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What Is New? 31 

 Skeletal muscle myosin dynamics are disrupted in HFrEF patients, leading to 32 

chronically elevated sarcomeric ATP consumption at rest. 33 

 Skeletal muscle myosin in HFrEF patients show dysregulated acetyl-lysine 34 

modifications that predict to alter protein stability. 35 

 Ex vivo treatment with the myosin inhibitor mavacamten restores biochemical 36 

function and improves ATP usage in skeletal muscle from HFrEF patients. 37 

 38 

What are the Clinical Implications? 39 

 Skeletal muscle myosin ATPase may represent a new therapeutic target for HFrEF 40 

patients. 41 

 Incorporating pharmacological muscle-directed strategies into comprehensive HFrEF 42 

care could help alleviate symptoms.  43 
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Abstract 44 

Background: Heart failure with reduced ejection fraction (HFrEF) affects millions worldwide 45 

and is characterized by chronic cardiac dysfunction, impaired perfusion, altered skeletal 46 

muscle energetics and, thus, exercise intolerance. Efficient therapeutic strategies reducing 47 

the burden of the impaired muscle metabolism in HFrEF are currently lacking. Hence, in the 48 

present study, we sought to determine whether myosin dynamics and its important role in 49 

ATP consumption can constitute a potent biochemical target to optimise skeletal muscle 50 

energy usage in HFrEF. 51 

Methods: We used skeletal muscle tissue from eleven human HFrEF patients and ten 52 

controls with comparable age, sex and body mass index. We isolated individual myofibres 53 

and incubated them ex vivo with varying concentrations of a myosin inhibitor, mavacamten. 54 

We then performed Mant-ATP chase experiments, together with LC/MS-based proteomics 55 

profiling. 56 

Results: We observed a distinct regulation of acetyl-lysine sites and higher myosin energy 57 

consumption in resting muscle fibres from HFrEF patients than controls. When exposed to 58 

mavacamten, we found a dose-dependent reduction of myosin ATP consumption in 59 

myofibres of HFrEF patients, reversing the pathological over-consumption. 60 

Conclusions: Skeletal muscle myosin becomes inefficient in HFrEF. Pharmacological 61 

inhibition of myosin ATPase activity offers an inventive strategy to lower muscle energy 62 

demand and potentially address metabolic disturbances in HFrEF. 63 

 64 

Key words: Heart failure; skeletal muscle; myosin; mavacamten; energetics  65 
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Non-standard Abbreviations and Acronyms 66 

ATP: adenosine triphosphate 67 

DRX: disordered-relaxed 68 

EvoEF: EvoDesign physical Energy Function 69 

GO: BP: Gene Ontology enrichment analysis for terms relating to Biological Processes 70 

HFrEF: Heart failure with reduced ejection fraction 71 

IHM: interacting-head-motif 72 

LVEF: Left ventricular ejection fraction  73 

Mant-ATP: 2'-(or-3')-O-(N-Methylanthraniloyl) adenosine 5'-triphosphate 74 

PCA: Principal component analysis 75 

PC1: First principal component 76 

PC2: Second principal component 77 

SRX: super-relaxed 78 

6MWT = 6 minute-walk test   79 
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Introduction 80 

Worldwide, more than 60 million people suffer from heart failure, and rates continue to 81 

increase, making this disease a major global public health issue.1, 2 The most prevalent 82 

phenotype is heart failure with reduced ejection fraction (HFrEF), most commonly resulting 83 

from coronary artery diseases.1 HFrEF is pathophysiologically defined by progressive left 84 

ventricular dilatation, maladaptive cardiac remodeling and a left ventricular ejection fraction 85 

(LVEF) < 40%.1  86 

 87 

While impaired central hemodynamics remains the hallmark of HFrEF, the syndrome extends 88 

beyond the failing myocardium. It is increasingly understood as a multiorgan condition in 89 

which peripheral tissue alterations, particularly in skeletal muscles, play a critical role in 90 

disease progression and clinical expression.3-5 Exercise intolerance is a cardinal symptom of 91 

HFrEF and a powerful predictor of prognosis.6, 7 However, this cannot be explained solely by 92 

reduced cardiac output.8 Rather, maladaptive changes in skeletal muscles contribute 93 

significantly to functional decline, diminished quality of life, and excess mortality.3-5 94 

Maladaptations in HFrEF include atrophy, changes in capillary density, high proportion of 95 

(non-oxidative) glycolytic fast-twitch muscle fibres, impaired mitochondrial number and 96 

function, and switch in substrate utilization.9-13 These cellular and metabolic maladaptations 97 

mirror the chronic energy deficiency imposed by reduced perfusion and oxygen delivery. 98 

Importantly, they represent therapeutic targets. Interventions aimed at mitigating the effects 99 

of hypoperfusion not only by improving oxygen supply but also by lowering skeletal muscle 100 

ATP demand may offer novel strategies to improve functional capacity and outcomes in 101 

HFrEF.  102 

 103 

While multiple processes consume ATP in skeletal muscle, recent evidence highlights 104 

myosin, the most abundant sarcomeric protein, myosin, as a key contributor to energy 105 

demand.14, 15 Contraction requires large amounts of ATP hydrolyses to move myosin heads 106 

along actin filaments.14 In parallel, maintaining a cellular resting state, is not energy free.15 107 

Indeed, myosin molecules can adopt at least two biochemical relaxed states. They can either 108 

be in a super-relaxed (SRX) state where ATP usage is very minimal or in a disordered-relaxed 109 

(DRX) state where ATP consumption increases ten-fold.16 We have recently shown that 110 

resting skeletal muscle maintains an approximate 50:50 ratio between DRX and SRX states.17 111 
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Importantly, this balance is essential for skeletal muscle homeostasis18, 19 and can be 112 

pharmacologically modified or rescued.18, 20 Muscle myosin inhibitors such as mavacamten 113 

stabilise the SRX state, thereby lowering ATP turnover and reducing the energetic burden in 114 

cardiomyocytes and slow twitch skeletal myofibres that express cardiac β/slow myosin heavy 115 

chain.18, 20 Since human skeletal muscles display heterogeneous fibre type composition and 116 

myosin isoform expression, this isoform specific action of mavacamten is directly relevant for 117 

interpreting its effects across fast- and slow-twitch skeletal fibres in HFrEF. 118 

 119 

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

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

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

modifications in these sarcomeric proteins.17, 21 Hence, we hypothesized that the DRX-SRX 123 

equilibrium of myosin molecules in skeletal muscles is impaired in HFrEF and this relates to 124 

specific changes in post-translational modifications. Accordingly, pharmacological 125 

stabilization of the SRX state with myosin ATPase inhibitors could effectively reduce resting 126 

skeletal muscle ATP demand. The present study was therefore designed to test this 127 

hypothesis and to establish whether targeting skeletal muscle myosin ATPase could offer a 128 

mechanistically grounded strategy to alleviate skeletal muscle energy deficiency in HFrEF. 129 

While our experiments were performed under resting ex vivo conditions and do not directly 130 

assess contractile function or exercise performance,22 they provide a framework to explore 131 

how altered myosin relaxation states may constrain the energetic reserve available for 132 

contraction.  133 
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Methods 134 

Data availability 135 

The physiological data supporting the findings of this study are available from the 136 

corresponding author upon reasonable request. Proteomics-related data are available via 137 

ProteomeXchange with identifier PXD068673. 138 

 139 

Ethical approval 140 

Our study used historical human tissue samples. It was approved by the Central Denmark 141 

Region Committee for Health Research Ethics (#1-10-72-218-16) and was performed in 142 

accordance with the latest version of the declaration of Helsinki. Written informed consent 143 

was received from all participants before inclusion.  144 

 145 

Human muscle biopsy specimens 146 

Vastus lateralis muscle biopsy specimens were obtained from male patients suffering from 147 

coronary artery disease and diagnosed with HFrEF (N = 11) and from male controls with no 148 

history of neuromuscular diseases, no signs/symptoms of cardiac diseases/heart failure and 149 

not engaged in any recreational physical activity (N = 10). Patients and controls were 150 

comparable in age, sex and body mass index as shown in Table 1.23 Controls were required 151 

to be free of cardiac disease and were not engaged in regular recreational physical activity, 152 

but detailed objective physical activity or cardiorespiratory fitness measures were not 153 

available for either group. Additional baseline characteristics including medication, inclusion 154 

and exclusion criteria for the HFrEF patients are presented elsewhere.23 All samples were 155 

flash-frozen and stored at -80°C until use. Full details of the subsequent analyses are 156 

provided within the Supplemental Material. 157 

 158 

Sex as a biological variable 159 

In the present study, we only used samples from human males, as shown in Table 1. This 160 

choice was driven by the design of the original clinical study from which tissue was obtained 161 

and by our intention to minimise additional variability arising from known sex related 162 

differences in skeletal muscle pathology and myosin regulation in HFrEF.24 We acknowledge 163 

that this approach limits the generalisability of our findings to women. 164 

 165 
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Statistical analyses 166 

Data are presented as means ± standard deviations. Graphs were prepared and analysed in 167 

GraphPad Prism v10.4. Statistical significance was set to P < 0.05. For each outcome, 168 

participant-level averages were calculated from all analysed fibres and used for 169 

between-group comparisons to account for the non-independence of repeated 170 

measurements within individuals. One-way ANOVAs were used to determine differences 171 

between groups (controls versus HFrEF patients) while taking fibre type (slow- versus 172 

fast-twitch) into account. Two-way repeated-measures ANOVAs were applied for 173 

experiments with within-participant factors, including fibre type and increasing 174 

concentrations of mavacamten (0, 1, 5 and 10 µM). Where appropriate, linear trends across 175 

mavacamten doses were evaluated. Data distribution was assessed by inspection of 176 

residuals and the Shapiro–Wilk test.  177 
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Results 178 

Disrupted muscle myosin DRX to SRX ratio in HFrEF 179 

To first verify our initial hypothesis of altered proportion of muscle myosin heads in either 180 

DRX or SRX biochemical states with heart failure, we isolated and membrane-permeabilised 181 

skeletal muscle fibres from eleven HFrEF patients and ten sex, age and activity-matched 182 

controls. In total, 322 individual myofibres were examined (≥ 15 fibers per subject), each 183 

standardized to a sarcomere length of 2.2 µm and analyzed using Mant-ATP chase 184 

experiments (Fig. 1A). In line with our expectations, the DRX state (P1) was significantly 185 

greater in both slow- and fast-twitch fibres from HFrEF patients than in controls (Fig. 1B). 186 

Conversely, the SRX state (P2) was significantly smaller across both fibre types in HFrEF 187 

patients than controls (Fig. 1C). The ATP turnover time of myosin molecules in the DRX state 188 

(T1) and the ATP turnover time of myosin heads in the SRX state (T2) were not statistically 189 

different between groups (Fig. 1D-E). Using these parameters (P1, P2, T1, and T2), we 190 

estimated the relative theoretical myosin ATP consumption in arbitrary units (a.u.) (equation 191 

provided in the Supplementary Material). Mant-ATP chase provides relative nucleotide 192 

kinetics, not absolute hydrolysis rates, as it does not quantify sarcomere volume, myosin 193 

head density, or non-myosin ATP use.17, 25 Across individual participants, the relative 194 

theoretical myosin ATP consumption in slow twitch fibres ranged from 0.81 to 1.25 a.u. in 195 

controls and from 1.01 to 2.28 in HFrEF, whereas in fast twitch fibres values ranged from 196 

0.55 to 1.29 in controls and 0.94 to 1.82 in HFrEF (Fig. 1F). The analysis revealed significantly 197 

higher resting myosin ATP demand in slow-twitch muscle fibres from HFrEF patients 198 

compared with controls (Fig. 1F), and in fast-twitch fibres, a similar trend towards elevated 199 

resting ATP demand was observed (Fig. 1F). This reflects energetic inefficiency at rest 200 

(increased ATP usage without enhanced mechanical output), narrowing the reserve available 201 

for contraction. Even though the estimated myosin ATP consumption did not correlate with 202 

the patients’ left ventricular ejection fraction (Fig. S1), we unveiled a significant negative and 203 

linear relationship between the 6 minute walk test (6MWT, index of aerobic capacity and 204 

endurance) and the calculated myosin ATP consumption for both slow  and fast twitch 205 

muscle fibres at rest in HFrEF patients (Fig. 1G; r = -0.7491, R2 = 0.56, P = 0.008 for slow 206 

twitch fibres and r = -0.8176, R2 = 0.66, P = 0.0021 for fast twitch myofibres), indicating a 207 

potential link between the extent of impaired myosin dynamics and exercise intolerance in 208 

HFrEF. 6MWT data were not systematically available for the control group, precluding 209 
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analogous analyses in controls or in the combined cohort. Note that our measurements 210 

were obtained in permeabilised fibres at rest and cannot quantify the impact on force 211 

generation, shortening velocity, or fatigue during dynamic contractions. The association with 212 

6MWT distance therefore supports a mechanistic link between elevated resting myosin ATP 213 

demand and limited functional reserve, but interventional studies that concurrently assess 214 

myosin relaxation states and skeletal muscle contractile performance in vivo will be required 215 

to establish causality. 216 

 217 

Altered muscle myosin acetyl-lysine sites in HFrEF 218 

To provide molecular insights into the observed myosin maladaptation, we quantified both 219 

the abundance and post-translational modifications of skeletal muscle proteins, with  220 

particular attention to those implicated int the regulation of myosin DRX and SRX states.15, 26 221 

The subsequent proteomic and acetyl proteomic analyses were performed on whole muscle 222 

homogenates from vastus lateralis, which contain a heterogeneous mix of fibre types.  223 

 224 

Principal component analysis (PCA) revealed clear separation of proteomic profiles between 225 

HFrEF patients and controls, primarily driven by the second principal component (PC2; Fig. 226 

2A). Differential abundance analyses were defined using a permutation-based FDR < 0.01 227 

and s0 = 1.0, as detailed in the Supplemental Methods. They confirmed significant proteomic 228 

dysregulation in muscle from HFrEF patients compared to controls (Fig. 2B). Although HFrEF 229 

samples displayed more proteins with increased abundance (159 upregulated and 116 230 

downregulated), gene ontology enrichment analysis for terms relating to Biological 231 

Processes (GO:BP) identified significantly enriched biological processes only among 232 

downregulated proteins (Fig. 2C). Among the 275 differentially expressed proteins, entities 233 

belonging to metabolic homeostasis were prominent (e.g., gas transport, O2/CO2 transport; 234 

Fig. 2C) and confirmed the well-known hypoperfusion/skeletal muscle energetic remodelling 235 

happening in HFrEF.9-13 Otherwise, 22 differentially expressed proteins were sarcomeric 236 

isoforms, of which the majority (15) showed reduced abundance (Table S1). Notably, myosin 237 

binding protein C (MYBPC) isoforms showed divergent regulations: the fast isoform 238 

(MYBPC2) was significantly downregulated, whereas the slow isoform (MYBPB1) 239 

upregulated in HFrEF patients (Table S1). Similarly, myosin light chains and related proteins 240 

were affected by heart failure (MYL1, MYLK and MYL11).  241 



11 

 

 242 

Following quantification of protein abundance, we investigated post translational 243 

modifications. Given the well described impairment of skeletal muscle metabolism in 244 

HFrEF,24, 27 including altered substrate utilization that modifies acetyl CoA availability, we 245 

focused specifically on lysine acetylation as a post translational modification.28, 29  Lysine 246 

acetylation is tightly linked to cellular metabolic state and can directly modulate sarcomeric 247 

protein structure, stability and function, making it a plausible regulatory mechanism for 248 

myosin relaxation states in this context. Unexpectedly, we identified only 73 acetyl-lysine 249 

sites across 53 proteins that were significantly altered between HFrEF patients and controls 250 

(15 up-regulated and 58 down-regulated; Tables S2 and S3 respectively). Gene ontology 251 

enrichment analyses (https://functionome.geneontology.org/) revealed that these 252 

acetylation changes in HFrEF patients primarily affected sarcomeric proteins of the 253 

contractile machinery and metabolic proteins involved in glycolysis, pyruvate metabolism, 254 

and ATP generation. Of particular interest for the present study, 15 acetyl-lysine sites were 255 

detected on myosin proteins: MYH7 (K34, K1528 and K1791 on cardiac-β/slow myosin heavy 256 

chain), MYH2 (K35, K562, K568, K1079 and K1266 on type IIa myosin heavy chain), and 257 

MYH1 (K205, K614, K829, K880, K914, K955 and K1655 on Type IIx myosin heavy chain) (Fig. 258 

3A). These residues clustered in functionally critical regions involved in myosin head 259 

interactions and stabilizing the interacting-head motif (IHM) and are structurally associated 260 

with the energy-conserving SRX conformation.30, 31 To  assess the functional consequences of 261 

these unusual  modifications, we introduced acetyl-mimicking mutations (lysine-to-262 

glutamine substitutions, K→Q) and performed in-silico simulations using EvoDesign physical 263 

Energy Function (EvoEF).25, 32, 33 Out of the fifteen mutations incorporated, fourteen led to 264 

increased ΔΔG Stabilities (Fig. 3B). This indicates that acetylations on MYH7, MYH2 and 265 

MYH1 lysine residues (that we found) are functionally relevant for myosin stability and 266 

essential for a normal physiological regulation. In further exploratory analyses, we examined 267 

correlations between the above myosin acetyl lysine sites and 6MWT distance; however, 268 

none of these were statistically correlated and therefore not shown/pursued here. 269 

 270 

Mavacamten rescues muscle myosin biochemical dynamics in HFrEF 271 

To further test our initial hypothesis that the disrupted balance of myosin in DRX and SRX 272 

states in HFrEF can be pharmacologically corrected, we evaluated the biochemical effects of 273 
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the clinically available mavacamten (also known as MYK-461 or Camzyos). This specific 274 

cardiac/β-slow myosin inhibitor stabilizes the SRX conformation, thereby reducing ATP 275 

consumption in myosin molecules of cardiomyocytes,
31, 34, 35

 and skeletal muscle fibres.
18, 20

 276 

Additional experiments testing myosin inhibitors specific to type IIa or IIx isoforms were not 277 

pursued as none were available at the time of our study.
36

 We then isolated and skinned 278 

muscle fibres from eight of the HFrEF patients and eight controls, yielding a total of 164 279 

isolated myofibres (≥ 10 fibres per individual), standardized to a sarcomere length of 2.2 280 

µm. Myofibres were incubated with increasing physiological concentrations of mavacamten 281 

(0, 1, 5 and 10 µM) and subjected to Mant-ATP chase experiments. In slow-twitch muscle 282 

fibres, mavacamten produced a marked biochemical effect. Indeed, in both HFrEF patients 283 

and controls, concentrations of 5 and 10 µM significantly decreased myosin DRX:SRX 284 

equilibrium (P1:P2 ratio; Fig. 4A). The ATP turnover time of myosin molecules in the DRX 285 

state (T1) and SRX state (T2) was also affected at the highest mavacamten concentration 286 

tested, 10 µM (Fig. S2). These changes resulted in a corresponding reduction in relative 287 

theoretical myosin ATP consumption, at 10 µM for controls, and at 1, 5, and 10 µM for 288 

HFrEF patients (Fig. 4B). In these slow twitch fibres, the absolute reduction in theoretical 289 

ATP consumption across the 0-10 µM range tended to be greater in HFrEF than in controls, 290 

consistent with a larger baseline energetic excess; however, the group by dose interaction 291 

did not reach statistical significance in our sample. In fast-twitch fibres, the effects of 292 

mavacamten were less pronounced. While 10 µM significantly lowered the DRX to SRX ratio 293 

(P1:P2 ratio; Fig. 4C), no meaningful changes in relative theoretical ATP consumption were 294 

detected (Fig. 4D), suggesting fibre type–specific responsiveness to SRX stabilization. Given 295 

the well described shift toward a higher proportion of type II fibres in HFrEF skeletal 296 

muscle,
9
 these data imply that the aggregate effect of mavacamten on whole muscle ATP 297 

consumption in locomotor muscles may be attenuated compared with muscles with a 298 

higher type I fibre content.  299 
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Discussion 300 

Here, we provide novel insights into skeletal muscle myosin maladaptation in HFrEF, 301 

demonstrated by the disrupted acetyl-lysine regulation and an altered DRX:SRX equilibrium, 302 

which together drive increased ATP consumption in sarcomeres/fibres. Importantly, the 303 

myosin-targeting small molecule mavacamten counteracts these maladaptations by 304 

stabilizing the SRX state and reducing the energy demand in a dose-dependent manner, 305 

suggesting a potential therapeutic strategy to address energy deficiency in HFrEF. Together, 306 

our data provide a basis for testable hypotheses regarding the contribution of skeletal 307 

muscle myosin energetics to exercise intolerance. 308 

 309 

Muscle myosin dysfunction in HFrEF: Extending the clinical paradigm 310 

The present study adds to the past evidence that exercise intolerance in HFrEF cannot be 311 

solely explained by the impaired cardiac output. Thus, we have identified a previously 312 

unrecognized molecular defect at the sarcomeric protein level, myosin. Specifically, the 313 

equilibrium between the biochemical DRX and SRX states is shifted towards a higher 314 

proportion of the ATP-consuming DRX conformation in both slow- and fast-twitch fibres 315 

from HFrEF patients than controls. ATP turnover time within each state did not differ 316 

between groups. This suggests that the higher basal energy consumption arises primarily 317 

from a shift in population occupancy rather than changes in intrinsic kinetics. Altogether, our 318 

findings indicate that skeletal muscle fibres in HFrEF patients exhibit energetic inefficiency at 319 

rest, imposing an elevated sarcomeric ATP demand that could limit the energetic reserve 320 

available for contraction characterized by elevated resting sarcomeric ATP demand (due to 321 

DRX shift) that diminishes the energetic reserve available for contraction. In turn, this may 322 

exacerbate overall metabolic stress and contribute to exercise intolerance, supporting a 323 

potential mechanistic link between elevated resting myosin ATP demand and reduced 324 

exercise capacity, though causality cannot be inferred from this correlation alone.37 Our 325 

measurements quantified one component of resting sarcomeric ATP utilization and therefore 326 

contribute to understanding how energy is allocated at baseline, but they do not encompass 327 

total muscle ATP turnover, mitochondrial oxidative capacity or the cost of contraction across 328 

different workloads. Also, because our measurements were obtained under resting ex 329 

vivo conditions, these implications for contractile function and exercise bioenergetics should 330 

be viewed as hypothesis-generating and warrant confirmation in studies directly assessing in 331 
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vivo skeletal muscle performance. Alternatively, or in addition, the DRX:SRX imbalance in 332 

HFrEF patients may partially deprive other ATP-dependent processes that regulate fibre 333 

homeostasis and size, thereby contributing to cellular atrophy and skeletal muscle wasting, 334 

which in turn negatively affects exercise tolerance.38  335 

 336 

Muscle myosin acetylation in HFrEF: Novel potential regulatory mechanism  337 

Acetylation of lysine residues is a critical modulator of protein function and structural 338 

stability.39 Our proteomic analysis identified 15 acetyl-lysine sites on myosin heavy chains 339 

that were dysregulated in HFrEF patients compared to controls, spanning cardiac-β/slow 340 

(MYH7), type IIa (MYH2) and Type IIx (MYH1) isoforms. Simulations and in silico studies 341 

suggest that many of these residues reside in functionally critical regions known to stabilize 342 

the interacting-heads motif (IHM), the structural basis of the energy-conserving SRX state.
30, 

343 

40 K34 and K35 are located in the head/mesa region and can form salt bridges, stabilizing 344 

IHM and SRX state.30, 31 K562 and K568 are located at the interface of sub-fragment 1 and 345 

sub-fragment 2, and are involved in the dynamic folding and head-to-head contact.31 K1079 346 

and K1266 are located in the sub-fragment 2/tail region and are responsible for electrostatic 347 

tail-head contact, impacting energy conservation.31 K1528 and K1791 are also located in the 348 

sub-fragment 2/tail region and anchor folding, stabilizing auto-inhibition and SRX state.31 349 

K205, K614, K829, K880, K914, K955 and K1655 are located in multiple interfaces and 350 

domains and are involved in head-to-head contact points, allowing shifts in SRX/DRX 351 

balance.31 Taken together, these findings predict that altered lysine acetylation disrupts 352 

structural determinants of the SRX state, offering a plausible molecular mechanism for the 353 

heightened ATP consumption and energy imbalance observed in skeletal muscle of HFrEF 354 

patients. We did not perform acetyl proteomic profiling after ex vivo mavacamten 355 

treatment of skeletal muscle fibres. Our experiments were designed to probe the acute 356 

biochemical consequences of SRX stabilisation on myosin relaxation states and ATP 357 

consumption, and the time scale and conditions may not have been appropriate to elicit 358 

detectable changes in lysine acetylation. Whether chronic myosin ATPase inhibition can 359 

modulate myosin acetylation in vivo, and whether such changes contribute to sustained SRX 360 

stabilisation, remains an important question for future work. 361 

 362 

Muscle myosin partners’ isoform shifts in HFrEF: Another potential player 363 
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In addition to subtle but functionally relevant changes in myosin lysin acetylation, our 364 

proteomic analysis has also unveiled altered abundance of a key regulator of the SRX/DRX 365 

balance, MYBPC2.15 MYBPC2, also known as fast skeletal myosin binding protein C, promotes 366 

formation of the myosin interacting-heads motif (IHM) and stabilization of the SRX state, 367 

thereby maintaining heads in the folded-back conformation and limiting ATPase activity.41, 42 368 

Consistent with impaired SRX stabilization, we observed reduced MYBPC2 expression in 369 

HFrEF muscle, accompanied by increased MYBPC1 expression (slow skeletal myosin-binding 370 

protein C). In parallel, our analyses indicated that the abundance of MYL1, MYL11 and MYLK 371 

(Ca²⁺/calmodulin-dependent kinase that phosphorylates myosin regulatory light chains), 372 

were changed and may further affect the DRX and SRX conformations.30, 40 Together, these 373 

changes provide an additional potential explanation for destabilization of the SRX state and 374 

enhanced myosin ATP consumption at rest in skeletal muscle of HFrEF patients.  375 

 376 

Myosin ATPase inhibitors in HFrEF: Emerging therapeutic approach  377 

Our results convincingly demonstrate the biochemical efficacy of mavacamten, a selective 378 

cardiac/β-slow myosin ATPase inhibitor, in shifting the myosin DRX to SRX ratio and lowering 379 

ATP consumption in a dose-dependent manner. The attenuation of the excessive resting 380 

energy demand due to SRX was most evident in slow-twitch muscle fibres, which 381 

predominantly express the cardiac/β-slow myosin heavy chain. In contrast, fast-twitch 382 

myofibres (type IIa and IIx myosin heavy chains isoforms), exhibited only blunted responses, 383 

as anticipated. In the context of HFrEF, where locomotor muscles frequently display a 384 

relative enrichment of type II fibres,9 any systemic skeletal muscle benefit from a cardiac 385 

slow myosin selective inhibitor is therefore likely to be modest unless combined with 386 

strategies that also target fast twitch myosin isoforms or promote a shift toward a more 387 

oxidative phenotype. 388 

 389 

Although mavacamten was originally developed to address hypertrophic cardiomyopathic 390 

pathologies,36 our findings using an ex vivo approach provide a compelling rationale for 391 

targeting skeletal muscle myosin as therapeutic strategy to mitigate metabolic stress in 392 

HFrEF. Importantly, however, development of skeletal muscle-specific myosin inhibitors will 393 

be required to avoid risk of further lowering cardiac output in HFrEF patients (most 394 

frequently caused by coronary artery disease as was also the case for the patients included 395 
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in the present study).36 As an example, in the EXPLORER trial investigating patients with 396 

hypertrophic obstructive cardiomyopathy and preserved LVEF, mavacamten had beneficial 397 

clinical effect in reducing left ventricular outflow gradients and symptoms. However, 10% of 398 

patients did experience a significant transient decrease in LVEF to < 50% to as low as 35%.43 399 

Future clinical studies should therefore assess the systemic effects of myosin ATPase 400 

inhibition on skeletal muscle energetics, function, and exercise performance in HFrEF. These 401 

cardiac findings mirror preclinical observations that stabilizing the SRX state can reduce 402 

contractile output in the myocardium,44, 45 and they raise the possibility that excessive 403 

myosin inhibition in skeletal muscle could also compromise maximal force production or 404 

contribute to fatigue under high demand. Our ex vivo experiments, which were conducted 405 

under non contracting conditions, demonstrate biochemical normalization of myosin 406 

relaxation states and ATP utilization but do not address potential effects on force 407 

development or fatigability. Future work should therefore combine myosin targeted 408 

interventions with direct assessments of skeletal muscle function in both HFrEF and control 409 

populations. 410 

 411 

From a therapeutic perspective, whether reducing resting skeletal muscle energy 412 

expenditure is desirable will depend on the extent to which this intervention preserves or 413 

compromises the capacity for force generation and power output during activity. Excessive 414 

stabilisation of the SRX state might theoretically blunt the contractile dynamics or alter 415 

fatigue development, especially in muscles already affected by atrophy and fibre-type shifts. 416 

Thus, future myosin-targeted strategies in HFrEF will need to balance improved resting 417 

energetics against the imperative to maintain adequate skeletal muscle strength and 418 

endurance, likely through the development of skeletal-specific agents with carefully titrated 419 

dosing regimens. 420 

 421 

Limitations and considerations 422 

Our study has primarily examined isolated permeabilized skeletal muscle fibres, which may 423 

not fully replicate in vivo conditions influenced by neural input, blood flow, and systemic 424 

metabolism.14 The sample size, although robust for fibre-level biochemical assays, remains 425 

limited for broad population inferences and sex-specific effects, which have been reported in 426 

HFrEF muscle pathologies.24 In addition, several clinical factors could have influenced our 427 
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findings. First, most patients with HFrEF are prescribed multiple cardiovascular medications 428 

(e.g., β-blockers, ACE inhibitors/ARNI, statins), which may independently modulate skeletal 429 

muscle metabolism, fibre composition, or exercise capacity.46-49 As such, we cannot exclude 430 

the possibility that drug treatment contributed to some of the observed molecular or 431 

functional alterations. Second, although controls were age-, sex-, and BMI-matched, they 432 

were specifically selected to be free of cardiac disease and sedentary, which may not fully 433 

account for inter-individual differences in baseline exercise capacity, independent of HFrEF. 434 

We did not systematically quantify habitual physical activity or cardiorespiratory fitness in 435 

either group, and it is therefore possible that differences in daily locomotor loading 436 

contributed to the observed alterations in myosin relaxation states and ATP consumption in 437 

the vastus lateralis. Since this muscle is a primary locomotor muscle, these adaptations may 438 

differ from those in upper-limb muscles with distinct usage patterns and fibre-type 439 

distributions, and our findings should not be directly extrapolated to non-locomotor muscle 440 

groups without further investigation. These differences could partly confound the observed 441 

relationship between myosin ATP consumption and functional performance. 442 

 443 

Conclusion 444 

Our experiments identify a key maladaptation in skeletal muscle myosin dynamics in patients 445 

with HFrEF, defined by a shift toward the energy demanding DRX state that is consistent 446 

with, but does not by itself prove, a mechanistic contribution to skeletal muscle energy 447 

deficiency. Pharmacological stabilization of the energy-conserving SRX state by mavacamten 448 

corrected this defect and reduced myosin ATP consumption at rest. The findings extend the 449 

paradigm of HFrEF beyond cardiac dysfunction, providing molecular-level evidence that 450 

skeletal muscle energetics represent an actionable therapeutic target. Such strategies may 451 

ultimately enhance patient outcomes by addressing exercise intolerance and metabolic 452 

stress - limitations that remain insufficiently targeted by conventional cardiac-focused 453 

therapies.  454 
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Tables 681 

Table 1. Characteristics of the donors.  682 

Data are presented as Mean ± Standard Deviation. BMI refers to body mass index; Ctrl = 683 

controls; HFrEF = patients diagnosed with HFrEF; NYHA = New York Heart Association 684 

classification system of chronic heart failure with 1 defined as no symptoms and no 685 

limitation in physical activity and 4 referring to inability to carry out any physical activity 686 

without discomfort; symptoms present even at rest. LVEF = left ventricular ejection fraction; 687 

6MWT = 6-minute walk test to assess aerobic capacity and endurance (a previous meta-688 

analysis indicates that for healthy control males aged between 60 and 69, the mean distance 689 

is 638 m).22 Note out of the eleven HFrEF patients, five were NYHA class 1; four were class 2 690 

and two were class 3. All the clinical details have previously been published.23  691 

 692 

 Ctrl (N=10) HFrEF (N=11) 

Sex (% male) 100 100 

Age (years) 65.2 ± 5.9 62.2 ± 10.0 

BMI (kg.m
-2

) 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 

693 
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Figure legends 694 

Figure 1. Muscle myosin dynamics in HFrEF.  695 

Skeletal muscle fibres were dissected from patients with HFrEF (N = 11) and controls (Ctrl, N 696 

= 10). (A) displays typical Mant-ATP chase experiments, from two slow-twitch fibres of one 697 

Ctrl and one HFrEF patient, to estimate the proportions of myosin molecules in the DRX (B; 698 

P1) or SRX states (C; P2). DRX (D; T1) or SRX ATP turnover lifetimes (E; T2) and related 699 

theoretical myosin ATP consumptions (F). (G) shows clear significant linear correlations 700 

between myosin ATP consumption and exercise capacity defined as 6MWT (r = -0.7491, R2 = 701 

0.56, P = 0.008 for slow-twitch muscle fibres and r = -0.8176, R2 = 0.66, P = 0.0021 for fast-702 

twitch myofibres). As multiple measurements were done per individual (minimum of 15 703 

single muscle fibres per subject), dots correspond to averages. Data were divided according 704 

to their types (slow = slow-twitch versus fast = fast-twitch). One-way ANOVAs were applied 705 

with P < 0.05 as level of significance. DRX = disordered-relaxed state; SRX = super-relaxed 706 

state; P1 = amplitude of the initial rapid decay approximating the DRX state; P2 = amplitude 707 

of the slower second decay approximating the SRX state; T1 = time constant for the DRX 708 

state; T2 = time constant for the SRX state; and 6MWT = 6-minute walk test (index of 709 

exercise of capacity). 710 

 711 

Figure 2. Global proteome skeletal muscle profiling in HFrEF. 712 

Global proteome of from patients with HFrEF (HFrEF; N = 11) and controls (Ctrl; N = 10). (A) 713 

Principal component analysis of patient skeletal muscle proteome displaying a clustering of 714 

samples influenced largely PC2 (= Second Principal Component) rather than PC1 (= First 715 

Principal Component). (B) Permutation (250) analysis revealed 275 differentially abundant 716 

proteins when comparing HFrEF to Ctrl patient (116 proteins upregulated, 159 717 

downregulated), including several sarcomeric proteins related to myosin (see Table S1). (C). 718 

Enrichment analysis of biological processing Gene Ontology (GO:BP) terms revealed a list of 719 

significant terms (including those related to striated muscle and regulation of muscle 720 

contraction) only found in significantly downregulated proteins. No significantly enriched 721 

GO:BP terms were identified in the upregulated proteins. 722 

 723 

Figure 3. Aberrant myosin acetylation levels in HFrEF. 724 
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(A) displays the three myosin heavy chain sequences, MYH7, MYH2 and MYH1 with their 725 

various regions (motor domain, lever arm and rod region). This panel also presents the 726 

various acetyl-lysine sites that are altered in HFrEF. (B) is the in-silico simulation (EvoEF) 727 

where ΔΔGStabilities were calculated for mutations chemically mimicking acetyl-lysines. 728 

Note that EvoDesign physical Energy Function (EvoEF) was employed to estimate the protein 729 

stability change upon mutation, expressed as ΔΔG. EvoEF was applied to compute the 730 

stabilities (= ΔΔG stabilities). 731 

 732 

Figure 4. Muscle myosin dynamics with mavacamten.  733 

Skeletal myofibres were isolated from patients with HFrEF (red, N = 8) and controls (Ctrl, 734 

blue, N = 8). (A and C) shows the myosin DRX to SRX ratio with varying concentrations of 735 

mavacamten (0, 1, 5 and 10 µM) while (B and D) represents the estimated related 736 

theoretical myosin ATP consumptions. (A) and (B) are data for slow-twitch muscle fibres. (C) 737 

and (D) are findings for fast-twitch fibres. As multiple measurements were done per 738 

individual (minimum of 10 myofibres per individual), dots correspond to averages.  739 

For each fibre type, two-way repeated-measures ANOVAs with factors group (Ctrl vs HFrEF) 740 

and dose (0, 1, 5, 10 µM) were used. P-values indicated in the panels correspond to 741 

within-group effects of increasing mavacamten concentration. DRX = disordered-relaxed 742 

state; SRX = super-relaxed state; P1 = amplitude of the initial rapid decay approximating the 743 

DRX state; P2 = amplitude of the slower second decay approximating the SRX state. The ATP 744 

turnover times of DRX (T1) and SRX (T2) are presented in Fig. S2. Note that these 745 

experiments were performed in a subset of participants (when compared to Fig. 1) with 746 

sufficient remaining tissue for multiple mavacamten concentrations, which explains the 747 

smaller baseline difference between groups at 0 µM. 748 










