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Abstract

Background About half of heart failure (HF) patients, while having preserved left ventricular function, suffer from
diastolic dysfunction (so-called HFpEF). No specific therapeutics are available for HFpEF in contrast to HF where
reduced ejection fractions (HFrEF) can be treated pharmacologically. Myocardial titin filament stiffening, endothelial
dysfunction, and skeletal muscle (SKM) myopathy are suspected to contribute to HFpEF genesis. We previously
described small molecules interfering with MuRF1 target recognition thereby attenuating SKM myopathy and
dysfunction in HFrEF animal models. The aim of the present study was to test the efficacy of one small molecule
(MyoMed-205) in HFpEF and to describe molecular changes elicited by MyoMed-205.
Methods Twenty-week-old female obese ZSF1 rats received the MuRF1 inhibitor MyoMed-205 for 12 weeks;
a comparison was made to age-matched untreated ZSF1-lean (healthy) and obese rats as controls. LV (left ventricle)
function was assessed by echocardiography and by invasive haemodynamic measurements until week 32. At week
32, SKM and endothelial functions were measured and tissues collected for molecular analyses. Proteome-wide
analysis followed by WBs and RT-PCR was applied to identify specific genes and affected molecular pathways. MuRF1
knockout mice (MuRF1-KO) SKM tissues were included to validate MuRF1-specificity.
Results By week 32, untreated obese rats had normal LV ejection fraction but augmented E/e′ ratios and increased
end diastolic pressure and myocardial fibrosis, all typical features of HFpEF. Furthermore, SKM myopathy (both
atrophy and force loss) and endothelial dysfunction were detected. In contrast, MyoMed-205 treated rats had markedly
improved diastolic function, less myocardial fibrosis, reduced SKM myopathy, and increased SKM function. SKM
extracts from MyoMed-205 treated rats had reduced MuRF1 content and lowered total muscle protein ubiquitination.
In addition, proteomic profiling identified eight proteins to respond specifically to MyoMed-205 treatment. Five out
of these eight proteins are involved in mitochondrial metabolism, dynamics, or autophagy. Consistent with the
mitochondria being a MyoMed-205 target, the synthesis of mitochondrial respiratory chain complexes I + II was
increased in treated rats. MuRF1-KO SKM controls also had elevated mitochondrial complex I and II activities, also
suggesting mitochondrial activity regulation by MuRF1.
Conclusions MyoMed-205 improved myocardial diastolic function and prevented SKM atrophy/function in the ZSF1
animal model of HFpEF. Mechanistically, SKM benefited from an attenuated ubiquitin proteasome system and
augmented synthesis/activity of proteins of the mitochondrial respiratory chain while the myocardium seemed to ben-
efit from reduced titin modifications and fibrosis.
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Introduction

Heart failure with preserved ejection fraction (HFpEF, ap-
proximately 50% of all HF cases) is a complex syndrome, with
high morbidity and mortality rates.1 This form of HF is
frequently seen in patients suffering from co-morbidities
associated with the metabolic syndrome, namely obesity,
hypertension, diabetes mellitus and hyperlipidaemia (for a
review, see Adamczak et al.2), suggesting that HFpEF is a
systemic disease that includes heart features. Besides struc-
tural alterations in the myocardium including myocardial
stiffening and its functional impairment, HFpEF is also associ-
ated with endothelial dysfunction and myopathy of the
peripheral skeletal muscles (SKM).3,4 Consistent with SKM
myopathy, exercise intolerance and early fatigue are com-
mon features in HFpEF similar as in heart failure patients
with reduced ejection fraction (HFrEF). Exercise intolerance
is associated with reduced quality of life and increased
mortality,5 and early fatigue is accompanied by SKM atrophy
as documented by dual-energy X-ray absorptiometry (DEXA)
showing a significant reduction of lean muscle mass by
~10%.6 SKM atrophy and myopathy include molecular alter-
ations like fat infiltration,7 reduced mitochondrial oxidative
capacity,8 shift in fibre type composition,9 decreased anabolic
factors like IGF-1,10 and reduced capillary to fibre ratio11 in
the affected SKM.

The pathomechanisms underlying HFpEF are complex and
appear to include myocardial stiffening. Myocardial stiffness
pathology includes both intracellular cardiomyocyte titin
filament and the extracellular matrix collagen stiffening.12

With regard to SKM myopathy, the activation of the ubiquitin
proteasome system (UPS) is a central step in promoting
muscle wasting,13,14 most likely including SKM atrophy in
HFpEF as in all chronic muscle wasting states. Atrophic stress
is promoted by a family of E3 ligases including the muscle
ring finger protein 1 (MuRF1) and muscle atrophy F-box
protein (MAFBx). These E3 ligases trigger the ubiquitinylation
of contractile proteins thereby marking them for degradation
via the UPS and promoting loss of myofibrils. Hence, these E3
ligases are also referred to as atrogins (for a review, see
Scalabrin et al.15). The importance of MuRF1 in the develop-
ment of muscle atrophy is supported by the protection from
muscle atrophy after MuRF1 gene knockout in mice.16

Accordingly, a potential strategy to prevent the development
of SKM wasting is to prevent the activation of MuRF1
(reviewed in Scalabrin et al.15), for example, by small
molecule inhibition17 or adenoviral-mediated knock-down.18

In contrast to the wealth of proven therapies for HFrEF,
most efforts to improve morbidity and mortality in HFpEF

have failed so far (for a review, see Wintrich et al.19). Only
the recently published EMPEROR trial using empagliflozin, a
SGLT2 inhibitor, reported positive effects on combined risk
of cardiovascular death or hospitalization for HFpEF.20

Lately, our group described small molecules capable of at-
tenuating the development of SKM atrophy and dysfunction
in animal models of HFrEF,21 cardiac cachexia,22 and tumour
associated muscle atrophy23 by targeting MuRF1: These com-
pounds down-regulate MuRF1 E3 ligase functions by interfer-
ing with its recognition of other muscle proteins, including
titin.21 In the present study, we tested if this compound class
can also prevent SKM atrophy in HFpEF. For this, we selected
the ZSF1 rat model that is commonly used to investigate
interventional strategies in HFpEF.3,24,25 As compound, we
selected MyoMed-205 that has improved serum stability
when compared with initial lead compound ID#70494621,22

(see Supporting Information, Figure S1).

Materials and methods

Study design

ZSF1-lean (n = 25) and ZSF1-obese (n = 40) animals were pur-
chased from Charles River (Figure 1A). At an age of 20 weeks,
10 animals from each group were withdrawn from the study
cohort to assess the development of HFpEF by echocardiog-
raphy and invasive haemodynamic measurements and to
document SKM and endothelial dysfunction. The remaining
ZSF1-obese animals were randomized either into a placebo
group receiving normal rat chow (obese, n = 15) or a
treatment group (n = 15) receiving rat chow containing
MyoMed-205 (obese + MyoMed-205; 0.1% w/w). MyoMed-
205 is a close structural analogue of the previously described
compound ID#70494621,22 but has improved serum stability
and bioavailability to muscle (see Figure S1). The ZSF1-lean
animals served as healthy control group (lean, n = 15). After
12 weeks of treatment, functional measurements on the
myocardium (echocardiography and invasive haemodynamic
measurements) were performed. At the end of the invasive
haemodynamic measurement, the animals were sacrificed
by bilateral thoracotomy. While the rats were under a
surgical plane of anaesthesia, the extensor digitorum longus
(EDL), the soleus muscle (SO), and the carotid artery were
prepared for functional analyses. In addition, organ weights
of SKM [SO, EDL, and tibialis anterior (TA)] and heart were
determined and organs were snap frozen in liquid nitrogen.
All experiments and procedures were approved by the local
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animal research council, TU Dresden and the Landesbehörde
Sachsen (TVV 42/2018).

Echocardiography

Rats were anaesthetised by isoflurane (1.5–2%), and
transthoracic echocardiography was performed using a Vevo
3100 system and a 21-MHz transducer (Visual Sonic, Fujifilm)
to assess cardiac function as recently described.24,25 For a
detailed description, see supporting information.

Invasive haemodynamic measurements

Invasive haemodynamic pressure measurements were per-
formed as the terminal procedure as recently described.25

For a detailed description, see supporting information.

Skeletal muscle trophicity and function

Determination of total muscle weights, normalization to tibia
length, and determination of myofibrillar cross-sectional
areas (CSAs) in dissected TA were performed as described
previously.21 For force measurements, the right EDL and the
left soleus were dissected and mounted vertically in a
Krebs–Henseleit buffer-filled organ bath between a hook
and a force transducer. Force and fatigue measurements
were performed as described earlier.25 For a detailed
description, see supporting information.

Measurement of carotid artery function

Vessel function of carotid artery rings (2–3 mm) was analysed
in vitro (DMT multimyograph System 620 M). For a detailed
description, see supporting information.

Western blot analysis

Frozen muscle samples were homogenized in Relax buffer
(90 mMol/L HEPES, 126 mMol/L KCl, 36 mMol/L NaCl,
1 mMol/L MgCl, 50 mMol/L EGTA, 8 mMol/L ATP,
10 mMol/L creatinphosphate; pH 7.4) containing a protease
inhibitor mix (Inhibitor mix M, Serva, Heidelberg, Germany).
Protein quantification by western blot analysis was
performed as recently described26,21 using the specific
antibodies listed in Table S1.

Enzyme activity measurements

Tibialis anterior was homogenized in relaxing buffer and
aliquots were used for enzyme activity measurements.

Enzyme activities for citrate synthase (CS) and mitochondrial
complex I were measured spectrophotometrically as
reported earlier.21 Enzyme activity data are presented as
the fold change versus lean.

RNA isolation and quantitative real-time
polymerase chain reaction (PCR)

Total RNA was isolated from LV tissue and real-time PCR was
performed using the CFX384™ Real Time PCR System (BioRad,
USA) and Maxima SYBR Green qPCR Kit (Thermo Scientific,
Germany) as recently described.25 Specific primer sequences
are listed in Table S2. The expression of specific genes was
normalized to its expression in lean. The CFX Maestro
program (BioRad, USA) was used to calculate relative gene
expression.

Analysis of mtDNA/nDNA ratio

The content of mitochondrial (mt-DNA) and nuclear DNA
(nDNA) was assessed by PCR as described by Quiros et al.,27

and the relative expression was calculated using the CFX
Maestro program (BioRad). For amplification of mtDNA,
sequences of 16S rRNA and ND1 were used. Foxo3, Sirt1,
and Myod1 specific sequences were amplified for nuclear
DNA and used as housekeeping genes for standardization.
Specific primer sequences are listed in Table S2.

Quantification of perivascular fibrosis

Paraffin sections were stained with Picrosirius red and
perivascular fibrosis around arteries, expressed as
perivascular fibrosis ratio (PFR) was quantified as described
by Dai and colleagues.28 PFR was defined as the area of
perivascular fibrosis divided by the area of the vascular wall,
averaged over all quantifiable images of arteries taken from a
section.

Assessment of titin phosphorylation

Homogenized myocardial samples (20 μg) were separated
using a 2% agarose gel as described elsewhere.29 After O/N
fixation (50% methanol/10% acid acid) gels were stained with
Pro-Q Diamond phosphoprotein stain (ThermoFisher,
Waltham, Ma, USA) for 1 h and subsequently with SYPRO
Ruby (ThermoFisher, Waltham, Ma, USA) overnight.
Phosphorylation signals for titin proteins on Pro-Q Diamond-
stained gels were normalized to SYPRO Ruby-stained total
protein signals.
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MMP zymography

MMP2 activity in myocardial tissue was assessed as recently
described.3,24 For detailed information, see supporting
information.

Quantification of NT-proBNP, cGMP, and
triglyceride content

The plasma concentration of NT-proBNP and the concentra-
tion of cGMP in LV tissue were determined using
enzyme-linked immunosorbent assays (NT-proBNP: MBS,
BIOZOL, Germany; cGMP: CUSABIO, Wuhan, China)
according to the manufacturer’s protocols.

Triglyceride concentration in the TA muscle was measured
using a triglyceride quantification kit (Sigma) according to the
manufacturer’s protocol.

Proteomic analysis

Mass spectrometry based proteomic analysis was performed
as recently described21,23 using five TA muscle from each
group (ZSF1-lean, ZSF1-obese, ZSF1-obese treated with
MyoMed-205, respectively). For detailed analysis, see
supporting information.

MuRF1 knockout animals

The mice used in the present study are all on a clean C57/BL6
background. Details on the gene inactivation of MuRF1 is
given in Witt et al.30 At an age of 10 weeks, C57/BL6 and
MuRF1-KO animals were sacrificed, and SKM tissue (TA
muscle) was snap frozen for molecular analyses.

Statistical analyses

Data are presented as mean ± SEM. One-way analysis of var-
iance (ANOVA) followed by Bonferroni post hoc was used to
compare groups, while two-way repeated measures ANOVA
followed by Bonferroni post hoc was used to assess contrac-
tile function (GraphPad Prism). Significance was accepted as
P < 0.05. For proteome analysis, P values were corrected
for multiple hypothesis testing using the R implementation
of Benjamini–Hochberg’s FDR.

Results

At randomization ZSF1-obese rats present with a
HFpEF syndrome including SKM atrophy and
endothelial dysfunction

Comparison of ZSF1-obese and ZSF1-lean animals at week 20
already detected a significant increase in body weight, E/e′,

left ventricular end-diastolic pressure (LVEDP), and the devel-
opment of cardiac hypertrophy, accompanied by an increase
of systemic NT-proBNP levels. In contrast, left ventricular
ejection fraction was not significantly different between both
groups. For detailed results, see Table S3. Based on the
echocardiographic and invasive haemodynamic evaluation,
the ZSF1-obese animals developed HFpEF before they were
randomized either into the MyoMed-205 treatment or
placebo group, respectively. In accordance with earlier
studies,3,25 ZSF1-obese animals also developed SKM atrophy
in the TA muscle (Figure 1B,C), and muscle dysfunction was
evident when measuring specific muscle force in the EDL
muscle (Figure 1D,E). Furthermore, endothelial dysfunction
was evident in the carotid artery (Figure 1F,G).

MuRF1 based intervention to HFpEF by feeding
with MyoMed-205 spiked food

Food supplementation with compound at a dosage of 0.1%
w/w was well tolerated by the animals, and no complica-
tions were observed (i.e. no deaths, change in food-up take,
activity, and grooming). Furthermore, feeding of
MyoMed-205 to healthy wild type Sprague Dawley rats
had no impact on SKM atrophy, SKM and myocardial
function (Figure S2), and MMP2 activity in the myocardium
(Figure S3). Consistent with this, toxicology assessment of
MyoMed-205 chow in rats according to the OECD-423 dose
escalation protocol (for detailed information on the
OECD-423 protocol, see https://ntp.niehs.nih.gov/iccvam/
suppdocs/feddocs/oecd/oecd_gl423.pdf) indicated that
dosages of 0.3–2 g/kg were tolerated without detectable
side effects. Food uptake was not different between
ZSF1-obese animals receiving normal chow or MyoMed-205
chow (control chow: 26.0 ± 0.8 vs. MyoMed-205 chow:
26.7 ± 1.0 g food per animal per day; P = NS). In contrast,
body weight gain was significantly greater during the
12 weeks in the animals fed with MyoMed-205 chow
(control chow: 83.5 ± 3.3 vs. MyoMed-205 chow:
110 ± 3.8 g; P < 0.0001).

Skeletal muscle improvements in ZSF1-obese rats
after MyoMed-205 treatment

After the 12 week feeding intervention, muscle weights,
normalized to tibia length, indicated no difference for SO
after 12 weeks of treatment. In contrast, EDL weights were
significantly increased in the obese-MyoMed-205 group by
treatment (Figure 2A,B). In TA, the development of HFpEF
was associated with muscle atrophy (Figure 2C). Feeding with
MyoMed-205 attenuated both, TA weight and myofibre cross
sectional area (CSA) loss in obese rats (Figure 2C,D).
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Evaluating muscle function at week 32, explanted EDL and
SO muscles from obese rats had significantly reduced
absolute muscle forces when compared with lean controls
(Figure 3A,B): maximum absolute force was impaired in
ZSF1-obese by 8% for EDL (Figure 3C) and 17% for SO
(Figure 3D). In contrast, obese animals treated with
MyoMed-205 until week 32 Sol and EDL had maximal
absolute forces that were not significantly different from lean
healthy controls (Figure 3C,D). Next, we normalized forces to
CSA to determine if fibre loss was causative or rather myofi-
brils were impaired per se in their force generation. Determi-
nation of this specific muscle force indicated significantly
lower specific muscle forces in the EDL (Figure 3E) and SO
muscles in obese animals (Figure 3F). Maximal specific force
was reduced by 16% in EDL (Figure 3G) and 14% in the SO fi-
bres (Figure 3H). Treatment with MyoMed-205 significantly
improved maximal specific force in EDL (Figure 3G). In SO,
the force increase was small and not significant after normal-
ization to CSA (Figure 3H). With respect to muscle fibre
fatigue, we detected earlier fatigue of Sol and EDL fibres from
ZSF1-obese animals compared with ZSF1-lean healthy

controls (Figure S4). MyoMed-205 had no effect on muscle
fatigability.

These MyoMed-205 induced muscle changes were inde-
pendent of changes in muscle fat content: the triglyceride
content of the TA muscle did not change with MyoMed-205
treatment (lean: 0.71 ± 0.15; obese: 2.25 ± 0.41*,
obese + MyoMed-205: 2.29 ± 0.57* nmol/mg protein;
*P < 0.05 vs. lean).

Molecular signatures underlying SKM myopathy
in ZSF1-obese rats and their attenuation by
MyoMed-205

As shown earlier, the development of HFpEF in the
ZSF1-obese animals was associated with muscle atrophy,
most pronounced in the TA muscle, and this was partially re-
versed by MyoMed-205 (Figure 2). An important mechanism
inducing muscle atrophy is the activation of the ubiquitin
proteasome system which is promoted by specific ubiquitin
E3-ligases including MuRF1, MafBx and Trim72 (also known

(A) (B)

(C) (D)

Figure 2 MyoMed-205 increased muscle weight and cross sectional area in TA muscle. Muscle wet weight normalized to tibia length was measured in
the soleus (A), EDL (B), and TA (C) muscle of ZSF1-lean (lean), ZSF1 obese (obese), and ZSF1-obese rats treated with MyoMed-205 (obese + MyoMed-
205) (n = 14–15 per group). In addition, cross sectional area (CSA) was quantified in the TA muscle of each group (n = 10 per group) (D). Representative
histological images (nuclei stained with haemalaun) for CSA are depicted. Results are expressed as mean ± SEM.
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as Mitsugumin-53). Therefore, we analysed the protein syn-
thesis of MuRF1 (Figure 4A), MafBx (Figure 4B), and Trim72
(Figure 4C) in TA muscle. This revealed a significant
up-regulation of MuRF1 and Trim72 in obese animals, which
was blunted after MyoMed-205 treatment. Consistent with
MuRF1 and Trim72 elevation, total ubiquitinated proteins
were also up-regulated in ZSF1-obese rats. Again, this effect
was partially reversed by MyoMed-205 (Figure 4D). For
MafBx, no difference was seen between the three groups.

Unbiased proteome analysis of TA muscle revealed that
from a total of 3179 protein fragments detected, 81 were sig-
nificantly different in their abundance between the ZSF1-lean
and ZSF1-obese groups (P < 0.01, Benjamini–Hochberg
corrected). When comparing TA proteomes of ZSF-1 obese
treated and non-treated groups, 31 proteins were differently
expressed (P < 0.05) (the results from the proteome analysis
are depicted in Table S4). Finally, eight proteins were inde-
pendently identified as being differentially expressed in both
data sets (Figure 5A; and not different between lean and

obese + MyoMed-205). Of these eight proteins, five are
involved in mitochondrial dynamics, autophagy, or energy
metabolism. For Ndufb5, Ndufb6, Fis1, and glutathione syn-
thase (GSS), we confirmed their differential expression by
WBs or RT-PCR in the respective TA muscles (Figure 5B–E).
In previous investigations, subunits of the mitochondrial
NADH dehydrogenase were noted in MuRF1 Y2H screens.31

Taken together the alterations in the HFpEF proteomes
indicated mitochondrial stress, and MyoMed-205 treatment
attenuated the effects on mitochondrial metabolism.

Impact of MyoMed-205 on components of the
mitochondrial respiratory chain

Based on the proteome results and in consideration that a
connection between the mitochondrial network and its
energy supply and muscle atrophy has been described,32 we
assessed next the synthesis and/or activity of components

(A) (B)

(C) (D)

Figure 4 Impact of MyoMed-205 on protein synthesis of atrophy related proteins in TA muscle. Protein synthesis of atrophy related proteins (A–D)
was quantified by western blot analysis in TA muscle homogenates obtained from ZSF1-lean (lean), ZSF1 obese (obese), and ZSF1-obese rats treated
with MyoMed-205 (obese + MyoMed-205). As atrophy related proteins MuRF1 (A), MAFBx (B), Trim72 (C), and ubiquitinylated proteins (D) were mea-
sured. Results are expressed as mean ± SEM (n = 10–14 per group). Representative western blots are depicted.
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of the mitochondrial respiratory chain. When quantifying
total mitochondrial content via the synthesis of porin
(Figure 6A) or the ratio of mitochondrial/nuclear DNA
(Figure S5), we detected no significant difference between
the three groups. Assessment of mitochondrial complex I
activity revealed a significant up-regulation in MyoMed-205
treated animals when compared with untreated obese
animals (Figure 6B). Quantifying the protein synthesis of
mitochondrial complex I (Figure 6C), complex II (Figure 6D),
complex III (Figure 6E), complex IV (Figure 6F), and complex
V (Figure 6G), an up-regulation was seen in obese animals
fed with MyoMed-205. In addition, CS enzyme activity was
significantly up-regulated in obese-MyoMed-205 TA muscle
when compared with untreated obese rats (Figure 6I).
Conversely, uncoupling protein 3 (UCP3) was significantly
down-regulated after MyoMed-205 feeding with no change
between lean and obese (Figure 6J).

Activity of mitochondrial complex I and SDH in TA
muscle of MuRF1 knockout animals

To investigate if the effect of MyoMed-205 on mitochondrial
metabolism, especially on mitochondrial complex I and SDH,
is an ‘off-target’ effect of this compound or possibly
connected to its MuRF1 knock-down activity, we next deter-
mined the mitochondrial complex I and SDH activities in the
TA muscle of MuRF1-KO mice. As depicted in Figure S6, the
activity of mitochondrial complex I and SDH was significantly
higher in the TA muscle of the MuRF1-KO animals when com-
pared with C57/BL6 animals (Figure S6A,B). This increase in
activity was independent of mitochondrial content, because
the synthesis of porin (marker for mitochondrial content)
was similar in both groups (Figure S6C). In conclusion, our
data suggest that MuRF1 activity/synthesis is negatively
correlated to the activity of key markers (i.e. complex I and
SDH) for mitochondrial oxidative phosphorylation.

Myocardial effects of Myomed-205 on left
ventricular compliance and protein synthesis

During ageing from 20 to 32 weeks, obese ZSF1 rats progres-
sively developed diastolic dysfunction (increase in E/e′ and
LVEDP), whereas systolic function (LVEF) remained preserved
(Figure S7A,B). Treatment with MyoMed-205 for 12 weeks
significantly improved diastolic functions (see LVEDP and
E/e′ in Figure S7). In particular, during the last 4 weeks, com-
pound treatment did not only slow down the development of
diastolic heart failure but even reversed progression towards
diastolic heart failure. With regard to myocardial hypertro-
phy markers (heart weight, LVAW, and LVPW, Table 1),
MyoMed-205 treated obese animals showed a slight but sig-
nificant reduction compared with untreated obese animals.

In addition, MyoMed-205 treatment reduced left ventricular
myocardial stiffness (measured as stiffness factor beta)
(Table 1).

Next, we studied the molecular signatures in LV tissues of
treated and non-treated ZSF1 obese rats to gain insights on
the molecular mechanisms associated with HFpEF and its
potential attenuation by MyoMed-205 feeding. Previously
suggested mechanisms responsible for causing a loss of
myocardial compliance in HFpEF are fibrosis including
up-regulation of metalloproteinase-2 (MMP2), titin filament
stiffening by perturbed phosphorylation,33 and increased
advanced glycation end-products (AGEs).34 Consistent with
this, LV tissue of obese animals presented with increased
fibrosis and elevated MMP2 activity (Figure 7A,B). Titin was
overall hypo-phosphorylated compared with ZSF1-lean
(Figure 6C) and cGMP levels were lower in LV by 22%, but this
did not reach statistical significance (lean: 1 ± 0.07 vs. obese:
0.78 ± 0.07 x-fold vs. lean; P = 0.07). Feeding with MyoMed-
205 attenuated and in part reversed these alterations:
perivascular fibrosis in the obese animals fed with
MyoMed-205 for 12 weeks was significantly lower when
compared with lean and untreated obese animals
(Figure 7A). Consistent with this, MMP2 activity was signifi-
cantly decreased in the LV after feeding MyoMed-205 when
compared with control and untreated obese ZSF1 rats
(Figure 7B). Feeding with MyoMed-205 almost normalized
the phosphorylation status of titin (Figure 7C) and increased
cGMP levels in LV (obese: 0.78 ± 0.07 vs. obese + MyoMed-
205: 1.39 ± 0.11 x-fold vs. lean; P < 0.001). AGEs were
significantly lower in LV of MyoMed-205 fed animals with
no difference between lean and obese (Figure 7D).

Finally, consistent with changes in fibrosis and extracellular
matrix composition, mRNA expression analyses showed that
ANP (Figure 7E), BNP (Figure 7F), collagen-1 (Figure 7G),
and collagen-3 (Figure 7H) transcripts were significantly aug-
mented in LV of obese animals. Feeding with MyoMed-205
reduced the transcription of ANP, Col 1a1 and Col 3a1 and
no significant difference to lean healthy control animals was
detected (Figure 7E–H).

Endothelial function and the impact of
MyoMed-205

Measurement of maximal tension of carotid artery segments
of ZSF1-obese animals revealed a significant lower tension
calculated per artery length when compared with ZSF1-lean
animals (Figure S8A). No beneficial impact of MyoMed-205
feeding on tension development was observed (Figure S8A).
We observed a significant impaired vasodilation in the
obese animals compared with lean control animals when
analysing endothelial-dependent (Figure S8B) and
endothelial-independent (Figure S8C) vasodilation. Feeding
of MyoMed-205 to ZSF1-obese animals for 12 weeks did
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not improve endothelial-dependent (Figure S8B) or
endothelial-independent vasodilation (Figure S8C).

Discussion

Chronic heart failure types, although diverse in their mecha-
nistic basis and pathophysiology, are in general accompanied
during HF progression with an increasing SKM atrophy and
muscle dysfunction. This SKM dysfunction further
exacerbates quality of life and overall prognosis of patients.
We recently reported that the targeting of MuRF1 by small
molecules is a potential strategy to attenuate SKM
dysfunction in HF using murine models with HF development
following lung fibrosis and right ventricular hypertension,22

or after post-infarct left ventricular failure.21 The aim of the

present study was to test if MuRF1 attenuation might also
diminish SKM atrophy in a HFpEF model, because diastolic
heart failure differs regarding its pathophysiological basis
due to preserved cardiac muscle contractility.

MyoMed-205 and skeletal muscle

The effects after MyoMed-205 feeding on SKM are consistent
with our results from the previous murine cardiac cachexia
interventions21,22: compound-feeding attenuated muscle
weight loss in TA and also protected its CSA. Future single
myofibril studies will need to address differential effects of
MyoMed-205 on fibre-types because previous studies on
MURF1-KO mice noted a preferential protection of SKM fast
fibres.35 Also, the SKM myocellular changes that we detected
by western blot in TA were similar to our previous cardiac

Table 1 Animal characteristics at 32 weeks of age

Parameter Control (n = 15) HFpEF (n = 15) HFpEF + MyoMed-205 (n = 15)

Body weight (g) 265 ± 4 559 ± 9*** 558 ± 5***
Tibia length (TL, mm) 38.2 ± 0.1 38.1 ± 0.1 38.0 ± 0.1
Heart weight/TL (mg/mm) 23.54 ± 0.31 35.44 ± 0.50*** 34.04 ± 0.35***,§

Lung weight (wet/dry) 4.72 ± 0.07 4.18 ± 0.05*** 4.08 ± 0.03***
Serum glucose (mg/dL) 324 ± 20 572 ± 22*** 505 ± 16***
NT proBNP (pg/mL) 96.9 ± 9.4 209.0 ± 38.2* 162.8 ± 25.4
Echocardiography
LV mass (mg) 890 ± 11 1274 ± 20*** 1224 ± 17***
LVEF (%) 79.0 ± 1.1 74.3 ± 1.2** 79.6 ± 0.9§§

LVFS (%) 52 ± 1.7 54 ± 1.3 45 ± 2.1
LVSV (μL) 441 ± 28 511 ± 17* 489 ± 19
LVEDV (μL) 555 ± 34 691 ± 25*** 605 ± 24§§

E/e′ 21.6 ± 0.4 27.9 ± 0.7*** 23.4 ± 0.6§§§

E/A 1.2 ± 0.1 1.4 ± 0.1** 1.2 ± 0.06§§

LAA (mm2) 17 ± 1.1 21 ± 0.8** 22.36 ± 0.6***
LVAW (mm) 1.76 ± 0.06 2.03 ± 0.07** 2.08 ± 0.06**
LVPW (mm) 1.66 ± 0.09 2.02 ± 0.09* 2.15 ± 0.09**
LVID 6.76 ± 0.11 7.97 ± 0.19*** 7.47 ± 0.18**
Aortic valve area (mm2) 5.64 ± 0.57 3.29 ± 0.21*** 6.05 ± 0.64§§§

Aortic valve peak pressure (mmHg) 13.39 ± 2.52 28.57 ± 3.39** 19.82 ± 1.93§

Invasive haemodynamic measurements
Ascending aorta
SAP (mmHg) 125 ± 6 180 ± 4*** 177 ± 6**
DAP (mmHg) 95 ± 5 113 ± 3** 115 ± 4**
MAP (mmHg) 105 ± 6 136 ± 3*** 136 ± 5***

Left ventricle (LV)
LVEDP (mmHg) 15 ± 1 22 ± 1*** 16 ± 1§§

LVESP (mmHg) 113 ± 8 165 ± 5*** 159 ± 9***
LVEDV (μL) 434 ± 29 622 ± 47** 507 ± 16
LVESV (μL) 134 ± 17 291 ± 31*** 166 ± 13§§

dP/dt max (mmHg/s) 5791 ± 310 9864 ± 411*** 9885 ± 439***
dP/dt min (mmHg/s) �6055 ± 411 �8148 ± 323*** �8051 ± 416*
dV/dt max (μL/s) 14 972 ± 1752 15 263 ± 926 12 407 ± 1598
dV/dt min (μL/s) �12 495 ± 1344 �13 666 ± 1874 �13 296 ± 1211
LV stiffness constant betaw 0.28 ± 0.05 2.54 ± 0.67* 0.70 ± 0.14§

Slope LV-Ees (mmHg/μL) 0.11 ± 0.02 0.25 ± 0.06* 0.30 ± 0.05**
*P < 0.05.
**P < 0.01.
***P < 0.001 vs. control.
§P < 0.05.
§§P < 0.01.
§§§P < 0.001 vs. HFpEF.
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cachexia studies: MuRF1 and also TRIM72 were
down-regulated in TA from MyoMed-205 fed ZSF1 rats.
Consistent with this, total muscle protein ubiquitination was
reduced. Compound feeding augmented the activity of mito-
chondrial oxidative phosphorylation enzymes in SKM extracts
similar to our previous cardiac cachexia studies. Proteome
analysis further demonstrated compound effects on mito-
chondrial metabolism as possible basis for the beneficial
effects of MyoMed-205 treatment: more than half of the
proteins differentially expressed in SKM are mitochondrial
proteins. Subunits of the mitochondrial NADH dehydroge-
nase were previously noted in MuRF1 Y2H screens.31 Inter-
estingly, studies on MuRF1 knockout animals also implicate
MuRF1 in the negative regulation of mitochondrial oxidative
phosphorylation. Therefore, the stimulative effects of
MyoMed-205 on SKM mitochondrial energy production are
consistent with its role as MuRF1 inhibitor. The crosstalk
between MuRF1 and mitochondria is further supported by
proteome data, where besides structural proteins, also
mitochondrial proteins involved in energy metabolism or
maintaining mitochondrial function were detected: Timm9,
Ndufa3, and Mrps5 in the HFrEF model21; Smdt1, Cox3,
Cpt2, Qil1, and Lyrm4 in the tumour cachexia model23; Fis1,
Oat, Ndufb6, Ndufb5, and Fundc2 in the present HFpEF
model.

Therefore, in summary, our rodent intervention studies
with MyoMed-205 or ID#704946 suggest a potential to atten-
uate SKM myopathy in the three mechanistically different
heart failure types studied so far [right ventricular failure,22

left ventricular post MI failure,21 and diastolic heart failure
(present study)]. The unexpected range of drug effects makes
future studies mandatory to determine how MyoMed-205
attenuated muscle atrophy and improved mitochondrial
oxidative phosphorylation: this may involve possible
off-target effects and/or MuRF1-mediated regulatory
crosstalk between mitochondrial energy production and mus-
cle trophicity, including perhaps titin filament stiffness regula-
tion by phosphorylation and ROS mediated modifications.
The modulation of mitochondrial enzymes activities like mito-
chondrial complex I might reflect a MuRF1-specific role and
not merely an off-target effect of MyoMed-205, because
the same effects were seen in MuRF1 knockout animals
(Figure S6). Another unexpected finding is the significant
down-regulation of UCP3 protein in the TA muscle of obese
rats treated with MyoMed-205. We speculate that a reduced
UCP3 synthesis could hypothetically enhance the coupling
between the TCA cycle and mitochondrial ATP synthesis,
enhancing energetic efficiency.

MyoMed-205 and myocardial effects

In any treatment strategy of SKM myopathy in a HF setting,
potential harmful effects on the cardiac function must be

critically assessed and weighted with benefits. Based on
previous studies, a potential cardio-toxicity when targeting
MuRF1,2 needs to be considered: knockout of MuRF1 in mice
makes their hearts highly vulnerable to left ventricular hyper-
trophy after aortic constriction induced pressure overload,36

whereas overexpression of MuRF1 antagonizes cardiac
myocyte hypertrophic response to agonists.37 Consistent with
this, patients with mutations in MuRF1 gene suffer from
hypertrophic cardiomyopathy, and the overexpression of this
mutant MuRF1 protein in mouse hearts was associated with
cardiac hypertrophy.38 Finally, a recent study suggested that
the interaction of MuRF1 and titin is essential as increased
binding of MuRF1 to titin due to mutations is associated with
hypertrophic cardiomyopathy.39 Therefore, we assessed
both, endothelial and myocardial effects of MyoMed-205
feeding. We could not detect major MyoMed-205 effects on
vascular functions. With regard to the myocardium neither
echocardiographic nor haemodynamic measurements nor
heart mass indicated signs of cardiotoxicity after 12 week
compound intervention to ZSF1 animals or healthy control
animals. Instead, we surprisingly detected a marked improve-
ment of diastolic functions after MyoMed-205 intervention
as indicated by E/e′, LVEDP, stiffness factor beta, and LVEF
in the HFpEF cohort. In addition, we noted that
MyoMed-205 did not increase lung wet to dry ratios, consis-
tent with our earlier study in HFrEF.21

Next, we studied the potential mechanism underlying
improved ventricular compliance after MyoMed-205 by
analysing LV tissues of treated and non-treated ZSF1-obese
rats: histology indicated a marked protection from myocar-
dial fibrosis particularly in the perivascular sections.
Consistent with this, after treatment WBs detected a reduced
collagen expression and reduced MMP2 activity, respectively.
MMP2 is an extracellular matrix-directed metalloproteinase
implicated in fibrosis in a number of pathological conditions
including heart failure.40 In conclusion, protection from
myocardial fibrosis augmenting ECM-based stiffness might
be one mechanism that protects myocardial elasticity in
ZSF1-obese rats. Intracellularly, the elastic titin filament is
the major source of passive stiffness in cardiomyocytes
during physiological amounts of stretch (for a review, see
Granzier et al.41). Consequently, titin filament stiffening has
been suggested to be a major mechanism underlying myofi-
brillar stiffening in HFpEF,42 and mechanistically, this has
been correlated with hypo-phosphorylation of the titin
filament.12 When measuring the level of global titin phos-
phorylation, we detected a small but significant reduction in
the LV of ZSF1-obese animals compared with lean controls
(Figure 4C) and a trend towards lower levels of cGMP. Future
studies are required with site-specific titin antibodies that can
differentiate between PKB and PKG phosphorylation (linked
to titin relaxation), or PKC phosphorylation (linked to titin
stiffening) of titin spring elements. Nevertheless, based on
the observed lower LV cGMP levels in of obese animals, we
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speculate that PKG activity might be reduced, thereby leading
to hypo-phosphorylation of titin. Finally, titin stiffening might
also occur pathologically during metabolic stress by aug-
mented Maillard reaction modifications of the titin filament,
leading to advanced glycation end products (AGE). Consistent
with this hypothesis, we noted a reduction of AGE-modified
proteins in ZSF1-obese rats, and AGE species were reduced
in the ZSF1-obese MyoMed-205 treated group. In summary,
MyoMed-205 protection of intracellular titin-based elasticity
by increased phosphorylation via the cGMP-PKG axis is very
speculative and future studies are required to determine
the relative efficacies of MyoMed-205 on extracellular and
intracellular myocardial stiffness.

Future studies will also need to address if the improved
myocardial function in the ZSF1-obese treated animals is
due to a direct effect of MyoMed-205 on the myocardium
or rather secondary after improved peripheral muscle
function: in our earlier studies,21,22 the related analogue
ID#704946 affected muscle atrophy but had no impact on
myocardial hypertrophy. In contrast, we note here a clear
beneficial effect on diastolic function of MyoMed-205.
Possibly, this might be due to its augmented serum stability
when compared with ID#704946 (Figure S1). Alternatively,
improved SKM functions impacted secondarily on myocardial
function: recent exercise training studies43 reported that an
improved exercise performance and better muscular function
after exercise were closely correlated with an improved myo-
cardial function.

Study limitations

The present study is the first report on beneficial effects of
MyoMed-205 on SKM atrophy/function and myocardial
diastolic function in animals exhibiting HFpEF. However, the
following limitations have to be considered.

First, in the present study, the concentration of
MyoMed-205 (0.1% w/w) was chosen based on previous
studies using MyoMed-20523 or the original lead compound
#70494621–23 in mouse models of different cachectic dis-
eases. To date, no data are available on testing different com-
pound concentrations for their SKM and myocardial effects.
The effects of MyoMed-205 in the present study are compa-
rable with the effects of ID#704946 in our earlier studies.21–23

In our previous murine studies, muscle atrophy in TA was
improved by 10–20%, whereas in the present study, CSAs in
the TA increased by 26% after MyoMed-205 treatment.
Differences in SKM effects might result from different serum
stabilities of MyoMed-205 and ID#704946 that complicates
direct comparisons (Figure S1).

Second, complete gene inactivation of MuRF1 family
members in mice is cardiotoxic.44 In the present study, rats
were treated for 12 weeks with a small molecule interfering
with MuRF1 target recognition. In the case of patients, longer

treatment periods exceeding 1 year will be needed. Possible
side effects when Myomed-205 is given over a longer time
period may preclude its application for treatment of HFpEF
patients. Potentially, toxicology data of non-rodent large
animal models may preclude the launch of human trials and
are urgently needed.

Third, in the present study, we determined an improve-
ment in the overall titin phosphorylation and a modulation
of the extracellular matrix. The relative contributions of both
modulations for increased myocyte stiffness still need to be
determined. Furthermore, it will be of importance to identify
the specific phosphorylation site in the titin molecule
because phosphorylation at different sites in the titin
molecule results in different titin stiffness—PKB and PKG
phosphorylation is linked to titin relaxation whereas the
PKC dependent phosphorylation in the PEVK region of the
titin molecule is linked to titin stiffening.

Fourth, the importance of MyoMed-205 induced modula-
tion of the synthesis of components of the mitochondrial
oxidative phosphorylation (complex I-V) needs to be
validated by metabolic readouts like direct measurements
of oxidative phosphorylation using a Clark electrode.

Conclusions

MyoMed-205 administered over 12 weeks improves myocar-
dial diastolic function and skeletal muscle atrophy/function in
an animal model of HFpEF. Molecular pathways affected by
MyoMed-205 in HFpEF include the UPS and mitochondrial
oxidative phosphorylation for SKM (for a hypothetical model,
see Figure S9) and posttranslational modification of titin and
fibrosis in the myocardium. The observed effects on myocar-
dial and SKM function are probably independent of modulat-
ing hypertension and glucose concentration (Table 1). This in
accordance with an earlier study by our group were the appli-
cation of Sacubitril/Valsartan to ZSF1-obese animals lowered
blood pressure but had no effect on SKM atrophy/function.24

Also, in a separate mouse study, we found that MyoMed-205
had no significant effects on basal glucose or oral glucose
tolerance.45 Future studies are warranted to characterize
the molecular mechanisms responsible for the beneficial
effects of MyoMed-205 on skeletal and myocardial function
and its pharmacology and to address the question if
off-target effects are playing an important role. Nevertheless,
it seems that targeting MuRF1 may represent a new strategy
to improve skeletal and myocardial function in HFpEF.
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