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Cell interactome in sarcopenia during aging
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Abstract

Background The diversity between the muscle cellular interactome of dependent and independent elderly people is
based on the interrelationships established between different cellular mechanisms, and alteration of this balance mod-
ulates cellular activity in muscle tissue with important functional implications.

Methods Thirty patients (85 + 8 years old, 23% female) scheduled to undergo hip fracture surgery participated in
this study. During the surgical procedures, skeletal muscle tissue was obtained from the Vastus lateralis. Two groups
of participants were studied based on their Barthel index: 15 functional-independent individuals (100-90) and 15
severely functional-dependent individuals (40-0). The expression of proteins from the most important cellular
mechanisms was studied by western blot.

Results Compared with independent elderly patients, dependent elderly showed an abrupt decrease in the capacity of
protein synthesis; this decrease was only partially compensated for at the response to unfolded or misfolded proteins
(UPR) level due to the increase in IRE1 (P < 0.001) and ATF6 (P < 0.05), which block autophagy, an essential
mechanism for cell survival, by decreasing the expression of Beclin-1, LC3, and p62 (P < 0.001) and the antioxidant
response. This lead to increased oxidative damage to lipids (P < 0.001) and that damage was directly associated
with the mitochondrial impairment induced by the significant decreases in the I, IIl, IV, and V mitochondrial
complexes (P < 0.01), which drastically reduced the energy capacity of the cell. The essential cellular mechanisms
were generally impaired and the triggering of apoptosis was induced, as shown by the significantly elevated levels of
most proapoptotic proteins (P < 0.05) and caspase-3/7 (P < 0.001) in dependents. The death of highly damaged
cells is not detrimental to organs as long as the regenerative capacity remains unaltered, but in the dependent
patients, this ability was also significantly altered, which was revealed by the reduction in the myogenic regulatory
factors and satellite cell marker (P < 0.001), and the increase in myostatin (P < 0.01). Due to the severely disturbed
cell interactome, the muscle contractile capacity showed significant damage.

Conclusions Functionally dependent patients exhibited severe alterations in their cellular interactome at the muscle
level. Cell apoptosis was caused by a decrease in successful protein synthesis, to which the cellular control systems
did not respond adequately; autophagy was simultaneously blocked, the mitochondrion malfunctioned, and as the
essential recovery mechanisms failed, these cells could not be replaced, resulting in the muscle being condemned to
a loss of mass and functionality.
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Introduction

Sarcopenia is one of the main causes of age-related depen-
dency. Sarcopenia is a geriatric syndrome marked by a decline
in skeletal muscle mass and function, and it occurs with in-
creasing prevalence and diverse causalities.! Currently, the
cellular alterations that cause sarcopenia are merely ex-
plained by a rapid increase in the breakdown of muscle pro-
tein accompanied by a reduction in muscle protein synthesis,
presumably induced by a disruption of the homeostatic met-
abolic response.2 However, substantial clinical information
implies that a deeper molecular understanding would aid in
the prevention of sarcopenia and the disability caused by it;
thus, studies on the interactome underlying sarcopenia are
greatly needed.

The interactome is the set of physiological processes in the
cell that occur in a patterned, simultaneous, or linked way,
and it allows the cell to live under normal conditions, over-
come adverse events or, in the face of failure, to induce its
death (reference S1 in the Supporting Information). In regard
to extreme sarcopenia, drastic alterations at the cellular level
in skeletal muscle have only been partially discovered in ani-
mal models® and scarcely in humans,*® but based on the con-
sequences at the clinical and muscular level, several
mechanisms seem to be involved.

Classically, the loss of autonomy and aging are correlated
with oxidative stress (reference S2 in the Supporting Infor-
mation). The imbalance between the reactive oxygen species
(ROS) produced in the body and antioxidant mechanisms
promotes catabolism of muscle fibres, leading to the loss
of muscle mass.® Disruption of endoplasmic reticulum (ER)
homeostasis and the induction of ER stress have been re-
cently described in aged muscles, resulting in a decrease in
protein synthesis.? This reduction is accompanied by the ac-
cumulation of unfolded or misfolded proteins that raise ER
stress, activating the response to unfolded or misfolded pro-
teins (UPR), and muscle mass is subsequently decreased.”
This multidimensional response is initiated from the ER
through three transmembrane proteins that can promote
cascades of action: inositol-requiring protein 1 (IRE1), acti-
vating transcription factor 6 (ATF6) and RNA-dependent pro-
tein kinase-like ER eukaryotic translation initiation factor 2
alpha kinase (PERK) or eukaryotic initiation factor 2 alpha
(elF2a). Each of them activates multiple mechanisms aimed
at recovering homeostasis and achieving cell survival. There-
fore, one of the main mechanisms triggered is autophagy.
Autophagy is a highly conserved cell survival mechanism in
which cells degrade dysfunctional cellular components
and protein aggregates to restore cell balance.® Three forms
of autophagy have been identified: microautophagy,
chaperone-mediated autophagy (CMA), and macroautoph-
agy. The last one is the most researched and, hereafter,
will simply be called autophagy. Decreased autophagic flow
in skeletal muscle seems to contribute significantly to

degeneration, dysfunction and muscle weakness throughout
adult life by reducing the elimination of organelles and toxic
products in most neuromuscular disorders.’ During aging, in-
efficient autophagy and damaged mitochondria have usually
been described, and the association of both processes is re-
current in the literature.® In aged subjects, mitochondria are
characterized by impaired functions, including reduced
oxidative phosphorylation, lowered oxidative capacity,
decreased adenosine 5/-triphophate (ATP) production, and
a significant increase in ROS.'° Oxidative damage to mito-
chondrial components and altered mitochondrial turnover
have been proposed as possible triggers of apoptotic
events,® which could be the cause of the reduction in muscle
mass seen in sarcopenia whenever the muscle regenerative
capacity is impaired.

The regenerative power of skeletal muscle is directly de-
pendent on two elements: myogenic regulatory factors
(MRFs) and satellite cells. MRFs are mainly constituted by
Myf5, MyoD, myogenin and MRF4, transcription factors
sensitive to aging,® which are in charge of controlling postna-
tal myogenesis through satellite cell activation and
differentiation.* In addition, myostatin, which plays an inhib-
itory role in skeletal muscle growth, contributes to muscle
breakdown in elderly people.? Skeletal muscle satellite cells
are a heterogeneous population of stem cells necessary for
proper muscle development, repair, homeostasis, and muscle
senescence. A correlation between the loss of satellite cell ac-
tivity and reduction of muscle regeneration capacity has been
described during aging,*® giving satellite cells an essential role
in the development of sarcopenia.

Treating sarcopenia requires a knowledge of the interac-
tion between all these mechanisms and muscle loss as well
as the interrelationships between them. In this article,
impairments in the sarcopenic interactome of dependent
vs. independent elderly people are shown. The important
differences at the cellular, molecular, and tissue levels show
the close relationship between sarcopenia and dependence,
and they indicate the molecules and mechanisms responsible
for sarcopenic dependence.

Material and methods
Experimental design

The population (N = 30; 23 women and 7 men; mean age
85 * 8 years) of the present study belonged to the HYPA
cohort and included a northwest Spanish cohort of older
(>70 years) individuals who were undergoing hip fracture
surgery at Monte Naranco Hospital (Oviedo, Spain).** Barthel
(BI) and Charlson (Cl) indexes were used to detect disabilities
in the performing of basic daily living activities and as indica-
tors of co-morbidity, respectively (Table S1).
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Skeletal muscle biopsies and blood samples were extracted
from 30 healthy patients (Cl was close to 0): 15 functional-in-
dependent patients (IP, Bl: 100-90) and 15 severely func-
tional-dependent patients (DP, Bl: 40-0) because the muscle
loss that goes together with the physical disability indicated
by low BI levels ensures extreme sarcopenia (reference S3
in the Supporting Information). The exclusion criteria were
malnutrition, cognitive decline, active neoplastic diseases,
and recent infections. The study was conducted according
to the Declaration of Helsinki and was approved by all local
and national ethical committees. All patients provided
written informed consent.

Biochemical blood analysis

Blood samples were obtained by venipuncture in the morn-
ing after an overnight fast and a 15 min rest. Biochemical
blood analysis was performed using an automated FALCOR
560 analyser (Menarini Diagnostics) in a well-standardized
haematology and biochemical laboratory at Monte Naranco
Hospital.

Muscle collection and homogenization

Skeletal muscle aliquots were obtained during hip surgery
from the Vastus lateralis and were immediately stored at
—80°C. Small pieces of tissue (approximately 0.2 g) were ho-
mogenized using an Ultra-turrax T25 homogenizer (Staufen,
Germany) in 500 pL of lysis buffer (50 mM phosphate buffer
pH 7.5, 1 mM NaF, 1 mM NazVO,, 1 mM PMSF). Then, the
tissue homogenates were centrifuged for 6 min at 1500 g
and 4°C, and the supernatants were collected.

Muscular oxidative stress studies

Lipid peroxidation (LPO) was determined by measuring the
reactive aldehyde malondialdehyde (MDA) and 4-hydroxy-2-
(E)-nonenal (4-HNE) levels using the LPO assay kit from
Calbiochem (437634, CA, USA). Total antioxidant
activity (TAA) was determined using the 2,2/-azino-bis
(3-ethylbenzothiazolin-6-sulfonic acid) radical cation method
(ABTS).Y® Total superoxide dismutase activity (SOD; EC
1.15.1.1) and catalase activity (CAT; EC 1.11.1.6) were
measured as described by Potes et al.”

Enzyme-linked immunosorbent assay
Tumour necrosis factor o (TNF-a) (KMC3011, Life Technolo-

gies, MA, USA) and interleukin-6 (IL-6) (KMCO0061, Life Tech-
nologies) ELISA kits were used to assess the inflammatory

response in skeletal muscle tissue. All assays were performed
following manufacturers’ protocols.

Caspase activity measurement

Caspase-3/7 activity was measured in tissue samples using
Caspase-Glo® 3/7 Assay (Promega, Southampton, UK). A
1:1 ratio of caspase reagent to sample supernatant was
used for the assay, and this mixture was incubated at room
temperature for 2 h. The end-point luminescence was
measured on a SIRIUS luminometer (Berthold, Pforzheim,
Germany).

Adenosine 5I-triphophate measurement

The determination of ATP levels was assessed in homogenized
muscle tissue using the ATP Bioluminescent Assay Kit (FLAA,
Sigma-Aldrich). This assay is based on the consumption of
ATP when firefly luciferase catalyses the oxidation of
D-luciferin. The ATP content was determined by the measure
of the light emission with a luminometer.

Western blotting

The homogenized tissue (90 pg protein per sample) was
mixed with Laemmli sample buffer (Bio-Rad Laboratories,
Inc., CA, USA) and denatured by boiling at 100°C for 5 min.
Samples of all patients were loaded in duplicate. The samples
were fractionated using SDS-PAGE at 200 V, and then protein
was transferred to polyvinylidene fluoride membranes
(Immobilon TM-P; Millipore Corp., MA, USA) at 350 mA.
Once the membranes were blocked for 1 h with 10% (w/v)
skim milk dissolved in Tris-buffered saline (TBS) (50 mM
Tris—HCl and 150 mM NacCl, pH 7.5), they were incubated at
4°C overnight with the corresponding primary antibodies
(Table S2). All antibodies were prediluted in TBS buffer con-
taining 5% (w/v) skim milk or albumin (BSA), as appropriate.
Then, the membranes were incubated with the correspond-
ing horseradish peroxidase-conjugated secondary antibody
(Sigma-Aldrich, Missouri, USA) and diluted in TBS buffer with
skim milk or BSA 2% (w/v) for 1 h at room temperature.
The immunoconjugates were detected using a chemilumines-
cent horseradish peroxidase substrate (WBKLS0500, Millipore
Corp., Darmstadt, Germany) according to the manufacturer’s
instructions. The Image Studio Lite 5.2.5 program (LI-COR
Biosciences, Nebraska, USA) allowed us to quantify the
optical density of the bands. Due to variations in the typical
constitutive protein levels (GAPDH, B-actin and a-tubulin)
(reference S4 in the Supporting Information), the results
were normalized to Ponceau as loading control.
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Statistical analysis

Data are represented as the mean * standard error of the
mean (SEM). The normality of the data was verified using
the Kolmogérov—Smirnov test. Variables between two exper-
imental groups were compared using a t-test of independent
samples. Differences were considered statistically significant
with a P < 0.05. Statistical and graphical analyses were per-
formed with GraphPad Prism 6.0.

Results
Plasma biochemistry

Comparative biochemistry between DP and IP showed
several parameters with important differences and trends
(Table S3). Thus, the total protein concentration was re-
duced in DP compared with IP, with important differences
that were close to significance. These data were confirmed
in DP by the abrupt decrease in albumin levels (P < 0.01),
which is normally a marker of the protein level. Lower
plasma protein levels are indicators of important and severe
disorders: malabsorption of nutrients and malnutrition, and
the decrease in albumin levels only support the possibility
of these disorders. A significant decrease in sodium levels

was observed in DP (P < 0.05) compared with IP, and lower
blood sodium is common in older and dependent adults,
which induces symptoms of lethargy and confusion.
Likewise, important but not significant reductions were
observed in glucose and triglycerides, metabolites that are
essential for obtaining energy and are new indicators of
malabsorption. Creatinine showed a significant increase in
DP (P < 0.05). Although creatinine is a classic marker of
impaired kidney function or kidney disease, the role of
creatinine is wider than just that, and its increase could also
be related to greater muscle breakdown in the dependent
population.*®

Endoplasmic reticulum stress

Due to the essential role that proteins play in skeletal muscle
maintenance, three branches of UPR were evaluated to study
possible disturbances in protein synthesis in the endoplasmic
reticulum (Figure 1). Although significant alterations in the
phosphorylation pathway of elF2a were not found (Figure
1A), UPR was triggered in response to ER stress, and it
corresponded with increased levels of IREla (P < 0.001)
and ATF6a (P < 0.05) in DP (Figure 1B,C). Interestingly, IRE1a
and ATF6a branches are associated with facilitating the cellu-
lar tolerance to chronic stress.’
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Figure 1 Endoplasmic reticulum stress in the muscle tissues of functional-independent patients (IP) and functional-dependent patients (DP). Bar chart
shows the quantification of the optical densities (0.D.) of blot bands of (A) eukaryotic initiation factor 2a (elF2a), phospho-elF2a, phospho-elF2a/
elF2a, (B) inositol-requiring enzyme 1o (IRE1la), and (C) activating transcription factor 6o (ATF6a). (D) Representative immunoblots. Ponceau staining
was used as a loading control. Data are represented as the mean + SEM. *P < 0.05; ***P < 0.001.
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Autophagy

Active UPR provokes the activation of the general quality
control mechanisms, such as autophagy, to preserve protein
homeostasis in muscle tissue. For this reason, we evaluated
the activity of the main autophagic pathways by measuring
the levels of Beclin-1 and microtubule-associated light-chain
protein 3 (LC3), macroautophagy markers, p62 protein as an
autophagosome cargo protein and LAMP2A levels as the
main marker of CMA.

Western blot analysis showed a significant increase in all
macroautophagic markers in IP in comparison to DP. Thus,
the expression of Beclin-1 (P < 0.001; Figure 2A), which plays
an essential role in the initiation of autophagy, in the
immunoblot analysis against LC3-l1 (P < 0.001) and LC3-II
(P < 0.001), resulted in higher unfolded protein concentra-
tions than the autophagy was able to degrade in IP, and this
was also seen with the quotient of both the LC3-1I/LC3-I ratio
(P < 0.05) (Figure 2B) and even in the p62 expression
(P < 0.001; Figure 2C). In contrast, a significant increase in
the expression of LAMP2A was observed in DP compared
with IP, showing that CMA was independent from macroau-
tophagy (P < 0.001; Figure 2D).

Mitochondrial oxidative phosphorylation

The mitochondrion is an organelle that is mainly involved in
cellular oxidative disruption due to its role in the electron
transport chain, which produces free radicals. Alteration in
the expression of its mitochondrial complexes weakens the
chain coordination and worsens its energy production.* A vir-
tually unanimous significant decrease was observed in all DP
mitochondrial complexes (complexes 1, lll, and IV with
P < 0.001; complex V with P < 0.01), with the exception of
complex I, which showed no difference (Figure 3). When
complex | is impaired, it induces complex Il activation, so this
discrepancy in complex Il supports the idea that there is
impairment of the electron transport chain in DP muscles.
The intracellular ATP levels were significantly decreased in
DP patients (P < 0.001; Figure 3C).

Oxidative stress status and inflammation

As shown in Figure 4, data analysis revealed that dependent
patients showed a loss of antioxidant capacity compared with
independent patients: in the first antioxidant line, at the
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Figure 2 Autophagy in the muscle tissues of functional-independent patients (IP) and functional-dependent patients (DP). Bar chart shows the
quantification of the optical densities (O.D.) of blot bands for (A) Beclin-1, (B) LC3-I, LC3-II, LC3-11/LC3-I, (C) p62 and (D) LAMP2A. (E) Immunoblots
of autophagy markers. Ponceau staining was used as a loading control. Data are represented as the mean + SEM. *P < 0.05; ***P < 0.001.
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Figure 3 Western blot analysis for studying the oxidative phosphorylation profile in muscle tissues of functional-independent patients (IP) and
functional-dependent patients (DP). Bar chart shows the quantification of the optical densities (O.D.) of blot bands for (A) subunits from the protein
complexes of the mitochondrial electron transport chain (NADH dehydrogenase (ubiquitone) 1b subcomplex 8 (NDUFB8) from complex | (Cl), iron
sulfur subunit (SDHB) from complex Il (Cll), ubiquinol-cytochrome c reductase core protein Il (UQCRC2) subunit from complex Ill (Clll), cytochrome
¢ oxidase subunit | (MTCO1) from complex IV (CIV) and ATP synthase subunit o (ATP5A) from complex V (CV). (B) Representative immunoblots.
Ponceau staining was used as a loading control. (C) ATP content was evaluated by bioluminescence (expressed as nmol ATP/mg protein. Data are

represented as the mean + SEM. **P < 0.01; ***P < 0.001.

enzymatic level, there were significant reductions in SOD
(P < 0.05; Figure 4A) and CAT (P < 0.01; Figure 4B), and at
the global level, there was a significant decrease in TAA
(P < 0.01; Figure 4C). This antioxidant loss led to an increase
in oxidative damage, as shown by a significant increase in the
LPO in DP (P < 0.001; Figure 4D). In accordance with the
oxidative stress status, greater inflammatory response was
observed in DP patients, with significant increases of cytokine
IL-6 and TNF-o detected in the muscle of DP patients
(P < 0.001; Figure 4E,F).

Excitation-contraction coupling

Excitation—contraction coupling is the basis of muscle
contraction, and a loss of coordination or damage to any of
its essential elements should have a significant impact on
disability. Our results support this assertion, as both phos-
phorylated Ryanodine receptor 1 (phospho-RYR1) and Ca2
+/calmodulin-dependent phosphorylated protein kinase I

(phospho-CaMKiIl), active forms of their corresponding pro-
teins, were detected at significantly lower levels (P < 0.001)
in functionally dependent patients (Figure 5A). Likewise, the
protein expression of Hsp27 (P < 0.001; Figure 5B) and
dystrophin (P < 0.001; Figure 5C), with a role in providing
cellular protection and structural integrity of muscle, was
reduced in DP patients while, consequently, the expression
of muscle-ring finger protein-1 (MuRF-1), a ubiquitin ligase
involved in muscle degradation, was significantly increased
in DP (P < 0.001; Figure 5D).

Apoptosis

Comparing results between IP and DP, from the low autoph-
agic activity to the reduction in energy production, led us to
suspect the cells were inviable, so we investigated the
existence of an apoptotic processes. For this purpose, we first
studied the balance between pro- and antiapoptotic proteins
of the Bcl-2 family and the activity of the main effector
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Figure 4 Oxidative stress status and inflammatory response in the muscle of functional-independent patients (IP) and functional-dependent patients
(DP). (A) Superoxide dismutase (expressed as SOD units/mg of protein), (B) catalase (expressed as umol H,0,/min mg protein), (C) total antioxidant
activity (expressed as mg eq. Trolox/mL), and (E) lipid peroxidation (expressed as MDA + 4-HNE/g protein). Inflammation levels by the determination
of (E) TNF-o. and (F) IL-6 (expressed as pg/mg protein). Data are represented as the mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

caspases 3 and 7. The results showed without doubt a clear
activation of apoptosis in DP. Thus, elevated levels of all
proapoptotic proteins were observed in the DP group com-
pared with the IP group: Bad (P < 0.05; Figure 6A), Bax
(P < 0.01; Figure 6B), Bik (P < 0.01; Figure 6C), Bim
(P < 0.01; Figure 6D), Puma (P < 0.01; Figure 6E), while sig-
nificantly lower levels of the antiapoptotic protein Bcl-2
(P < 0.001; Figure 6F). Moreover, Caspase-3/7 activity
showed a significative increase in DP vs IP (P < 0.001; Figure
6H), indicating an evident cellular loss by apoptosis in DP.

Myogenic differentiation

Myogenic regulatory factors are part of a superfamily of tran-
scription factors involved in the differentiation of satellite
cells. Growth differentiation factor 8, which is also known
as myostatin, is involved in the inhibition of this pathway.
Our data indicated that MyoD, Myf5, and Myf6 levels were
significantly reduced in the muscle of the dependent group
compared with the independent group (P < 0.001,
P < 0.001, P < 0.001; Figure 7A—C). In addition, a significant
increase in myostatin (P < 0.01; Figure 7D) along with a sig-
nificant decrease in Pax7 (P < 0.001; Figure 7E) expression
was observed in the dependent patients. These remarkable

alterations in factors related to muscle degeneration and
blockage of muscle stem cells lead to an inability of muscle
regeneration in DP and may become the inducer of
dependency.

Discussion

Disability in the elderly population is caused in a large num-
ber of cases by significant impairments of muscle function,
known as severe sarcopenia, which seriously hampers move-
ment. At the macroscopic level, this alteration is the result of
the disruption of multiple mechanisms and links at the cellu-
lar level, which modulates a specific and severe sarcopenia
interactome. Unravelling the differential mechanism charac-
teristics could reveal new therapeutic targets for reversing
the disability.

Several markers used in standard biochemical analysis
have shown significant differences and clear trends between
DP and IP. The global study of these markers can provide us
with important information about the muscular state of the
individual, even if each marker can separately be a classic
marker of another pathology. Thus, albumin and creatinine
are typical markers of kidney damage.'® Furthermore, the
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albumin and sodium decreases observed in DP with clear
downward trends in glucose and detected total proteins are
also clear indicators of malnutrition and poor intestinal
absorption,® which have a devastating effect on muscles
and promotes protein catabolism that further accelerates
muscle wasting, and recent articles support their role as a
warning signal in elderly people.?° Creatinine, in turn, is fil-
tered out of the blood by the renal glomeruli, so increased
blood levels of creatinine are often used as an indicator of re-
nal dysfunction.’® However, creatinine is also a breakdown
product of creatine phosphate in muscle, and as a waste
product of muscle metabolism,?! it is released into the blood.
Therefore, the increase in its presence at the systemic level
could also be a marker of muscle degradation, and it not only
reflects kidney function. In this way, the increased creatinine
levels observed in DP reinforce the information provided by
alterations in albumin, sodium, glucose, and total proteins
levels, forming a set of tools for predicting the muscular state
of the patient, in which the reduction in the protein level
seems to be most noticeable. The systemic decline in protein
capacity observed under disability was corroborated by an
impairment in the protein synthesis of the muscle cells

present in DP patients. During aging, the capacity of the en-
doplasmic reticulum for protein synthesis and folding is com-
promised, mainly due to the progressive failure of chaperone
systems.?? This leads to an accumulation of unfolded or
misfolded proteins inside the ER lumen, called reticulum
stress, and UPR activation. In our study, two of the three
pathways that make up the UPR were increased in dependent
patients. PERK activation, the only UPR pathway without dif-
ferences between DP and IP, is usually the first indicator of
UPR activation, and it phosphorylates elF2a to induce the
down-regulation of protein synthesis.?® Different results have
been reported regarding PERK activation, including a preva-
lent lack of change and even a reduction in its activation with
age, which seems to indicate that the UPR pathway is the
most sensitive branch to age-induced damage.>* Decreased
PERK gene expression was observed in aged brains in rats,?
and it remained unaltered in human muscles®®; elF2a expres-
sion was also reduced in the mouse cerebral cortex,?® and no
change was observed in phospho-elF2a. in aged human
muscle.?” The conservation of the activation capacity during
aging by IRE1/ATF6 has, however, been reported in several
papers.>?* Thus, the cascade of cellular responses to protein
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synthesis damage is maintained in DP muscle, although it is
drastically diminished by blocking essential PERK-dependent
mechanisms such as antioxidant response and autophagy.”®

Autophagy is an essential mechanism in the maintenance
of cellular protein quality; it has decreasing efficiency with
aging® and leads to the accumulation of autophagosomes
that significantly hinder vesicular transport in the cell. How-
ever, in DP muscle, we suggest that there is not a reduction
in autophagic activity but a complete blockage of autophagic
activity, as evidenced by p62. p62 is a potent marker of au-
tophagic flux that binds to autophagic substrates in auto-
phagosomes and is degraded when autophagy is adequately
induced. Thus, an inefficient autophagic response is usually
shown by p62 accumulation in aging® and under several path-
ological conditions.?® However, in DP patients, the autophagic
situation is aggravated by a total blockade from the onset
that prevents the activation of p62 and keeps its concentra-
tion reduced to the level of the other macroautophagic

markers. On the other hand, CMA exhibited an abrupt rise
in its levels in dependent elderly patients, showing an oppo-
site trend to macroautophagy. This dissonant evolution has
been observed in other stress situations, suggesting a se-
quential and related action of both pathways.3® Furthermore,
CMA is up-regulated in response to a wide variety of stressors
and is a key element in the regulation of lipid and glucose
metabolism,3* which links this series of alterations to the
other fundamental pillar of cell function, energy production.

Our results showed a significant reduction in the expres-
sion of the main complexes of the mitochondrial electron
transport chain in DP patients: complexes |, lll, IV, and V.
However, complex Il, which is activated as a compensatory
mechanism to support mitochondrial metabolism when com-
plex | is compromised, did not exhibit changed levels. This in-
dicates a drastic loss in mitochondrial capacity and implies a
significant drop in ATP production at the muscle level. Several
articles have shown that mitochondria have an essential role
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in the development of sarcopenia and that their preservation
would slow the progression towards severe sarcopenia and
disability.*3? This mitochondrial involvement in sarcopenia
evolution seems greater when the concentration of type Il fi-
bres in the muscle is higher,33 and Vastus lateralis, the same
muscle under study in the present work, has specifically
shown mitochondrial impairment with important muscular
effects.3® Only the elimination of dysfunctional mitochondria
could prevent muscle damage, but the blockage of autophagy
displayed in the muscles of DP prevents mitophagy?® and,
thus, the ability to recover.

Muscle deterioration due to mitochondrial malfunction
goes beyond the drop in ATP production. Thus,
malfunctioning of the electron transport chain is the main
source of oxygen free radicals®®; in turn, these reactive spe-
cies favour the uncoupling of the respiratory chain, which
causes a vicious cycle®? that enhances the initial damage
and ultimately regulates the quality of skeletal muscle.

Our data regarding cellular oxidative damage confirm that
the increase in ROS were due to mitochondrial alterations,
which was already identified by other authors,'®3** because
damage to macromolecules is significantly increased in DP
patients. An interesting relationship between reticulum stress
and oxidative stress has also been found previously,” so we
hypothesize that oxidative damage must be considered mul-
tifactorial. This oxidative impairment of macromolecules is
undoubtedly aggravated by the subsequent observed inflam-
mation and the deficit in the antioxidant capacity of the dis-
ability group, which shows a significant reduction in both its
main antioxidant enzymes and the total antioxidant activity

together with an increase in main cytokines. The loss of anti-
oxidant responsiveness to macromolecule damage is proba-
bly due to the significant protein loss detected,® and this
leads us back to the blockade of PERK, which, as we had indi-
cated, blocked not only autophagy but also the activation of
antioxidants,?® while the observed increase in inflammation
supports the activation of IRE-1 discovered in DP, already in-
dicated in several pathologies (reference S5 in the Supporting
Information).

The loss of energy production capacity at the mitochon-
drial level and the damage in protein production have a direct
effect on muscle cell contractility,* and the reduction in the
expression of the main molecules involved in contractility
and even in the strengthening of muscle fibres and their pro-
tection, such as dystrophin, observed in DP patients confirm
this asseveration. In addition, CaMKIl is highly susceptible
to oxidation by ROS due to its high methionine content,
which has been shown to accelerate muscle degeneration
in aging.3® Antioxidant treatment may reduce the RYR1
involvement,® but antioxidant capacity was severely im-
paired in the DP group, so it appears that contractile capacity
in these individuals is severely compromised.

Protein synthesis and energy generation are the two pillars
on which cellular activity is based. The perturbation of at
least one of them causes a cascading effect on the essential
mechanisms of the cell that can lead to cell death. In our
work, functionally dependent patients not only showed im-
paired capacity for protein synthesis and energy production,
but the most important survival mechanism within the cell,
autophagy, was also shown to be blocked; therefore, that
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the discovery of the increase in the main markers of apopto-
sis triggering only confirmed the predictions. It has been de-
scribed the existence of apoptosis in aged muscle,” but our
work shows that the causal relationship of muscle apoptosis
is not necessarily with aging but with severe sarcopenia,
because independent individuals of the same age group had
drastically reduced levels of these markers, both at the
adaptor protein level with a clear imbalance towards
antiapoptotic proteins and at the effector level with a signif-
icant reduction of caspases activity.

The loss of muscle mass that occurs with age and is
induced by apoptosis®” can only materialize if the muscle
has lost its regenerative capacity. Therefore, the significant
reduction in MRFs expression and Pax7, as satellite cell
marker, found in the disability group was necessary for the
irreversible loss of muscle mass in that group. Moreover, DP
presented a significant increase in myostatin levels and
MuRF-1, both essential regulators of degradation in skeletal
muscle (reference S6 in the Supporting Information). Some
studies emphasize the antiproliferative effect of myostatin
on muscle stem cells.3® Supporting our results, Suetta et al.>°
observed increased levels of myostatin in elderly people with
immobility-induced muscle atrophy and attenuated
down-regulation after rehabilitation. This reduction in MRFs
expression together with an increase in myostatin implies a
reduction in the satellite cell niche in dependent elderly indi-
viduals, and it also contributes to muscular degeneration and
atrophy. Furthermore, recovery of skeletal muscle mass after
immobility-induced muscle atrophy is faster in young people
than in elderly people due to a reduced number of satellite
cells and/or their myogenic potential, which contributes to
functional decline.®®

Our results confirm the hypothesis initially put forward
and validate our previous division of the study population,
assigning exacerbated sarcopenia to extreme disability. Thus,
data show large differences in the muscular interactome be-
tween dependent and independent patients, revealing that
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