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Abstract:
Background

Exercise intolerance, promoted by skeletal muscle (SKM)- and mitochondrial
dysfunction, has been identified as a therapeutic target in heart failure with preserved ejection
fraction (HFpEF). In the context of mitochondrial dysfunction, altered cardiolipin integrity has
been reported in the myocardium of HFpEF, suggesting Elamipretide, a cardiolipin stabilizing
agent, as potential therapeutic approach. The present study investigated cardiolipin

dysregulation in the SKM of HFpEF rats and analyzed the effect of Elamipretide treatment.

Methods
Female ZSF1 lean (n=10, control (con)) and obese rats (n=24, HFpEF) were included.

At 20 weeks of age, HFpEF rats were randomized into two groups receiving NaCl (n=12) or
Elamipretide (n=12) for 12 weeks. SKM tissue was collected for whole-muscle force, single-

fiber mechanics, mitochondrial respiration, histology and molecular analyses.

Results
HFpEF rats exhibited reduced cardiolipin levels (-6.8%, p = 0.007) and maturation

(shown via tafazzin expression), contractile dysfunction, titin hyperphosphorylation, fiber
atrophy and increased oxidative stress markers. Elamipretide improved whole muscle (Sol:
+8.2%, p = 0.041, EDL: +10.9%, p = 0.016) and single-fiber (Sol: +173.2%, p <0.001, EDL:
66.0%, p = ns) contractile function and titin phosphorylation (Sol: -35.4%, p < 0.001, EDL: -
40.2%, p < 0.001), while preventing atrophy development (Sol: +49%, p = 0.001, EDL:
+54.8%, p < 0.001) Improved mitochondrial function, presumably by cardiolipin-mediated
improvements in oxidative phosphorylation. could be associated with muscle force and

cardiolipin integrity.

Conclusions
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Our data highlight cardiolipin stabilization as a key modulator of mitochondrial and

contractile function in HFpEF, emerging Elamipretide as a promising therapeutic approach for

SKM dysfunction.

Key Words: ZSF1; HFpEF; Elamipretide; SS-31; mitochondria; skeletal muscle; titin

What is new:

Cardiolipin was significantly reduced in the skeletal muscle of established heart failure

with preserved ejection fraction (HFpEF).

Contrary to the myocardium, Elamipretide improves skeletal muscle function in a rat

model of HFpEF.

HFpEF is associated with skeletal muscle mitochondrial dysfunction, which was

attenuated by Ela treatment despite no change in mitochondrial content.

HFpEF-induced hyperphosphorylation of titin at S11878 in the PEVK region was

prevented by Elamipretide.

Elamipretide reduced oxidative stress, which exhibits an inverse association with muscle

force.

What are the clinical implications

Elamipretide may represent a novel therapeutic option targeting skeletal muscle

dysfunction in HFpEF.

Combination therapy with agents targeting myocardial and metabolic pathways (e.g.,
GLP-1 receptor agonists and SGLT2 inhibitors) may be required for comprehensive

HFpEF management.

Non-standard abbreviations
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ANT

CL

con

CSA

EDL

Ela/SS-31

Fisl

GDF8

HF

HFpEF

MCU

MAFbx

MHC

MLC

MuRF1

NOX2

ROS

SDH

Se

SKM

Sol

Cardiolipin

control

cross-sectional area

extensor digitorum longus

Elamipretide

mitochondrial fission protein 1

myostatin

heart failure

heart failure with preserved ejection fraction

mitochondrial calcium uniporter

Muscle Atrophy F-box gene

Myosin Heavy Chain

Myosin Light Chain

Muscle Ring-Finger Protein-1

NADPH oxidase 2

reactive oxygen species

succinate-dehydrogenase

skeletal muscle

soleus
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SOD2 superoxide dismutase 2

TAZ tafazzin

VAGE vertical agarose gel electrophoresis

WB western blot

ZSF1 zucker fatty spontaneously hypertensive heart failure F1 hybrid
rat

1 INTRODUCTION

Heart failure with preserved ejection fraction (HFpEF) is a heterogeneous syndrome
characterized by a wide range of clinical phenotypes, complicating the understanding of the
underlying pathophysiology and finding effective treatments. One symptom that is common
amongst all HFpEF patients is exercise intolerance, which contributes to reduced quality of life
and increased morbidity." Impairment of contractile protein expression and of ATP
production by mitochondrial oxidative phosphorylation, both in skeletal muscle (SKM) and in
the myocardium, are key contributors to exercise intolerance. These changes impact
locomotion, ventilation, as well as cardiac contraction and relaxation.*® In the context of
mitochondrial dysfunction, earlier studies reported reduced cardiolipin (CL) and tafazzin
(TAZ) levels in the myocardium of heart failure rats and patients.®” While CL plays an
important role in mitochondrial bioenergetics and cristae formation, TAZ is critically involved
in CL maturation. Consistent with this mechanism, alterations in cristae morphology have been
reported several times, in both animal models and patients with HFpEF.”* However, it remains
unclear if CL homeostasis is influenced in SKM by HFpEF, despite CL abnormalities being

reported in other conditions such as diabetes, obesity, and sarcopenia.’ !>

Current studies are investigating the effect of Elamipretide (Ela, SS-31) as a potential

therapeutic approach for Barth syndrome, a disorder caused by mutations in the TAZ gene.'
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Ela’s mechanism of action involves its localization to the inner mitochondrial membrane,
where it associates with CL, thereby stabilizing the membrane, enhancing ATP production, and
reducing reactive oxygen species (ROS) formation. Consistent with this mechanism, studies
have demonstrated beneficial effects of Ela treatment on ATP production in the heart, kidneys,

neurons, and SKM.'

Therefore we investigated the effect of Ela on CL content and its maturation via TAZ
and its therapeutic potential to rescue SKM pathology in HFpEF promoting mitochondrial
function. Specifically, we evaluated mitochondrial properties and changes in contractile
function in the SKM at both the whole-muscle and single-fiber levels in HFpEF, as well as
changes in structural, and atrophy-related proteins. Our work identified Ela as a useful
therapeutic intervention to attenuate mitochondrial dysfunction and overall muscle pathology

in our preclinical HFpEF model, warranting further translational follow-up experiments.

2 MATERIALS AND METHODS
The data that support the findings of this study are available from the corresponding

author upon reasonable request.

2.1 Study design
Female ZSF1 lean (n=10) and obese rats (n=24) were obtained from Charles River. At

20 weeks of age, the obese rats were randomized into 2 groups: a placebo group (n=12)
receiving an osmotic micropump (Model 2006, Alzet, USA) containing NaCl and a treatment
group (n=12) receiving Ela (3mg/kg/day). At 32 weeks of age, the rats were sacrificed to assess
muscle function in the soleus (Sol) and extensor digitorum longus (EDL), as well as
mitochondrial respiration (Sol). Fiber bundles (Sol and EDL) were prepared for single-fiber
measurements. The remaining portions (Sol and EDL) were snap-frozen in liquid nitrogen for

molecular analyses or embedded in paraffin for immunohistology.
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A detailed study design and a characterization of the rats can be found in a previously
published paper of our group'” and in the supplemental material (Table S1). All experiments
were approved by the local animal research council, TU Dresden and the Landesbehdrde
Sachsen (TVV 50/2023 and 26/2022) and are in accordance with the National Animal Welfare

Act and the Laboratory Animal Welfare Ordinance.

2.2 Skeletal Muscle Function

Ex vivo muscle function (whole-muscle and single-fiber) was analyzed in the isolated
EDL and Sol muscles as previously described.!®" For detailed information see supplementary

materials.

2.3 Cardiolipin Assay
CL content was assessed using a Cardiolipin Assay Kit (ab241036, Abcam, UK)

according to the manufacturer’s recommendation.

2.4 Protein Carbonylation
Protein carbonylation was assessed with the OxyBlot Protein Detection Kit (S1750,

Merck, USA) according to the manufacturer’s recommendation. Post-translational

modification was expressed as the ratio of modified to unmodified protein.

2.5  Mitochondrial Respiration

Mitochondrial respiration was assessed in saponin-permeabilized Sol muscle fibers
using high-resolution oxygraphy, as recently described.?®!® For detailed information see

supplementary materials.

2.6 Enzyme Activity

Succinate-dehydrogenase (SDH) activities were assessed spectrophotometrically as

previously described.?!

2.7  Western Blot (WB)

WB analyses were performed as described in detail in the supplementary materials.

Myosin Light Chain (MLC)-2 and a-actin expression were analyzed as previously described.?
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2.8 Vertical agarose gel electrophoresis (VAGE)

Titin and myosin heavy chain (MHC) content as well as phosphorylation status were
analyzed using VAGE as recently described.>® For detailed information see supplementary

materials.

2.9 Histology

Histological analysis was performed as recently described.?? For detailed information

see supplementary materials.

2.10 Statistical Analysis

Normal distribution was tested with the Kolmogorov-Smirnov-Test. Data were
analyzed by appropriately using a one-way or two-way ANOVA followed by Tukey’s post-
hoc test for normally distributed data. For non-normally distributed variables, the Kruskal—
Wallis test followed by Dunn’s post hoc correction was applied. Results are presented as
median + 95% confidence interval. Correlation was assessed using simple linear regression. A
p-value < 0.05 was considered statistically significant. For p-values between 0.05 and 0.1,
Cohen’s d effect size (d) was calculated. A d-value > 0.8 indicates a large effect between the
groups. All analyses were performed using GraphPad Prism version 10.5.0 (GraphPad

Software, USA).

3 RESULTS
3.1 Ela has positive effects on muscle physiology in HFpEF

Specific force (force per cross-sectional area [N/cm?]) in the whole Sol muscle was
significantly reduced in HFpEF rats compared to controls, starting at 15 Hz and progressively
declining at higher stimulation frequencies. Starting at 80 Hz, Ela treatment significantly
increased specific force compared to the HFpEF rats (Figure 1A,B), although values remained

lower than in controls.

To identify whether these impairments originated at the myofilament level, we assessed
single-fiber maximum specific force, which was significantly reduced in HFpEF rats compared

8
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to both, controls and Ela-treated rats (Figure 1C). Notably, no significant difference was
observed between the controls and Ela-treated rats, indicating that Ela restored muscle force
and specifically rescued myofilament function (Figure 1C). This is also reflected in the force
response during muscle fiber stretching (Figure S1A,B). At the end of the stretch, HFpEF rats
generate significantly less specific force (se) than the controls. This applies to both passive and

active stretches. Ela eliminates these force differences (Figure 1D,E).

According to se, HFpEF rats exhibited significantly reduced stiffness compared with
controls and Ela-treated rats during both passive and active stretches. Ela restored stiffness in

both conditions (Figure 1F,QG).

In the Sol, fiber CSA was significantly reduced only in the slow but not fast fibers of
HFpEF rats when compared to controls (Figure 1H). Fiber distribution differed significantly in
HFpEF rats compared to controls and Ela-treated rats, affecting both slow and fast fibers,
accompanied by a shift toward fast fibers in HFpEF rats (Figure 11). Strikingly, alterations in

both, Sol slow fiber CSA and proportion, were reversed following Ela treatment (Figure 1H,I).

We next explored whether effects were similar in the EDL. Compared to controls, there
was a trend for specific force in the EDL (p = 0.07, d = 0.63) to be lower in HFpEF rats.
However, following Ela treatment, force was significantly increased compared to HFpEF rats

at 50, 80, and 150 Hz (Figure 2A,B).

At the single-fiber level, maximum specific force was significantly reduced in HFpEF
rats compared to controls independent of Ela treatment (Figure 2C). This is also reflected in
the force response during muscle fiber stretching (Figure S1C,D). The Ela-treated muscle fibers
generated less specific force at the end of the stretch (se) than the controls. This applies to both
passive (p = 0.06, d = 1.33) and active stretches (Figure 2D,E). Ela increased specific active

force compared to HFpEF, while passive force was only slightly increased (p = 0.09,d = 1.13)
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but forces remained below the control group (Figure 2D,E). According to s., HFpEF rats
exhibited significantly reduced stiffness compared to controls during both passive and active
stretches. During active stretching, Ela-treated fibers showed a significant recovery of passive,

but not active, stiffness to control levels (Figure 2F,G).

Structurally, EDL CSA was significantly reduced in HFpEF rats compared to controls
in fast but not slow fibers (Figure 2H). Fiber distribution differed significantly in HFpEF rats
compared to controls and Ela-treated rats, affecting both slow and fast fibers, accompanied by
a shift toward fast fibers in HFpEF rats (Figure 2I). Notably, alterations in both - EDL CSA

and fiber distribution - were reversed by Ela treatment (Figure 2H,I).

3.2 Ela does not fully restore depressed CL and TAZ expression but ROS
CL content was significantly reduced in both the Sol and the EDL of HFpEF animals,

with a slight, but not significant impact by Ela treatment (Figure 3A,B). To assess indirect
evidence of CL maturation, TAZ expression was evaluated. TAZ levels were significantly
decreased in both - the Sol and EDL - of HFpEF rats and remained significantly reduced in the
EDL, but not in the Sol (p = 0.06, d = 0.98), of Ela-treated rats compared to controls (Figure

3C,D).

We next assessed markers of ROS, as cardiolipin abnormalities have been associated
with increased mitochondrial ROS production. In the EDL and Sol, NADPH oxidase 2 (NOX2)
expression did not significantly differ between groups (Figure 3E,F). In the EDL, superoxide
dismutase 2 (SOD2) expression was numerically reduced (p = 0.06, d = 1.24) in HFpEF rats
suggesting a trend towards impaired ROS detoxification and was slightly increased by Ela
treatment. In the Sol, SOD2 expression did not differ significantly between groups (Figure
3G,H). Actin carbonylation, an indirect marker of ROS-induced oxidative modifications, was

significantly increased in the EDL of HFpEF-rats compared to controls but did not differ

10
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significantly following Ela treatment, whereas no differences were observed in the Sol between
groups (Figure 31J).
3.3 Ela improves SKM mitochondrial respiration in HFpEF

To assess whether Ela impacts SKM mitochondrial respiration, we measured oxygen
consumption in permeabilized Sol fibers, evaluating the function of mitochondrial complexes
I, IT and IV. Furthermore, in independent experiments, we also measured SDH activity as an
index of complex II activity. Complex I-stimulated oxygen consumption was significantly
reduced in HFpEF rats and numerically, but not significantly, increased following Ela
treatment (Figure 4A). Complex II-stimulated respiration was unchanged across all groups
(Figure 4B). However, SDH enzyme activity was significantly decreased in HFpEF rats and
was restored by Ela treatment (Figure 4C). Complex [V-stimulated oxygen consumption was
slightly, but not significantly, decreased in HFpEF rats, compared to controls (p = 0.06, d =

1.38) and numerically increased after Ela treatment (Figure 4D).

Sol protein expression of mitochondrial complexes IIV was significantly increased in
both HFpEF and Ela-treated rats, compared to controls (Figure 4E-H). Complex V did not
differ significantly between groups (Figure 4I). To assess mitochondrial content in SKM, porin

expression (Figure 4J) was analyzed, but no differences were observed.

To provide details about mitochondrial dynamics, protein expressions were determined
from mitochondrial calcium uniporter protein (MCU), mitochondrial fission protein 1 (Fisl)
and mitofusin 2 (MFN2). MCU expression was significantly upregulated in HFpEF and Ela-

treated rats compared to controls (Figure 4K).

In the Sol, Fisl expression was unchanged across groups, whereas in the EDL a slight,
but not significant increase in the Ela-treated rats was observed when compared to HFpEF (p
=0.08, d=1.00), as well as control rats (p =0.09, d = 0.57) (Figure S2A,B). Analyzing MFN2

revealed a significant upregulation of protein expression in the Sol of both, HFpEF and Ela-
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treated rats, compared to controls (Figure S2C). In contrast, MFN2 expression in the EDL was
significantly downregulated in HFpEF rats compared to controls, with no significant effect of

Ela treatment (Figure S2D).

3.4 Correlations between whole-muscle force, mitochondrial function and (maturated) CL

In the EDL, maximal specific force correlated negatively with carbonylated actin (r = -
0.47, p = 0.038). In the Sol, maximal specific force correlated positively with TAZ expression
(r=10.65, p <0.001) and mitochondrial function, as measured by Complex I (r =0.45, p =0.04),
Complex II (r = 0.42, p = 0.03), and Complex IV (r = 0.49, p = 0.01). When analyzing only
control and HFpEF animals, SDH activity correlated positively with both CL content (r = 0.68,

p =0.003) and TAZ expression (r = 0.75, p <0.001) (Figure 5A-D).

3.5 Titin hyperphosphorylation can be reversed with Ela

Titin alterations were analyzed to assess molecular changes in muscle fiber stiffness. In
the Sol, total titin expression was significantly reduced in Ela-treated rats compared to both
control and HFpEF rats. In contrast, titin expression in the EDL did not differ significantly
across groups (Figure 6A,B). Analysis of titin revealed significantly increased phosphorylation
levels in both, the Sol and EDL of HFpEF rats, compared to controls. This
hyperphosphorylation was significantly reduced in Ela-treated rats (Figure 6C,D). A similar
pattern was also observed for site-specific Serin(S)-11878 phosphorylation in both muscles,
with significantly higher levels in HFpEF rats compared to controls, which was reversed by
Ela treatment (Figure 6E,F). Overall, these data indicate that Ela restores titin regulation

towards normal levels in HFpEF.

3.6 Ela partially reverses atrophy- and structural protein dysregulation in HFpEF

We analyzed a variety of structural sarcomeric proteins in the Sol and EDL. MHC and
a-actin expression did not differ significantly in either the Sol or EDL between the three groups

(Figure 7A-D). MLC -1 and -2 expression was unchanged in the Sol (Figure 7E,F), whereas in

12
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the EDL MLC-1 remained unchanged (Figure 7G) while MLC-2 was significantly lower in
both HFpEF and Ela-treated rats compared to controls (Figure 6H). In the Sol, a-actinin and
telethonin expression did not differ significantly between groups (Figure 71,J). In contrast, in
the EDL, a-actinin and telethonin were significantly downregulated in HFpEF rats compared

to controls, but for a-actinin this was prevented following Ela treatment (Figure 7K,L).

To assess molecular markers of muscle atrophy, we analyzed the expression of three
different E3 ligases (MuRF1 (Muscle Ring-Finger Protein-1), Trim72, MAFbx (Muscle
Atrophy F-box gene)) and one member of the transforming growth factor-beta family
(myostatin (GDF8)). In the Sol, MuRF1 expression was significantly higher in HFpEF and Ela-
treated rats compared to controls (Figure 8A), whereas in the EDL expression was numerically
increased in HFpEF rats compared to controls (p = 0.07, d = 1.17) and significantly higher
compared to Ela-treated rats (Figure 8B). Trim72, MAFbx (Figure S2E,G) and GDF8 (Figure
8C) were not different expressed in the Sol across groups. In the EDL, Trim72 was not altered
(Figure S2F), while MAFbx showed no significant differences between groups (Figure S2H).
GDF8 was significantly upregulated in the EDL of HFpEF rats compared to controls but this

was prevented by Ela treatment (Figure 8D).

4 DISCUSSION

In line with the clinical phenotype, our HFpEF model, showed mitochondrial
impairments, a shift from slow-to-fast muscle fibers, atrophy, and overall contractile weakness
in the SKM. With respect to mitochondrial dysfunction, recent studies have reported CL
dysregulation in the myocardium of HF patients and experimental animal models.®” Ela binds
to CL on the inner mitochondrial membrane, leading to beneficial effects on mitochondrial
function, cristae formation, and ROS production.'* In the present study, we investigated the

effects of Ela treatment in HFpEF rats, with a focus on identifying whether targeting SKM
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mitochondrial dysfunction could benefit muscle mass and function, which can be summarized

as follows:

. CL content and TAZ-induced maturation were abnormal in HFpEF, and these
changes were partly attenuated by Ela treatment alongside attenuated markers
of oxidative stress

. HFpEF-induced mitochondrial dysfunction was ameliorated by Ela treatment

. Ela treatment prevented contractile dysfunction and maladaptive muscle
remodeling

. Ela treatment mitigated detrimental changes in myofilament function and

compliance in a muscle—specific manner

Taken together, these results indicate that in addition to the myocardium, CL
dysregulation in HFpEF is also present in SKM. Furthermore, treatment of rats with HFpEF,
using the clinically approved mitochondrial-specific peptide Ela, was able to rescue deficits in
muscle contractile function and atrophy via restoring mitochondrial function, highlighting the

potential for future translation.

4.1  Ela treatment improves mitochondrial function

Numerous studies have demonstrated impaired mitochondrial respiration in ZSF1
HFpEF rats and in HFpEF patients.>?° Additionally, dysregulation of CL levels and CL
maturation via TAZ has been reported, but only in the myocardium.” In the present study, we
extend these findings to SKM, showing reduced TAZ expression and CL levels in both slow-
and fast-twitch muscles. In terms of myocardial alterations, another paper from our group
demonstrated that Ela treatment improved mitochondrial respiration, but did not show further

structural or functional benefits.'?

14
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Nevertheless, in the present study, Ela treatment improved SKM mitochondrial
function, as reflected by enhanced oxygen consumption and enzymatic activity. Analysis of
mitochondrial complex expression suggests a compensatory regulation in HFpEF rats, leading
to increased complex levels without changes in overall mitochondrial content.?’ Furthermore,
MCU expression was elevated in HFpEF, suggesting increased mitochondrial calcium content.
Given that CL is critical for calcium channel stability®*, these findings imply impaired channel

function, which appears to be partially restored by Ela treatment.

Our mitochondrial analyzes were limited to the Sol, a predominantly slow-twitch
muscle that relies heavily on mitochondrial energy supply and thus exhibits high oxidative
capacity. In contrast, the EDL, a fast-twitch muscle, depends primarily on anaerobic
glycolysis.?* Interestingly, analysis of mitochondrial fission and fusion proteins revealed the
expected dysregulation in the EDL, whereas the Sol appeared to exhibit compensatory
regulation. This suggests that the EDL relies minimally on mitochondrial energy, favoring
glycolytic pathways, while the Sol actively maintains its mitochondrial energy supply as the

primary energy source.

With respect to CL content, Ela treatment did not fully restore CL levels, consistent
with previous reports showing improved mitochondrial function without changes in CL content
2326 Given that Ela binds directly to CL and stabilizes the lipid, it is also unsurprising that TAZ

expression was not restored by Ela treatment.'*

Mitochondrial dysfunction is closely linked to increased ROS production, which
promotes inflammation and contributes to disease progression. Accordingly, improvements in
mitochondrial function would be expected to reduce ROS production.'* To address this, we
assessed NOX2, a major source of ROS and contributor to diastolic dysfunction, SOD2, an
antioxidative enzyme responsible for neutralizing ROS, and carbonylated actin, a marker of
cellular oxidants.?’”*® Surprisingly, NOX2 expression was not altered in both muscles.
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However, most studies report altered expression in the myocardium rather than in SKM of
HF.?® Furthermore, NOX2 represents only one of many potential ROS sources.? In our study,
reduced antioxidative defense, reflected by increased protein oxidation, was evident in HFpEF
rats but not in Ela-treated rats, suggesting a reduction in ROS burden with Ela treatment.?
Interestingly, these changes were confined to the EDL, which is unexpected, given that ROS
production is typically associated with aerobic metabolism of oxygen, whereas the EDL
primarily relies on anaerobic glycolysis, in contrast to the Sol.?” Nevertheless, previous work
has shown that type II fibers exhibit lower antioxidative capacity, which may explain this
finding.*°

4.2 Physiological muscle dysfunction can be prevented by Ela treatment

HFpEF is well recognized to be associated with reduced muscle force and increased

fatigability, partly attributed to a slow-to-fast fiber shift and muscle atrophy.>3!-2

In our study, we not only confirmed these alterations in the HFpEF rat model but also
demonstrated that Ela treatment exerted beneficial effects on these parameters, which may
contribute to improved exercise capacity. These changes were observed in both the Sol (slow-
twitch) and the EDL (fast-twitch), indicating an overall enhancement of skeletal muscle
function. With respect to muscle force, significant improvement by Ela treatment, likely
attributable to the partial restoration of mitochondrial function, was evident. However,
emerging evidence indicates that Ela may also enhance ADP flux, thereby accelerating ATP
delivery to myosin ATPase and rapidly augmenting contractile performance, without requiring
structural mitochondrial remodeling.>® Furthermore, Ela has been reported to decrease S-
glutathionylation of key contractile and mitochondrial proteins, including myosin, troponin and
the adenosine nucleotide translocator (ANT).>* Such redox modifications may alter Ca**
sensitivity and force generation independently of ATP supply, providing an additional

mechanism explaining the observed functional improvements.
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Muscle atrophy was evident from the reduced CSA and further validated on the
molecular level by altered expression of atrophy-related markers (MuRF1, GDF8, MAFbx and
Trim72).3>%¢ Interestingly, atrophy development appeared to be fiber-type dependent,
predominantly affecting the dominant fiber type in each muscle. Consistent with previous
reports, we observed a slow-to-fast fiber shift in both muscles, which is commonly linked to
impaired exercise performance.>? This fiber type shift could also be reversed by Ela treatment,

which may contribute to the improved muscle force observed in the treated rats.

4.3 Sarcomere dysfunction and decreased fiber stiffness can be prevented by Ela treatment

Sarcomere function and stability are critical for exercise capacity and muscle
performance', and particularly titin plays a key role in regulating muscle stiffness and
contraction.’” Force generation results from a complex interplay of the myofilaments actin,

3839 which is not yet fully understood.>® In HFpEF rats, we found a =60%

myosin, and titin
reduction in isometric maximum force at the single-fiber level in both the Sol and EDL. This

finding suggests impaired myofilament integrity and fiber structure in HFpEF, which may

compromise intrafiber force transmission and overall contractile performance.

HFpEF was also associated with reduced force responses to passive stretch (Figs. 1D
and 2D, and Fig. S1A, C). In permeabilized fibers, this parameter primarily reflects the
mechanical behavior of non-cross-bridge structures, including titin, nebulin, and associated
cytoskeletal and extracellular matrix components. This is because cross-bridge cycling is
absent under these conditions due to a lack of Ca** dependent activation and actomyosin ATP
turnover.*’ Consequently, the observed response is interpreted as an index of passive stiffness
and viscoelastic resistance to stretch. Reduced active and passive force therefore reflects altered
sarcomeric mechanics, likely involving titin-based properties, post-translational modifications,
and/or cytoskeletal disruption. Notably, increased titin phosphorylation at S11878 in HFpEF

contrasted with reduced passive stiffness’, indicating that broader sarcomeric or cytoskeletal
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alterations may override phosphorylation-dependent stiffening effects. Further microstructural
analyzes at the fiber and sarcomere level are required to better define the impact of HFpEF on
myofilament organization. Interestingly, titin hyperphosphorylation was reversed by Ela
treatment, likely contributing to improved muscle function (force and stiffness), especially in
the Sol of treated rats. In contrast, structural proteins, including MLC-2, a-actinin, and
telethonin, were impaired in the EDL. These deficits were not rescued by Ela treatment.
Importantly, normalization of passive stiffness at the single-fiber level should not be interpreted
as direct evidence of improved whole-muscle function. Overall, HFpEF induces coordinated
impairment of active and passive sarcomeric mechanics, with Ela providing partial, fiber-type—

specific restoration of function.

4.4  Limitations

Several limitations of the study should be acknowledged, including:

1) The study was conducted in female ZSF1 rats, a well-validated metabolic model
of HFpEF. While this model mimics many key aspects of the human disease, it does not fully
capture the complete clinical phenotype. Consequently, extrapolation of these findings to other
HFpEF subtypes, such as purely hypertension-driven HFpEF (e.g., Dahl salt—sensitive rats), is
limited and requires further investigation. Notably, previous studies have highlighted that the
ZSF1 model closely reflects the SKM alterations observed in HFpEF patients®® and
community-based studies indicate that the majority of patients are elderly women?, supporting
the relevance of our experimental approach. Nevertheless, it may not be possible to transfer the

positive results to the total HFpEF population, including male patients.

2) We were unable to obtain a direct measurement of ROS production in SKM.
Nevertheless, upstream regulators and downstream consequences were assessed, providing

valuable insights into ROS-related mechanisms. It should be noted, however, that numerous
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other pathways potentially contributing to ROS production were not investigated in the present

study.

3) No histological analyses, such as electron microscopy were performed. These
analyses would provide insights into mitochondrial morphology, particularly cristae structure,

under conditions with and without Ela treatment.

4.5 Clinical implications

Overall, our findings highlight Ela as a promising therapeutic strategy in HFpEF by
attenuating CL reductions and mitochondrial dysfunction in both SKM and the heart, likely
through CL-mediated improvements in oxidative phosphorylation. Since Ela did not show
further beneficial effects on myocardial structure or function'®, it may primarily be considered
a therapeutic option targeting skeletal muscle dysfunction. Nevertheless, combining Ela with
additional therapies, primarily targeting myocardial dysfunction/metabolic disorders (e.g.
GLP-1**? and SGLT2i’*), may be the next innovative step to achieve comprehensive

treatment of HFpEF.
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6 Figure Legends

Fig. 1. Physiological muscle parameters of the Soleus. Specific (spec.) whole-muscle force

depending on the stimulation frequency (A) and corresponding maximal (max.) specific
muscle force (B). For single fibers maximal specific force (C), specific force at the end
of passive (D) and active (E) stretch as well as passive (F) and active (G) stiffness were
evaluated. Cross-sectional area, separated into slow- and fast-twitch fibers (H), and
fiber-type distribution (I) were analyzed in the Soleus from ZSF1-control (con),
untreated ZSF1-HFpEF rats (HFpEF), and Elamipretide (Ela)-treated ZSF1-HFpEF
rats (HFpEF+Ela) at 32 weeks of age. Results are expressed as mean + SEM (n = 5-12
per group). Representative histological images are shown in (J), with slow fibers
positively stained. ** p < 0.005, *** p < 0.001 indicate HFpEF rats versus controls; $
p <0.05, $$ p <0.005, $$$ p < 0.001 indicate HFpEF rats versus HFpEF+Ela. For the
single fiber measurements data were obtained from 12 fibers (three rats) for con, 15
fibers (four rats) for HFpEF, and 8 fibers (two rats) for Ela. Statistics: two-way
ANOVA (A, H, I), one-way ANOVA (B, C, D, E, F, G).

Fig. 2. Physiological muscle parameters of the extensor digitorum longus (EDL). Specific

(spec.) whole-muscle force depending on the stimulation frequency (A) and
corresponding maximal (max.) specific muscle force (B). For single fibers maximal
specific force (C), specific force at the end of passive (D) and active (E) stretch as well
as passive (F) and active (G) stiffness were evaluated. Cross-sectional area, separated
into slow- and fast-twitch fibers (H), and fiber-type distribution (I) were analyzed in
the EDL from ZSF1-control (con), untreated ZSF1-HFpEF rats (HFpEF), and
Elamipretide (Ela)-treated ZSF1-HFpEF rats (HFpEF+Ela) at 32 weeks of age. Results
are expressed as mean = SEM (n = 5—12 per group). Representative histological images
are shown in (J), with slow fibers positively stained. # p < 0.05 indicate control rats
versus HFpEF+Ela, $ p < 0.05 indicate HFpEF rats versus HFpEF+Ela. For the single
fiber measurements data were obtained from 13 fibers (three rats) for con, 8 fibers (two
rats) for HFpEF, and 10 fibers (two rats) for Ela. Statistics: two-way ANOVA (A, H,
I), one-way ANOVA (B, C, D, E, F, G).

Fig. 3. Cardiolipin (CL) and ROS markers. CL content (A,B), tafazzin (TAZ) (C,D),

NADPH oxidase 2 (NOX2) (E,F) and superoxide dismutase 2 (SOD2) (G,H)
expression, as well as actin carbonylation (I+J) was quantified by CL assay or Western
Blot analysis of skeletal muscle homogenates of the soleus (Sol) (left side) and extensor
digitorum longus (EDL) (right side), obtained from ZSF1-control (con) and untreated
ZSF1-HFpEF rats (HFpEF) as well as treated ZSF1-HFpEF rats (HFpEF+Ela
(Elamipretide)) at 32 weeks of age. The results are expressed as mean (A,B) / x-fold
versus control (C-J) £ SEM (n=7-12 per group). Representative blots are shown below
(c = con, HF = HFpEF, Ela = HFpEF+Ela). Statistics: one-way ANOVA (A, B, D, E,
F, G) and Kruskal-Wallis (C).

Fig. 4. Mitochondrial respiration and protein expression from the Soleus. Oxygen

consumption of soleus (Sol) muscle tissue from complex I (A), II (B) and IV (D), as
well as succinat dehydrogenase (SDH) (complex II) activity (C). Complex I (E), II (F),
III (G), IV (H) and V (I), as well as porin (J) and mitochondrial calcium uniporter
(MCU) (K) expression, quantified by Western Blot analysis of skeletal muscle
homogenates of the Sol, obtained from ZSF1-control (con) and untreated ZSF1-HFpEF
rats (HFpEF) as well as treated ZSF1-HFpEF rats (HFpEF+Ela (Elamipretide)) at 32
weeks of age. The results are expressed as x-fold versus control + SEM (n = 612 per
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Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8.

group). Representative blots are shown below (¢ = con, HF = HFpEF, Ela =
HFpEF+Ela). Statistics: one-way ANOVA (A - K).

Correlation analyses. Correlation between maximal (max.) specific (spec.) force and
carbonylated actin (A), as well as taffazin (TAZ) expression (B) and between succinat
dehydrogenase (SDH) activity and cardiolipin (CL) content (C), as well as TAZ
expression (D) of skeletal muscle homogenates from the extensor digitorum longus
(EDL) (A) and soleus (Sol) (B-D), obtained from ZSF1-control (con) and untreated
ZSF1-HFpEF rats (HFpEF) (C-D) as well as treated ZSF1-HFpEF rats (HFpEF+Ela
(Elamipretide)) (A-B) at 32 weeks of age. The results are expressed as x-fold versus
control £ SEM (n = 5-12 per group).

Titin modulation in the soleus (Sol) and extensor digitorum longus (EDL). Titin
expression (A,B), phosphorylation (C,D), and site-specific Serin-(S)11878 titin
phosphorylation (E,F), were quantified by vertical agarose gel electrophoresis analysis
of skeletal muscle homogenates of the Sol (left side) and EDL (right side) obtained
from ZSF1-control (con), ZSF1-HFpEF rats (HFpEF), and Elamipretide (Ela)-treated
ZSF1-HFpEF rats (HFpEF+Ela) at 32 weeks of age. The results are expressed as x-fold
versus control + SEM (n = —12 per group). Representative gels and blots are shown
below (¢ = con, HF = HFpEF, Ela = HFpEF+Ela). Statistics: one-way ANOVA (A, B,
D, E, F) and Kruskal-Wallis (C).

Sarcomere protein modulation in the soleus (Sol) and extensor digitorum longus
(EDL). Myosin heavy chain (MHC) (A,C), a-actin (B,D), myosin light chain (MLC)-
2 (E,G) expression, and MLC-2 phosphorylation (F,H), a-actinin (G,I) and telethonin
(J,L) expression were quantified by Western Blot analysis of skeletal muscle
homogenates from the Sol (left panels) and EDL (right panels), obtained from ZSF1-
control (con), ZSF1-HFpEF rats (HFpEF), and Elamipretide (Ela)-treated ZSF1-
HFpEF rats (HFpEF+Ela) at 32 weeks of age. The results are expressed as x-fold versus
control = SEM (n = 7-12 per group). Representative blots are shown below (¢ = con,
HF = HFpEF, Ela = HFpEF+Ela). Statistics: one-way ANOVA (A —L).

Atrophy-related protein expression. MuRF1 (A,B), and myostatin (GDF8) (C,D)
expression were quantified by western blot analysis of skeletal muscle homogenates
from the soleus (Sol) (left side) and extensor digitorum longus (EDL) (right side),
obtained from ZSF1-control (con), ZSF1-HFpEF rats (HFpEF), and Elamipretide (Ela)-
treated ZSF1-HFpEF rats (HFpEF+Ela) at 32 weeks of age. The results are expressed
as x-fold versus control + SEM (n = 5-11 per group). Representative blots are shown
below (¢ = con, HF = HFpEF, Ela = HFpEF+Ela). Statistics: one-way ANOVA (A -
D).
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