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M.; Donaldson, J.; Arciszewski, M.B.;

Dresler, S.; Puzio, I.; Szymańczyk, S.;
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Piotr Dobrowolski 9 , Joanna Bonior 10 , Maria Mielnik-Błaszczak 11, Damian Kuc 11 and Siemowit Muszyński 12
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Abstract: Chronic pancreatitis (CP) in young individuals may lead to disease-related secondary
sarcopenia (SSARC), characterized by muscle loss and systemic inflammation. In this study, CP
was induced in young pigs, and serum levels of key hormones, muscle fiber diameters in various
muscles, and the mRNA expression of genes related to oxidative stress and programmed cell death
were assessed. A decrease in muscle fiber diameters was observed in SSARC pigs, particularly in the
longissimus and diaphragm muscles. Hormonal analysis revealed alterations in dehydroepiandros-
terone, testosterone, oxytocin, myostatin, and cortisol levels, indicating a distinct hormonal response
in SSARC pigs compared to controls. Oxytocin levels in SSARC pigs were significantly lower and
myostatin levels higher. Additionally, changes in the expression of catalase (CAT), caspase 8 (CASP8),
B-cell lymphoma 2 (BCL2), and BCL2-associated X protein (BAX) mRNA suggested a downregulation
of oxidative stress response and apoptosis regulation. A reduced BAX/BCL2 ratio in SSARC pigs
implied potential caspase-independent cell death pathways. The findings highlight the complex
interplay between hormonal changes and muscle degradation in SSARC, underscoring the need for
further research into the apoptotic and inflammatory pathways involved in muscle changes due to
chronic organ inflammation in young individuals.
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1. Introduction

Sarcopenia, according to the definition of the International Working Group on Sar-
copenia (IWGS) in 2009, is a prevalent condition characterized by a progressive loss of
muscle mass and strength that typically begins after the age of 30 and accelerates after
50 years [1]. Although the term has been increasingly recognized in clinical settings, a
universally accepted definition has been elusive. Subsequent consensus definitions pro-
vided by the IWGS, the European Society of Clinical Nutrition and Metabolism Special
Interest Group (ESPEN-SIG), the European Working Group on Sarcopenia in Older People
(EWGSOP), and the Society of Sarcopenia, Cachexia and Wasting Disorders (SSCWD) have
contributed to the evolving understanding of sarcopenia [2]. In 2018, sarcopenia was
further refined with the recognition of muscles as secondary endocrine organs [3]. Despite
these advancements, a global consensus on the definition remains incomplete, contributing
to the underdiagnosis of sarcopenia in clinical practice.

Current diagnostic approaches for sarcopenia often rely on advanced imaging tech-
niques, such as dual-energy X-ray absorptiometry (DEXA), computed tomography (CT),
magnetic resonance imaging (MRI), and clinical ultrasound [4]. Among these, MRI and
CT are considered the gold standards, providing detailed and accurate measurements of
muscle mass, density, and fatty infiltration [5]. Currently, the most reliable basis for detect-
ing sarcopenia is not only confirming low muscle mass with a reduced amount and altered
quality of muscle fibers, but also confirming low muscle strength, muscle performance, and
physical fitness. For this reason, bioelectrical impedance analysis (BIA) is largely utilized
for the assessment of skeletal muscle mass [6]. However, there is a lack of consensus on
or standardization of different measurement methods and diagnostic radiological cutoff
points [3]. Diagnosing sarcopenia requires reliable quantification of muscle mass using
valid, repeatable, and cost-effective tools. Although many tools are available, the lack
of population homogeneity and diverse research conditions complicate the systematic
implementation of these tools and accurate diagnostics [7]. In sarcopenia, muscle quality is
also altered due to disruptions in the micro- and macroscopic aspects of muscle architecture
and composition. Thus, proper investigation of muscle cells is available through muscle
biopsy, which, along with typing muscle fibers, is an excellent tool for evaluating muscle
quality [7].

Because changes in skeletal muscles are largely attributed to the complex interac-
tions among factors that include alterations of the neuromuscular junction, endocrine
system, growth factors, and muscle protein turnover, as well as behavior-related and
disease-related factors, the identification of SARC is complicated; and the identification
of a single biomarker of SARC is unreliable, due to its “multifactorial” pathogenesis in-
volving a multitude of pathways. SARC development is multifactorial, involving intricate
interactions between programmed cell death mechanisms and oxidative stress. These pro-
cesses lead to muscle fiber atrophy, impaired regeneration, and infiltration of non-muscle
tissues, collectively contributing to the progressive loss of muscle mass and function [8].
SARC development involves both programmed cell death mechanisms and oxidative stress.
Apoptosis increases in aging muscles, leading to muscle fiber loss, while autophagy dysreg-
ulation results in either excessive or insufficient degradation of cellular components, both
of which contribute to muscle degradation. Necroptosis, another form of cell death, triggers
inflammation and worsens muscle loss [9]. Oxidative stress, characterized by an imbalance
of reactive oxygen species (ROS), damages muscle cells, with mitochondrial dysfunction
exacerbating ROS production and reducing ATP, further weakening muscles [10]. Chronic
inflammation, driven by oxidative stress, accelerates muscle breakdown and has a direct
effect on muscle protein turnover [11]. Together, these mechanisms cause muscle fiber
atrophy, impair muscle regeneration by affecting satellite cells, and lead to the infiltration
of connective and adipose tissues, disrupting muscle structure and function.

New evidence indicates that sarcopenia is also a concern among obese and chronically
ill patients, suggesting that the actual number of individuals at risk for adverse outcomes
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is significantly higher than previously thought, with personal, social, and economic costs
exceeding expectations [7,12].

Sarcopenia is classified into primary, age-related sarcopenia (PSARC), and secondary,
disease-related sarcopenia (SSARC) [13,14]. SSARC has multifactorial origins, including
age-dependent biological changes, lifestyle habits, disease-causing factors, and disease-
dependent biological changes, such as neurological disorders, dementia, Alzheimer’s
disease, lung diseases, diabetes mellitus, cancer, organ failure, inflammation, immobiliza-
tion, and obesity [15]. Disease-related SSARC is observed in patients undergoing surgical
procedures (e.g., cardiac, orthopedic, gynecological, or vascular surgeries) or in those with
gastrointestinal cancers (e.g., liver, colon, stomach, or pancreas) and other chronic illnesses,
such as inflammatory bowel disease or pancreatitis [16–26]. While age-related PSARC is rel-
atively well understood, disease-related SSARC, especially when multiple factors beyond
aging are involved, remains less defined [13]. SSARC can result from a complex interplay
of etiological factors, including cancer, organ failure, inflammation, immobilization, and
obesity, and is considered to be more prevalent than primary age-related sarcopenia, even
affecting younger individuals [27–32]. Chronic pancreatitis (CP), a progressive inflam-
matory disease, is a well-known contributor to systemic inflammation and rapid muscle
degradation. CP is associated with increased intestinal permeability, which can impair
nutrient absorption and lead to overall systemic weakness. The chronic inflammatory state
induced by CP, combined with alterations in pancreatic function and potential malnutrition,
exacerbates the risk of developing SSARC. Over time, chronic inflammation and cancer can
further exacerbate SSARC [33,34].

Thus, a novel animal model of CP has been proposed [35,36]. This model is particularly
relevant because it reflects the complex interplay of chronic disease in a controlled setting
and provides insights into how mid-grade systemic inflammation develops in young
individuals.

By applying this model, it is hypothesized that experimental CP in young animals
linked with body mass loss can result in SSARC over time. For this purpose, cerulein-
induced CP was triggered in young pigs to advance the understanding of how chronic
disease affects muscle in young individuals.

Therefore, to investigate sarcopenic changes, skeletal muscles with distinct
functions—the dynamic musculus triceps brachii (MT) and the static musculus longis-
simus lumborum (ML), along with the diaphragm and heart—were selected. Assessments
were made of the number and percentage of muscle fibers of types I, IIa, and IIb, and mea-
surements of their diameters were performed to evaluate structural changes. In addition,
blood serum levels of myostatin, a negative regulator of muscle growth, and oxytocin,
which has anti-inflammatory properties and inhibits myostatin, were analyzed. To explore
the effects of chronic stress and inflammation on the hypothalamic–pituitary–adrenal (HPA)
axis, the DHEA/cortisol ratio was assessed, and testosterone levels were measured as an
indicator of anabolic activity. Finally, to examine mechanisms related to oxidative stress
and programmed cell death in muscles caused by mid-grade chronic inflammation, the
expressions of genes related to oxidative stress (SOD1, CAT) and apoptosis (CASP3, CASP8,
BCL2, BAX) were quantified, and the BAX/BCL2 mRNA ratio was calculated as an indicator
of apoptosis.

2. Results
2.1. Muscle Fibers

Figure 1A shows representative images of muscle fiber type variability in the di-
aphragm, the LM muscle, and the MT muscle in the control and SSARC groups. While the
overall number of muscle fibers in the muscle cross-sectional area increased only in the LM
muscle (Control: 356 fibers/mm2, SSARC: 387 fibers/mm2; Figure 1B), sarcopenic changes
were evident in all analyzed muscle types, as indicated by alterations in the diameters of
different muscle fiber types (Figure 1C). In the diaphragm, the diameter of type I and IIa
muscle fibers decreased in the SSARC group compared to the control group (type I: Control:
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50.8 µm, SSARC: 40.1 µm; type IIa: Control: 66.7 µm, SSARC: 56.1 µm). In the LM muscle,
the diameters of all muscle fiber types decreased (type I: Control: 48.8 µm, SSARC: 40.6 µm;
type IIa: Control: 53.8 µm, SSARC: 38.2 µm; type IIb: Control: 67.2 µm, SSARC: 49.6 µm).
In the MT muscle, a decrease in fiber diameter was observed in the SSARC group for type
I and type IIa muscle fibers (type I: Control: 49.1 µm, SSARC: 41.2 µm; type IIa: Control:
49.8 µm, SSARC: 39.1 µm). However, the percentages of the various fiber types did not
change (Figure 1D).
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Figure 1. Muscle histomorphometry. (A) Representative images of the NADH-TR and MyHC stained
sections of the diaphragm, the longissimus lumborum muscle, and the triceps brachii muscle in
the control (C-pig) and cerulein-injected (SSARC-pig) groups, showing muscle fiber type variability.
Type I fibers are stained brown, type IIa fibers are stained blue, and type IIb fibers are stained white;
(B) Comparison of numbers of muscle fibers in the cross-section of the diaphragm, the longissimus
lumborum muscle, and the triceps brachii muscle; (C) Comparison of the diameter of type I, IIa, and
IIb muscle fibers in the diaphragm, longissimus lumborum muscle, and the triceps brachii muscle;
(D) Comparison of the percentages of type I, IIa, and IIb muscle fibers in the diaphragm, longissimus
lumborum muscle, and the triceps brachii muscle. In graphs, data are represented as the mean ± SE
values (n = 5 in each group). Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001 (two-tailed
t-test adjusted for multiple comparisons using the Bonferroni method). In images in (A), all the scale
bars show 100 µm.

2.2. Sarcopenic Indicators

Serum DHEA concentration increased over time and peaked on day 42 and day 49 in
SSARC-pigs and C-pigs, respectively, compared to that observed on day 0 (Figure 2A). The
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serum T concentration increased gradually over time in both pig groups, with increased
concentrations detected on days 14, 21, 35, 42, and 49 compared to that noted on day 0.
Moreover, the serum T concentration in SSARC-pigs on day 49 was significantly lower
compared to that of C-pigs (Figure 2B). The serum cortisol concentration was significantly
increased in C-pigs on day 42 compared to day 0. Moreover, serum cortisol concentration
was significantly decreased on days 14, 21, and 35 in SSARC-pigs compared to C-pigs on
the same days (Figure 2C). Serum OT concentration was significantly lower in SSARC-pigs
on days 21, 35, 42, and 49 compared to that observed in C-pigs on the same days (Figure 2D).
SSARC-pigs had significantly increased serum MNST concentrations on days 14, 35, 42,
and 49 compared to that observed on day 0. Serum MNST concentration was also increased
in C-pigs on day 42 and day 49 compared to that noted on day 0. Moreover, the serum
MNST concentration was significantly higher in SSARC-pigs on days 21, 35, 42, and 49
compared to that observed in C-pigs on the same days (Figure 2E). The DHEA/cortisol
ratio was increased in C-pigs on day 49 compared to the ratio calculated on day 0, and this
ratio was significantly higher in SSARC-pigs on day 42 compared to that of the C-pigs at
this time (Figure 2F).
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Figure 2. Time dependence of serum sarcopenic indicators during the experimental period:
(A) dehydroepiandrosterone, DHEA; (B) testosterone, T; (C) cortisol; (D) oxytocin, OT; (E) myostatin,
MNST; and (F) DHEA/cortisol ratio in pigs during the experimental period. Data are shown for the
control group (C-pigs, black) and the cerulein-injected group (SSARC-pigs, red). The shaded area
represents the 6-day-long period of daily cerulein injections (1 µg/kg b.w./day) in the SSARC-pig
group. Data are presented as mean ± SE (n = 5 in each group). Statistical significance: * p < 0.05;
** p < 0.01; *** p < 0.001 (compared to day 0); # p < 0.05; ## p < 0.01 (between groups at a given
time point).

2.3. Expression of Genes of Antioxidant Proteins and Signal Proteins of Programmed Cell Death

In the examined mRNA gene expression of antioxidant proteins, CAT mRNA was
downregulated in the diaphragm of SSARC-pigs (Figure 3A). For cell death signaling
proteins, CASP8 mRNA was downregulated in the diaphragm and ML of SSARC-pigs.
Conversely, BCL-2 mRNA was upregulated in the MT of SSARC-pigs (Figure 3B). Con-
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sequently, the BAX/BCL-2 mRNA ratio in MT decreased for SSARC-pigs (Figure 3C).
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Figure 3. Relative gene expression of (A) antioxidant proteins, (B) signal proteins of programmed cell
death, and (C) BAX/BCL2 mRNA ratio in pigs in the control (C-pig) and cerulein-injected (SSARC-
pig) groups. The expression was normalized to the GAPDH housekeeping gene and is presented
relative to the level observed in the control group. Due to the −∆∆CT method’s exponential nature
for calculating relative mRNA expression, the graphs depict the geometric means with SE (standard
errors) (n = 5 in each group). Statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001 (two-tailed
t-test adjusted for multiple comparisons using the Bonferroni method).

3. Discussion

The application of CT or MRI imaging methods in research involving young pigs is
complicated by issues related to population heterogeneity and varying research conditions.
There is still a significant gap in validated methods for assessing muscle functionality
because portable, hand-held dynamometers and manual muscle testers, often used in
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human studies, lack validation for use in porcine models. Similarly, in vivo techniques,
such as electrical stimulation in anesthetized subjects, which offer some insight into muscle
strength, are not yet fully validated for use in large animal models. Therefore, this study
focused on assessing structural and molecular changes in the muscles. This comprehensive
approach allowed for a detailed investigation into how CP affects muscle structure and
function through oxidative stress and programmed cell death mechanisms.

As mentioned, pancreatitis is a systemic inflammation and one of the most common
problems in gastroenterology due to its often asymptomatic onset [37–40]. Various data
indicate that its prevalence in children is approximately 5.8 per 100,000 among privately
insured children in the USA [41,42], while the prevalence of sarcopenia in CP from all
studies ranged from 17–62% [38], and it is more frequently studied in older people than
in youths. Despite its clinical significance, research on youth-onset sarcopenia remains
in its infancy [43]. Tracking changes in the musculoskeletal system in humans is difficult,
as is obtaining diaphragm or heart samples by biopsy. Experiments on animals allow
for the discovery of previously unknown mechanisms or effects [44,45]. The choice of
the pig as the experimental animal is justified because pig physiology is very similar to
that of humans, and pigs are close in body size to humans [46,47]. Moreover, pigs are
more developed at birth than rodents; the number and size of muscle fibers at birth are
fixed [48]. Pigs share a similar developmental pattern of skeletal muscles, making them
advantageous models for studying pathophysiological conditions in humans [49–51]. All
of these conditions favor the selection of the pig to carry out the present study. On the
other hand, the young age of the animals means they are still in a critical phase of growth
and development. This developmental stage might influence muscle fiber composition and
response to stress differently than in fully mature animals. Natural growth processes could
mask the extent of the sarcopenic changes observed.

In general, skeletal muscles account for about 55% of the body mass in mammals. They
play a major role in locomotion, protect internal vital organs, provide body posture and
shape (also related to sex), participate in heat production and thermoregulation, respond
to cold stress, and are involved in bodily metabolism [52]. Skeletal muscles, based on
their contractile and metabolic properties, are roughly classified as slow-twitch oxidative
(type I) fibers, fast-twitch oxidative–glycolytic fibers (type IIa), and fast-twitch glycolytic
fibers (type IIb) in pigs. In humans, however, type IIx replaces type IIb as the dominant
fast-twitch fiber (with IIx previously called IIb) [50,53–55]. Type I fibers are characterized
by high endurance, slow contraction speed, high oxidative capacity, numerous mitochon-
dria, and high myoglobin content. They are resistant to fatigue and predominantly used
for prolonged, low-intensity activities and maintaining posture. Type IIra fibers exhibit
intermediate endurance, fast contraction speed and oxidative and glycolytic metabolism;
they are relatively resistant to fatigue, making them suitable for sustained activities and
short bursts of moderate-intensity exercise. Type IIb fibers, on the other hand, have low en-
durance, very fast contraction speed, and high glycolytic capacity; they are prone to fatigue,
being utilized for short, high-intensity activities [50]. The proportion between all these
fibers can vary among different species, and in humans, this proportion shows variability
between individuals. Additionally, the anatomical position of muscles determines their
fiber pattern and role in physical activity (e.g., trunk, limb, head, or neck muscles) [50,56].
It is also known that the type of skeletal muscle fiber shifts in response to different health
problems or immobility in humans [52]. In livestock animals, fiber composition is a major
determinant of meat quality [57].

The current study focused on muscles consisting of three types of fibers: LL [58],
contributing to lumbar postural control both in pigs and humans [59]; TB [60], involved
in studies relating to strength training, training adaptation, and aging [61] due to its more
dynamic function in physical activity [62,63]; the diaphragm, which responds to health
problems by reducing its diameter [64,65]; and the heart, characterized by fibers with
different contractile and conducting properties [66]. The current study showed an increase
in the number of fibers in LL and a decrease in the diameter of both type II fibers in LL,
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all types in TB, and type I and IIa in the diaphragm, without a change in the percentage
composition of muscle fibers. The fiber types affected in all muscles analyzed were type
IIa, a fast-twitch type with high oxidative and glycolytic capacity and relatively resistant
to fatigue. This type produces ATP through oxidative phosphorylation and anaerobic
glycolysis, which is essential for sustaining prolonged physical activity and endurance
exercises and allows it to perform well during high-intensity, short-duration activities,
where oxygen availability might be limited. The reduction in the number and diameter of
type IIa fibers means that muscles may generate less force, leading to an overall weakening
of muscle strength and faster fatigue during physical exertion. The combination of reduced
strength and endurance can lead to mobility issues and decrease quality of life, affecting the
ability to perform daily tasks and activities, which is especially problematic for individuals
with chronic diseases. Moreover, the total number of fibers in a given muscle area may
increase. This can be explained by the reduction in the diameter of individual muscle fibers
resulting from degeneration and decreased protein synthesis in the muscles. The reduced
thickness of the fibers means that more fibers can fit into the same area. It should be noted
that, even though the number of fibers per unit area increases, the overall muscle strength
and its ability to generate power are still reduced.

This result is consistent with other data showing a reduction in size, particularly
in type II fibers, which are the predominant type, especially IIb, in domestic pigs [67].
Additionally, PSARC is linked with the decrease in type II fibers, explained by the shift
from type II to type I, mainly observed with age [13]. There is also a report showing that type
I fibers, predominant in postural muscles, are more susceptible to sarcopenic changes [68].
However, the pattern of muscle atrophy differs among studies and individuals [69–71]. The
latest findings show that SARC affects the skeletal muscles of the lower limbs more than
the predominantly type II fibers in the upper part of the body in humans [72,73]. Moreover,
taking into account that CP is associated with malabsorption and nutrient deficiencies due
to impaired digestive enzyme secretion and altered intestinal permeability, this reduced
nutrient availability can significantly affect muscle metabolism, regeneration, and overall
health. The balance between muscle protein synthesis and breakdown determines muscle
mass [11]. Insufficient nutrients may exacerbate sarcopenic changes, as muscles require
adequate protein and other nutrients to maintain mass and function [74]. The significant
difference in body weight between the experimental and control groups at an age of very
intense muscle mass growth could be due to both inhibited muscle mass growth and its
reduction. However, our growing pigs may have experienced sarcopenic changes rather
than cachexia or growth inhibition because a previous study showed no pain, diarrhea, or
decreased food intake, and similar serum biochemical indices (protein and albumin levels),
indicating comparable nutritional status [35]. While microscopic analysis indicated a
decrease in fiber diameter without changes in composition, the duration may have been too
short for these changes to fully manifest because SSARC is categorized into three severity
stages, according to the European Working Group on Sarcopenia. The current findings
were typical for the pre-sarcopenia stage comprising muscle mass reduction alone [75].

Tumor necrosis factor alpha, considered a potent inducer of muscle wasting in vivo
through the induction of apoptosis and proteolysis and the inhibition of myogenesis [76],
increases in patients with CP [77]. Interleukin-6 is a catabolic agent involved in muscle
wasting and, inhibited by DHEA, it increases with age [78–80]. Interleukin-1beta is also
elevated in CP, acting as a mediator of systemic inflammation [81]. All of these factors are
some of the most important biomarkers of sarcopenia [82]. In addition to CRP, LDH, GGTP,
SOD, and GSH, they all increased after cerulein injections, as reported previously [35].
However, considering the complexity of SARC, it is unlikely that a single biomarker
can identify the sarcopenic condition in a heterogeneous population of young and old
individuals [83]. Different hormones affect muscle function and mass. Many hormones,
such as sex hormones, which are muscle-growth promotors and regulators of regenerative
factors, along with T [84] and its precursor DHEA, [85] decline in sarcopenia [86]. Sex
steroid hormones may participate in intracellular signaling pathways, such as the IGF-



Int. J. Mol. Sci. 2024, 25, 8735 9 of 20

1/Akt/mTOR pathway, MAPK pathway, and Wnt and Notch signaling, which either
positively or negatively regulate cell proliferation, survival, and energy metabolism [87].
DHEA mitigates oxidative stress and increased GSH [88]. In the current study, SSARC-pigs
showed distinct hormonal profiles with significant alterations in DHEA, T, cortisol, OT, and
MNST levels over time compared to controls. In addition to increased proinflammatory
factors, this may be another reason for the reduced diameter of the muscle fibers.

The roles of cortisol and dysfunction of the HPA axis in the pathogenesis of SARC in
aging individuals are well established [89,90]. Cortisol is a well-known catabolic hormone
that induces muscle atrophy and wasting [86]. Both 11beta-hydroxysteroid dehydroge-
nase (which interconverts the active glucocorticoid, cortisol, and inactive cortisone) and
5alpha-reductase (which plays a key role in cortisol breakdown and reduces testosterone
to dihydrotestosterone) are involved in cortisol metabolism, and both decline in aging
men [91]. However, the current study involved young pigs, in which the cortisol concentra-
tion remained relatively constant through the whole study. It should be emphasized that
the study was conducted in such a way as to eliminate as many stress factors as possible.
Although the DHEA/cortisol ratio changed in a comparable manner in both groups, cor-
tisol was lower and the DHEA/cortisol ratio was significantly higher in SSARC-pigs on
day 42. Future studies should be prolonged to clarify serum cortisol changes, especially
since individual responses to stress may vary [92]. On the other hand, it is not known
whether a DHEA-S/cortisol value higher than 0.2, an independent risk factor for SARC,
can be extrapolated to pigs [93]. However, there is a basic mechanism in which high
cortisol induces catabolic effects, while low DHEA reduces anabolic reactions in skeletal
muscles [93].

Further, changes in OT and MNST were assessed over time in the current study. The
observed hormonal changes, such as decreased testosterone and OT levels and increased
myostatin levels in SSARC-pigs, are critical indicators of muscle anabolic-catabolic balance.
Testosterone and OT promote muscle growth and repair, while myostatin inhibits these
processes. The hormonal imbalance observed in SSARC-pigs indicates a shift towards
catabolism, contributing to sarcopenia. OT and MNST are sarcopenic indicators, and the
obtained results are consistent with other data [94–98]. OT, a neuropeptide produced in
magnocellular neurons of the supraoptic and paraventricular nuclei and additionally in
VON in pigs, is released by the posterior pituitary [99]. It exerts a protective effect against
ischemia or injury in skeletal muscles in addition to its role in reproductive physiology
and social relations [100]. It is important for regeneration and the maintenance of muscle
homeostasis. Genetic deficiency of OT has been linked with premature sarcopenia [97].
The myokine MNST is present not only in skeletal muscles but also in the heart [101].
MNST concentration does not reflect its activity because it is released in precursor form; the
signal peptide must be removed to form the mature, biologically active form [102]. MNST
is a key regulatory protein of muscle growth; when it is inhibited, muscle hypertrophy
occurs. Its serum level is inversely related to skeletal muscle mass, although it is not
considered a primary driver of SARC [102–104]. The increased MNST observed in SSARC-
pigs, alongside the decreased levels of testosterone and OT, suggests a comprehensive
shift towards muscle catabolism, indicating a synergistic effect leading to sarcopenia. The
reduction in muscle fiber cross-sectional area observed in SSARC-pigs aligns with the
increased MNST, which inhibits muscle growth. This provides a clear observation of how
the altered hormonal state related to muscle growth and repair processes manifests in the
muscle structure.

As mentioned above, the diaphragm is very sensitive to various health problems.
The current study showed that the mRNA expression of the CAT gene decreased in the
diaphragm. This suggests a decreased synthesis of catalase. The decrease in CAT mRNA in
the diaphragm suggests impaired antioxidant defense, which can lead to increased oxida-
tive damage characteristic of sarcopenia [105,106]. Oxidative stress can activate an apoptotic
signaling pathway linking CP to sarcopenia in muscle cells through several mechanisms.
Through the intrinsic (mitochondrial) pathway, oxidative stress damages mitochondria,
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causing the release of cytochrome c and the activation of caspase-9. This activation initiates
a caspase cascade, including caspase-3, leading to apoptosis and subsequent muscle cell
death. The extrinsic (death receptor) pathway involves proinflammatory cytokines, such
as TNF-α, binding to death receptors (e.g., TNF receptor 1) on muscle cells. This binding
activates caspase-8, which in turn activates downstream caspases, resulting in apoptosis.
Moreover, oxidative stress can cause endoplasmic reticulum (ER) stress, leading to the
activation of the unfolded protein response [107]. Prolonged ER stress activates apoptotic
pathways through caspase-12, contributing to muscle cell death. Thus, the combined effects
of oxidative stress and apoptosis result in muscle degradation and loss of muscle mass and
function, characteristic of sarcopenia. Persistent oxidative stress and apoptosis lead to a
reduction in muscle fiber size and number, contributing to muscle atrophy. This atrophy is
further exacerbated by reduced protein synthesis and increased proteolysis [108]. Muscle
stem cells (satellite cells) are also affected by oxidative stress and apoptosis, impairing
their ability to regenerate damaged muscle tissue. This results in a diminished capacity for
muscle repair and regeneration. Consequently, the losses of muscle mass and structural
integrity of muscle fibers lead to decreased muscle strength and function, hallmarks of
sarcopenia [109].

The death of individual nuclei in multi-nucleated skeletal muscles occurs without the
elimination of the entire cell [110]. Apoptotic signaling in age-related sarcopenia mainly
occurs through intrinsic and mitochondrial apoptotic pathways [111]. Myofibers and
satellite cells are also susceptible to extrinsic nuclear apoptosis initiated by TNF-α and
caspase-3 and act independently of mitochondrial signaling [110]. Skeletal muscle atrophy
and the myofiber loss observed in age-related sarcopenia result from apoptosis involved
in the loss of muscle fiber nuclei, initiated by caspace-3, which is affected by caspase-8
and TNF-α [111,112], which increased in SARC. The increase in proinflammatory factors
in SARC has led to the term “inflammaging” [113]. Additionally, pyroptosis-mediated
inflammation, as a form of programmed cell death, is considered [114–116]. Pyroptosis-
mediated inflammation is driven by IL-18 and IL-1β, which are overproduced by the
activation of caspase-1 [114]. Caspases involving pathway signaling are well-described
in age-related SARC. In young individuals, the intracellular mechanisms of atrophy rely
on caspase-independent pathways [111]. The lack of changes in the mRNA expression of
the CASP3 gene and reduction in the mRNA expression of the CASP8 gene in SSARC-pigs
could support this finding. The downregulation of CASP8 in the diaphragm and ML
indicates reduced apoptotic signaling, which may reflect a compensatory mechanism to
prevent excessive cell death under chronic stress. To determine whether the sarcopenic
effect in muscles in young pigs was linked to caspase-independent apoptotic signaling or
pyroptosis-mediated inflammation, further investigation of caspase-1 and IL-18 is needed.

Apoptosis is regulated by an expanding family of BCL-2 proteins, which include both
proapoptotic and antiapoptotic members and act as checkpoints upstream of caspases and
mitochondrial dysfunction [117]. Among these, Bcl-2 is an antiapoptotic protein known for
its prosurvival activity [118]. Bcl-2 is localized to mitochondria, the endoplasmic reticulum,
and nuclear membranes, which are also the sites of reactive oxygen species generation.
Bcl-2 does not affect the generation of oxygen free radicals, but helps prevent oxidative
damage [119]. Studies have shown a reduction of Bcl-2 levels in aged rats, contrary
to that in young exercising rats [120]. Conversely, the process of caspase-independent
programmed cell death (PCD) is regulated by Bcl-2 family proteins [121]. Mitochondria, as
central integrators of PCD signaling pathways, release various factors that trigger caspase-
independent cell death. PCD can also be induced by altered mitochondrial energetics,
such as the loss of cytochrome c [121]. Bax is a proapoptotic family Bcl-2 protein whose
expression increases in response to apoptotic stimuli [122]. It is important to note that there
is a network of interactions between apoptosis and autophagy pathways in which the Bcl-2
protein family plays an important role. In addition to their proapoptotic and antiapoptotic
functions, Bcl-2 family proteins also induce or inhibit autophagy through their interactions
with Beclin 1.
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The results showed an increase in the expression of the antiapoptotic BCL2 gene, while
the expression of the proapoptotic BAX gene remained unchanged in the MT of young
SSARC-pigs, where all fibers were affected. The BAX/BCL2 ratio suggests that the signaling
pathways in SSARC-pig could be caspase-independent, considering the role of this ratio in
regulating caspase-3. The upregulation of BCL2 in MT indicates an antiapoptotic response,
potentially aimed at protecting muscle integrity. However, beyond their proapoptotic and
antiapoptotic functions, the Bcl-2 protein family could also inhibit autophagy indirectly by
inhibiting Bax. Given the young age of animals, further investigation is needed.

The combined analysis of hormonal changes, gene expression profiles, and muscle
fiber characteristics offers a comprehensive understanding of sarcopenia in SSARC-pigs.
The hormonal shifts toward catabolism, along with changes in gene expression and mus-
cle fiber atrophy, reveal the multifaceted nature of muscle degradation in chronic illness.
Integrating these findings provides a more holistic view of the mechanisms underlying
SARC in the context of chronic illness. However, these factors must be carefully considered
to accurately interpret the extent and implications of sarcopenic changes in this model.
Nutrient deficiencies could impair muscle protein synthesis and repair mechanisms, con-
tributing to muscle atrophy and weakness. The observed changes in muscle fiber diameters
and gene expression related to oxidative stress and apoptosis might be more pronounced
due to these nutritional challenges, similar to the problems observed in chronic diseases in
malnourished adults.

Although the study has some limitations, including 1. the lack of imaging methods,
such as CT or MRI, which are considered the gold standard in human medicine, 2. the
challenges associated with assessing muscle strength functionally in animals, and 3. the
absence of techniques, such as ELISA or Western Blot, to confirm changes in selected
mRNA expression related to programmed cell death and antioxidative markers, it also has
several strengths, such as 1. histological analysis of muscle fibers, 2. immunohistochemical
differentiation between muscle fiber types, 3. (most importantly) the evaluation of various
muscle types, and 4. the integration of hormonal, molecular, and structural data, which
provides a comprehensive perspective on muscle degradation processes. However, future
research should address this study’s limitations to enhance the validity and applicability of
the findings.

The current study demonstrated that CP in young growing pigs resulted in the re-
duction of various muscle fibers, with variations in the pattern of muscle fiber reduction
observed among different muscles. Gene expression of the proteins involved in PCD
varied among different muscles, indicating that further research is recommended to deter-
mine whether the effects of SARC in the muscles of young pigs with CP are related to a
caspase-independent apoptotic signal or to inflammation mediated by pyroptosis.

4. Materials and Methods
4.1. Animals and Treatment Groups

The study involved 10 healthy, uncastrated boars (Polish Landrace, pbz), aged 9–10 weeks.
Following a 7-day acclimation period, the pigs were divided into two groups: the control
group (the C-pig group), and those subjected to chronic pancreatic (CP) induction (the
SSARC-pig group). Control pigs, matched for age, sex, and weight, served as the basis
for comparison against the CP-inducted inflammatory changes noted in SSARC-pigs.
SSARC-pigs received intramuscular cerulein injections (Caerulein, C2389, Sigma-Aldrich
Merck KGaA, Darmstadt, Germany), dissolved in vehicle (saline solution), at a dosage
of 1 µg/kg b.w./day for six consecutive days, with 24-h intervals between doses [123]. In
contrast, the control pigs received only the vehicle.

After the injection phase, the pigs from both groups were maintained for the next
6 weeks. Both animal groups received identical feed intended for pigs of this age, encom-
passing all essential nutrients as recommended by the NRC and Polish nutrition standards
for pigs [124,125]. Unrestricted access to water was provided through nipple drinkers.
Blood samples were collected weekly, a total of five times, excluding day 28 (week 4), the
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third week after stopping the cerulein injections, due to COVID-19 restrictions. Given
diurnal variations in cortisol, blood was consistently drawn in the morning to minimize
inconsistencies. The coagulated blood was centrifuged (1300× g for 10 min at 18 ◦C) to
obtain serum, which was aliquoted and stored at −86 ◦C.

At the end of the experiment (day 49, or 43 days post-cerulein administration), all
animals were subjected to pharmacological euthanasia via i.m. injections of ketamine
(Biowet, Puławy, Poland) at a dose of 350 mg/100 kg b.w., xylazine (Sedazin, Biowet,
Puławy, Poland), at a dose of 200 mg/100 kg b.w.), azaperone (Stresnil, Elanco GmbH,
Cuxhaven, Germany) at a dose of 30 mg/100 kg b.w., and an i.v. dose of pentobarbital
(Morbital 26.7 mg/mL; Biowet, Puławy, Poland) at 0.3–0.6 mL/kg b.w.

4.2. Serum Parameters

The blood serum concentrations of dehydroepiandrosterone (DHEA), testosterone
(T), oxytocin (OT), myostatin (MNST), and cortisol were quantified. Pig-specific enzyme-
linked immunosorbent assay (ELISA) kits were used. For DHEA (#EU2945, intra-assay
CV < 8%, inter-assay CV < 10%), T (#EU0400, intra-assay CV < 8%, inter-assay CV < 10%),
OT (#EU2549), and MNST (#EP0354), kits were sourced from Wuhan Fine Biotech Co., Ltd.,
Wuhan, China. The cortisol kit was obtained from Qayee-bio, Shanghai, China (#QY-
E40032). All assays were performed in three technical replicates following the manufac-
turer’s instructions rigorously. The intra- and interassay coefficients of variation (CVs)
for all kits were below 8% and 10%, respectively. Absorbance readings were taken using
a Benchmark Plus microplate spectrophotometer (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). The DHEA/cortisol ratio was determined to assess potential disruptions in the
hypothalamic–pituitary–adrenal (HPA) axis due to chronic stress.

4.3. Muscle Sample Collection

Within 5 min of euthanasia of the pigs, muscle samples designated for microstructural
and gene mRNA expression analysis were harvested from the right side of the carcass. From
the longissimus lumborum muscle (ML), samples were obtained at the first lumbar vertebra
level, specifically from the muscle’s central portion. Similarly, samples from the central
section of the triceps brachii muscle (caput longum) (MT), the heart’s lateral wall, and the
right crus of the diaphragm were collected. For histochemical and immunohistochemical
studies, muscle specimens were sectioned into 1 cm3 fragments, parallel to the direction
of the muscle fibers. They were then flash-frozen in isopentane (Sigma-Aldrich Merck
KGaA, Darmstadt, Germany), pre-chilled using liquid nitrogen, and stored at −86 ◦C for
subsequent analysis. The muscle specimens designated for mRNA analysis were promptly
submerged in StayRNA (#038, A&A Biotechnology, Gdynia, Poland) and preserved at
−20 ◦C until the isolation of total RNA.

4.4. Muscle Histochemical and Immunohistochemical Analyses

Muscle samples were fixed to a cryostat chuck using a few droplets of tissue freezing
medium (Leica Biosystems GmbH, Nussloch, Germany), and then sectioned at −20 ◦C in a
cryostat (Slee MEV, Mainz, Germany) into 10-µm thick transverse slices. These sections
were subsequently placed on microscope slides. To differentiate muscle fiber types, a
modified combined technique encompassing both nicotinamide adenine dinucleotide
tetrazolium reductase (NADH-TR) activity and immunohistochemical (IHC) identification
of the slow myosin heavy chain on the same section was utilized [126]. Initially, for NADH-
TR determination, the sections were allowed to air-dry for 1 h at 37 ◦C. Subsequently, they
were incubated for 1 h at 37 ◦C in a medium consisting of 6 mg NADH (β-Nicotinamide
adenine dinucleotide, N8129, Sigma-Aldrich, St. Louis, MO, USA), 0.25 mL NBT (nitro-blue
tetrazolium, N6876, Sigma-Aldrich, St. Louis, MO, USA) dissolved in ddH2O to achieve a
concentration of 1 mg/mL, 0.25 mL of 0.2 M Tris buffer (pH 8.0), and 0.5 mL ddH2O [127].
After the incubation period, the sections were washed with three exchanges of ddH2O. This
reaction identifies three fiber types: I, IIa, and IIb. Type I fibers exhibit a darker blue shade
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compared to type IIb (which remains unstained), while type IIa fibers present a medium
blue intensity. To ensure accurate differentiation between type I and type IIa fibers, the
same sections underwent an additional IHC reaction. This employed a mouse monoclonal
antibody specific to the myosin heavy chain slow/I isoforms (NCL-MHCs, Leica Biosystems
GmbH, Nussloch, Germany; diluted 1:80 in Tris buffer, pH 7.6). The preparations were
first incubated with primary antibody for 1 h in RT. Visualization was achieved using the
NovoLink Polymer Detection System (Leica Biosystems GmbH, Nussloch, Germany), as
per the manufacturer’s instructions. The IHC reaction differentiated type I fibers (showing
a positive IHC reaction for slow myosin) from type IIa and IIb fibers (no reaction). Finally,
all slices were dehydrated through a graded series of EtOH (75%, 96%, and 100%), cleared
in xylene, and set in a mounting medium (DPX, Sigma-Aldrich, St. Louis, MO, USA).
Through this combined methodology, the three distinct muscle fiber types were discernible:
brown-blue granulated (type I), blue granulated (type IIa), and unstained (type IIb).

For the measurement of the diameters of different muscle fiber types, at least 300 fibers
from a minimum of 10 muscle bundles were analyzed per section. The proportion of each
muscle fiber type was calculated by dividing the count of fibers of a specific type by the
total number of muscle fibers present in each bundle. The number of muscle fibers was
calculated per mm2 of the muscle transverse cross-section. In each section, 10 randomly
selected areas were evaluated, and the mean number per individual was calculated. All
muscle fiber characteristics were examined using a light microscope (Nikon E600, Nikon,
Tokyo, Japan) and quantified with MultiScan image analysis software (v. 14.02, Computer
Scanning Systems Ltd., Warsaw, Poland). The person performing the measurements was
blinded to the specific treatment.

4.5. RNA Isolation and mRNA Quantification

Total RNA was extracted according to the Chomczynski and Sacchi method [128]. The
muscle samples were homogenized in Eppendorf tubes using an Ultra Turrax T25 dispenser
(IKA Labortechnik, Staufen im Breisgau, Germany) in TRI Reagent (T9424, Sigma-Aldrich
Merck KGaA, Darmstadt, Germany) using a ratio of 1 mL TRI per 100 mg of tissue. To
achieve phase separation, 50 µL of BCP (1-Bromo-3-chloropropane, B9673, Sigma-Aldrich,
St. Louis, MO, USA) was added. After vigorous shaking, the tubes were placed on
ice for 15 min. Subsequent centrifugation was performed (5425R Eppendorf, Hamburg,
Germany) at 12,000× g for 15 min at 4 ◦C. The resulting aqueous phase containing RNA was
transferred to sterile tubes. For RNA precipitation, 0.5 mL of isopropyl alcohol was added,
and the samples were refrigerated overnight. The following day, they were centrifuged
again (12,000× g for 15 min at 4 ◦C). After careful removal of the isopropyl alcohol, the
RNA was washed with 75% EtOH and centrifuged (7600× g for 8 min at 4 ◦C). The ETOH
was discarded, and the RNA was allowed to dry in open tubes on ice for approximately
5 min. The RNA was then dissolved in RNAse- and DNAse-free PCR-grade water and
incubated at 55 ◦C for around 12 min. The integrity of the total RNA was assessed using
2% agarose gel electrophoresis. The quality and concentration of the extracted RNA were
ascertained using spectrophotometric analysis (Nanodrop Lite Spectrophotometer, Thermo
Fisher Scientific, Waltham, MA, USA) at wavelengths of 260 and 280 nm. All sample
absorbance ratios for 260/280 were in the range of 1.9–2.0.

Reverse transcription was conducted as previously described [129]. Briefly, 2 µg of total
RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit
(4368814, ThermoFisher Scientific, Waltham, MA, USA) with random primers. The reaction
conditions in a thermocycler (Mastercycler Gradient; Eppendorf, Hamburg, Germany)
were set at 25 ◦C for 10 min, 37 ◦C for 120 min, and 85 ◦C for 5 min. The obtained cDNA
was used in real-time qPCR to assess the expression of superoxide dismutase [Cu-Zn]
(SOD1), catalase (CAT), caspase-3 (CASP3), caspase-8 (CASP8), Bcl-2 (BLC2), and Bax (BAX)
with glyceraldeyde-3-phosphate dehydrogenase (GAPDH) serving as the housekeeping
gene. Primers used for amplification (Table 1) were synthesized by IBB PAS (Institute of
Biochemistry and Biophysics of the Polish Academy of Sciences, Warsaw, Poland) according
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to previously validated sequences [130,131]. The qPCR reactions for the targeted genes
were set up in 10 µL volumes that comprised 1 µL of 10× diluted cDNA, 2 µL of 5× HOT
FIREPol EvaGreen qPCR Mix Plus (08-24-00001, Solis BioDyne, Tartu, Estonia), 0.12 µL
each of forward and reverse primers (10 pmol/µL), and the volume was made up to 10 µL
with PCR grade water. Reactions for each of the samples were carried out with three
technical replicates. A no-template control was included in each run to verify the absence
of sample/reagents contamination.

Table 1. Primers used in this study.

Gene Primer Sequences (5′ to 3′) Product Size
(bp)

GeneBank
Accession Number Reference

SOD1 F: CGAGCTGAAGGGAGAGAAGA
R: ACATTGCCCAGGTCTCCAA 199 NM_0 01190422.1 [130]

CAT F: ATGTGCAGGCTGGATCTCAC
R: GCACAGGAGAATCTTGCATC 155 XM_021081498.1 [130]

CASP3 F: CAAGTTTCTTCAGAGGGGACTGC
R: TCGCCAGGAATAGTAACCAGGTGC 202 NM_214131 [131]

CASP8 F: TCCCAGGATTTGCCTC
R: AAGCCAGGTCATCACTGTC 112 NM_001031779 [131]

BCL2 F: AGGGCATTCAGTGACCTGAC
R: CGATCCGACTCACCAATAC 193 NM_214285 [130]

BAX F: TGCCTCAGGATGCATCTACC
R: AAGTAGAAAAGCGCGACCA 199 XM_003127290 [130]

GAPDH F: ATCCCGCCAACATCAAAT
R: TCACGCCCATCACAAACA 165 XM_021091114.1 [130]

SOD1—superoxide dismutase [Cu-Zn], CAT—catalase, CASP3—caspase-3, CASP8—caspase-8, BCL2—B-cell lym-
phoma 2, BAX—BCL2 associated X, apoptosis regulator, GAPDH—glyceraldehyde 3-phosphate dehydrogenase
(housekeeping gene).

The relative expression level of the examined genes in muscles was calculated after
normalization with the GAPDH transcript using the −∆∆CT method [132]. The analysis
was performed using the integrated software from StepOne (v2.3., Applied Biosystems,
Walthman, MA, USA). The BAX/BCL2 mRNA ratio was also calculated as an indicator of
apoptosis [133,134].

4.6. Statistical Analysis

Each individual animal was considered an experimental unit for all tests (n = 5 in each
group). Preliminary tests for data normality and variance homogeneity were conducted
using the Shapiro–Wilk and Levene’s tests, respectively. For serum parameters, variations
over time were analyzed using a repeated measures ANOVA, with blood sampling time as
the main factor. Differences between initial values (taken at week 0) and subsequent data
points within the same group were determined using Tukey’s HSD post hoc test. The effect
of CP induction was assessed by contrasting the C-pig group with the SSARC-pig group,
using a one-way ANOVA followed by Tukey’s HSD post hoc test. Considering the multiple
observations for muscle fiber data within a single individual, a mixed-model ANOVA was
adopted. In this model, the experimental group (C-pig or SSARC-pig) was treated as a
fixed effect, while the animal was treated as a random effect. This linear mixed-effects
model ensured that each pig (n = 5 in each group) was considered the experimental unit in
the ANOVA. When significantly different, a post hoc Tukey’s HSD adjustment was used to
compare the means. Differences in gene expression within specific muscle types between
groups were assessed using an unpaired two-tailed Student’s t-test, adjusted for multiple
tests using the Bonferroni correction.

The statistical analyses were conducted using Statistica software (ver. 13.0, Tibco
Software Inc., Palo Alto, CA, USA). A significance level of p < 0.05 was adopted for all tests.
For graphical representations of the data, GraphPad Prism (ver. 9.5.1, GraphPad Software,
San Diego, CA, USA) was utilized. All values are presented as the mean ± SEM.



Int. J. Mol. Sci. 2024, 25, 8735 15 of 20

5. Conclusions

The study underscores that CP induction leads to a reduction in muscle fibers in LL
and a decrease in the diameter of type IIa muscle fibers across various muscles, indicating
sarcopenic processes. This reduction in fiber number suggests a decline in muscle strength
and endurance. Additionally, significant alterations in gene expression patterns related
to apoptosis and oxidative stress were identified along with hormonal shifts favoring
catabolism. These molecular and hormonal changes contribute to muscle degeneration.
Elevated levels of proinflammatory cytokines and decreased antioxidant levels further
highlight the crucial role of inflammation and oxidative stress in the development of
sarcopenia associated with CP.
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D.K. and J.B.; resources, E.T., M.Ś. and I.P.; writing—original draft preparation, E.T., J.D., D.W. and
S.M.; writing—review and editing, E.T., M.B.A., J.D. and S.M.; visualization, S.D. and S.M.; funding
acquisition, E.T. 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 approved by the Local Ethics Committee for
Animal Experiments in Cracow, Poland (No. 377/2020). The methods were carried out in accordance
with the norms of European Union law (Directive 2010/63/UE on the protection of animals used for
scientific purposes, received in Poland by Legislative Decree 266/2015). The experiment was carried
out in compliance with the ARRIVE guidelines.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Fielding, R.A.; Vellas, B.; Evans, W.J.; Bhasin, S.; Morley, J.E.; Newman, A.B.; Abellan van Kan, G.; Andrieu, S.; Bauer, J.; Breuille,

D.; et al. Sarcopenia: An Undiagnosed Condition in Older Adults. Current Consensus Definition: Prevalence, Etiology, and
Consequences. International Working Group on Sarcopenia. J. Am. Med. Dir. Assoc. 2011, 12, 249–256. [CrossRef]

2. Morley, J.E.; Abbatecola, A.M.; Argiles, J.M.; Baracos, V.; Bauer, J.; Bhasin, S.; Cederholm, T.; Stewart Coats, A.J.; Cummings, S.R.;
Evans, W.J.; et al. Sarcopenia with Limited Mobility: An International Consensus. J. Am. Med. Dir. Assoc. 2011, 12, 403–409.
[CrossRef] [PubMed]

3. Tagliafico, A.S.; Bignotti, B.; Torri, L.; Rossi, F. Sarcopenia: How to Measure, When and Why. Radiol. Med. 2022, 127, 228–237.
[CrossRef]

4. Guttikonda, D.; Smith, A.L. Sarcopenia Assessment Techniques. Clin. Liver Dis. 2021, 18, 189–192. [CrossRef] [PubMed]
5. Goodpaster, B.H.; Kelley, D.E.; Thaete, F.L.; He, J.; Ross, R. Skeletal Muscle Attenuation Determined by Computed Tomography Is

Associated with Skeletal Muscle Lipid Content. J. Appl. Physiol. 2000, 89, 104–110. [CrossRef]
6. De Rui, M.; Veronese, N.; Bolzetta, F.; Berton, L.; Carraro, S.; Bano, G.; Trevisan, C.; Pizzato, S.; Coin, A.; Perissinotto, E.; et al.

Validation of Bioelectrical Impedance Analysis for Estimating Limb Lean Mass in Free-Living Caucasian Elderly People. Clin.
Nutr. 2017, 36, 577–584. [CrossRef] [PubMed]

7. Ackermans, L.L.G.C.; Rabou, J.; Basrai, M.; Schweinlin, A.; Bischoff, S.C.; Cussenot, O.; Cancel-Tassin, G.; Renken, R.J.; Gómez, E.;
Sánchez-González, P.; et al. Screening, Diagnosis and Monitoring of Sarcopenia: When to Use Which Tool? Clin. Nutr. ESPEN
2022, 48, 36–44. [CrossRef]

8. Bonaldo, P.; Sandri, M. Cellular and Molecular Mechanisms of Muscle Atrophy. Dis. Model. Mech. 2013, 6, 25–39. [CrossRef]
9. Wohlgemuth, S.E.; Seo, A.Y.; Marzetti, E.; Lees, H.A.; Leeuwenburgh, C. Skeletal Muscle Autophagy and Apoptosis during Aging:

Effects of Calorie Restriction and Life-Long Exercise. Exp. Gerontol. 2010, 45, 138–148. [CrossRef]
10. Chen, X.; Ji, Y.; Liu, R.; Zhu, X.; Wang, K.; Yang, X.; Liu, B.; Gao, Z.; Huang, Y.; Shen, Y.; et al. Mitochondrial Dysfunction: Roles in

Skeletal Muscle Atrophy. J. Transl. Med. 2023, 21, 503. [CrossRef]
11. Wilkinson, D.J.; Piasecki, M.; Atherton, P.J. The Age-Related Loss of Skeletal Muscle Mass and Function: Measurement and

Physiology of Muscle Fibre Atrophy and Muscle Fibre Loss in Humans. Ageing Res. Rev. 2018, 47, 123–132. [CrossRef]
12. Han, A.; Bokshan, S.; Marcaccio, S.; DePasse, J.; Daniels, A. Diagnostic Criteria and Clinical Outcomes in Sarcopenia Research: A

Literature Review. J. Clin. Med. 2018, 7, 70. [CrossRef] [PubMed]
13. Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyère, O.; Cederholm, T.; Cooper, C.; Landi, F.; Rolland, Y.; Sayer, A.A.; et al.

Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age Ageing 2019, 48, 16–31. [CrossRef] [PubMed]

https://doi.org/10.1016/j.jamda.2011.01.003
https://doi.org/10.1016/j.jamda.2011.04.014
https://www.ncbi.nlm.nih.gov/pubmed/21640657
https://doi.org/10.1007/s11547-022-01450-3
https://doi.org/10.1002/cld.1111
https://www.ncbi.nlm.nih.gov/pubmed/34745576
https://doi.org/10.1152/jappl.2000.89.1.104
https://doi.org/10.1016/j.clnu.2016.04.011
https://www.ncbi.nlm.nih.gov/pubmed/27155938
https://doi.org/10.1016/j.clnesp.2022.01.027
https://doi.org/10.1242/dmm.010389
https://doi.org/10.1016/j.exger.2009.11.002
https://doi.org/10.1186/s12967-023-04369-z
https://doi.org/10.1016/j.arr.2018.07.005
https://doi.org/10.3390/jcm7040070
https://www.ncbi.nlm.nih.gov/pubmed/29642478
https://doi.org/10.1093/ageing/afy169
https://www.ncbi.nlm.nih.gov/pubmed/30312372


Int. J. Mol. Sci. 2024, 25, 8735 16 of 20

14. Bahat, G.; Tufan, A.; Tufan, F.; Kilic, C.; Akpinar, T.S.; Kose, M.; Erten, N.; Karan, M.A.; Cruz-Jentoft, A.J. Cut-off Points to Identify
Sarcopenia According to European Working Group on Sarcopenia in Older People (EWGSOP) Definition. Clin. Nutr. 2016, 35,
1557–1563. [CrossRef]

15. Veronese, N.; Demurtas, J.; Soysal, P.; Smith, L.; Torbahn, G.; Schoene, D.; Schwingshackl, L.; Sieber, C.; Bauer, J.; Cesari, M.; et al.
Sarcopenia and Health-Related Outcomes: An Umbrella Review of Observational Studies. Eur. Geriatr. Med. 2019, 10, 853–862.
[CrossRef] [PubMed]

16. Bryant, R.V.; Ooi, S.; Schultz, C.G.; Goess, C.; Grafton, R.; Hughes, J.; Lim, A.; Bartholomeusz, F.D.; Andrews, J.M. Low Muscle
Mass and Sarcopenia: Common and Predictive of Osteopenia in Inflammatory Bowel Disease. Aliment. Pharmacol. Ther. 2015, 41,
895–906. [CrossRef] [PubMed]

17. Levolger, S.; van Vugt, J.L.A.; de Bruin, R.W.F.; IJzermans, J.N.M. Systematic Review of Sarcopenia in Patients Operated on for
Gastrointestinal and Hepatopancreatobiliary Malignancies. Br. J. Surg. 2015, 102, 1448–1458. [CrossRef] [PubMed]

18. Heard, R.; Black, D.; Ramsay, G.; Scott, N.; Hildebrand, D. The Prevalence of Sarcopaenia in a Vascular Surgical Patient Cohort
and Its Impact on Outcome. Surgeon 2018, 16, 325–332. [CrossRef]

19. Kim, Y.K.; Yi, S.R.; Lee, Y.H.; Kwon, J.; Jang, S.I.; Park, S.H. Effect of Sarcopenia on Postoperative Mortality in Osteoporotic Hip
Fracture Patients. J. Bone Metab. 2018, 25, 227. [CrossRef]

20. Englesbe, M.J.; Patel, S.P.; He, K.; Lynch, R.J.; Schaubel, D.E.; Harbaugh, C.; Holcombe, S.A.; Wang, S.C.; Segev, D.L.; Sonnenday,
C.J. Sarcopenia and Mortality after Liver Transplantation. J. Am. Coll. Surg. 2010, 211, 271–278. [CrossRef]

21. Hajibandeh, S.; Hajibandeh, S.; Jarvis, R.; Bhogal, T.; Dalmia, S. Meta-Analysis of the Effect of Sarcopenia in Predicting
Postoperative Mortality in Emergency and Elective Abdominal Surgery. Surgeon 2019, 17, 370–380. [CrossRef] [PubMed]

22. Allanson, E.R.; Peng, Y.; Choi, A.; Hayes, S.; Janda, M.; Obermair, A. A Systematic Review and Meta-Analysis of Sarcopenia as a
Prognostic Factor in Gynecological Malignancy. Int. J. Gynecol. Cancer 2020, 30, 1791–1797. [CrossRef] [PubMed]

23. Cao, Q.; Xiong, Y.; Zhong, Z.; Ye, Q. Computed Tomography-Assessed Sarcopenia Indexes Predict Major Complications Following
Surgery for Hepatopancreatobiliary Malignancy: A Meta-Analysis. Ann. Nutr. Metab. 2019, 74, 24–34. [CrossRef] [PubMed]

24. Onesti, J.K.; Wright, G.P.; Kenning, S.E.; Tierney, M.T.; Davis, A.T.; Doherty, M.G.; Chung, M.H. Sarcopenia and Survival in
Patients Undergoing Pancreatic Resection. Pancreatology 2016, 16, 284–289. [CrossRef] [PubMed]

25. Bundred, J.; Thakkar, R.G.; Pandanaboyana, S. Systematic Review of Sarcopenia in Chronic Pancreatitis: Prevalence, Impact on
Surgical Outcomes, and Survival. Expert Rev. Gastroenterol. Hepatol. 2022, 16, 665–672. [CrossRef] [PubMed]

26. Brance, M.L.; Di Gregorio, S.; Pons-Estel, B.A.; Quagliato, N.J.; Jorfen, M.; Berbotto, G.; Cortese, N.; Raggio, J.C.; Palatnik, M.;
Chavero, I.; et al. Prevalence of Sarcopenia and Whole-Body Composition in Rheumatoid Arthritis. JCR J. Clin. Rheumatol. 2021,
27, S153–S160. [CrossRef] [PubMed]

27. Supriya, R.; Singh, K.P.; Gao, Y.; Gu, Y.; Baker, J.S. Effect of Exercise on Secondary Sarcopenia: A Comprehensive Literature
Review. Biology 2021, 11, 51. [CrossRef] [PubMed]

28. de Almeida, T.S.; Cortez, A.F.; da Cruz, M.R.; de Almeida, V.P. Predictors of Sarcopenia in Young Hospitalized Patients Living
with HIV. Braz. J. Infect. Dis. 2021, 25, 101574. [CrossRef]

29. da Silva, T.L.; dos Santos Chiappetta Salgado Nogueira, V.; Mulder, A.P. Sarcopenia and Poor Muscle Quality Associated with
Severe Obesity in Young Adults and Middle-Aged Adults. Clin. Nutr. ESPEN 2021, 45, 299–305. [CrossRef]

30. Seo, H.S.; Lee, H.; Kim, S.; Lee, S.K.; Lee, K.Y.; Kim, N.H.; Shin, C. Paravertebral Muscles as Indexes of Sarcopenia and Sarcopenic
Obesity: Comparison with Imaging and Muscle Function Indexes and Impact on Cardiovascular and Metabolic Disorders. Am. J.
Roentgenol. 2021, 216, 1596–1606. [CrossRef]

31. Pan, J.; Zou, Y.-W.; Zhu, Y.-Y.; Lin, J.-Z.; Wu, T.; Yang, Z.-H.; Zhang, X.-P.; Zhang, Q.; Zheng, H.-W.; He, X.-L.; et al. Muscle
Mass Loss Is Associated with Physical Dysfunction in Patients with Early Rheumatoid Arthritis. Front. Nutr. 2022, 9, 1007184.
[CrossRef] [PubMed]

32. Koo, B.K.; Roh, E.; Yang, Y.S.; Moon, M.K. Difference between Old and Young Adults in Contribution of B-cell Function and
Sarcopenia in Developing Diabetes Mellitus. J. Diabetes Investig. 2016, 7, 233–240. [CrossRef] [PubMed]

33. Leal, A.S.; Liby, K.T. Murine Models of Pancreatitis Leading to the Development of Pancreatic Cancer. Curr. Protoc. Pharmacol.
2018, 83, e48. [CrossRef] [PubMed]

34. Shintakuya, R.; Uemura, K.; Murakami, Y.; Kondo, N.; Nakagawa, N.; Urabe, K.; Okano, K.; Awai, K.; Higaki, T.; Sueda, T.
Sarcopenia Is Closely Associated with Pancreatic Exocrine Insufficiency in Patients with Pancreatic Disease. Pancreatology 2017,
17, 70–75. [CrossRef] [PubMed]
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