscle fibres, which may
not fully replicate in vivo conditions influenced by neural input, blood flow, and systemic
metabolism.™ The sample size, although robust for fibre-level biochemical assays, remains
limited for broad population inferences and sex-specific effects, which have been reported in

HFrEF muscle pathologies.24 In addition, several clinical factors could have influenced our
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findings. First, most patients with HFrEF are prescribed multiple cardiovascular medications
(e.g., B -blockers, ACE inhibitors/ARNI, statins), which may independently modulate skeletal

4649 ps such, we cannot exclude

muscle metabolism, fibre composition, or exercise capacity.
the possibility that drug treatment contributed to some of the observed molecular or
functional alterations. Second, although controls were age-, sex-, and BMI-matched, they
were specifically selected to be free of cardiac disease and sedentary, which may not fully
account for inter-individual differences in baseline exercise capacity, independent of HFrEF.
We did not systematically quantify habitual physical activity or cardiorespiratory fitness in
either group, and it is therefore possible that differences in daily locomotor loading
contributed to the observed alterations in myosin relaxation states and ATP consumption in
the vastus lateralis. Since this muscle is a primary locomotor muscle, these adaptations may
differ from those in upper-limb muscles with distinct usage patterns and fibre-type
distributions, and our findings should not be directly extrapolated to non-locomotor muscle

groups without further investigation. These differences could partly confound the observed

relationship between myosin ATP consumption and functional performance.

Conclusion

Our experiments identify a key maladaptation in skeletal muscle myosin dynamics in patients
with HFrEF, defined by a shift toward the energy demanding DRX state that is consistent
with, but does not by itself prove, a mechanistic contribution to skeletal muscle energy
deficiency. Pharmacological stabilization of the energy-conserving SRX state by mavacamten
corrected this defect and reduced myosin ATP consumption at rest. The findings extend the
paradigm of HFrEF beyond cardiac dysfunction, providing molecular-level evidence that
skeletal muscle energetics represent an actionable therapeutic target. Such strategies may
ultimately enhance patient outcomes by addressing exercise intolerance and metabolic
stress - limitations that remain insufficiently targeted by conventional cardiac-focused

therapies.
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Tables

Table 1. Characteristics of the donors.

Data are presented as Mean * Standard Deviation. BMI refers to body mass index; Ctrl =

controls; HFrEF = patients diagnosed with HFrEF; NYHA = New York Heart Association

classification system of chronic heart failure with 1 defined as no symptoms and no

limitation in physical activity and 4 referring to inability to carry out any physical activity

without discomfort; symptoms present even at rest. LVEF = left ventricular ejection fraction;

6MWT = 6-minute walk test to assess aerobic capacity and endurance (a previous meta-

analysis indicates that for healthy control males aged between 60 and 69, the mean distance

is 638 m).22 Note out of the eleven HFrEF patients, five were NYHA class 1; four were class 2

and two were class 3. All the clinical details have previously been published.”?

Ctrl (N=10) HFrEF (N=11)
Sex (% male) 100 100
Age (years) 65.2+5.9 62.2+10.0
BMI (kg.m) 27.6+4.1 26.5+4.2
Diabetes (type 1 or 2) (%) 0 0
NYHA classification - 1.8+0.8
LVEF (%) - 34.8+6.3
6MWT (m) - 553.3+79.9
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Figure legends

Figure 1. Muscle myosin dynamics in HFrEF.

Skeletal muscle fibres were dissected from patients with HFrEF (N = 11) and controls (Ctrl, N
=10). (A) displays typical Mant-ATP chase experiments, from two slow-twitch fibres of one
Ctrl and one HFrEF patient, to estimate the proportions of myosin molecules in the DRX (B;
P1) or SRX states (C; P2). DRX (D; T1) or SRX ATP turnover lifetimes (E; T2) and related
theoretical myosin ATP consumptions (F). (G) shows clear significant linear correlations
between myosin ATP consumption and exercise capacity defined as 6MWT (r = -0.7491, R? =
0.56, P = 0.008 for slow-twitch muscle fibres and r = -0.8176, R* = 0.66, P = 0.0021 for fast-
twitch myofibres). As multiple measurements were done per individual (minimum of 15
single muscle fibres per subject), dots correspond to averages. Data were divided according
to their types (slow = slow-twitch versus fast = fast-twitch). One-way ANOVAs were applied
with P < 0.05 as level of significance. DRX = disordered-relaxed state; SRX = super-relaxed
state; P1 = amplitude of the initial rapid decay approximating the DRX state; P2 = amplitude
of the slower second decay approximating the SRX state; T1 = time constant for the DRX
state; T2 = time constant for the SRX state; and 6MWT = 6-minute walk test (index of

exercise of capacity).

Figure 2. Global proteome skeletal muscle profiling in HFrEF.

Global proteome of from patients with HFrEF (HFrEF; N = 11) and controls (Ctrl; N = 10). (A)
Principal component analysis of patient skeletal muscle proteome displaying a clustering of
samples influenced largely PC2 (= Second Principal Component) rather than PC1 (= First
Principal Component). (B) Permutation (250) analysis revealed 275 differentially abundant
proteins when comparing HFrEF to Ctrl patient (116 proteins upregulated, 159
downregulated), including several sarcomeric proteins related to myosin (see Table S1). (C).
Enrichment analysis of biological processing Gene Ontology (GO:BP) terms revealed a list of
significant terms (including those related to striated muscle and regulation of muscle
contraction) only found in significantly downregulated proteins. No significantly enriched

GO:BP terms were identified in the upregulated proteins.

Figure 3. Aberrant myosin acetylation levels in HFrEF.
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(A) displays the three myosin heavy chain sequences, MYH7, MYH2 and MYH1 with their
various regions (motor domain, lever arm and rod region). This panel also presents the
various acetyl-lysine sites that are altered in HFrEF. (B) is the in-silico simulation (EVOEF)
where AAGStabilities were calculated for mutations chemically mimicking acetyl-lysines.
Note that EvoDesign physical Energy Function (EvoEF) was employed to estimate the protein
stability change upon mutation, expressed as AAG. EvoEF was applied to compute the

stabilities (= AAG stabilities).

Figure 4. Muscle myosin dynamics with mavacamten.

Skeletal myofibres were isolated from patients with HFrEF (red, N = 8) and controls (Ctrl,
blue, N = 8). (A and C) shows the myosin DRX to SRX ratio with varying concentrations of
mavacamten (0, 1, 5 and 10 uM) while (B and D) represents the estimated related
theoretical myosin ATP consumptions. (A) and (B) are data for slow-twitch muscle fibres. (C)
and (D) are findings for fast-twitch fibres. As multiple measurements were done per
individual (minimum of 10 myofibres per individual), dots correspond to averages.

For each fibre type, two-way repeated-measures ANOVAs with factors group (Ctrl vs HFrEF)
and dose (0, 1, 5, 10 uM) were used. P-values indicated in the panels correspond to
within-group effects of increasing mavacamten concentration. DRX = disordered-relaxed
state; SRX = super-relaxed state; P1 = amplitude of the initial rapid decay approximating the
DRX state; P2 = amplitude of the slower second decay approximating the SRX state. The ATP
turnover times of DRX (T1) and SRX (T2) are presented in Fig. S2. Note that these
experiments were performed in a subset of participants (when compared to Fig. 1) with
sufficient remaining tissue for multiple mavacamten concentrations, which explains the

smaller baseline difference between groups at 0 uM.
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