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Abstract: Heart failure with preserved ejection fraction (HFpEF) is characterized by biomechanically
dysfunctional cardiomyocytes. Underlying cellular changes include perturbed myocardial titin
expression and titin hypophosphorylation leading to titin filament stiffening. Beside these well-
studied alterations at the cardiomyocyte level, exercise intolerance is another hallmark of HFpEF
caused by molecular alterations in skeletal muscle (SKM). Currently, there is a lack of data regarding
titin modulation in the SKM of HFpEF. Therefore, the aim of the present study was to analyze
molecular alterations in limb SKM (tibialis anterior (TA)) and in the diaphragm (Dia), as a more
central SKM, with a focus on titin, titin phosphorylation, and contraction-regulating proteins. This
study was performed with muscle tissue, obtained from 32-week old female ZSF-1 rats, an established
a HFpEF rat model. Our results showed a hyperphosphorylation of titin in limb SKM, based on
enhanced phosphorylation at the PEVK region, which is known to lead to titin filament stiffening.
This hyperphosphorylation could be reversed by high-intensity interval training (HIIT). Additionally,
a negative correlation occurring between the phosphorylation state of titin and the muscle force in
the limb SKM was evident. For the Dia, no alterations in the phosphorylation state of titin could be
detected. Supported by data of previous studies, this suggests an exercise effect of the Dia in HFpEF.
Regarding the expression of contraction regulating proteins, significant differences between Dia and
limb SKM could be detected, supporting muscle atrophy and dysfunction in limb SKM, but not in
the Dia. Altogether, these data suggest a correlation between titin stiffening and the appearance of
exercise intolerance in HFpEF, as well as a differential regulation between different SKM groups.

Keywords: HFpEF; ZSF1; skeletal muscle dysfunction; titin; contractile proteins; diaphragm

1. Introduction

Heart failure with preserved ejection fraction (HFpEF) counts for approximately 50%
of all heart failure (HF) cases with a rising prevalence due to an increase in life expectancy
and an increasing prevalence of comorbidities like obesity and diabetes [1]. Besides al-
terations in the myocardium like left ventricular stiffening and increased fibrosis, HFpEF
is also associated with alterations in limb skeletal muscle (SKM). Alterations observed in

Int. J. Mol. Sci. 2024, 25, 6618. https://doi.org/10.3390/ijms25126618 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25126618
https://doi.org/10.3390/ijms25126618
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0009-0000-8110-1943
https://orcid.org/0009-0002-6607-2202
https://orcid.org/0000-0003-0793-7923
https://orcid.org/0000-0002-9009-210X
https://orcid.org/0000-0002-1740-2474
https://orcid.org/0000-0002-7955-7324
https://doi.org/10.3390/ijms25126618
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25126618?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 6618 2 of 19

animal models and HFpEF patients include decreased muscle mass (muscle atrophy) [2,3],
changes in fiber type composition, a reduced fiber to capillary ratio [4–6], increased fat
infiltration [6,7], and reduced mitochondrial function and content [8–10]. Currently, it
is unclear how these changes mechanistically contribute to reduced exercise tolerance, a
hallmark of all HF patients. In addition to changes occurring in limb SKM, alterations in
the diaphragmatic muscle (Dia) have also been described in HF [11,12]. With respect to
the situation in HFpEF, the results obtained in experimental models seem to depend on
the model investigated. Analyzing a pure hypertension model (Dahl salt-sensitive rat), re-
duced diaphragmatic specific muscle force and increased fatigability could be detected [13],
whereas in a metabolically driven HFpEF model (ZSF1 obese rat), no change in maximal
force or peak power of diaphragmatic muscle strips were observed [4].

Titin, which is the largest known protein in nature, spans half of the sarcomere from
the Z-disc to the M-band and is regarded as a regulator of muscle development, function,
and signaling [14,15]. In particular, phosphorylation is known to have an impact on titin
function and stiffness. In HFpEF, titin hypophosphorylation has been detected in the
myocardium of animal models [2,16] and humans [17,18], contributing to myocardial
stiffness and diastolic dysfunction. Molecular remodeling, characterized by an isoform
switch from N2BA to the shorter and stiffer N2B form, together with hypophosphorylation
at the N2B region and hyperphosphorylation in the PEVK region, appears to be the basis
for stress-induced stiffening of titin [19–21].

These previous studies focused on changes at the N2B element of cardiac titin. How-
ever, in the SKM, only N2A (and not the N2B element) is present. With respect to SKM,
a modulation of titin in atrophic situations like muscle unloading [22,23], chronic alco-
hol consumption [24,25], and space-flight [26] has been reported. In conditions of SKM
unloading, for either 7 or 14 days, a significant reduction in full-length titin content was
observed. Treatment with either L-arginine or exercise normalized titin content [22,23].
Also for the Dia, titin alterations are reported in atrophic conditions, like mechanical ven-
tilation of critically ill patients [27]. Besides titin content and secondary modifications
of titin through phosphorylation, acetylation, and ubiquitination, its correct anchoring
to the Z-disc is crucial for proper muscle function [28]. Proteins found in the Z-disc are
important for maintaining the sarcomere structure and enable the sarcomere to facilitate
force transduction and signaling (for review see [29]). The importance of Z-disc proteins
like α-actinin, telethonin, or myotilin is further substantiated by the observation that a loss
is associated with the development of myopathies [30–33].

Given that HFpEF is associated with muscle atrophy and dysfunction and titin, as
well as Z-disc-associated proteins, which are relevant for proper muscle function, we aimed
to determine the protein expression of titin as well as its phosphorylation state in muscle
samples obtained from control and HFpEF rats. Additionally, we assessed the expression
of several proteins that are associated with the contractile apparatus. A schematic drawing,
showing sarcomere organization and skeletal titin structure, summarizes the localization of
the investigated proteins in this study (see Supplemental Figure S1). Overall, we focused on
a comparison between limb SKM and Dia, since, as described above, contrary regulations
were observed in earlier studies. Our results suggest that, in HFpEF, alterations in the
sarcomere, with impacts on titin filaments and the contractile system, also occur in SKM,
possibly contributing to exercise dysfunction in HFpEF.

2. Results
2.1. Animal Characteristics

Our group has recently reported a detailed myocardial characterization of ZSF-1
rats investigated in the present study [34]. These data showed that the obese HFpEF
rats, at 32 weeks of age, had significantly higher body weight and significantly impaired
diastolic function (reduction in E/é) with a preserved, left ventricular, ejection fraction,
when compared to lean controls (con). Altogether, these results clearly show that the
animals developed HFpEF. Regarding the SKM, the HFpEF rats showed significantly
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reduced muscle mass (tibialis anterior (TA) muscle weight relative to tibia length; con:
14.93 ± 0.16 mg/mm vs. HFpEF: 13.83 ± 0.16 mg/mm, p < 0.001). Lower muscle mass was
accompanied by a lower fiber cross sectional area (CSA) (Figure 1A,B). Furthermore, the
HFpEF animals exhibited reduced muscle force development of the soleus muscle (Sol),
as recently reported [35]. In contrast, in the Dia, we found muscle hypertrophy with a
significant increase in CSA (Figure 1C,D).

Figure 1. Cross sectional area (CSA) was determined in the TA (A) and the Dia (C) of control (con)
and HFpEF animals (HFpEF) at the age of 32 weeks. Representative images used for the analyses of
the TA (B) and the Dia (D) are depicted. The results are expressed as mean ± SEM (n = 9–30).

2.2. Expression and Secondary Modifications of Titin

To analyze titin expression, as well as secondary modifications, vertical agarose gel
electrophoresis (VAGE) was performed on tissue samples of TA and Dia. As shown in
Figure 2A a trend towards a lower expression of titin was evident in the TA muscle in
HFpEF, whereas a significantly higher expression was noted in the Dia (Figure 2B). Lowered
expression of titin in the TA was accompanied by a higher ratio of phosphorylated titin
(Figure 2C). This increase in phosphorylation was not observed in the Dia (Figure 2D). To
investigate titin ubiquitination, we performed a Western blot (WB) analysis, using a pan-
ubiquitin antibody. The amount of ubiquitinated titin was normalized to the total amount
of titin (WB analysis using N2A specific antibodies). As depicted in Figure 2E, no change
in the ubiquitinated titin/titin ratio was detected in the TA, whereas a significantly higher
ratio of ubiquitinated titin/titin was observed in the Dia (Figure 2F). For titin acetylation,
no signal could be detected in the TA nor in the Dia.

Furthermore, we were able to detect a significant negative correlation between SKM
force, as determined in an earlier study [35], and the ratio of phospho-titin/titin, for specific
force (r = −0.6987, p = 0.0013) as well as absolute force (r = −0.5921, p = 0.0096).

To validate our titin detection system, we evaluated the titin phosphorylation in the
Myo which, as reported in the current literature [36,37], showed a hypophosphorylation in
HFpEF animals (con: 1.0 ± 0.05 vs. HFpEF: 0.82 ± 0.04, p = 0.003).
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Figure 2. Protein expression (A,B) and secondary modifications of titin. Phosphorylation (C,D) and
ubiquitination (E,F) were quantified by VAGE analysis in skeletal muscle homogenates of TA (A,C,E) and
Dia (B,D,F), obtained from ZSF1-control (con, black circles) and ZSF1-HFpEF rats (HFpEF, black squares)
at the age of 32 weeks. The results are expressed as x-fold vs. control, (n = 7–16 per group). Representa-
tive stains and VAGE blots are depicted (c = con, HF = HFpEF).

2.3. Expression and Secondary Modifications of Myosin Heavy Chain (MHC) and Nebulin

Quantifying the expression levels of myosin heavy chain (MHC) in the TA (Figure 3A)
and the Dia (Figure 3B), no difference between con and HFpEF was evident. With respect
to secondary modifications by phosphorylation or ubiquitination, in the TA, a significant
decrease in phosphorylation (Figure 3C) and a significant increase in ubiquitination of K48
(Figure 3E) in HFpEF were detected. In the Dia, the secondary modifications of MHC were
not significantly different between the two groups, but a tendency for a higher phospho-
rylation of MHC could be observed (Figure 3D,F). Assessment of nebulin expression, an
actin-binding protein that is localized to the thin filament and the Z-disc of the sarcomeres
in SKM, [38], revealed a lower expression in the TA of HFpEF animals (Figure 3G), whereas
the Dia showed no differences between the groups (Figure 3H).
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Figure 3. Protein expression (A,B) and secondary modifications of MHC-like phosphorylation
(C,D) and ubiquitination (E,F)) and protein expression of nebulin (G,H) were quantified by WB and
VAGE analysis in skeletal muscle homogenates of TA (A,C,E,G) and Dia (B,D,F,H) obtained from
ZSF1-control (con, black circles) and ZSF1-HFpEF rats (HFpEF, black squares) at the age of 32 weeks.
The results are expressed as x-fold vs. control (n = 9–17 per group). Representative stains and blots
are depicted (c = con, HF = HFpEF).

2.4. Expression of Proteins Involved in Sarcomere Organization

The expression of SMYD2, a protein playing an important function in sarcomere orga-
nization and maintenance [39] and that is essential for normal skeletal muscle function [40],
is differently regulated in the TA and the Dia of HFpEF animals. In the TA, a significant
downregulation of SMYD2 was detected in HFpEF animals (Figure 4A), whereas in the Dia
an up-regulation was observed (Figure 4B). Regarding the expression of α-actinin, a linker
between titin and the anti-parallel actin filaments, which builds a lattice-like structure
that leads to a stabilization of the contractile apparatus [41], no difference was detected
between con and HFpEF in the TA and the Dia (Figure 4C,D). Another important pro-
tein for structural integrity of sarcomeres at the Z-disc is Myotilin, a binding partner of
α-actinin [39]. Also, for Myotilin, no difference could be detected between con and HFpEF
animals, neither in the TA nor in the Dia (Figure 4E,F).
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Figure 4. Expression of proteins involved in sarcomere organization was quantified by WB analysis
of skeletal muscle homogenates of TA (A,C,E,G) and Dia (B,D,F,H) obtained from ZSF1-control (con,
black circles) and ZSF1-HFpEF rats (HFpEF, black squares) at the age of 32 weeks. As contractile
proteins, SMYD-2 (A,B) and α-actinin (C,D) were measured and as Z-disc proteins MYOT (E,F) and
telethonin (G,H). The results are expressed as x-fold vs. control (n = 8–15 per group). Representative
blots are depicted (c = con, HF = HFpEF).

Telethonin (T-cap) anchors titin in the Z-disc through its N-terminus. T-cap is im-
portant for sarcomere development and stability [42,43]. The protein expression levels of
telethonin were not different between the control and HFpEF in TA and Dia (Figure 4G,H).

2.5. Expression of Ca2+-Related Contractile Proteins

The three subunits of troponin (Tns) (troponin C (TnC), -T (TnT), and -I (TnI)), that
build a complex together with tropomyosin (Tm), are important for the Ca2+-dependent
muscle contraction [44]. TnI, TnT, and Tm showed no differences between HFpEF and
control animals, regarding their protein expression, in neither the TA muscle nor in the Dia
(Figure 5C–H). However, TnC, which is responsible for calcium-binding [45], showed a
strong upregulation of its expression in the Dia (Figure 5B) but not in the TA (Figure 5A).
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Figure 5. Expression of proteins related to Ca2+-dependent muscle contraction was quantified by
WB analysis of skeletal muscle homogenates of TA (A,C,E,G) and Dia (B,D,F,H) obtained from ZSF1-
control (con, black circles) and ZSF1-HFpEF rats (HFpEF, black squares) at the age of 32 weeks. As
proteins, troponin-C (A,B), troponin-I (C,D) troponin-T (E,F), and tropomyosin (G,H) were measured.
The results are expressed as x-fold vs. control (n = 8–15 per group). Representative blots are depicted
(c = con, HF = HFpEF).

2.6. Proteins Related to Muscle Atrophy

Since HFpEF causes chronic stress on muscles, we next looked for atrophy-related
proteins. We investigated the expression of muscle RING-finger protein-1 (MuRF-1), Muscle
Atrophy F-box (MAFbx), four and a half LIM domain 1 (FHL1), and Myostatin (GDF8).
For MuRF-1, an E3-ubiquitin ligase that interacts with titin and nebulin [46], a significant
upregulation of protein expression could be found in the TA of HFpEF animals. In the Dia,
no difference could be detected between control and HFpEF. On the other hand, MAFbx,
an E3-ubiquitin ligase that acts in a similar way to MuRF-1 [46], showed no change in its
expression, neither in the TA nor in the Dia (Figure 6A–D).
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Figure 6. Protein expression of atrophy-related proteins was quantified by WB analysis of skeletal
muscle homogenates of TA (A,C,E,G) and Dia (B,D,F,H) obtained from ZSF1-control (con, black
circles) and ZSF1-HFpEF rats (HFpEF, black squares) at the age of 32 weeks. As atrophy-related
proteins, MAFbx (A,B), MuRF1 (C,D), FHL1 (E,F), and GDF-8 (G,H) were measured. The results
are expressed as x-fold vs. control (n = 12–15 per group). Representative blots are depicted (c = con,
HF = HFpEF).

The third atrophy-related protein, FHL1, is a scaffolding protein that is supposed to
play a role in autophagy-processes in the skeletal muscle [47,48]. In the Dia, no difference
in the protein expression level between the control and HFpEF was evident; a significant
upregulation could be detected in the TA (Figure 6E,F).

The last atrophy-marker we investigated was GDF8. GDF8 belongs to the growth
factor-β superfamily and exhibits transforming characteristics. In the TA, we were able to
detect a significant upregulation in GDF8 expression, whereas a significant downregulation
was evident in the Dia (Figure 6G,H), which aligns with the atrophy and hypertrophy
observed in these respective muscles.

2.7. Site-Specific Phosphorylation of Titin and Impact of Exercise Training on
Titin Phosphorylation

To gain further insights into the mechanistic regulation of SKM titin in HFpEF, we
investigated titin phosphorylation at the PEVK-site (S11878), since increased phosphory-
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lation in this region is known to be associated with fiber stiffness [49,50]. As shown in
Figure 7A, we were able to detect significantly higher S11878 phosphorylation in HFpEF
when compared to con.
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the impact of exercise training on titin phosphorylation was analyzed in quadriceps muscle (Qua)
homogenates obtained from ZSF1-control (con, black circles) and ZSF1-HFpEF rats without (HFpEF,
black squares) and with HIIT (HIIT, black triangles) at the age of 28 weeks (B). The results are
expressed as x-fold vs. control (n = 6–14 per group). Representative stains and blots are depicted
(c = control, HF = HFpEF, HIIT = HFpEF + HIIT). * p < 0.05.

To clarify, if the observed titin hyperphosphorylation in the limb SKM was, at least partly,
elicited by muscle disuse, we used HFpEF animals from an earlier training study [51,52]. The
aim was to investigate if 8 weeks of high intensity interval training (HIIT) was able to reverse
hyperphosphorylation. As shown in Figure 7B, the hyperphosphorylation occurring in HFpEF
could be reversed by HIIT.

3. Discussion

A proven hallmark of HFpEF is exercise intolerance, accompanied with functional,
as well as molecular alterations in limb SKM. This disease is also associated with muscle
dysfunction, early fatigue and muscle atrophy, which can be partly reversed by exercise
training [53,54]. In contrast, the Dia, as a respiratory SKM, shows no alterations regarding
skeletal muscle function in an HFpEF model [4,48,55]. Titin is an important protein for
the regulation of muscle development and contraction. For the myocardium, it is well de-
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scribed that HFpEF models show hypophosphorylation of titin, accompanied by increased
stiffness [17,56]. However, to date, little is known about titin modifications in the SKM in
HFpEF [57]. In the present work, we evaluated the impact of HFpEF on SKM titin and
contraction-regulated proteins, assessing secondary modifications and protein expression.
We compared the molecular characteristics of limb and respiratory SKM, obtained from
a validated animal model of HFpEF. The results of the present study can be summarized
as follows:

• In the limb SKM, we observed a hyperphosphorylation of titin, accompanied by
reduced titin expression. Specifically the phosphorylation of S11878 in the PEVK
region of titin was elevated in HFpEF.

• Titin content and phosphorylation, secondary modifications of MHC, and the expres-
sion of nebulin and proteins involved in sarcomere organization (SMYD2) and muscle
atrophy (MuRF1, FHL1, and GDF8) are differently regulated between Dia and limb
SKM in HFpEF.

• Exercise training via HIIT was able to reverse titin hyperphosphorylation in limb SKM
in HFpEF.

Taken together, these results suggest that in HFpEF titin phosphorylation in skeletal
muscle differs significantly when compared to the myocardium, where titin hypophos-
phorylation is reported [36,37]. In addition, we can conclude that these changes seem to
be partly inactivity-induced, since the given titin modifications were reversible following
prolonged exercise training.

3.1. Titin Phosphorylation and Skeletal Muscle Function

Titin is described, not only as a passive but also an active force generator, playing
an important role in contractile mechanisms [14,58]. Molecular mechanisms like phos-
phorylation, Ca2+ binding, and actin-titin interaction, as well as chaperone binding and
oxidation, are known to regulate the mechanical properties of titin [58]. There are four main
kinases, which phosphorylate titin: PKA, PKG, PKC, and CamKIIδ. PKA and PKG mainly
phosphorylate the N2B-region, leading to a more elastic titin, while PKC and CamKIIδ are
known to stiffen titin through phosphorylation at the PEVK-region [19].

In the myocardium, titin stiffness is regulated through an isoform switch from N2BA
to the shorter and stiffer N2B form, along with hypophosphorylation. This hypophospho-
rylation occurs mainly at the N2B region, while the titin PEVK region, on the other hand,
shows hyperphosphorylation at the S11878 site [19,59,60].

In our study, we showed hyperphosphorylation of limb skeletal muscle titin for the TA
and Qua, along with slightly reduced titin content, in an HFpEF animal model. We were
able to assign this phosphorylation shift to hyperphosphorylation in the PEVK-region at
the S11878 phosphorylation site, which is known to increase passive stiffness [61,62]. This
finding aligns with studies that reported titin-based stiffening of muscle fibers, in multiple
disease, caused by hyperphosphorylation of S11878 [63]. Since there is no N2B region in
the SKM, the second main phosphorylation site of titin is probably the N2A region. Not
much is known about phosphorylation sites in N2A. Recently, it was reported that PKA
mediates N2A phosphorylation but causes, in contrast to N2B phosphorylation, only a
small reduction in passive force [64]. This means that phosphorylation at the PEVK-region
has strong negative effects on titin elasticity, N2B phosphorylation has some positive effects
regarding titin elasticity, and N2A phosphorylation has nearly no beneficial effects on
titin function.

In addition, we were able to identify a negative correlation between the phospho-
rylation state of titin and muscle force. This means that increased titin phosphorylation
was associated with less force production, such that a modulation in titin phosphorylation
might influence exercise performance. This assumption is supported by the intervention of
exercise training in our HFpEF model, as this normalized phosphorylated titin alongside
the ~15% increase in VO2peak, indicating better cardiorespiratory fitness, which was previ-
ously reported in these animals [51]. Furthermore, this effect of exercise training on titin



Int. J. Mol. Sci. 2024, 25, 6618 11 of 19

phosphorylation also indicates that the hyperphosphorylation of titin in HFpEF might be
triggered by disuse.

In limb SKM, a clear hyperphosphorylation of titin was evident; however, we were
not able to see any change in the phosphorylation state of titin in the Dia. In addition,
we detected an upregulation in the total titin content. Others have similarly found an
upregulation of titin in Dia, when introducing exercise to their HFpEF mouse model [57].
Altogether, this supports the hypothesis of a ‘training effect’, due to increased breathing, in
the ZSF-1 animal model [4,13].

This leads us to the assertion that, in contrast to the Myo, hyperphosphorylation in
SKM is linked to increased titin stiffness, which seems to be mainly disuse-induced and
can be reversed by exercise training. This hyperphosphorylation primary takes part in
the PEVK-region of titin. Since, in the SKM, titin cannot adapt its elasticity through N2B
phosphorylation, it seems as if the regulation of stiffness and elasticity is mainly caused by
(de-)phosphorylation of the PEVK-region.

3.2. Contraction-Regulating Proteins—Regulation in HFpEF

Titin is supposed to have a big interactome, divided into proteins interacting with
the Z-disc, I-band, M-band, and A-band [65]. Titin-based molecular and conformational
changes can lead to different alterations, regulating protein synthesis and degradation [14].
Therefore, we investigated proteins known to interact with titin and observed the expression
changes in our HFpEF-animal model.

MHC is a direct interaction partner of titin’s A-band [65]. For total MHC, no changes
in protein expression were evident, but significant alterations in phosphorylation and
ubiquitination as secondary modifications were observed. Especially in limb SKM, reduced
phosphorylation and enhanced ubiquitination were observed. In contrast, the Dia showed
no changes regarding ubiquitination and a tendency towards a higher phosphorylation.
The relevance of these secondary modifications, regarding the structural and enzymatic
function of MHC remains speculative. In a recently published manuscript, Landim-Vieira
and colleagues reported that MHC hypophosphorylation at S210 and T215 alters ADP-
release, ATPase activity, and sliding velocity [66]. In addition, hypophosphorylation is
also associated with perturbed cross-bridge kinetics [67]. Unfortunately, these experiments
were performed in myocardial tissue, so no data are available for SKM.

Regarding the preservation of muscle function, nebulin, an 800 kDa protein [68], is
crucial. It interacts with the Z-disc of titin, is incorporated with the thin filament of the
sarcomere, and is supposed to be inextensible. Moreover, little information is available for
nebulin, since many mutations make it hard to predict functional roles as well as genotypic
and phenotypic outcomes [38]. In our HFpEF rat model, we observed a downregulation of
nebulin in the TA, which may contribute to impaired muscle function.

SMYD2 is a lysine methyltransferase [69], implicated to be important for titin stability
and normal skeletal muscle function [40]. In HFpEF, a significant downregulation in the
TA but an upregulation in the Dia could be observed. This follows the suggestion that
a reduction in SMYD2 expression has a structurally negative effect on the N2A domain
of titin [40], consistent with our results of a titin reduction in the TA and an increase in
the Dia.

Regarding muscle contraction and Ca2+-sensing, the troponin–tropomyosin complex,
which interacts with multiple regions of titin, is crucial for normal function. Troponin
is a hetero-trimer, consisting of three Isoforms: TnC, TnI, and TnT [70–72]. TnC is the
Ca2+ binding part of this complex, TnI plays a role as an inhibitory unit and TnT is
important for binding tropomyosin, which interacts with titin. All three troponin subunits
have different fiber-type-specific isoforms, which are expressed according to the muscle
type. Especially for TnC, a close correlation between MHC- and TnC-isoform expression
could be detected [70,73]. Only TnC showed an upregulation in the Dia, while the other
proteins remained unaltered. In the literature, TnC is mostly described as a calcium-sensing
switch [73]. Depending on the occurring fiber type, two different isoforms of TnC are
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expressed. While fast TnC possesses two calcium-binding sites, the slow isoform has
only one binding-site [73]. Although TnC is not described as the limiting factor in this
complex [70], still we see an upregulation in the Dia. We can only speculate about the
mechanistic background behind this TnC upregulation, but a possible explanation could
be a calcium overload, due to increased work and a potential leak reported in other forms
of heart failure [12]. Another supporting argument for this hypothesis could be the fiber
type switch, towards a slow fiber type, that is evident in the Dia in HFpEF [4]. It has been
suggested, that a TnC-isoform switch towards slow-TnC occurs, along with a reduction in
calcium binding sites [73].

In addition to impaired muscle force and function, our HFpEF model showed muscle
atrophy in the TA, along with reduced CSA. To investigate the molecular mechanism, we
examined the expression of atrophy-related proteins, which interact with titin. MuRF1
and MAFbx are atrophy-related E3-ubiquitin-ligases [74,75], whereas FHL1 is a scaffolding
protein able to modulate myostatin expression [47].

As expected, MuRF1 was significantly upregulated in the TA of HFpEF rats, but,
surprisingly, MAFbx expression was not altered in HFpEF. However, both E3-ligases are
known interaction partners of titin that may influence titin content through degradation
via the autophagosome [75]. MuRF1, in particular, is known to stabilize titin and, in case
of an overexpression, it disrupts titin’s C-terminal domain [76]. This correlates with the
slightly reduced titin expression, as observed in the present study.

FHL1 is an atrophy-related protein that, due to mutations, is associated with severe
muscular dystrophies. Upregulation in FHL1 expression in the myocardium is normally
associated with hypertrophy and reduced FHL1 expression with atrophy [77]. On the other
hand, FHL1 is supposed to activate myostatin in the SKM, resulting in the activation of
autophagy-associated genes and autophagy, along with increased MuRF1 and MAFbx
expression [47].

Consistent with increased FHL1 expression in the TA, we were also able to detect an
upregulation of myostatin in the TA. As described, myostatin, which belongs to the growth
factor-β superfamily, becomes activated by FHL1 and is known to negatively regulate SKM
growth [78]. Furthermore, it is associated with autophagy activation as well as MuRF1 and
MAFbx expression [47]. For the Dia we detected, according to the observed hypertrophy
and the hypothesis of an exercise effect in HFpEF, a significant upregulation of myostatin
was observed in the HFpEF animal.

Other structural Z-discs proteins we investigated, like α-actinin, Myotilin, and telethonin,
remained unaltered in HFpEF. A summary of all protein changes, in response to HFpEF,
within the current study are provided in Table 1.

Table 1. Summarized characteristics and protein levels comparing TA (limb SKM) and Dia.

TA Dia Figure

CSA ↓ ↑ Figure 1

Titin ↘ ↑

Figure 2Phospho-Titin ↑ ↔
Ubi-Titin ↔ ↔

MHC ↔ ↔

Figure 3
Phospho-MHC ↓ ↗

UbiK48-MHC ↑ ↔

Nebulin ↓ ↔
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Table 1. Cont.

TA Dia Figure

SMYD2 ↓ ↑

Figure 4
α-actinin ↔ ↔
Myotilin ↔ ↔

Telethonin ↔ ↔
Troponin-C ↔ ↑

Figure 5
Troponin-I ↔ ↔
Troponin-T ↔ ↔

Tropomyosin ↔ ↔
MuRF-1 ↑ ↔

Figure 6
MAFbx ↔ ↔
FHL-1 ↑ ↔
GDF8 ↑ ↓

↑ significant upregulation, ↓ significant downregulation, ↘ tendency towards downregulation, ↗ tendency
towards upregulation, and ↔ no changes in HFpEF compared to the control.

3.3. Limb SKM vs. Diaphragm

In our study, we not only detected differential regulation of titin in HFpEF, between
the heart muscle (Myo) and SKM, but also a divergent response between limb SKM (TA)
and Dia.

While the TA showed strong signs of muscular dysfunction, along with reduced
sarcomere stability and atrophy, the Dia showed signs of improved muscle function, like
hypertrophy and evidence for increased sarcomere stability. These results were accompa-
nied by changes in titin expression.

In the TA, titin hyperphosphorylation, together with a reduced titin amount, was
evident in HFpEF, while the Dia showed no differences regarding titin phosphorylation
but a strong upregulation of titin expression in HFpEF.

For proteins playing an important role in titin function and stabilization, like SMYD2
and nebulin, the results for Dia and limb SKM were opposite. While the Dia showed signs
of improved titin stability, we were able to find evidence for decreasing stability of titin in
limb SKM. These findings correlate with the overall titin levels in the muscle groups.

Furthermore, the limb SKM exhibited muscle atrophy in HFpEF, whereas muscle
hypertrophy was evident in the Dia. This aligns with the modulation of atrophy-related
proteins in the TA but not, or even in the opposite way, in the Dia.

Altogether, these findings indicate that the limb SKM shows strong negative effects,
regarding sarcomere function in HFpEF, while the Dia appears to be protected against
these detrimental changes [4]. Regarding earlier research, this seems to be caused by the
increased breathing frequency in HFpEF [79], causing an exercise training effect in the
Dia. In contrast, the limb SKM shows strong signs for muscle wasting, at least partly
disuse-induced, resulting in restricted muscle function and sarcomere stability.

3.4. Study Limitations

Despite our innovative findings regarding skeletal muscle alterations, with a focus on
titin in HFpEF, some limitations have to be mentioned.

First, for limb muscle characterizations we used different muscle groups from the leg
(TA, Qua, and Sol). However, many studies showed an overall dysregulation in the limb
muscle, independent of specific muscle groups [35,80].

Second, we only investigated changes in ZSF1 rats, which is an artificial model of
HFpEF, triggered by metabolic alterations. However, we did not cover the whole spectrum
of factors that are associated with the expression of the disease, as performed in clinical
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practice. Therefore, a generalization to other forms of HFpEF (e.g., hypertension triggered
HFpEF (Dahl salt-sensitive rats)) is not given. However, in an earlier study, we investigated
several animal models of HFpEF [81] and concluded that the ZSF1 model is the most
suitable for studying SKM alterations in HFpEF.

4. Materials and Methods
4.1. Animals

Female ZSF1 lean (n = 17) (control) and obese (n = 17) (HFpEF) rats (Charles River,
Sulzfeld, Germany) were included in the present study. At the age of 32 weeks, the
animals were sacrificed, muscle function (Sol) was assessed, and muscle tissue (TA, Dia and
Myo) was snap frozen and stored at −80 ◦C or fixed with 4% PBS buffered formalin and
embedded in paraffin. A detailed description of the study design and animal characteristics
is given in a recently published study by our group [34]. Additionally, tissue from the Qua,
obtained from a training study with male ZSF1 rats published by our group [82], was used.

4.2. Analysis of Titin and Nebulin

To analyze the expression of titin and nebulin protein, homogenates of TA, Dia, Myo,
and Qua were resolved on 1% agarose gels, as originally described by [31]. In brief,
pulverized tissue was solved in urea buffer (8 mol/L urea, 2 mol/L thiourea, 0.05 mol/L
Tris pH 6.8, 0.075 mol/L DTT, and 3% SDS) including a protease and phosphatase inhibitor
mix (Serva, Heidelberg, Germany) at a ratio between 1:40 and 1:60 (weight/volume),
carefully inverted several times and heated for 10 min at 60 ◦C. After this, glycerol (final
concentration 25%) was added, followed by a centrifugation step (10 min at 13.200× g).
The supernatant was collected, traces of bromophenol blue were added, and the samples
were stored at −80 ◦C. Protein concentration was measured by using the 660 nm protein
assay (Thermo Fischer Scientific, Waltham, MA, USA). For electrophoresis 3 (TA), up to
6 µg (Dia) of protein was loaded onto the gel and run for 5 h at 15 mA with cooling. For the
assessment of phosphorylated titin and MHC, the gels were stained with Pro-Q™ Diamond
Phosphoprotein Gel Stain, followed by Sypro Ruby gel stain for total titin expression
(both Thermo Fischer Scientific, Waltham, MA, USA), according to the manufacturer’s
recommendation. For the assessment of protein expression, densitometry was performed
using the 1D scan software package version 15.08b (Scanalytics Inc., Rockville, MD, USA).
Measurements for total titin and nebulin were normalized to MHC expression.

To assess nebulin and titin modifications by acetylation and ubiquitination, proteins
were transferred to a polyvinylidene fluoride membrane (PVDF) using a tank blot (140 min
at 40 V). The following antibodies were used: poly-ubiquitin (Cell Systems, Leiden, The
Netherlands; #58395; 1:1000); acetylated-lysine (Cell Signaling, 9441S, 1:1000); titin N2A
(Myomedix, Neckargemünd, Germany, 1 µg/mL); and pSer11878 (generously provided
by Prof. Dr. W. Linke, University Münster, 1:1000) and the ratio to unmodified protein
was calculated. All data are presented as x-fold change, relative to control. Densitometry
was used for quantification (1D scan software package version 15.08b; Scanalytics Inc.,
Rockville, MD, USA).

4.3. Histological Analyses

For the assessment of CSA, paraffin-embedded TA and Dia were sectioned (4 µm),
mounted on glass slides and stained with hematoxylin and eosin. The fiber CSA was
evaluated by imaging software (Zen imaging software, Zeiss, Jena, Germany). A minimum
of 200 fibers per section were measured.

4.4. Western Blot Analyses

For protein quantification Western blot analyses were performed. Frozen muscle
tissue was homogenized in RIPA buffer (50 mmol/L Tris pH 7.4, 1% NP-40, 0.25% Na-
deoxycholate, 150 mmol/L NaCl, and 1 mmol/L EDTA) including a protease inhibitor
mix (Inhibitor mix M, Serva, Heidelberg, Germany). Protein concentration was deter-
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mined (BCA assay, Pierce, Bonn, Germany) and aliquots (10 µg) were separated by SDS-
polyacrylamide gel electrophoresis. Proteins were transferred to a PVDF membrane and
incubated overnight at 4 ◦C, using the following primary antibodies: SMYD2 (21290-
1-AP, 1:2000), α-actinin (14221-1-AP, 1:2000), MYOT (10731-1-AP, 1:2000), FHL1 (10991-
1-AP,1:1000), GDF-8 (19142-1-AP, 1:1000), tropomyosin (11038-1-AP, 1:2000), troponin C
(13504-1-AP, 1:1000), troponin T (15513-1-AP, 1:1000) (all Proteintech, Planegg-Martinsried,
Germany), troponin I (ab184554, 1:2000), telethonin (ab133646, 1:1000), MAFbx (ab168372,
1:1000) (all Abcam, Cambridge, UK), and MuRF-1 (Santa Cruz, Dallas, TX, USA, sc398608,
1:200). Membranes were subsequently incubated with a horseradish peroxidase-conjugated
secondary antibody and specific bands were visualized by enzymatic chemiluminescence
(Super Signal West Pico, Thermo Fisher Scientific Inc., Bonn, Germany). Densitometry
was used for quantification (1D scan software package version 15.08b; Scanalytics Inc.,
Rockville, MD, USA). Measurements were normalized to the loading control GAPDH
(1:10,000; HyTest Ltd., Turku, Finland) or to overall protein loading, as determined by
Ponceau S staining. All data are presented as x-fold change, relative to the control.

4.5. Statistical Analyses

Statistical analysis was performed using a t test, a Kruskal–Wallis Test or an ANOVA
followed Tukey post-test analysis, as appropriate. All findings are reported as
means ± standard error of the mean (SEM). Significance was accepted as p < 0.05.

5. Conclusions

In conclusion, the results of the present work show that there is a significant difference
in titin regulation between myocardial and SKM alterations in an HFpEF-model. In contrast
to the myocardium, we observed a hyperphosphorylation of titin in the limb SKM, as well
as reduced titin levels. This hyperphosphorylation primarily affected the PEVK region of
titin. This follows signs of reduced titin stability and an upregulation of atrophy-related
proteins. It seems that this effect might be related to inactivity, since exercise training
reversed titin hyperphosphorylation.

Additionally, this study strengthens the hypothesis that HFpEF exerts exercise training
effects on the Dia, induced through increased breathing. This assumption was supported
through contrary molecular alterations compared with limb SKM, including upregulation
of titin, unaltered titin phosphorylation-levels, increased titin stability, and hypertrophy.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ijms25126618/s1.

Author Contributions: B.V., A.S., A.A., A.L. and V.A. designed the study, B.V., L.H., P.B. and V.A.
performed experiments and analyzed the data, N.M. statistical analyses, B.V. and V.A. drafted the
manuscript. S.L., M.-E.P.J. and T.S.B. performed the writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and the guidelines of the local animal ethics committee. All experiments and
procedures were approved by the Landesbehörde Sachsen (TVV 34/2020).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: Open access funding was generously provided by the Publication Fund of the
TU Dresden.

Conflicts of Interest: B.V., L.H., A.S., A.A., M.-E.P.J., S.L., T.S.B., and V.A. declare no conflicts of
interest. N.M. reports personal fees from Edwards Lifesciences, Medtronic, Biotronik, Novartis,
Sanofi Genzyme, AstraZeneca, Pfizer, Bayer, Abbott, Abiomed, and Boston Scientific, outside the

https://www.mdpi.com/article/10.3390/ijms25126618/s1


Int. J. Mol. Sci. 2024, 25, 6618 16 of 19

submitted study. A.L. reports grants from Novartis and personal fees from Medtronic, Abbott,
Edwards Lifesciences, Boston Scientific, Astra Zeneca, Novartis, Pfizer, Abiomed, Bayer, Boehringer,
and other from Picardia, Transverse Medical, and Claret Medical, outside the submitted study. The
funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript; or in the decision to publish the results.

References
1. Borlaug, B.A.; Sharma, K.; Shah, S.J.; Ho, J.E. Heart Failure with Preserved Ejection-Fraction: JACC Scientific Statement. J. Am.

Coll. Cardiol. 2023, 81, 1810–1834. [CrossRef] [PubMed]
2. Adams, V.; Schauer, A.; Augstein, A.; Kirchhoff, V.; Draskowski, R.; Jannasch, A.; Goto, K.; Lyall, G.; Männel, A.; Barthel, P.;

et al. Targeting MuRF1 by small molecules in a HFpEF rat model improves myocardial diastolic function and skeletal muscle
contractility. J. Cachexia Sarcopenia Muscle 2022, 13, 1565–1581. [CrossRef] [PubMed]

3. Bekfani, T.; Bekhite, E.M.; Derlien, S.; Nisser, J.; Westermann, M.; Nietzsche, S.; Hamadanchi, A.; Fröb, E.; Westphal, J.; Haase, D.;
et al. Skeletal Muscle Function, Structure, and Metabolism in Patients with Heart Failure with Reduced Ejection Fraction and
Heart Failure with Preserved Ejection Fraction. Circ. Heart Fail. 2020, 13, e007198. [CrossRef] [PubMed]

4. Espino-Gonzalez, E.; Tickle, P.G.; Benson, A.P.; Kissane, R.W.P.; Askew, G.N.; Egginton, S.; Bowen, T.S. Abnormal skeletal muscle
blood flow, contractile mechanics and fibre morphology in a rat model of obese-HFpEF. J. Physiol. 2021, 599, 981–1001. [CrossRef]
[PubMed]

5. Kitzman, D.W.; Nicklas, B.; Kraus, W.E.; Lyles, M.F.; Eggebeen, J.; Morgan, T.M.; Haykowsky, M.J.; Boyes, N.G.; Eckstein, J.;
Pylypchuk, S.; et al. Skeletal muscle abnormalities and exercise intolerance in older patients with heart failure and preserved
ejection fraction. Am. J. Physiol. Heart Circ. Physiol. 2014, 306, H1364–H1370. [CrossRef] [PubMed]

6. Haykowsky, M.J.; Kouba, E.J.; Brubaker, P.H.; Nicklas, B.J.; Eggebeen, J.; Kitzman, D.W. Skeletal Muscle Composition and Its
Relation to Exercise Intolerance in Older Patients with Heart Failure and Preserved Ejection Fraction. Am. J. Cardiol. 2014, 113,
1211–1216. [CrossRef] [PubMed]

7. Ying, W.; Sharma, K.; Yanek, L.R.; Vaidya, D.; Schär, M.; Markl, M.; Subramanya, V.; Soleimani, S.; Ouyang, P.; Michos, E.D.; et al.
Visceral adiposity, muscle composition, and exercise tolerance in heart failure with preserved ejection fraction. ESC Heart Fail.
2021, 8, 2535–2545. [CrossRef]

8. Molina, A.J.A.; Bharadwaj, M.S.; Van Horn, C.; Nicklas, B.J.; Lyles, M.F.; Eggebeen, J.; Haykowsky, M.J.; Brubaker, P.H.; Kitzman,
D.W. Skeletal Muscle Mitochondrial Content, Oxidative Capacity, and Mfn2 Expression Are Reduced in Older Patients with Heart
Failure and Preserved Ejection Fraction and Are Related to Exercise Intolerance. JACC Heart Fail. 2016, 4, 636–645. [CrossRef]
[PubMed]

9. Scandalis, L.; Kitzman, D.W.; Nicklas, B.J.; Lyles, M.; Brubaker, P.; Nelson, M.B.; Gordon, M.; Stone, J.; Bergstrom, J.; Neufer, P.D.;
et al. Skeletal Muscle Mitochondrial Respiration and Exercise Intolerance in Patients with Heart Failure with Preserved Ejection
Fraction. JAMA Cardiol. 2023, 8, 575–584. [CrossRef]

10. Alves, P.K.N.; Schauer, A.; Augstein, A.; Prieto Jarabo, M.-E.; Männel, A.; Barthel, P.; Vahle, B.; Moriscot, A.S.; Linke, A.; Adams,
V. Leucine Supplementation Prevents the Development of Skeletal Muscle Dysfunction in a Rat Model of HFpEF. Cells 2024,
13, 502. [CrossRef]

11. Mangner, N.; Bowen, T.S.; Werner, S.; Fischer, T.; Kullnick, Y.; Oberbach, A.; Linke, A.; Steil, L.; Schuler, G.; Adams, V. Exercise
Training Prevents Diaphragm Contractile Dysfunction in Heart Failure. Med. Sci. Sports Exerc. 2016, 48, 2118–2124. [CrossRef]
[PubMed]

12. Mangner, N.; Garbade, J.; Heyne, E.; van den Berg, M.; Winzer, E.B.; Hommel, J.; Sandri, M.; Jozwiak-Nozdrzykowska, J.; Meyer,
A.L.; Lehmann, S.; et al. Molecular Mechanisms of Diaphragm Myopathy in Humans with Severe Heart Failure. Circ. Res. 2021,
128, 706–719. [CrossRef] [PubMed]

13. Bowen, T.S.; Rolim, N.P.L.; Fischer, T.; Baekkerud, F.H.; Medeiros, A.; Werner, S.; Brønstad, E.; Rognmo, O.; Mangner, N.; Linke,
A.; et al. Heart failure with preserved ejection fraction induces molecular, mitochondrial, histological, and functional alterations
in rat respiratory and limb skeletal muscle. Eur. J. Heart Fail. 2015, 17, 263–272. [CrossRef] [PubMed]

14. Freundt, J.K.; Linke, W.A. Titin as a force-generating muscle protein under regulatory control. J. Appl. Physiol. 2019, 126, 1474–1482.
[CrossRef] [PubMed]

15. van der Pijl, R.J.; Domenighetti, A.A.; Sheikh, F.; Ehler, E.; Ottenheijm, C.A.C.; Lange, S. The titin N2B and N2A regions:
Biomechanical and metabolic signaling hubs in cross-striated muscles. Biophys. Rev. 2021, 13, 653–677. [CrossRef] [PubMed]

16. Hamdani, N.; Franssen, C.; Lourenco, A.; Falcao-Pires, I.; Fontoura, D.; Leite, S.; Plettig, L.; López, B.; Ottenheijm, C.A.; Becher,
P.M.; et al. Myocardial Titin Hypophosphorylation Importantly Contributes to Heart Failure with Preserved Ejection Fraction in a
Rat Metabolic Risk Model. Circ. Heart Fail. 2013, 6, 1239–1249. [CrossRef] [PubMed]

17. Borbely, A.; Falcao-Pires, I.; van Heerebeek, L.; Hamdani, N.; Edes, I.; Gavina, C.; Leite-Moreira, A.F.; Bronzwaer, J.G.F.; Papp, Z.;
van der Velden, J.; et al. Hypophosphorylation of the Stiff N2B Titin Isoform Raises Cardiomyocyte Resting Tension in Failing
Human Myocardium. Circ. Res. 2009, 104, 780–786. [CrossRef]

18. Zile, M.R.; Baicu, C.F.; Ikonomidis, J.S.; Stroud, R.E.; Nietert, P.J.; Bradshaw, A.D.; Slater, R.; Palmer, B.M.; Van Buren, P.; Meyer,
M.; et al. Myocardial stiffness in patients with heart failure and a preserved ejection fraction: Contributions of collagen and titin.
Circulation 2015, 131, 1247–1259. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jacc.2023.01.049
https://www.ncbi.nlm.nih.gov/pubmed/37137592
https://doi.org/10.1002/jcsm.12968
https://www.ncbi.nlm.nih.gov/pubmed/35301823
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007198
https://www.ncbi.nlm.nih.gov/pubmed/33302709
https://doi.org/10.1113/JP280899
https://www.ncbi.nlm.nih.gov/pubmed/33347612
https://doi.org/10.1152/ajpheart.00004.2014
https://www.ncbi.nlm.nih.gov/pubmed/24658015
https://doi.org/10.1016/j.amjcard.2013.12.031
https://www.ncbi.nlm.nih.gov/pubmed/24507172
https://doi.org/10.1002/ehf2.13382
https://doi.org/10.1016/j.jchf.2016.03.011
https://www.ncbi.nlm.nih.gov/pubmed/27179829
https://doi.org/10.1001/jamacardio.2023.0957
https://doi.org/10.3390/cells13060502
https://doi.org/10.1249/MSS.0000000000001016
https://www.ncbi.nlm.nih.gov/pubmed/27327028
https://doi.org/10.1161/CIRCRESAHA.120.318060
https://www.ncbi.nlm.nih.gov/pubmed/33535772
https://doi.org/10.1002/ejhf.239
https://www.ncbi.nlm.nih.gov/pubmed/25655080
https://doi.org/10.1152/japplphysiol.00865.2018
https://www.ncbi.nlm.nih.gov/pubmed/30521425
https://doi.org/10.1007/s12551-021-00836-3
https://www.ncbi.nlm.nih.gov/pubmed/34745373
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000539
https://www.ncbi.nlm.nih.gov/pubmed/24014826
https://doi.org/10.1161/CIRCRESAHA.108.193326
https://doi.org/10.1161/CIRCULATIONAHA.114.013215
https://www.ncbi.nlm.nih.gov/pubmed/25637629


Int. J. Mol. Sci. 2024, 25, 6618 17 of 19

19. Loescher, C.M.; Hobbach, A.J.; Linke, W.A. Titin (TTN): From molecule to modifications, mechanics, and medical significance.
Cardiovasc. Res. 2022, 118, 2903–2918. [CrossRef]

20. Franssen, C.; Miqueo, A.G. The role of titin and extracellular matrix remodelling in heart failure with preserved ejection fraction.
Neth. Heart J. 2016, 24, 259–267. [CrossRef]

21. LeWinter, M.M.; Zile, M.R. Could Modification of Titin Contribute to an Answer for Heart Failure with Preserved Ejection
Fraction? Circulation 2016, 134, 1100–1104. [CrossRef] [PubMed]

22. Yeo, H.S.; Lim, J.Y. Effects of exercise prehabilitation on muscle atrophy and contractile properties in hindlimb-unloaded rats.
Muscle Nerve 2023, 68, 886–893. [PubMed]

23. Ulanova, A.; Gritsyna, Y.; Salmov, N.; Lomonosova, Y.; Belova, S.; Nemirovskaya, T.; Shenkman, B.; Vikhlyantsev, I. Effect
of L-Arginine on Titin Expression in Rat Soleus Muscle after Hindlimb Unloading. Front. Physiol. 2019, 10, 1221. [CrossRef]
[PubMed]

24. Gritsyna, Y.V.; Salmov, N.N.; Bobylev, A.G.; Ulanova, A.D.; Kukushkin, N.I.; Podlubnaya, Z.A.; Vikhlyantsev, I.M. Increased
Autolysis of µ-Calpain in Skeletal Muscles of Chronic Alcohol-Fed Rats. Alcohol. Clin. Exp. Res. 2017, 41, 1686–1694. [CrossRef]
[PubMed]

25. Hunter, R.J.; Preedy, V.R.; Neagoe, C.; Järveläinen, H.A.; Martin, C.R.; Lindros, K.O.; Linke, W.A. Alcohol affects the skeletal
muscle proteins, titin and nebulin in male and female rats. J. Nutr. 2003, 133, 1154–1157. [CrossRef] [PubMed]

26. Vikhlyantsev, I.M.; Okuneva, A.D.; Shpagina, M.D.; Shumilina, Y.; Molochkov, N.V.; Salmov, N.N.; Podlubnaya, Z.A. Changes in
isoform composition, structure, and functional properties of titin from mongolian gerbil (Meriones unguiculatus) cardiac muscle
after space flight. Biochemistry 2011, 76, 1312–1320. [CrossRef] [PubMed]

27. van den Berg, M.; Peters, E.L.; van der Pijl, R.J.; Shen, S.; Heunks, L.M.A.; Granzier, H.L.; Ottenheijm, C.A.C. Rbm20RRM Mice,
Expressing a Titin Isoform with Lower Stiffness, Are Protected from Mechanical Ventilation-Induced Diaphragm Weakness. Int. J.
Mol. Sci. 2022, 23, 15689. [CrossRef] [PubMed]

28. Swist, S.; Unger, A.; Li, Y.; Vöge, A.; von Frieling-Salewsky, M.; Skärlen, A.; Cacciani, N.; Braun, T.; Larsson, L.; Linke, W.A.
Maintenance of sarcomeric integrity in adult muscle cells crucially depends on Z-disc anchored titin. Nat. Commun. 2020, 11, 4479.
[CrossRef] [PubMed]

29. Wadmore, K.; Azad, A.J.; Gehmlich, K. The Role of Z-disc Proteins in Myopathy and Cardiomyopathy. Int. J. Mol. Sci. 2021,
22, 3058. [CrossRef]

30. Savarese, M.; Palmio, J.; Poza, J.J.; Weinberg, J.; Olive, M.; Cobo, A.M.; Vihola, A.; Jonson, P.H.; Sarparanta, J.; García-Bragado,
F.; et al. Actininopathy: A new muscular dystrophy caused by ACTN2 dominant mutations. Ann. Neurol. 2019, 85, 899–906.
[CrossRef]

31. Dalkilic, I.; Schienda, J.; Thompson, T.G.; Kunkel, L.M. Loss of FilaminC (FLNc) Results in Severe Defects in Myogenesis and
Myotube Structure. Mol. Cell Biol. 2006, 26, 6522–6534. [CrossRef] [PubMed]

32. Francis, A.; Sunitha, B.; Vinodh, K.; Polavarapu, K.; Katkam, S.K.; Modi, S.; Bharath, M.M.S.; Gayathri, N.; Nalini, A.; Thangaraj,
K. Novel TCAP Mutation c.32C>A Causing Limb Girdle Muscular Dystrophy 2G. PLoS ONE 2014, 9, e102763. [CrossRef]

33. Reilich, P.; Krause, S.; Schramm, N.; Klutzny, U.; Bulst, S.; Zehetmayer, B.; Schneiderat, P.; Walter, M.C.; Schoser, B.; Lochmüller,
H. A novel mutation in the myotilin gene (MYOT) causes a severe form of limb girdle muscular dystrophy 1A (LGMD1A). J.
Neurol. 2011, 258, 1437–1444. [CrossRef] [PubMed]

34. Schauer, A.; Adams, V.; Kämmerer, S.; Langner, E.; Augstein, A.; Barthel, P.; Männel, A.; Fabig, G.; Alves, P.K.N.; Günscht, M.;
et al. Empagliflozin improves diastolic function in HFpEF by re-stabilizing the mitochondrial respiratory chain. Circ. Heart Fail.
2024, 7, e011107. [CrossRef] [PubMed]

35. Winzer, E.B.; Schauer, A.; Langner, E.; Augstein, A.; Goto, K.; Männel, A.; Barthel, P.; Jannasch, A.; Labeit, S.; Mangner, N.; et al.
Empagliflozin Preserves Skeletal Muscle Function in a HFpEF Rat Model. Int. J. Mol. Sci. 2022, 23, 10989. [CrossRef] [PubMed]

36. Koser, F.; Hobbach, A.J.; Abdellatif, M.; Herbst, V.; Türk, C.; Reinecke, H.; Krüger, M.; Sedej, S.; Linke, W.A. Acetylation and
phosphorylation changes to cardiac proteins in experimental HFpEF due to metabolic risk reveal targets for treatment. Life Sci.
2022, 309, 120998. [CrossRef] [PubMed]

37. Kolijn, D.; Kovács, Á.; Herwig, M.; Lódi, M.; Sieme, M.; Alhaj, A.; Sandner, P.; Papp, Z.; Reusch, P.H.; Haldenwang, P.; et al.
Enhanced Cardiomyocyte Function in Hypertensive Rats with Diastolic Dysfunction and Human Heart Failure Patients after
Acute Treatment with Soluble Guanylyl Cyclase (sGC) Activator. Front. Physiol. 2020, 1, 345. [CrossRef]

38. Yuen, M.; Ottenheijm, C.A.C. Nebulin: Big protein with big responsibilities. J. Muscle Res. Cell Motil. 2020, 41, 103–124. [CrossRef]
[PubMed]

39. Salmikangas, P.; Mykkänen, O.M.; Grönholm, M.; Heiska, L.; Kere, J.; Carpén, O. Myotilin, a Novel Sarcomeric Protein with Two
Ig-like Domains, is Encoded by a Candidate Gene for Limb-Girdle Muscular Dystrophy. Hum. Mol. Genet. 1999, 8, 1329–1336.
[CrossRef]

40. Donlin, L.T.; Andresen, C.; Just, S.; Rudensky, E.; Pappas, C.T.; Kruger, M.; Jacobs, E.Y.; Unger, A.; Zieseniss, A.; Dobenecker,
M.-W.; et al. Smyd2 controls cytoplasmic lysine methylation of Hsp90 and myofilament organization. Genes. Dev. 2012, 26,
114–119. [CrossRef]

41. Noureddine, M.; Gehmlich, K. Structural and signaling proteins in the Z-disk and their role in cardiomyopathies. Front. Physiol.
2023, 14, 1143858. [CrossRef] [PubMed]

https://doi.org/10.1093/cvr/cvab328
https://doi.org/10.1007/s12471-016-0812-z
https://doi.org/10.1161/CIRCULATIONAHA.116.023648
https://www.ncbi.nlm.nih.gov/pubmed/27630137
https://www.ncbi.nlm.nih.gov/pubmed/37772693
https://doi.org/10.3389/fphys.2019.01221
https://www.ncbi.nlm.nih.gov/pubmed/31616317
https://doi.org/10.1111/acer.13476
https://www.ncbi.nlm.nih.gov/pubmed/28800153
https://doi.org/10.1093/jn/133.4.1154
https://www.ncbi.nlm.nih.gov/pubmed/12672935
https://doi.org/10.1134/S0006297911120042
https://www.ncbi.nlm.nih.gov/pubmed/22150276
https://doi.org/10.3390/ijms232415689
https://www.ncbi.nlm.nih.gov/pubmed/36555335
https://doi.org/10.1038/s41467-020-18131-2
https://www.ncbi.nlm.nih.gov/pubmed/32900999
https://doi.org/10.3390/ijms22063058
https://doi.org/10.1002/ana.25470
https://doi.org/10.1128/MCB.00243-06
https://www.ncbi.nlm.nih.gov/pubmed/16914736
https://doi.org/10.1371/journal.pone.0102763
https://doi.org/10.1007/s00415-011-5953-9
https://www.ncbi.nlm.nih.gov/pubmed/21336781
https://doi.org/10.1161/CIRCHEARTFAILURE.123.011107
https://www.ncbi.nlm.nih.gov/pubmed/38847102
https://doi.org/10.3390/ijms231910989
https://www.ncbi.nlm.nih.gov/pubmed/36232292
https://doi.org/10.1016/j.lfs.2022.120998
https://www.ncbi.nlm.nih.gov/pubmed/36179815
https://doi.org/10.3389/fphys.2020.00345
https://doi.org/10.1007/s10974-019-09565-3
https://www.ncbi.nlm.nih.gov/pubmed/31982973
https://doi.org/10.1093/hmg/8.7.1329
https://doi.org/10.1101/gad.177758.111
https://doi.org/10.3389/fphys.2023.1143858
https://www.ncbi.nlm.nih.gov/pubmed/36935760


Int. J. Mol. Sci. 2024, 25, 6618 18 of 19

42. Candasamy, A.J.; Haworth, R.S.; Cuello, F.; Ibrahim, M.; Aravamudhan, S.; Krüger, M.; Holt, M.R.; Terracciano, C.M.N.; Mayr,
M.; Gautel, M.; et al. Phosphoregulation of the Titin-cap Protein Telethonin in Cardiac Myocytes. Phosphoregulation of Cardiac
Telethonin. J. Biol. Chem. 2014, 289, 1282–1293. [CrossRef] [PubMed]

43. Markert, C.D.; Meaney, M.P.; Voelker, K.A.; Grange, R.W.; Dalley, H.W.; Cann, J.K.; Ahmed, M.; Bishwokarma, B.; Walker, S.J.; Yu,
S.X.; et al. Functional muscle analysis of the Tcap knockout mouse. Hum. Mol. Genet. 2010, 19, 2268–2283. [CrossRef] [PubMed]

44. Chang, A.N.; Potter, J.D. Sarcomeric Protein Mutations in Dilated Cardiomyopathy. Heart Fail. Rev. 2005, 10, 225–235. [CrossRef]
[PubMed]

45. Saad, N.S.; Mashali, M.A.; Repas, S.J.; Janssen, P.M.L. Altering Calcium Sensitivity in Heart Failure: A Crossroads of Disease
Etiology and Therapeutic Innovation. Int. J. Mol. Sci. 2023, 24, 17577. [CrossRef] [PubMed]

46. Bodine, S.C.; Baehr, L.M. Skeletal muscle atrophy and the E3 ubiquitin ligases MuRF1 and MAFbx/atrogin-1. Am. J. Physiol.
Endocrinol. Metab. 2014, 307, E469–E484. [CrossRef] [PubMed]

47. Lee, J.Y.; Lori, D.; Wells, D.J.; Kemp, P.R. FHL1 activates myostatin signalling in skeletal muscle and promotes atrophy. FEBS
Open Bio 2015, 5, 753–762. [CrossRef] [PubMed]

48. Adams, V.; Wunderlich, S.; Mangner, N.; Hommel, J.; Esefeld, K.; Gielen, S.; Halle, M.; Ellingsen, Ø.; Van Craenenbroeck, E.M.;
Wisløff, U.; et al. Ubiquitin-proteasome-system and enzymes of energy metabolism in skeletal muscle of patients with HFpEF
and HFrEF. ESC Heart Fail. 2021, 8, 2556–2568. [CrossRef] [PubMed]

49. Kötter, S.; Kazmierowska, M.; Andresen, C.; Bottermann, K.; Grandoch, M.; Gorressen, S.; Heinen, A.; Moll, J.M.; Scheller,
J.; Gödecke, A.; et al. Titin-Based Cardiac Myocyte Stiffening Contributes to Early Adaptive Ventricular Remodeling after
Myocardial Infarction. Circ. Res. 2016, 119, 1017–1029. [CrossRef]

50. Kötter, S.; Gout, L.; von Frieling-Salewsky, M.; Müller, A.E.; Helling, S.; Marcus, K.; Dos Remedios, C.; Linke, W.A.; Krüger, M.
Differential changes in titin domain phosphorylation increase myofilament stiffness in failing human hearts. Cardiovasc. Res. 2013,
99, 648–656. [CrossRef]

51. Bowen, T.S.; Herz, C.; Rolim, N.P.L.; Berre, A.M.O.; Halle, M.; Kricke, A.; Linke, A.; da Silva, G.J.; Wisloff, U.; Adams, V. Effects of
Endurance Training on Detrimental Structural, Cellular, and Functional Alterations in Skeletal Muscles of Heart Failure with
Preserved Ejection Fraction. J. Card. Fail. 2018, 24, 603–613. [CrossRef] [PubMed]

52. Bowen, T.S.; Brauer, D.; Rolim, N.; Bakkerud, F.; Kricke, A.; Ormbostad, A.M.; Fischer, T.; Linke, A.; da Silva, G.J.; Wisloff, U.; et al.
Exercise training reveals inflexibility of the diaphragm in an obesity-driven HFpEF animal model. J. Am. Heart Assoc. 2017, 6,
e006416. [CrossRef] [PubMed]

53. Winzer, E.B.; Augstein, A.; Schauer, A.; Mueller, S.; Fischer-Schaepmann, T.; Goto, K.; Hommel, J.; van Craenenbroeck, E.M.;
Wisløff, U.; Pieske, B.; et al. Impact of Different Training Modalities on Molecular Alterations in Skeletal Muscle of Patients with
Heart Failure with Preserved Ejection Fraction: A Substudy of the OptimEx Trial. Circ. Heart Fail. 2022, 15, e009124. [CrossRef]

54. Mueller, S.; Winzer, E.B.; Duvinage, A.; Gevaert, A.B.; Edelmann, F.; Haller, B.; Pieske-Kraigher, E.; Beckers, P.; Bobenko, A.;
Hommel, J.; et al. Effect of High-Intensity Interval Training, Moderate Continuous Training, or Guideline-Based Physical Activity
Advice on Peak Oxygen Consumption in Patients with Heart Failure with Preserved Ejection Fraction: A Randomized Clinical
Trial. JAMA 2021, 325, 542–551. [CrossRef]

55. Schauer, A.; Adams, V.; Augstein, A.; Jannasch, A.; Draskowski, R.; Kirchhoff, V.; Goto, K.; Mittag, J.; Galli, R.; Männel, A.; et al.
Sacubitril/Valsartan Improves Diastolic Function But Not Skeletal Muscle Function in a Rat Model of HFpEF. Int. J. Mol. Sci.
2021, 22, 3570. [CrossRef]

56. Granzier, H.; Wu, Y.; Siegfried, L.; LeWinter, M. Titin: Physiological Function and Role in Cardiomyopathy and Failure. Heart Fail.
Rev. 2005, 10, 211–223. [CrossRef] [PubMed]

57. Hidalgo, C.; Saripalli, C.; Granzier, H.L. Effect of exercise training on post-translational and post-transcriptional regulation of
titin stiffness in striated muscle of wild type and IG KO mice. Arch. Biochem. Biophys. 2014, 552–553, 100–107. [CrossRef]

58. Linke, W.A.; Krüger, M. The Giant Protein Titin as an Integrator of Myocyte Signaling Pathways. Physiology 2010, 25, 186–198.
[CrossRef]

59. Nagueh, S.F.; Shah, S.; Wu, Y.; Torre-Amione, G.; King, N.M.P.; Lahmers, S.; Witt, C.C.; Becker, K.; Labeit, S.; Granzier, H.L.
Altered titin expression, myocardial stiffness, and left ventricular function in patients with dilated cardiomyopathy. Circulation
2004, 110, 155–162. [CrossRef]

60. Hidalgo, C.; Granzier, H. Tuning the molecular giant titin through phosphorylation: Role in health and disease. Trends Cardiovasc.
Med. 2013, 23, 165–171. [CrossRef]

61. Hudson, B.D.; Hidalgo, C.G.; Bogomolovas, J.; Zhu, Y.; Anderson, B.; Greaser, M.; Labeit, S.; Granzier, H.L. PKC Phosphorylation
of Titinσ PEVK Element: A Novel and Conserved Pathway for Modulating Myocardial Stiffness. Circ. Res. 2009, 105, 631–638.

62. Hidalgo, C.G.; Chung, C.S.; Saripalli, C.; Methawasin, M.; Hutchinson, K.R.; Tsaprailis, G.; Labeit, S.; Mattiazzi, A.; Granzier, H.L.
The multifunctional Ca2+/calmodulin-dependent protein kinase II delta (CaMKII) phosphorylates cardiac titin’s spring elements.
J. Mol. Cell Cardiol. 2013, 54, 90–97. [CrossRef] [PubMed]

63. Ottenheijm, C.A.C.; Voermans, N.C.; Hudson, B.D.; Irving, T.; Stienen, G.J.M.; van Engelen, B.G.; Granzier, H. Titin-based
stiffening of muscle fibers in Ehlers-Danlos Syndrome. J. Appl. Physiol. 2012, 112, 1157–1165. [CrossRef] [PubMed]

64. Lanzicher, T.; Zhou, T.; Saripalli, C.; Keschrumrus, V.; Smith, J.E., III; Mayans, O.; Sbaizero, O.; Granzier, H. Single-Molecule
Force Spectroscopy on the N2A Element of Titin: Effects of Phosphorylation and CARP. Front. Physiol. 2020, 11, 173. [CrossRef]
[PubMed]

https://doi.org/10.1074/jbc.M113.479030
https://www.ncbi.nlm.nih.gov/pubmed/24280220
https://doi.org/10.1093/hmg/ddq105
https://www.ncbi.nlm.nih.gov/pubmed/20233748
https://doi.org/10.1007/s10741-005-5252-6
https://www.ncbi.nlm.nih.gov/pubmed/16416045
https://doi.org/10.3390/ijms242417577
https://www.ncbi.nlm.nih.gov/pubmed/38139404
https://doi.org/10.1152/ajpendo.00204.2014
https://www.ncbi.nlm.nih.gov/pubmed/25096180
https://doi.org/10.1016/j.fob.2015.08.011
https://www.ncbi.nlm.nih.gov/pubmed/26504741
https://doi.org/10.1002/ehf2.13405
https://www.ncbi.nlm.nih.gov/pubmed/33955206
https://doi.org/10.1161/CIRCRESAHA.116.309685
https://doi.org/10.1093/cvr/cvt144
https://doi.org/10.1016/j.cardfail.2018.08.009
https://www.ncbi.nlm.nih.gov/pubmed/30195827
https://doi.org/10.1161/JAHA.117.006416
https://www.ncbi.nlm.nih.gov/pubmed/29066440
https://doi.org/10.1161/CIRCHEARTFAILURE.121.009124
https://doi.org/10.1001/jama.2020.26812
https://doi.org/10.3390/ijms22073570
https://doi.org/10.1007/s10741-005-5251-7
https://www.ncbi.nlm.nih.gov/pubmed/16416044
https://doi.org/10.1016/j.abb.2014.02.010
https://doi.org/10.1152/physiol.00005.2010
https://doi.org/10.1161/01.CIR.0000135591.37759.AF
https://doi.org/10.1016/j.tcm.2012.10.005
https://doi.org/10.1016/j.yjmcc.2012.11.012
https://www.ncbi.nlm.nih.gov/pubmed/23220127
https://doi.org/10.1152/japplphysiol.01166.2011
https://www.ncbi.nlm.nih.gov/pubmed/22223454
https://doi.org/10.3389/fphys.2020.00173
https://www.ncbi.nlm.nih.gov/pubmed/32256378


Int. J. Mol. Sci. 2024, 25, 6618 19 of 19

65. Linke, W.A. Sense and stretchability: The role of titin and titin-associated proteins in myocardial stress-sensing and mechanical
dysfunctionΓÇá. Cardiovasc. Res. 2008, 77, 637–648. [CrossRef] [PubMed]

66. Landim-Vieira, M.; Childers, M.C.; Wacker, A.L.; Garcia, M.R.; He, H.; Singh, R.; Brundage, E.A.; Johnston, J.R.; Whitson, B.A.;
Chase, P.B.; et al. Post-translational modification patterns on ß-myosin heavy chain are altered in ischemic and nonischemic
human hearts. eLife 2022, 11, e74919. [CrossRef] [PubMed]

67. Kawai, M.; Johnston, J.R.; Karam, T.; Wang, L.; Singh, R.K.; Pinto, J.R. Myosin Rod Hypophosphorylation and CB Kinetics in
Papillary Muscles from a TnC-A8V KI Mouse Model. Biophys. J. 2017, 112, 1726–1736. [CrossRef] [PubMed]

68. Chandra, M.; Mamidi, R.; Ford, S.; Hidalgo, C.; Witt, C.; Ottenheijm, C.; Labeit, S.; Granzier, H. Nebulin Alters Cross-bridge
Cycling Kinetics and Increases Thin Filament Activation: A Novel Mechanism for Increasing Tension and Reducing Tension Cost.
J. Biol. Chem. 2009, 284, 30889–30896. [CrossRef] [PubMed]

69. Tracy, C.M.; Warren, J.S.; Szulik, M.; Wang, L.; Garcia, J.; Makaju, A.; Russell, K.; Miller, M.; Franklin, S. The Smyd family
of methyltransferases: Role in cardiac and skeletal muscle physiology and pathology. Curr. Opin. Physiol. 2018, 1, 140–152.
[CrossRef]

70. Rasmussen, M.; Jin, J.P. Troponin Variants as Markers of Skeletal Muscle Health and Diseases. Front. Physiol. 2021, 12, 747214.
[CrossRef]

71. Katrukha, I.A. Human cardiac troponin complex. Structure and functions. Biochemistry 2013, 78, 1447–1465. [CrossRef] [PubMed]
72. Wang, Z.; Grange, M.; Wagner, T.; Kho, A.L.; Gautel, M.; Raunser, S. The molecular basis for sarcomere organization in vertebrate

skeletal muscle. Cell 2021, 184, 2135–2150. [CrossRef] [PubMed]
73. O’connell, B.; Nguyen, L.T.; Stephenson, G.M.M. A single-fibre study of the relationship between MHC and TnC isoform

composition in rat skeletal muscle. Biochem. J. 2004, 378, 269–274. [CrossRef]
74. Palma, C.; Morisi, F.; Cheli, S.; Pambianco, S.; Cappello, V.; Vezzoli, M.; Rovere-Querini, P.; Moggio, M.; Ripolone, M.; Francolini,

M.; et al. Autophagy as a new therapeutic target in Duchenne muscular dystrophy. Cell Death Dis. 2013, 4, e418. [CrossRef]
75. Müller, E.; Salcan, S.; Bongardt, S.; Barbosa, D.M.; Krüger, M.; Kötter, S. E3-ligase knock down revealed differential titin

degradation by autophagy and the ubiquitin proteasome system. Sci. Rep. 2021, 11, 21134. [CrossRef] [PubMed]
76. Peris-Moreno, D.; Taillandier, D.; Polge, C. MuRF1/TRIM63, Master Regulator of Muscle Mass. Int. J. Mol. Sci. 2020, 21, 6663.

[CrossRef]
77. Gueneau, L.; Bertrand, A.T.; Jais, J.P.; Salih, M.A.; Stojkovic, T.; Wehnert, M.; Hoeltzenbein, M.; Spuler, S.; Saitoh, S.; Verschueren,

A.; et al. Mutations of the FHL1 Gene Cause Emery-Dreifuss Muscular Dystrophy. Am. J. Hum. Genet. 2009, 85, 338–353.
[CrossRef]

78. Rodriguez, J.; Vernus, B.; Chelh, I.; Cassar-Malek, I.; Gabillard, J.C.; Hadj Sassi, A.; Seiliez, I.; Picard, B.; Bonnieu, A. Myostatin
and the skeletal muscle atrophy and hypertrophy signaling pathways. Cell Mol. Life Sci. 2014, 71, 4361–4371. [CrossRef]

79. De Sousa, E.; Lechene, P.; Fortin, D.; N’Guessan, B.; Belmadani, S.; Bigard, X.; Veksler, V.; Venturaclapier, R. Cardiac and skeletal
muscle energy metabolism in heart failure: Beneficial effects of voluntary activity. Cardiovasc. Res. 2002, 56, 260–268. [CrossRef]

80. Schauer, A.; Draskowski, R.; Jannasch, A.; Kirchhoff, V.; Goto, K.; Männel, A.; Barthel, P.; Augstein, A.; Winzer, E.; Tugtekin, M.;
et al. ZSF1 rat as animal model for HFpEF: Development of reduced diastolic function and skeletal muscle dysfunction. ESC
Heart Fail. 2020, 7, 2123–2134. [CrossRef]

81. Goto, K.; Schauer, A.; Augstein, A.; Methawasin, M.; Granzier, H.; Halle, M.; Van Craenenbroeck, E.M.; Rolim, N.; Gielen, S.;
Pieske, B.; et al. Muscular changes in animal models of heart failure with preserved ejection fraction: What comes closest to the
patient? ESC Heart Fail. 2021, 8, 139–150. [CrossRef] [PubMed]

82. Schmederer, Z.; Rolim, N.; Bowen, T.S.; Linke, A.; Wisloff, U.; Adams, V. Endothelial function is disturbed in a hypertensive
diabetic animal model of HFpEF: Moderate continuous vs. high intensity interval training. Int. J. Cardiol. 2018, 273, 147–154.
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.cardiores.2007.03.029
https://www.ncbi.nlm.nih.gov/pubmed/17475230
https://doi.org/10.7554/eLife.74919
https://www.ncbi.nlm.nih.gov/pubmed/35502901
https://doi.org/10.1016/j.bpj.2017.02.045
https://www.ncbi.nlm.nih.gov/pubmed/28445763
https://doi.org/10.1074/jbc.M109.049718
https://www.ncbi.nlm.nih.gov/pubmed/19736309
https://doi.org/10.1016/j.cophys.2017.10.001
https://doi.org/10.3389/fphys.2021.747214
https://doi.org/10.1134/S0006297913130063
https://www.ncbi.nlm.nih.gov/pubmed/24490734
https://doi.org/10.1016/j.cell.2021.02.047
https://www.ncbi.nlm.nih.gov/pubmed/33765442
https://doi.org/10.1042/bj20031170
https://doi.org/10.1038/cddis.2013.72
https://doi.org/10.1038/s41598-021-00618-7
https://www.ncbi.nlm.nih.gov/pubmed/34702928
https://doi.org/10.3390/ijms21186663
https://doi.org/10.1016/j.ajhg.2009.07.015
https://doi.org/10.1007/s00018-014-1689-x
https://doi.org/10.1016/S0008-6363(02)00540-0
https://doi.org/10.1002/ehf2.12915
https://doi.org/10.1002/ehf2.13142
https://www.ncbi.nlm.nih.gov/pubmed/33350094
https://www.ncbi.nlm.nih.gov/pubmed/30193792

	Introduction 
	Results 
	Animal Characteristics 
	Expression and Secondary Modifications of Titin 
	Expression and Secondary Modifications of Myosin Heavy Chain (MHC) and Nebulin 
	Expression of Proteins Involved in Sarcomere Organization 
	Expression of Ca2+-Related Contractile Proteins 
	Proteins Related to Muscle Atrophy 
	Site-Specific Phosphorylation of Titin and Impact of Exercise Training on Titin Phosphorylation 

	Discussion 
	Titin Phosphorylation and Skeletal Muscle Function 
	Contraction-Regulating Proteins—Regulation in HFpEF 
	Limb SKM vs. Diaphragm 
	Study Limitations 

	Materials and Methods 
	Animals 
	Analysis of Titin and Nebulin 
	Histological Analyses 
	Western Blot Analyses 
	Statistical Analyses 

	Conclusions 
	References

