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Abstract

Central Core Disease (CCD) is a congenital myopathy predominantly caused by muta-
tions in the gene encoding ryanodine receptor type-1 (RYR1), the intracellular Ca* release
channel embedded in the skeletal muscle sarcoplasmic reticulum membrane. The 14898T
mutation represents one of the most common RYR1 mutations associated with CCD. Un-
fortunately, there are no approved therapies for CCD or for other myopathies caused by
mutations in this gene. This study aims to perform a top-down differential proteomic
analysis on soleus muscle samples from wild-type mice (WT) and heterozygous knock-in
mice carrying the [4895T (IT) mutation in RyR1, to investigate the pathogenic mechanisms
and molecular pathways involved in this myopathy and to shed light on new potential
biomarkers useful for future therapies. Proteomic analysis revealed 50 dysregulated pro-
tein species, and multivariate analysis showed that IT mice exhibit a distinct proteomic
signature compared to WT mice, characterized by alterations in proteins associated with
contractile and structural dysfunction, metabolism, and stress response. In particular, a
significant increase in myosin fragments was observed in IT mice, likely due to muscle
breakdown. In contrast, myotilin was downregulated, suggesting a weakening of the
muscle cytoskeletal structure. There was a notable downregulation of proteins involved
in glycolysis and the TCA cycle; conversely, there was an increase in proteins related to
anaerobic glycolysis, suggesting a shift from aerobic to anaerobic glycolysis. Furthermore,
proteins involved in fatty acid beta-oxidation and oxidative phosphorylation were also
found to be upregulated in IT mice, indicating an attempt by the muscle to maximize
energy production. Finally, we found a significant decrease in PGCla, which could serve
as potential therapy target and biomarker in CCD.
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stress; PGCla
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1. Introduction

The RYR1 gene encodes the ryanodine receptor 1 (RYR1), a large tetrameric intracel-
lular Ca? release channel of approximately 2.2 MDa, located on the sarcoplasmic reticu-
lum (SR) of skeletal muscle. RYR1 channels play a pivotal role in excitation-contraction
(EC) coupling, the process by which an action potential is transduced into Ca? release
from the SR, resulting in physiological activation of muscle contraction [1-3].

From a genetic perspective, dominant mutations in RYR1 are the principal cause of
malignant hyperthermia (MH), a potentially lethal reaction triggered by certain anesthet-
ics or, less commonly, by extreme environmental heat and/or intense physical exertion [3—
6]. In addition to causing MH, RYR1 mutations also cause congenital non-dystrophic mus-
cle myopathies [1-4,7-16]. These myopathies, which may show dominant or recessive in-
heritance patterns, are collectively known as RYRI1-related myopathies (RYR1-RM) [3,4].
Clinical presentation is highly variable, ranging from mild, non-progressive muscle weak-
ness to severe forms requiring walking assistance or wheelchair use [4,8,13,14]. Feeding
difficulties and respiratory involvement may also occur, potentially leading to the need
for mechanical ventilation and reduced lifespan expectancy [7,10,11]. Central Core Dis-
ease (CCD) is the most frequent congenital myopathy and, in approximately 90% of cases,
is caused by RYRI mutations [12]. At the histopathological level, muscle biopsies from
individuals with CCD show distinctive amorphous central regions, or cores, characterized
by a conspicuous absence or depletion of mitochondrial and oxidative enzyme activity,
increased internal and central nuclei, Z-line streaming, sarcomeric disorganization, and a
predominance of type I muscle fibers [8,9]. Although it is widely accepted that all RYR1
mutations disrupt Ca?* homeostasis, the mechanisms underlying muscle damage and hy-
potrophy remain poorly understood [7]. Currently, no specific treatment is available for
CCD, and patient management is primarily supportive, employing a multidisciplinary
approach such as daily physiotherapy [15].

The 14898T mutation in RYR1 is one of the most common mutations associated with
CCD [4,9,11,12]. This 14898T mutation, localized in the pore region of the RYR1 channel,
causes EC coupling disruption by abolishing or severely reducing Ca? release channel
conductance [17-19]. Homozygous mice carrying the Ryr1 14895T mutations (equivalent
to 14898T in humans) show a severe phenotype, with paralysis at birth, inability to
breathe, perinatal lethality, and delayed development of skeletal and cardiovascular sys-
tems [18,20]. Heterozygous Ryr1 14895T mice (from now on referred to as IT mice) exhibit
a mild myopathy characterized by diminished muscle performance and reduced Ca?
transients amplitude in skeletal muscle fibers [17,19,21]. However, it is important to note
that the phenotype of IT mice is relatively mild when compared with the clinical manifes-
tations observed in humans [22]. Studies by Lee et al., 2017 [20] suggested that a persistent
increase in ER stress/Unfolded Protein Response (UPR), increased in mitochondrial Ca?*
uptake, reactive oxygen species (ROSs) production, and induction of apoptosis may rep-
resent possible pathogenic mechanisms for CCD associated with the Ryr1 14895T muta-
tion.

To further investigate the pathogenic mechanisms and molecular pathways involved
in this myopathy, and to shed light on new potential biomarkers useful for future thera-
peutic strategies or for delaying disease progression, we performed a top-down differen-
tial proteomic analysis on soleus muscles from wild-type mice and heterozygous IT
knock-in mice.
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2. Results and Discussion

The clinical course for the CCD patients is static or slowly progressive. While cardiac
complications are uncommon, respiratory muscle involvement often has an insidious on-
set. Consequently, serial pulmonary function tests are necessary for lung function moni-
toring [11]. Furthermore, pediatric patients require surveillance for the development of
scoliosis and other skeletal deformities [23]. Unfortunately, despite a medical necessity,
there are currently no approved therapies for CCD [15]. Therapies currently under devel-
opment include drugs targeting the RYR1 signaling axis, either by mitigating the cellular
pathology arising from oxidative/nitrosative stress and subsequent RYR1 post-transla-
tional modification, or by direct modulating RYR1 activity or indirectly influencing its
function through interaction with regulatory proteins. A top-down proteomic analysis can
be valuable for enhancing knowledge of alterations in protein abundance or function, in-
cluding different proteoforms, as well as changes in molecular mechanisms caused by
pathology, aiding in the identification of novel therapeutic biomarkers for patient man-
agement.

2.1. WT and IT Mice Muscles Present a Differential Protein Pattern

To understand how mutations in the RYR1 gene affect cellular mechanisms in skele-
tal muscle tissues, we applied a top-down differential proteomic analysis between soleus
samples from wild-type mice (WT) and heterozygous mice knock-in for RYR1 I4895T (IT).
The use of a top-down proteomics approach has the advantage of considering both pro-
teins and protein species, or proteoforms resulting from their post-translational modifica-
tions, thereby overcoming the dilemma of their quantification [24]. Based on our previous
results and to increase the number of separated proteins, we used two different protein
extraction methods [25]. About 2500 protein spots per gel were detected using image anal-
ysis software (Melanie 9.0), statistical analysis highlighted 50 differentially abundant
spots (Table 1, Figures 1 and S1), of which 43 were successfully identified using MALDI-
ToF.

We conducted a supervised multivariate analysis using the 50 differentially abun-
dant spots (DASs). Principal Component Analysis (PCA) and heatmap analysis are shown
in Figures 2 and 3, respectively. Multivariate analysis shows that IT mice exhibit a distinct
proteomic profile. In particular, the integrated PCA and volcano plot chart show a total
variance of 98.06% and clearly separates the two conditions along the second main com-
ponent (PC2). Based on the PCA, decreased abundance of peroxiredoxin-5 (PRDX5), my-
otilin (MYOTI), and fructose-bisphosphate aldolase A (ALDOA), and the increased abun-
dance of fatty acid-binding protein (FABPH), circled in red, have greater relevance in sam-
ple stratification. The heatmap distinguished IT from WT conditions, clustering the DASs
into the following two clusters (C1 and C2): C1 highlights the highly abundant proteins
in the IT condition and includes proteins involved in structural and contractile functions,
while C2 contains proteins involved in the regulation of metabolic processes.
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Figure 1. WT and IT soleus 2D gel master maps reporting differential abundant spots (p < 0.05) with
a fold-change ratio > 1.5.
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Figure 2. Supervised integrated Principal Component Analysis (PCA) and volcano plot analysis
performed on the DASs. Red lines mark the most influential spots in the sample distributions. PCA
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summarizes 98.1% of the variance (PC1: 93.63% and PC2: 4.46%). Black numbers and acronyms in-

dicate differential spots, whereas WT soleus samples are shown in gray and IT soleus samples in
blue.
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Figure 3. Heatmap analysis of the differential spots between WT vs. IT mouse soleus samples. Color
changes from red to green indicate lower or higher protein abundance, respectively. Spot numbers
and acronyms represent differential protein spots, while WT soleus samples are indicated in gray
and IT soleus samples in blue. Unsuccessfully identified spots report only spot numbers.

2.2. Enrichment Analysis of the Proteomic Data

To explore the molecular functions, signaling mechanisms, and networks of the iden-
tified proteins, an enrichment analysis was performed. Figure 4 shows the network anal-
ysis, highlighting the possible interactions that can occur among the differentially ex-
pressed proteins. ALDOA, alpha-crystallin B, SOD2, and tropomyosin-1 are the central
functional hubs of the network (red circles). In Figure 5, the pathway maps analysis sug-
gests terms related to the skeletal muscle structure (blue box), several terms related to
metabolism (green boxes), and some terms suggesting an alteration in the oxidative stress
response (red boxes). Therefore, the enrichment analysis suggested that CCD induces a
complex alteration of the proteome, including structural and metabolic proteins.
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Figure 4. Network analysis performed using the MetaCore software (version 22.1 http://portal.ge-
nego.com, accessed on 23 April 2025, Clarivate Analytics, Philadelphia, PE, USA), to highlight char-
acteristic protein interactions of differential abundant proteins. ALDOA, alpha-crystallin B, SOD2,
and tropomyosin-1 are the central functional hubs of the net and are marked in red circles. (Symbol
legend: https://portal.genego.com/legends/MetaCoreQuickReferenceGuide.pdf, accessed on 23
April 2025).
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Figure 5. Histograms reporting the pathway maps involving DASs. Black histograms represent the

-log (p-value) related to differential proteins resulting from the comparison between WT and IT
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mouse soleus samples. Particularly, the pathway maps analysis suggests terms related to the skele-
tal muscle structure (blue box), several terms related to metabolism, including metabolic shift (green

boxes), and some terms suggesting an alteration of the oxidative stress response (red boxes).

2.3. Structural, Contractile, and Cytoskeletal Stabilization Proteins Were Altered

Proteomic analysis identified significant changes in proteins involved in muscle
structure and contraction. In particular, we detected an abnormal increase in several frag-
ments of different proteoforms of myosin (MYH1, MYH2, MYH?), which could be a direct
consequence of hypotonia and generalized muscle weakness [26]. These data agree with
previous structural characterization of IT mice, where Z-line streaming and sarcomere
damage were typically found in type I fibers [21,27]. On the other hand, myotilin (MY-
OTI), which we found to be downregulated in IT, is a structural protein of the Z-disk that
acts as stabilizer and anchors actin filaments at the Z-disk [28,29]. Decreased levels of this
protein suggest an instability of actin filaments in muscle affected by CCD. Interestingly,
two proteoforms of the alpha-crystallin B chain (CRYAB) were detected as differently
abundant, indicating a change in its post-translational modification. CRYAB is a major
chaperone in muscle [30] and modulates filament assembly and network formation. In-
deed, as shown by the protein network in Figure 4, CRYAB binds to desmin (DESM) dur-
ing its assembly into intermediate filaments. Their binding depends on the topology and
surface characteristics of the DESM filament. This allows CRYAB to sense abnormal fila-
ment structures, influencing the structure and stability of these filaments and preventing
improper protein folding and aggregation [31].

2.4. RYR1-14898T Mutation May Induce Alteration in Metabolism

The enrichment analysis by pathways maps performed on DASs also suggested sev-
eral terms related to different metabolic processes, mitochondrial dysfunction, and stress
response. Many of the altered metabolic proteins identified through differential proteomic
analysis are involved in the respiratory chain and energy transport, glycolysis, the tricar-
boxylic acid cycle (TCA), and mitochondrial beta-oxidation of long-chain saturated fatty
acids (Figure 5). A notable finding was the downregulation of proteins involved in gly-
colysis pathways, the pyruvate dehydrogenase complex, and the TCA cycle, particularly
two proteoforms of fructose-bisphosphate aldolase A (ALDOA), the pyruvate dehydro-
genase E1 component subunit beta (PDHB), two proteoforms of succinate dehydrogenase
[ubiquinone] flavoprotein subunit (SDHA), malate dehydrogenase (MDHM), and aconi-
tate hydratase (ACON), all with significant correlations (Figure 52). To further investigate
the metabolic process highlighted by our proteomic analysis, we decided to test some key
regulatory proteins, different from our DASs, using Western blot analysis on a different
cohort of three WT and three IT mice. The results showed a significant decrease in py-
ruvate dehydrogenase alpha (PDHA) (Figure 6A), a component of the PDH complex that
links glycolysis to the TCA cycle and represents a key step in the aerobic glycolytic process
[32]. In light with these results, we hypothesized a probable shift from aerobic to anaerobic
glycolysis. To test this, we performed Western blot analysis to assess the levels of lactate
dehydrogenase A and B (LDHA and LDHB), which form an enzyme that converts py-
ruvate to lactate under hypoxic conditions, thereby allowing the regeneration of NAD+
from NADH and permitting the continuation of glycolysis [33]. In agreement with our
hypothesis, we found a significant increase in the two LDH proteoforms in IT mice (Fig-
ures 6C,D). To the best of our knowledge, this aspect has not yet been investigated for
CCD; however, it has already been seen in other pathologies associated with RYR1 muta-
tions, such as malignant hyperthermia [5].

Conversely, several mitochondrial proteins involved in the respiratory and energy
transport chain (e.g., trifunctional enzyme subunit alpha, creatine kinase M-type, and ATP
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synthase subunit a and (3) were increased in IT mice, as highlighted by our proteomic
analysis. To validate the involvement of the respiratory chain and energy transport pro-
cess, we also performed Western blot to assess NDUFS1 (Figure 6B), which is the largest
subunit of mitochondrial complex I and transfers electrons from NADH to the respiratory
chain, using ubiquinone as the immediate electron acceptor [34]. The increased NDUFS1
levels in IT mice could confirm the enhanced oxidative phosphorylation in the CCD mus-
cle [35]. Interestingly, Mic60 was increased in IT, this protein, a central component of the
mitochondrial contact site and cristae organizing system (MICOS), is essential for main-
taining mitochondrial membrane architecture, dynamics, and transcription of oxidative
phosphorylation proteins [36].
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Figure 6. One-dimensional Western blot analysis with anti-PDHA1 (A), anti-NDUFS1 (B), anti-
LDHA (C), and anti-LDHB (D) on soleus samples from WT and IT mice. Kruskal-Wallis statistical

analysis with Dunn correction was performed. * indicate significant levels p < 0.05.

Furthermore, as suggested by proteomic and enrichment analyses, we found an in-
crease in proteins involved in fatty acid beta-oxidation (e.g., fatty acid-binding protein).
To validate the potential increase in beta-oxidation metabolism, we tested the levels of
acetyl-CoA synthetase (AceCS1), which catalyzes the conversion of acetate and CoA to
acetyl-CoA, a key step in metabolic pathways such as fatty acid metabolism, the TCA cy-
cle, and oxidative phosphorylation [37,38]. Interestingly, we found two proteoforms of
this protein, both increased in the muscles of IT mice (Figure 7A). The increase in this
enzyme may suggest an attempt by the CCD muscle to maximize its energy production
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capacity. However, pathway maps analysis also indicates the involvement of PGCla (pe-
roxisome proliferator-activated receptor gamma coactivator 1-alpha) (Figure 5, red
square), which is strongly regulated by calcium signaling [39]. Given the pivotal role of
this protein, we assessed its abundance by Western blot, highlighting its downregulation
in IT mice (Figure 7B). PGCla is a well-known transcriptional coactivator crucial for skel-
etal muscle metabolism [40]. Previous research highlighted the involvement of PGC-1atin
regulating muscle mass and protein turnover, and a decreased level of PGC-1a has been
associated with a greater degree of atrophy [41,42]. In general, a reduction in PGCla levels
may be attributed to an imbalance of calcium flux resulting from the RYR1 gene mutation.
Our results are consistent with those reported by Lee et al., 2017 [20], who found that low
levels of PGCla in IT mice may be associated with increased mitochondrial damage.
Given its central role in regulating the structure and metabolism of muscle fibers, PGCla
could be considered for further studies as a potential biomarker of target therapy in CCD.

COwr
T
IT WT IT
f | | { I \
ACeCS] | Wmmm wae W W WS | -75.8 kDa PGClo | sl S S g sy |-90.5 kDa

B -Actin | Al W e N W N | 42 Da

B-Actin | (N GEED WS w SN SR | /2 «D:

Upper Band

Intensity
VNI

Lower Band
.
*
1
075 T ‘? 7.5
g A
0.7 A g
a - 7 y
0.65 —h— 7 Y
06 A 65 -
0.55
6 A
0.5 + A
ﬂi
0.45 A& 5.5 A B
04 1 A
wT i WT T

Figure 7. One-dimensional Western blot analysis with anti-AceCS1 (A) and anti-PGCla (B) on so-
leus samples from WT and IT mice. Kruskal-Wallis statistical analysis with Dunn correction was

performed. * indicate significant levels p < 0.05.

2.5. RYR1-14898T Mutation May Induce an Alteration in Oxidative Stress Response

Oxidative stress is a pathophysiological mechanism recurring in CCD and other
RYR1-related myopathies [15,43]. Indeed, our proteomic analysis reveals alterations in the
abundance of many proteins involved in the oxidative stress response, such as PDZ and
LIM domain protein, superoxide dismutase, MICOS complex subunit Mic60, elongation
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factor Tu, peroxiredoxin-5, and ankyrin repeat domain-containing protein 2. A state of
oxidative stress, such as that recognized in CCD, may lead to a metabolic shift to anaerobic
glycolysis. Indeed, a slight increase in IIb/x fibers was reported in IT mice compared to
controls [20]. Moreover, it was also reported that the production of lactate, which we hy-
pothesize based on the upregulation of LDH, can in turn increase oxidative stress [44].
Our results are in agreement with the findings reported by Lee et al., 2017 [20], who ob-
served an increase in oxidized proteins in IT mice muscles, which was associated with
increased ER stress and ROS production in FDB fibers in IT mice compared to controls.
Lee et al. explained that persistent increases in mitochondrial Ca* uptake and ROS pro-
duction could lead to mitochondrial damage. Indeed, they observed a decrease in mito-
chondrial protein content, along with an increase in cytosolic cytochrome c levels and an
increase in apoptotic nuclei and elevated levels of cleaved caspases 3, 9, and 12, as well as
significant increase in caspase-3 activity and the expression of the p53 pro-apoptotic pro-
tein. Among the altered proteins, we also found several proteoforms of carbonic anhy-
drase 3 (CAH3), which were upregulated in IT mice. CAH3, a metalloenzyme, regulates
pH and catalyzes the reversible hydration of carbon dioxide (CO2) to bicarbonate (HCOs)
and a proton (H+) for the COztransport into the blood. CAH3 also protects from free rad-
ical damage [45,46]. Given that an increase in CAH3 is an established biomarker for mus-
cle tissue damage [47,48], it could be considered as a biomarker for monitoring disease
progression and therapeutic impact [49].

3. Materials and Methods
3.1. Animals

All animal-related procedures were performed with the highest standard of care to
minimize animal discomfort and suffering. Mice were anesthetized with isoflurane and
humanely euthanized by cervical dislocation, in accordance with the protocols approved
by the Animal Care Committee of the University of Siena and the Italian Ministry of
Health (64/2020-PR). All experimental procedures complied with Directive 2010/63/EU of
the European Parliament and the Council of 22 September 2010 on the protection of ani-
mals used for scientific purposes. Experiments were conducted on adult (4 months old)
C57Bl/6] mice, including both wild-type (WT) and heterozygous knock-in for Ryr1™4s%5T
(IT) mice. Animals had ad libitum access to food and water and were housed under con-
trolled environmental conditions, with ambient temperature maintained between 21 and
25 °C, relative humidity at 50-60%, and a 12 h light/dark cycle. Soleus muscle samples
were collected and immediately frozen at —80 °C until use.

3.2. Sample Preparation for Two-Dimensional Electrophoresis

Soleus sample preparation was performed as previously described [25]. Briefly, 10
mg of soleus muscle samples from three WT and three IT mice were divided into two
sections using a scalpel and processed by two different extraction procedures, based on
two different denaturing buffers. In particular, the protein extraction protocol using de-
naturation buffer A containing 2% w/v SDS and 1% w/v DTE (pH 6) and acetone precipi-
tation provided a better extraction of high-MW proteins and sarcomere proteins. While
denaturation buffer B, containing 8 M UREA, 4% w/v CHAPS, 1% w/v DTE, and 40 mM
TRIS (pH 10) provided a better extraction of low-MW protein species, protein fragments,
and mitochondria membrane proteins. Since the two procedures showed different pat-
terns of extracted proteins, we performed two parallel differential proteomic analyses
comparing the proteomic profile of the soleus tissues from WT and IT mice in order to
acquire a thorough overview of the proteomic alterations induced by the pathology. Mus-
cle samples were incubated with 40 pL of denaturation buffer A or B and homogenized
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using beads in a TissueLyser II (#85300 Qiagen, Venlo, PL, USA) at 2.5Hz for four 30 s
cycle, with 1 min intervals. After bead removal, samples were centrifuged at 20,800x g for
15 min at 4 °C, and the supernatants were recovered. Protein concentrations were esti-
mated by the Bradford protocol [50].

3.3. Two-Dimensional Electrophoresis

Protein extracts were resolved by two-dimensional electrophoresis (2DE) using the
Immobiline—polyacrylamide system, as described by Vantaggiato et al. [51]. For analytical
gels, 60 ug of protein were mixed with 0.2% (v/v) carrier ampholyte, whereas for protein
identification, 600 ug of protein were combined with 2% (v/v) carrier ampholyte. Samples
were diluted in 350 pL of lysis buffer (8 M UREA, 4% w/v CHAPS, 1% w/v DTE) with
traces of bromophenol blue, and loaded onto 18 cm nonlinear pH 3-10 IPG strips (Cytiva,
Marlborough, MA, USA) for isoelectric focusing (IEF). IEF was performed at 16 °C using
the Ettan™ IPGphor™ Manifold system (Cytiva, Marlborough, MA, USA), under the fol-
lowing voltage program: 0V for 1h, 30 V for 7 h, 200 V for 1 h, 300 V for 30 min, a gradient
until 3500 V in 2 h, 3500 V for 10 min, from 3500 V to 5000 V in 30 min, 5000 V for 30 min,
from 5000 V to 8000 V in 1 h, and 8000 V for the rest of the run until reaching a total of
95,000 VhT. After focusing, strips were equilibrated in two steps: the first for 12 min in 6
M UREA, 2% w/v SDS, 2% w/v DTE, 30% v/v glycerol, and 0.05 M TRIS-HCL (pH 6.8), then
for 5 min in 6 M UREA, 2% w/v SDS, 2.5% w/v iodoacetamide, 30% v/v glycerol, 0.05 M
TRIS-HCL (pH 6.8), and a trace of bromophenol blue. Second-dimensional separation was
performed on 9-16% SDS gradient polyacrylamide gels (18 cm x 20 cm x 1.5 mm) at 40
mA/gel and 9 °C until the dye front reached the bottom of the gel. Analytical gels were
stained using ammoniacal silver staining [52], while MS-preparative gels were stained
following an MS-compatible silver staining protocol [53]. All gels were digitalized using
an Image Scanner III laser densitometer provided with LabScan 6.0 software (Cytiva).

3.4. Image and Statistical Analysis

Two-dimensional gel images were processed using the Melanie 9.0 software (Swiss
Institute of Bioinformatics, Quartier Sorge, Batiment Amphipole 1015 Lausanne, Switzer-
land). Gels from the same condition were aligned to a high-resolution master reference
gel, and inter-class comparison were subsequently performed. Statistical analysis was car-
ried out using Melanie 9.0 and XLStat version 2021.2.2, which performed, respectively, an
ANOVA test and Benjamini-Hochberg FDR on the percentage of relative volume (%V)
(integration of optical density of a single spot (volume) divided by the total volume of
spots and expressed as a percentage). Protein spots were considered differentially abun-
dant when the fold-change in %V was 21.5-fold and p-value < 0.05. Supervised Principal
Component Analysis (PCA) and heatmap analysis were performed by XLStat. Pearson’s
correlation tests were applied to assess linear correlation relationships among DASs.

3.5. MALDI-TOF Identification by PMF

Differential protein spots were manually excised from gels and destained using a solution
of 30 mM potassium ferricyanure and 100 mM sodium tiosulphate anhydrous, followed
by incubation in 200 mM ammonium bicarbonate. Spots were dehydrated in 100% ace-
tonitrile (ACN), rehydrated with trypsin solution, and digested overnight at 37 °C. Pep-
tide extracts (0.75 uL) were spotted on an MALDI target, air-dried, and overlaid with 1 pL
of matrix solution containing 5 mg/mL a-cyano-4-hydroxycinnamic acid (CHCA) dis-
solved in 50% v/v ACN and 5% v/v trifluoroacetic acid (TFA). Mass spectra were acquired
using an UltrafleXtreme™ MALDI-ToF/ToF instrument (Bruker Corporation, Billerica,
MA, USA), according to Landi C et al. [54]. Spectra were processed with FlexControl soft-
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ware version 3.0 (Bruker) and Flex Analysis software version 3.0 (Bruker). Trypsin autol-
ysis peaks were used for internal calibration, and mass lists were filtered to remove con-
taminants such as keratin- and matrix-related ions. Peptide Mass Fingerprinting (PMF)
searches were performed using the MASCOT (Matrix Science Ltd., London, UK,
http://www.matrixscience.com, accessed on 23 April 2025) search engine with the follow-
ing parameters: Swiss-Prot/TrEMBL and NCBInr as databases, Mus musclulus as taxon-
omy, 20 ppm mass tolerance, one missed cleavage, carbamidomethylation of cysteine as
a fixed modification, and oxidation of methionine as a variable modification. Proteomic
data were deposited in the ProteomeXchange Consortium via PRIDE [55] under dataset
identifier PXD069980.

3.6. MetaCore Enrichment Analysis

Identified proteins were analyzed using MetaCore version 22.1 build (http://por-
tal.genego.com, accessed on 23 April 2025, Clarivate Analytics, Philadelphia, PE, USA).
The platform integrates curated database of protein—protein and protein-DNA interac-
tions, transcription factors, and signaling pathways. Pathway enrichment was evaluated
using canonical maps ranked by statistical significance (p <0.001) based on Gene Ontology
annotations. Additionally, a shortest-path algorithm was applied to conduct interaction
network analyses linking experimental proteins with MetaCore database entities.

3.7. Western Blot Analysis

Western blotting was performed on soleus muscles samples from an independent
cohort of WT and IT mice (n=3 per group). Protein extracts (40 pg) were diluted in Leamly
buffer (2% w/v SDS, 100 mM Tris-HCI pH 6.8, 4% v/v -mercaptoethanol, 20% v/v glyc-
erol), boiled at 95 °C for 5 min, separated on 12% SDS-PAGE gels, and transferred onto
nitrocellulose membranes (Cytiva). Membranes were blocked (3% skimmed milk, 0.1%
Triton X-100 in PBS, pH 7.4), incubated overnight at 4 °C with primary antibodies, and
then for 2 h with goat peroxidase-conjugated anti-rabbit immunoglobulin G (Sigma, Saint
Louis, MO, USA, working dilution 1:7000). After three washing steps in blotting solution,
one washing step in Triton X100 0.5% v/v in PBS pH 7,4 and other two washing steps in
0.05 M Tris-HCI pH 6.8, bands were visualized using ECL chemiluminescence detection
system (Cytiva) and exposing membranes to Hiyperfilm ECL X-ray films (Cytiva). Densi-
tometric analysis was performed using the ImageMaster 2D Platinum v. 6.0 software. Im-
munoblot data were then exported into Excel (Microsoft Office) to perform Kruskal-Wal-
lis two-tailed test statistical analysis and the post hoc Dunn’s test for multiple comparisons
using XLStat version 2021.2.2. Samples were normalized to (3-actin.

3.8. Antibodies

The primary antibodies used in this study were as follows: Anti-pyruvate dehydro-
genase (PDH) (Cell Signaling, Danvers, MA, USA, Cat. #3205, WB 1:1000); Anti-LDHA
(Cell Signaling, Cat. #3582, WB 1:1000); Anti-LDHB (Cell Signaling, Cat. #56298, WB
1:1000); Anti-AceCS1 (Cell Signaling, Cat. #3658, WB 1:1000); Anti-PGC1 alpha Antibody
(Antibodies, Cat. #A8783, WB 1:1000); Anti-NDUEFS1 (Cell Signaling, Cat. # 70264, WB
1:1000); according to the manufacturer’s instructions.

4. Conclusions

In conclusion, our proteomic analysis revealed alterations in muscle structural and
contraction proteins, likely associated with pathology. In particular, the high presence of
myosin fragments, the altered abundance of alpha-crystallin B chain proteoforms, and a
decrease in desmin and myotilin suggest a condition of general structural instability in
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CCD-affected muscle. Furthermore, the data obtained from our study revealed a reduc-
tion in glycolytic and TCA cycle activity, accompanied by an increase in lactate dehydro-
genase and proteins involved in fatty acid beta-oxidation and oxidative phosphorylation,
as also proposed by bioinformatics analysis. This suggests a metabolic shift from aerobic
to anaerobic glycolysis in CCD muscle and an attempt at lipid catabolism to maximize
energy production. This would also lead to an increase in oxidative stress and the corre-
sponding alteration of stress response proteins. Finally, future analysis could expand the

number of samples and validate the lower levels of PGCla in individuals affected by
CCD.
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