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Abstract: Sarcopenia is a multifactorial age-related disorder that causes a decrease in muscle mass,
strength, and function, leading to alteration of movement, risk of falls, and hospitalization. This
article aims to review recent findings on the factors underlying sarcopenia and the strategies required
to delay and counteract its symptoms. We focus on molecular factors linked to ageing, on the role of
low-grade chronic and acute inflammatory conditions such as cancer, which contributes to the onset
of sarcopenia, and on the clinical criteria for its diagnosis. The use of drugs against sarcopenia is
still subject to debate, and the suggested approaches to restore muscle health are based on adequate
dietary protein intake and physical exercise. We also highlight the difference in the amount and
quality of amino acids within animal- and plant-based diets, as studies have often shown varying
results regarding their effect on sarcopenia in elderly people. In addition, many studies have reported
that non-pharmacological approaches, such as an optimization of dietary protein intake and training
programs based on resistance exercise, can be effective in preventing and delaying sarcopenia. These
approaches not only improve the maintenance of skeletal muscle function, but also reduce health
care costs and improve life expectancy and quality in elderly people.
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1. Introduction

In recent years, in many countries, the improvement of social-economic conditions
and advances in biomedical sciences have led to a longer lifespan in humans [1,2]. In these
societies, elderly people, older than 60–65 years, represent a growing proportion of the
population; this entails considerable health care costs [3,4].

Ageing is often accompanied by the onset of pathologies and metabolic disorders,
which, above all, influence the movement and cognitive functions of the elderly [5–11].
Skeletal muscle tissue represents approximately 40–50% of the entire body mass and,
therefore, the most abundant tissue and performs a fundamental function [12,13]. Skeletal
muscle is not only responsible for locomotion; it also represents a reserve source of amino
acids for protein metabolism. It is also involved in metabolic regulation with other organs
and tissues [12,14,15] acting as an endocrine organ through exercise-induced myokine
secretion [16,17]. In elderly people, sarcopenia is a common skeletal muscle disorder that is
characterized by a decrease of muscle mass and functions [7,18,19], causing an impairment
of mobility, risk of falls, hospitalization, and mortality [20,21].

The clinical needs and demand for the care of elderly people suffering from sarcopenia
have a major impact on health care costs [3,4]. In the last decades, considerable effort has
been devoted to the identification of factors and physio-pathological mechanisms involved
in sarcopenia to develop strategies for its prevention, delay, and treatment. Sarcopenia is a
multifactorial disorder that it is also linked to other diseases with a low grade of chronic
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inflammation such as diabetes, inflammation, obesity, and cancer [10,19,22]. Its diagnosis,
as well as the efficacy of therapeutic interventions, still remain elusive [23–26].

The most promising approaches for the delay and management of sarcopenia are based
on adequate diet and physical exercise [27–30], as these also positively affect mental health
and cognitive functions [9,31]. However, the potential preventive and beneficial effects of
diet alone or in combination with exercise training still require further investigation.

In this article, we therefore aim to highlight recent scientific evidence on the pathophys-
iology of sarcopenia in ageing, on diagnostic techniques, and on the molecular biomarkers
linked to muscle health contributing to its diagnosis. We then focus on the effect of the
amount and quality of protein intake, in particular comparing the food source (plant de-
rived vs. animal). Finally, we evaluate the effect of physical exercise on counteracting
sarcopenia by focusing on the role of exercise-induced myokines, which are key mediators
of the beneficial effect induced by physical exercise on muscle health.

2. Pathophysiology of Sarcopenia

In humans, ageing determines the gradual and slow alteration of cellular and metabolic
processes that affect various organs and tissues [10,18,32]. Age-related impairments encom-
pass a wide range of factors, including hormonal changes, inflammation, cancer, genetic
modification, lifestyle, and environmental exposure [10,18,22,33,34]. All of these factors
contribute to a decline and slowdown of physiological functions, an increased risk of
diseases, and an impairment of cognitive abilities [9,11,13,35–37] (Figure 1).
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Figure 1. Schematic representation of major factors contributing to sarcopenia and effect on hu-
man health.

The term, sarcopenia, refers to a progressive and generalized skeletal muscle disorder
that is characterized by the loss of muscle mass, strength, and functions [7,18,38]. Although
sarcopenia is mainly considered a geriatric syndrome, it has been classified as a primary or
age-related disease in the elderly, or a secondary pathology that occurs in young people
with other diseases such as diabetes, obesity, and cancer [7,10,22,39–41]. Sarcopenia is
linked to an increased risk of human mobility problems and difficulty in walking, leading
to falls and hospitalization that greatly affect quality of life, especially for the elderly [21].
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2.1. Sarcopenia in Ageing

Sarcopenia is a multifactorial disease [10,13,18,22], and although its underlying patho-
physiological mechanisms still need further investigation, several factors, mostly related to
ageing, have progressively emerged.

The major factors include the following:

− Hormonal changes with a decline in different anabolic hormone levels such as growth
hormone (GH), sex hormones (testosterone, estrogen), insulin-like growth factor-1
(IGF-1), and dehydroepiandrosterone (DHEA); this decline impacts muscle protein
synthesis. Among these, testosterone and GH are powerful anabolic hormones for their
ability to promote protein biosynthesis and subsequent muscle mass development [8];

− Mitochondrial dysfunction and biogenesis disorders cause a decrease in ATP produc-
tion and an increase in ROS levels that is linked to cell senescence; these alterations also
impair skeletal muscle contraction since most of ATP synthesis occurs by means of ox-
idative mechanisms in the mitochondrion, through oxidative phosphorylation [42,43];

− Chronic and low-grade systemic inflammation termed “inflammaging” is also asso-
ciated with various age-related diseases [33] characterized by an increased level of
inflammatory cytokines such as the tumor necrosis factor-α (TNF-α), Interleukin-6
(IL-6), and Interleukin-1α (IL-1α) [34,44].

Finally, sarcopenia has also been linked to cognitive decline and dementia found in
elderly people [9,45,46]. In fact, several studies have investigated the relationship between
the decrease in skeletal muscle mass and the increased risk of dementia in elderly people,
reporting the association between reduction of muscle mass and cognitive decline in older
people (≥60 years) [9,11,46,47]. The molecular mechanism underlying this association
involves inflammatory factors and myokines such as C-reactive protein (CRP) and IL-6,
which are both linked to the reduction of skeletal mass [48–51].

2.2. Sarcopenia in Cancer

Among inflammatory diseases, sarcopenia is very common in cancer patients since
severe malnutrition, i.e., cachexia with a concomitant reduction of skeletal muscle mass,
affects overall health and treatment efficacy in many of them [52–55]. Cancer cachexia also
induces systemic inflammation and metabolic alterations, and, in these patients, severe
sarcopenia is caused by poor food intake due to loss of appetite and the side effects of
therapy [55–58]. Sarcopenia also causes depression in cancer patients, adverse clinical
outcomes, and increased toxicity due to chemotherapy drugs, which can even result in the
impossibility of continuing anti-tumor therapies [59]. Cancer patients with sarcopenia are
prone to numerous complications such as infections and perioperative problems, which
further compromise their clinical condition [60] because sarcopenia causes a progression of
the disease that, in turn, induces physical inactivity and loss of appetite.

In patients suffering from various forms of tumors, those with sarcopenia usually show
reduced survival, as demonstrated by both non-metastatic patients undergoing therapy
and metastatic ones [61]. Today, in the clinical management of cancer patients, DNA
screening is being performed to identify target genes involved in effective therapy; this
genetic approach also allows for the identification of new target genes that can be used to
develop specific novel inhibitors [62,63]. In addition, elderly patients need to be subjected
to less aggressive therapies as they present various comorbidities, including sarcopenia.
Indeed, sarcopenia is considered a prognostic factor in the survival of elderly patients
with numerous pathological conditions, including cancer [6,60,64–66]. However, in some
cancer patients, sarcopenia is difficult to detect, especially when physical inactivity and
malnutrition coexist, causing either a decrease in muscle growth or an increase in adipose
tissue, leading to sarcopenic obesity that is associated with a poor prognosis compared to
that of non-sarcopenic obese patients [54,67,68].
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Finally, since sarcopenia has prognostic significance in cancer patients, its early identi-
fication may allow for appropriate intervention.

Some cancer patients have been subjected to physical exercise training protocols based
on progressive resistance exercises to strengthen large muscle groups [69]. This type of
activity exerts either a decrease in disease-related fatigue and anxiety or an increase in
weight and body mass index (BMI), leading to an improvement in muscle function [70,71].

However, in cancer patients, the loss of muscle mass is only the main symptom of neo-
plastic cachexia, as this disease is linked to inflammation, anorexia, and muscle proteolysis
that affect the whole body [59,61,72,73]. In patients with cachexia, the distinctive element
is the atrophy of the skeletal muscle in the presence or absence of fat loss [68]. Cachexia
is very common, especially in patients suffering from tumors of the gastrointestinal tract
and lungs [39,74]. There are three different stages in cachexia: pre-cachexia, cachexia, and
refractory cachexia [54]. The specific stage can be assessed by analyzing the availability
of the body’s energy and protein reserves and simultaneously assessing the severity of
weight loss. Therefore, the clinical management of the patient should always take reduced
food intake, the activation of catabolic metabolism, and the evaluation of muscle mass,
strength, and function into consideration [54,72]. It is, however, important to highlight
that tumor cachexia is not always related to weight loss, and, in this case, it is called
“hidden cachexia” [75,76]. Understanding the health status of cancer patients is fundamen-
tal for evaluating their nutritional needs together with an appropriate physical activity
intervention, which can also exert beneficial effects on inflammatory status [52,53,77].

2.3. Clinical Diagnosis of Sarcopenia

Since sarcopenia is characterized by the decrease of skeletal mass and strength that
impairs physical performance, its clinical diagnosis is based on techniques that allow for
the assessment of the parameters related to all these alterations.

Currently, imaging techniques and clinical evaluation are the main approaches em-
ployed [19,78]. They include the following:

− Dual-energy X-ray absorptiometry (DXA) scans, bioelectrical impedance analysis
(BIA), and MRI/CT scans for the determination of lean skeletal muscle mass;

− Grip strength tests, knee flexion/extension strength, and walking speed for the assess-
ment of muscle strength, with specific cut-off points indicating reduced muscle strength;

− The Short Physical Performance Battery (SPPB), gait speed, and Timed Up and Go
(TUG) tests for the evaluation of functional physical performance; low scores on these
tests may indicate impaired physical performance.

Although the overall assessment of these measurements contributes to the diagnosis
of sarcopenia, there is currently no consensus definition of sarcopenia or of the clinical
parameters that contribute to its diagnosis [5,19,78,79].

In addition, clinically, sarcopenia differs from other conditions such as dynapenia,
which indicates age-related muscle weakness, but it is not associated with neuromuscular
disorders; dynapenia is usually revealed by a dynamometry test, and it can, therefore, be
used as an initial screening mechanism for sarcopenia detection [80,81].

A number of guidelines for the diagnosis of sarcopenia correlated by tests and cri-
teria have been proposed by different organizations. Among these, in 2019, consensus
guidelines were provided by the European Working Group on Sarcopenia in Older People
(EWGSOP) [79]. Table 1 summarizes the diagnostic criteria that are habitually employed
for the clinical diagnosis of sarcopenia.
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Table 1. Criteria for the diagnosis of sarcopenia provided by EWGSOP: parameters, tests/techniques,
and cut-off values, as previously reported [79].

Parameter Test—Technique EWGSOP 2019
Cut-off Value

Muscle Strength Hand Grip Strength
(by hand dynamometer)

<27 kg (men)
<16 kg (women)

Muscle Quantity/Quality

DXA (Appendicular Lean Mass, measures
appendicular lean mass adjusted
for height)

<7.0 kg/m2 (men)
<5.5 kg/m2 (women)

BIA (Skeletal Muscle Mass Index, assesses
skeletal muscle mass)

<7.0 kg/m2 (men)
<5.7 kg/m2 (women)

Physical Performance

Gait Speed
(Measured over 4 m walk) ≤0.8 m/s

Short Physical Performance Battery (SPPB) ≤8 points

Timed Up and Go (TUG): time to stand
from a seated position, walk 3 m, turn,
walk back, and sit down

≥20 s

Chair Stand Test: time to rise from a chair
5 times consecutively >15 s (5 rises)

2.4. Molecular Biomarkers and Genetic Factors of Sarcopenia

In addition to clinical diagnosis, many studies have described molecular biomarkers
that enable the early diagnosis of sarcopenia and allow for an appropriate therapeutic
approach or intervention [82–84].

Since sarcopenia is a multifactorial disease, biomarkers mainly correlated to various
cellular metabolic processes and muscle health play a crucial role; for instance, those
involved in inflammation are mainly C-Reactive Protein (CRP), IL-6, and TNF-α, and others
linked to muscle integrity (Creatine Kinase, CK) or to oxidative stress (8-isoprostens) [82].

Biomarkers linked to muscle health involve amino-terminal pro-peptide of type-III
procollagen, c-terminal agrin fragment-22, osteonectin, irisin, fatty acid-binding protein-3,
and macrophage migration inhibitory factor [84].

On the other hand, genetic factors reported as sarcopenia biomarkers have also been
identified such as angiotensin I-converting enzyme I (ACE), myostatin (MSTN), alpha
actinin 3 (ACTN3), ciliary neurotrophic factor (CNTF), vitamin D receptor (VDR), insulin-
like growth factor 1 (IGF1), and IL-6 [85].

3. Current Strategies for the Prevention and Treatment of Sarcopenia

Numerous efforts have been devoted to identifying pharmacological therapies for the
prevention and treatment of sarcopenia through the use of anabolic steroids, selective andro-
gen receptor modulators, and inhibitors of myostatin or its bio-signaling pathway [24–26].

Many pharmacological interventions have been conducted by means of clinical trials
in sarcopenic older adults to evaluate the efficacy of drugs on muscle mass, strength, and
physical performance. Among the pharmaceutical treatments, myostatin inhibitors, an-
abolic or androgenic steroids, growth hormones, angiotensin-converting enzyme (ACE)
inhibitors, troponin activators, appetite stimulants, activating II receptor drugs, and β-
receptor blockers have not been fully effective, also leading to side effects [25,86]. However,
strategies based on nutritional intake and physical exercise have demonstrated greater
benefit in the improvement of lean body mass and muscle strength than those obtained
via pharmacological treatments [27,29,87]. In addition, up to now, no drugs have been ap-
proved for sarcopenia treatment [88]; conversely, the supplementations of protein, vitamin
D, and resistance exercise have emerged as effective strategies [23,89].
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3.1. Dietary Protein Strategy against Sarcopenia

In ageing, the loss of muscle mass and function is linked to alterations of protein
metabolism caused by an imbalance between protein synthesis and breakdown, which
greatly influences the plasticity and function of this tissue and its crosstalk with other
organs such as the liver, adipose tissue, and bones [12,14,90–92]. This muscle impairment,
termed primary sarcopenia, is mostly due to the decrease in anabolic hormones and
causes less responsive skeletal muscle compared to that of younger adults [7,18,93]. In
this metabolic condition, dietary protein intake plays a crucial role in maintaining muscle
health, and efforts have been devoted to investigating whether there are metabolic or
nutritional differences between animal and plant diet protein [87,94–97]. In addition, to
date, the spread of vegetarian and vegan diets for ethical and environmental reasons makes
it important to define the nutritional and metabolic aspects linked to sarcopenia.

Nutritional Classification of Proteinogenic Amino Acids in Humans

In humans, proteins are made up of 21 different amino acids (AAs), including the 21st
AA selenocysteine (Table 2, which also act as the nitrogenous backbones for hormones and
neurotransmitters [98]. Nine of these AAs have been classified as essential or indispensable
(EAAs) (Histidine, Isoleucine, Leucine, Lysine, Methionine, Phenylalanine, Threonine,
Tryptophan, and Valine) because they cannot be synthesized endogenously and, therefore,
must all be introduced through diet protein [99,100]. Three EAAs (Isoleucine, Leucine,
and Valine) represent Branched Chain Amino Acids (BCAAs), which play key roles in
protein metabolism and as energy substrates in the skeletal muscle [101,102]. Six AAs
are defined as conditionally essential (Arginine, Cysteine, Glutamine, Glycine, Proline,
and Tyrosine) because their synthesis can only occur under pathophysiological conditions
(severe catabolic condition) or they cannot be produced in adequate amounts [103]. The
six non-essential AAs (Alanine, Aspartic acid, Asparagine, Glutamic acid, Serine, and
Selenocysteine) are synthetized by intermediates of metabolic pathways such as the citric
acid cycle and AA transamination reactions [99,100].

Table 2. Nutritional classification of proteinogenic amino acids in Essential (EAA) and Branched
Chain Amino Acids (BCAAs), conditionally essential and non-essential in humans, as previously
reported [98].

Essential AA Conditionally Essential AA Non-Essential AA

Histidine Arginine ** Alanine

Isoleucine * Cysteine Aspartic acid

Leucine * Glutamine Asparagine

Lysine Glycine Glutamic acid

Methionine Proline Serine

Phenylalanine Tyrosine Selenocysteine

Threonine

Tryptophan

Valine *
* Indicates Branched Chain Amino Acid (BCAA). ** Indicates essential AA in childhood and some pathological
conditions.

Muscle health and physical performance depend above all on AA intake, either of
their quantity or quality. The daily protein requirement varies mainly depending on age,
sex, physical activity, and health state. Young people and adults need a protein intake of
approximatively 0.7 g/kg body weight/day; in older people, the European Society for
Clinical Nutrition and Metabolism (ESPEN) recommends a diet containing at least 1.0–1.2 g
protein/kg body weight/day for healthy older adults (≥60 years old), whereas a higher
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protein intake (1.2–1.5 protein/kg body weight/day) may be beneficial for elderly and
sarcopenic adults with acute or chronic diseases, including cancer [93,96,104,105].

Currently, the question as to whether animal or plant protein sources may differentially
prevent and/or influence muscle health and sarcopenia is still under investigation. Amino
acids are provided by both animal- and plant-based diets; however, as concerns the content
of EEAs (Table 3), their amount and quality vary depending on the specific animal or
plant food.

Table 3. EAAs in plant and animal food sources in common human diets, as previously reported [99].

EAA Plant Food Source Animal Food Source Daily Intake (mg/kg
Body Weight) **

Histidine Lentils, quinoa, chickpeas,
hemp seeds Beef, chicken, fish 10

Isoleucine * Soybeans, lentils, cashew
nuts, oats Eggs 20

Leucine * Peanuts, soybeans,
lentils, chickpeas Beef, chicken, fish, 39

Lysine Quinoa, lentils, black beans,
pumpkin seeds

Red meat, poultry,
dairy produce 30

Methionine Brazil nuts, sunflower seeds,
oats, spirulina Eggs, fish 15 (including

cysteine)

Phenylalanine Pumpkin seeds, soy
products, almonds, chickpeas Eggs, milk, cheese 25 (including

tyrosine)

Threonine Soybeans, lentils, sesame
seeds, quinoa

Lean meats,
cottage cheese 15

Tryptophan Pumpkin seeds, chia seeds,
soybeans, sunflower seeds Turkey, chicken, milk 4

Valine * Peanuts, lentils, soy-beans,
mushrooms Meat, dairy produce 26

* Indicates Branched Chain Amino Acid (BCAA). ** Indicates recommended daily intake for healthy adults by the
World Health Organization (WHO).

Leucine plays a significant role in muscle protein synthesis, but some plant-based pro-
tein sources show lower Leucine content compared to that of animal-based sources [106,107].
Including Leucine-rich foods such as peanuts, soybeans, lentils, and chickpeas in the diet
can help address this concern.

Animal proteins are considered high-quality, or complete, proteins because they
contain all nine essential amino acids; vice versa, vegetable proteins are considered low-
quality, or incomplete, because they lack one or more essential amino acids. Although
plant-based food shows an incomplete amino acid profile due to the lack of some EAAs
found in animal sources and lower digestibility, growing evidence indicates that plant
proteins may be useful in age-related diseases in older adults; in particular, improving
body composition and physical function [108]. Animal- and plant-based diets not only
differ in the quality and amount of the AAs, but also in regard to digestibility, adsorption
kinetics, and interactions between nutrients and the food matrix [97].

It is not only the protein content, but also the various components of a plant-based
diet rich in fruits and vegetables that can prevent and mitigate sarcopenia by providing
additional nutrients such as vitamins, minerals, and phytochemicals. Among the phyto-
chemicals, polyphenols show antioxidant and chemo-preventive properties [95,109,110],
improving muscle health by reducing the generation and inflammation of reactive oxygen
species (ROS) [94,97]. These antioxidant and anti-inflammatory properties may help to
reduce chronic inflammation associated with sarcopenia, supporting better muscle function.
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A further consideration of the differences between animal and plant AA sources
concerns the digestibility of the proteins containing them. Plant proteins contain other
components that can reduce complete AA absorptivity; in fact, protein digestibility also
depends on the cooking phase, as well as on other factors such as soaking, fermenting, and
sprouting, that can impair the process [95].

Since nutrition interventions are the major strategic approaches to preventing, delay-
ing, and counteracting sarcopenia, various randomized clinical trials have been conducted
to evaluate the effect on muscle mass, strength, and function [86,87,111]. Table 4 summa-
rizes dietary interventions, and their effects reported on sarcopenia.

Table 4. Dietary interventions, nutrient components, and properties/effects on sarcopenia.

Dietary Intervention Nutrient
Components

Properties and/or
Effects References

Increase of dietary
protein intake and AAs

supplementation
EAAs, BCAAs

Increase of muscle protein
biosynthesis; improvement of

muscle mass and function
[67,90,93,96]

Food supplements

Leucine;
β-hydroxy-β-

methylbutyrate (HMB)

Increase of muscle protein
biosynthesis and reduction of

muscle protein breakdown
[106,111]

Vitamins (C, D, E)
Antioxidant properties; decrease

of inflammation and
muscle damage

[95,99]

Naturally derived
food supplements Plant polyphenols

Antioxidant, anti-inflammatory
properties; protection against

muscle damage
[94,97,99]

3.2. Physical Exercise against Sarcopenia

Among the factors involved in sarcopenia, lifestyle plays a major role. In fact, a
sedentary lifestyle is responsible for muscle weakness, and it is related to a reduction of
muscle mass and strength. Vice versa, a dynamic lifestyle can prevent decay in muscle mass
and strength; it would, therefore, appear that exercise training is useful for both younger
and older people [36].

At the molecular level, intense and prolonged physical exercise promotes muscle
protein synthesis and increases the catabolism of fatty acids for ATP production, leading
to a reduction of adipose tissue [112,113]. In addition, physical exercise combined with
adequate protein intake amplifies protein synthesis and inhibits protein catabolism due to
high blood insulin concentration [114].

The health benefits of regular exercise are not limited to skeletal muscle, but involve
the whole body, ameliorating some chronic pathologies such as cardiovascular diseases,
hypertension, hyperlipidemia, metabolic syndrome, cancers, and diabetes. In older people,
physical activity can prevent and contrast age-related sarcopenia and loss in muscle mass;
it can also help to preserve or increase bulk and muscle strength [40,115]. Several types of
exercise training have been described for the prevention and treatment of sarcopenia [114],
such as resistance, endurance, aerobic, balance, flexibility, functional, and whole-body
vibration training (WBVT). These activities are summarized in Table 5.

During the training program, the intensity, duration, and resistance can be gradually
increased to enhance the effect on skeletal muscle.

However, a specific exercise training program must be planned by a fitness expert able
to consider the health state of the sarcopenic subject, age, sex, and other clinical conditions,
such as the presence of other pathologies (i.e., cancer, obesity, diabetes, neurodegenerative
disorders) or specific disabilities.
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Table 5. Outline of types, volume, and benefits of physical exercises that are recommended for the
prevention and treatment of sarcopenia.

Type of Physical
Exercise Description Volume and

Frequency Benefits References

Resistance training
Exercises with weights,
resistance bands, or
body weight

2–3 times per week,
1–3 sets per exercise,
8–12 repetitions per set

Increases of muscle mass,
strength, bone density,
reducing the risk of
osteoporosis-related fractures

[28]

Endurance training

Chest press exercises,
dorsal and rowing
machines for upper body,
leg press, leg extension
and knee flexibility for
lower body

2–3 times per week,
20–60 min per session,
with 1–2 sets and 8–10
repetitions to 2–3 sets
and 6–8 repetitions

Improves cardiovascular
health, aids in weight
management, and
boosts endurance

[116,117]

Aerobic training Stationary cycling and
walking on treadmill

2–3 times per week
20–45 min

Improves cardiovascular
health, muscle mass and
strength, aerobic capacity

[118,119]

Balance training

Activities for stability
improvement, such as tai
chi, yoga, or specific
balance exercises

2–3 times per week,
20–30 min per session

Enhances coordination,
stability and proprioception,
reducing the risk of falls
and injuries

[119,120]

Flexibly training
Stretching exercises to
enhance range of motion
and flexibility

2–3 times per week,
10–15 min per session,
holding each stretch for
15–30 s

Improves flexibility of joints
and reduces muscle stiffness [121]

Functional training

Exercises mimicking daily
activities, often
integrating strength,
balance, and coordination

2–3 times per week,
20–30 min per session

Enhances ability to perform
daily tasks, improves
overall function

[122]

Whole body vibration
training (WBVT)

Participants squat or
stand on the
vibrating platforms

Vibration frequency
and amplitude can be
set differently
depending on the
machine for a safe
effect on skeletal
muscles (12–300 Hz)
Time duration: variable
(12–15 min)

Enhances muscle strength,
balance, bone density,
flexibility, reducing the risk of
falls and injuries

[123,124]

3.3. Exercise-Induced Myokines and Sarcopenia

In recent years, skeletal muscle has also been defined as an endocrine organ for its
ability to secrete exercise-induced proteins and peptides named myokines, acting as key
mediators of the muscle and whole-body health [17,125]. Myokines are also involved
in sarcopenia, acting in an autocrine, paracrine, and endocrine manner and playing a
role in the regulation of muscle mass, energy metabolism of glucose, fatty acids, proteins,
and inflammation, allowing a crosstalk between skeletal muscle and other organs such as
the liver, brain, and adipose tissue [15,126]. Many myokines are pleiotropic factors, and
some of them, like Interlukin-6 (IL-6), insulin-like growth factor-1 (IGF-1), IL-15, irisin,
fibroblast growth factor (FGF)-21, brain-derived neurotrophic factor (BDNF), myostatin,
and IL-10, are involved in muscle cell proliferation, differentiation, mitochondrial function,
inflammation, and metabolic homeostasis.

Myokine signaling pathways are also involved in the proliferation and differentiation
of muscle cells, muscle atrophy, increased mitochondrial function, decreased inflammation,
and metabolic homeostasis [15,126,127], and they can exert either pro- or anti-inflammatory
signaling roles [128].
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IL-6 regulates muscle and whole-body glucose and lipid metabolism, and it can also
have both pro-inflammatory and anti-inflammatory effects depending on the cytokine re-
lease mode, target cells, and simultaneous presence of other cytokines and the inflammatory
C-reactive protein (CRP) associated with an increased risk of muscle strength loss [15,22].

IGF-1 exerts a major role in muscle growth, hypertrophy, regeneration, and differentia-
tion through the induction of satellite cell proliferation and differentiation [15,22]. IGF-1
counteracts the age-dependent reduction of GH/IGF-1 axis, causing a decrease in protein
anabolism in the skeletal muscle of sarcopenic patients [8,15].

IL-15 increases muscle growth and participates in the crosstalk between skeletal muscle
and adipose tissue, reducing adipose tissue mass; the decreased plasma levels of IL-15 have
been associated with sarcopenia and obesity, thus suggesting that IL-15 may be a promising
candidate for the treatment of sarcopenia [22,42,127].

FGF-21 acts as a regulator of muscle growth, inflammation, metabolism, and premature
ageing, and a positive correlation has been found between serum FGF-21 levels and both
sarcopenia and sarcopenic obesity [20,22,127].

Irisin regulates myogenic differentiation, mitochondrial function, and metabolic home-
ostasis. The exercise-induced expression of irisin, or intervention with exogenous irisin,
can delay the progression of this chronic disease; conversely, its suppression or knockout
leads to several chronic diseases, including sarcopenia [22,42,129].

BDNF, a neurotrophic factor produced both in the brain and in skeletal muscle, regu-
lates neuronal function, and it is also implicated in the regulation of energy homeostasis
and body weight, affecting myogenesis and activating satellite cells in skeletal muscle [22].
In addition, the BDNF signaling pathway plays an essential role in the regulation of neuro-
muscular function during ageing, which may have implications for the onset of sarcopenia
and sarcopenic obesity [130].

Myostatin, known as growth differentiation factor 8 (GDF-8), is a member of the
transforming growth factor (TGF-α) superfamily, and it is expressed primarily in skeletal
muscle, where it acts as a negative regulator of muscle mass growth and development [22].
Serum levels of myostatin increase with age, and they are inversely correlated with skeletal
muscle mass, leading to sarcopenia [15]. In addition, myostatin may inhibit the biosynthesis
of irisin, contributing to an increase in fat mass and a decrease in muscle mass, predisposing
older people to sarcopenic obesity [22]. Therefore, the inhibition of myostatin represents a
plausible option for the treatment of sarcopenia [15].

IL-10 reveals an anti-inflammatory function by suppressing macrophage activation,
and evidence points to an increase in both older mice and elderly people [127]. Growth
differentiation factor 15 (GDF15) is involved in the regulation of metabolic health and
energy metabolism, and its levels are elevated in diseases associated with muscle weakness,
such as sarcopenia and mitochondrial myopathy [130,131].

The reduction of muscle mass in sarcopenia and the effects of a sedentary lifestyle
impair the circulating level of myokines, as demonstrated by the decrease of IGF-1, IL-15,
irisin, FGF-21, and BDNF, and the increase of myostatin, IL-10, and TNF-α [22,130,132,133].
However, this alteration of myokine levels can be attenuated by regular physical activity
training [128,132]. Taken together, evidence indicates that myokines may act either as
potential diagnostic biomarkers or as therapeutic targets in sarcopenia and its related
diseases such as obesity and cancer [133].

4. Discussion and Conclusions

An understanding of the cellular and molecular mechanisms underlying sarcopenia
is crucial for its prevention and mitigation in elderly individuals. Evidence has demon-
strated that sarcopenia is a multifactorial disease since numerous factors, such as hormonal
changes, inadequate nutrition, and physical inactivity, greatly contribute to its development.
However, among these, impaired muscle protein metabolism and a sedentary lifestyle with
reduced physical activity greatly contribute to the development of sarcopenia.
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Early diagnosis of sarcopenia is important for preventing and delaying the disease
in the elderly, and especially in patients with chronic diseases closely related to an inflam-
matory state such as cancer, diabetes, obesity, and metabolic syndrome. Currently, the
diagnosis of sarcopenia is established through the overall assessment of physical perfor-
mance tests and diagnostic investigations that are interpreted by applying key diagnostic
criteria. However, it is difficult to establish a precise diagnosis in the presence of other
pathologies causing muscle weakness and impaired physical mobility. For this reason, great
efforts have been undertaken to identify biomolecular markers closely related to skeletal
muscle integrity and metabolism that could contribute greatly to an early diagnosis.

To date, the identification of specific molecular biomarkers of sarcopenia is still under
investigation, aiming at better defining their specificity and threshold values, which depend
on various factors, including ethnicity, age, gender, diet, and lifestyle.

Currently, approved pharmacological therapies that are both efficient and safe when
dealing with sarcopenia are not available yet.

In fact, as with many other multifactorial diseases, the pharmacological approach
to sarcopenia has not yielded encouraging results, and there is, therefore, still a need to
identify drugs that are both effective and safe. However, key strategies based on lifestyle
modification, including a balanced diet and regular exercise, have been proven effective for
the prevention and mitigation of sarcopenia in older individuals (Figure 2).
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Figure 2. Schematic representation of strategies based on optimizing nutritional intake and resistance
physical exercise for preventing, delaying, and counteracting sarcopenia in humans.

Regarding the nutritional sources of protein, the contribution of diets containing
reduced, or no animal foods needs to be better understood with regards to ageing and its
associated diseases. Maintaining healthy muscles through proper nutrition and exercise is
crucial, especially for cancer patients dealing with sarcopenia. Resistance training reduces
muscle atrophy by promoting muscle protein synthesis during ageing. Therefore, a diet
with both adequate food protein and physical exercise is crucial for maintaining a healthily
muscled body system and preventing, delaying, and counteracting sarcopenia, especially
in elderly people.

Further research in these fields will provide new insight into the prevention and
management of sarcopenia.

Author Contributions: Conceptualization, R.A. and M.M.; methodology, R.N., A.D. and M.L.M.;
writing—original draft preparation, R.A., R.N., A.D. and M.L.M.; writing—review and editing, R.A.
and M.M.; supervision, R.A. and M.M. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was supported by grants from University of Naples Parthenope, Bando di
Ricerca Locale D.R. 474, 06.06.2023 CUPI43C23000160005 (R.A. and M.M.) and Next Generation EU
in the framework of PRIN 2022, CUP I53D23004270006 (M.M.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Clin. Pract. 2024, 14 1462

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Rosarita Nasso was supported by a fellowship from the “Fondazione Umberto
Veronesi”, Italy. The authors are indebted to Bronwen Hughes for her help in the English revision of
the manuscript.

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

References
1. Vaupel, J.W.; Villavicencio, F.; Bergeron-Boucher, M.P. Demographic perspectives on the rise of longevity. Proc. Natl. Acad. Sci.

USA 2021, 118, e2019536118. [CrossRef] [PubMed]
2. Ye, C.J.; Kong, L.J.; Wang, Y.Y.; Dou, C.; Zheng, J.; Xu, M.; Xu, Y.; Li, M.; Zhao, Z.Y.; Lu, J.L.; et al. Mendelian randomization

evidence for the causal effects of socio-economic inequality on human longevity among Europeans. Nat. Hum. Behav. 2023, 7,
1357–1370. [CrossRef] [PubMed]

3. Steffl, M.; Sima, J.; Shiells, K.; Holmerova, I. The increase in health care costs associated with muscle weakness in older people
without long-term illnesses in the Czech Republic: Results from the Survey of Health, Ageing and Retirement in Europe [SHARE].
Clin. Interv. Aging 2017, 12, 2003–2007. [CrossRef] [PubMed]

4. Pinedo-Villanueva, R.; Westbury, L.D.; Syddall, H.E.; Sanchez-Santos, M.T.; Dennison, E.M.; Robinson, S.M.; Cooper, C. Health
Care Costs Associated with Muscle Weakness: A UK Population-Based Estimate. Calcif. Tissue Int. 2019, 104, 137–144. [CrossRef]

5. Kirk, B.; Cawthon, P.M.; Cruz-Jentoft, A.J. Global consensus for sarcopenia. Aging 2024, 16, 9306. [CrossRef] [PubMed]
6. Chargi, N.; Bril, S.I.; Emmelot-Vonk, M.H.; de Bree, R. Sarcopenia is a prognostic factor for overall survival in elderly patients

with head-and-neck cancer. Eur. Arch. Otorhinolaryngol. 2019, 276, 1475–1486. [CrossRef] [PubMed]
7. Larsson, L.; Degens, H.; Li, M.; Salviati, L.; Lee, Y.I.; Thompson, W.; Kirkland, J.L.; Sandri, M. Sarcopenia: Aging-Related Loss of

Muscle Mass and Function. Physiol. Rev. 2019, 99, 427–511. [CrossRef]
8. Bian, A.; Ma, Y.; Zhou, X.; Guo, Y.; Wang, W.; Zhang, Y.; Wang, X. Association between sarcopenia and levels of growth hormone

and insulin-like growth factor-1 in the elderly. BMC Musculoskelet. Disord. 2020, 21, 214. [CrossRef]
9. Peng, T.C.; Chen, W.L.; Wu, L.W.; Chang, Y.W.; Kao, T.W. Sarcopenia and cognitive impairment: A systematic review and

meta-analysis. Clin. Nutr. 2020, 39, 2695–2701. [CrossRef]
10. Gustafsson, T.; Ulfhake, B. Sarcopenia: What Is the Origin of This Aging-Induced Disorder? Front. Genet. 2021, 12, 688526.

[CrossRef]
11. Tessier, A.J.; Wing, S.S.; Rahme, E.; Morais, J.A.; Chevalier, S. Association of Low Muscle Mass with Cognitive Function during a

3-Year Follow-up among Adults Aged 65 to 86 Years in the Canadian Longitudinal Study on Aging. JAMA Netw. Open 2022, 5,
e2219926. [CrossRef] [PubMed]

12. Frontera, W.R.; Ochala, J. Skeletal muscle: A brief review of structure and function. Calcif. Tissue Int. 2015, 96, 183–195. [CrossRef]
[PubMed]

13. Mukund, K.; Subramaniam, S. Skeletal muscle: A review of molecular structure and function, in health and disease. Wiley
Interdiscip. Rev. Syst. Biol. Med. 2020, 12, e1462. [CrossRef]

14. Argilés, J.M.; Campos, N.; Lopez-Pedrosa, J.M.; Rueda, R.; Rodriguez-Mañas, L. Skeletal Muscle Regulates Metabolism via
Interorgan Crosstalk: Roles in Health and Disease. J. Am. Med. Dir. Assoc. 2016, 17, 789–796. [CrossRef] [PubMed]

15. Gomarasca, M.; Banfi, G.; Lombardi, G. Myokines: The endocrine coupling of skeletal muscle and bone. Adv. Clin. Chem. 2020, 94,
155–218. [CrossRef] [PubMed]

16. Pedersen, B.K.; Akerström, T.C.; Nielsen, A.R.; Fischer, C.P. Role of myokines in exercise and metabolism. J. Appl. Physiol. 2007,
103, 1093–1098. [CrossRef] [PubMed]

17. Pedersen, B.K.; Febbraio, M.A. Muscles, exercise and obesity: Skeletal muscle as a secretory organ. Nat. Rev. Endocrinol. 2012, 8,
457–465. [CrossRef]

18. Dao, T.; Green, A.E.; Kim, Y.A.; Bae, S.J.; Ha, K.T.; Gariani, K.; Lee, M.R.; Menzies, K.J.; Ryu, D. Sarcopenia and Muscle Aging: A
Brief Overview. Endocrinol. Metab. 2020, 35, 716–732. [CrossRef] [PubMed]

19. Sayer, A.A.; Cruz-Jentoft, A. Sarcopenia definition, diagnosis and treatment: Consensus is growing. Age Ageing 2022, 51, afac220.
[CrossRef]

20. Jung, H.W.; Park, J.H.; Kim, D.A.; Jang, I.Y.; Park, S.J.; Lee, J.Y.; Lee, S.; Kim, J.H.; Yi, H.S.; Lee, E.; et al. Association between
serum FGF21 level and sarcopenia in older adults. Bone 2021, 145, 115877. [CrossRef]

21. Zhang, X.M.; Cheng, A.S.K.; Dou, Q.; Zhang, W.; Zeng, Y. Comment on: “Sarcopenia and its association with falls and fractures in
older adults: A systematic review and meta-analysis” by Yeung et al. J. Cachexia Sarcopenia Muscle 2020, 11, 330–331. [CrossRef]

22. Bilski, J.; Pierzchalski, P.; Szczepanik, M.; Bonior, J.; Zoladz, J.A. Multifactorial Mechanism of Sarcopenia and Sarcopenic Obesity.
Role of Physical Exercise, Microbiota and Myokines. Cells 2022, 11, 160. [CrossRef] [PubMed]

23. Bahat, G.; Ozkok, S. The Current Landscape of Pharmacotherapies for Sarcopenia. Drugs Aging 2024, 41, 83–112. [CrossRef]
[PubMed]

https://doi.org/10.1073/pnas.2019536118
https://www.ncbi.nlm.nih.gov/pubmed/33571137
https://doi.org/10.1038/s41562-023-01646-1
https://www.ncbi.nlm.nih.gov/pubmed/37386110
https://doi.org/10.2147/CIA.S150826
https://www.ncbi.nlm.nih.gov/pubmed/29225462
https://doi.org/10.1007/s00223-018-0478-1
https://doi.org/10.18632/aging.205919
https://www.ncbi.nlm.nih.gov/pubmed/38761172
https://doi.org/10.1007/s00405-019-05361-4
https://www.ncbi.nlm.nih.gov/pubmed/30830300
https://doi.org/10.1152/physrev.00061.2017
https://doi.org/10.1186/s12891-020-03236-y
https://doi.org/10.1016/j.clnu.2019.12.014
https://doi.org/10.3389/fgene.2021.688526
https://doi.org/10.1001/jamanetworkopen.2022.19926
https://www.ncbi.nlm.nih.gov/pubmed/35796211
https://doi.org/10.1007/s00223-014-9915-y
https://www.ncbi.nlm.nih.gov/pubmed/25294644
https://doi.org/10.1002/wsbm.1462
https://doi.org/10.1016/j.jamda.2016.04.019
https://www.ncbi.nlm.nih.gov/pubmed/27324808
https://doi.org/10.1016/bs.acc.2019.07.010
https://www.ncbi.nlm.nih.gov/pubmed/31952571
https://doi.org/10.1152/japplphysiol.00080.2007
https://www.ncbi.nlm.nih.gov/pubmed/17347387
https://doi.org/10.1038/nrendo.2012.49
https://doi.org/10.3803/EnM.2020.405
https://www.ncbi.nlm.nih.gov/pubmed/33397034
https://doi.org/10.1093/ageing/afac220
https://doi.org/10.1016/j.bone.2021.115877
https://doi.org/10.1002/jcsm.12467
https://doi.org/10.3390/cells11010160
https://www.ncbi.nlm.nih.gov/pubmed/35011721
https://doi.org/10.1007/s40266-023-01093-7
https://www.ncbi.nlm.nih.gov/pubmed/38315328


Clin. Pract. 2024, 14 1463

24. De Spiegeleer, A.; Beckwée, D.; Bautmans, I.; Petrovic, M. Pharmacological Interventions to Improve Muscle Mass, Muscle
Strength and Physical Performance in Older People: An Umbrella Review of Systematic Reviews and Meta-analyses. Drugs Aging
2018, 35, 719–734. [CrossRef] [PubMed]

25. Green, D.J.; Chasland, L.C.; Yeap, B.B.; Naylor, L.H. Comparing the Impacts of Testosterone and Exercise on Lean Body Mass,
Strength and Aerobic Fitness in Aging Men. Sports Med. Open 2024, 10, 30. [CrossRef] [PubMed]

26. Reginster, J.Y.; Beaudart, C.; Al-Daghri, N.; Avouac, B.; Bauer, J.; Bere, N.; Bruyère, O.; Cerreta, F.; Cesari, M.; Rosa, M.M.; et al.
Update on the ESCEO recommendation for the conduct of clinical trials for drugs aiming at the treatment of sarcopenia in older
adults. Aging Clin. Exp. Res. 2021, 33, 3–17. [CrossRef] [PubMed]

27. Beaudart, C.; Dawson, A.; Shaw, S.C.; Harvey, N.C.; Kanis, J.A.; Binkley, N.; Reginster, J.Y.; Chapurlat, R.; Chan, D.C.; Bruyère, O.;
et al. Nutrition and physical activity in the prevention and treatment of sarcopenia: Systematic review. Osteoporos. Int. 2017, 28,
1817–1833. [CrossRef] [PubMed]

28. Hurst, C.; Robinson, S.M.; Witham, M.D.; Dodds, R.M.; Granic, A.; Buckland, C.; De Biase, S.; Finnegan, S.; Rochester, L.; Skelton,
D.A.; et al. Resistance exercise as a treatment for sarcopenia: Prescription and delivery. Age Ageing 2022, 51, afac003. [CrossRef]
[PubMed]

29. Rogeri, P.S.; Zanella, R., Jr.; Martins, G.L.; Garcia, M.D.A.; Leite, G.; Lugaresi, R.; Gasparini, S.O.; Sperandio, G.A.; Ferreira, L.H.B.;
Souza-Junior, T.P.; et al. Strategies to Prevent Sarcopenia in the Aging Process: Role of Protein Intake and Exercise. Nutrients 2021,
14, 52. [CrossRef]

30. Shefflette, A.; Patel, N.; Caruso, J. Mitigating Sarcopenia with Diet and Exercise. Int. J. Environ. Res. Public Health 2023, 20, 6652.
[CrossRef]

31. Scisciola, L.; Fontanella, R.A.; Surina; Cataldo, V.; Paolisso, G.; Barbieri, M. Sarcopenia and Cognitive Function: Role of Myokines
in Muscle Brain Cross-Talk. Life 2021, 11, 173. [CrossRef] [PubMed]

32. Deng, X.; Wang, P.; Yuan, H. Epidemiology, risk factors across the spectrum of age-related metabolic diseases. J. Trace Elem. Med.
Biol. 2020, 61, 126497. [CrossRef] [PubMed]

33. Antuña, E.; Cachán-Vega, C.; Bermejo-Millo, J.C.; Potes, Y.; Caballero, B.; Vega-Naredo, I.; Coto-Montes, A.; Garcia-Gonzalez, C.
Inflammaging: Implications in Sarcopenia. Int. J. Mol. Sci. 2022, 23, 15039. [CrossRef] [PubMed]

34. Chhetri, J.K.; de Souto Barreto, P.; Fougère, B.; Rolland, Y.; Vellas, B.; Cesari, M. Chronic inflammation and sarcopenia: A
regenerative cell therapy perspective. Exp. Gerontol. 2018, 103, 115–123. [CrossRef] [PubMed]

35. Joseph, C.; Kenny, A.M.; Taxel, P.; Lorenzo, J.A.; Duque, G.; Kuchel, G.A. Role of endocrine-immune dysregulation in osteoporosis,
sarcopenia, frailty and fracture risk. Mol. Asp. Med. 2005, 26, 181–201. [CrossRef] [PubMed]

36. Lombardo, M.; Boaria, A.; Aulisa, G.; Padua, E.; Annino, G.; Pratesi, A.; Caprio, M.; Iellamo, F.; Bellia, A. Sarcopenic obesity:
Etiology and lifestyle therapy. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 7152–7162. [CrossRef] [PubMed]

37. Pan, L.; Xie, W.; Fu, X.; Lu, W.; Jin, H.; Lai, J.; Zhang, A.; Yu, Y.; Li, Y.; Xiao, W. Inflammation and sarcopenia: A focus on
circulating inflammatory cytokines. Exp. Gerontol. 2021, 154, 111544. [CrossRef]

38. Roubenoff, R. Origins and clinical relevance of sarcopenia. Can. J. Appl. Physiol. 2001, 26, 78–89. [CrossRef] [PubMed]
39. Dunne, R.F.; Loh, K.P.; Williams, G.R.; Jatoi, A.; Mustian, K.M.; Mohile, S.G. Cachexia and Sarcopenia in Older Adults with

Cancer: A Comprehensive Review. Cancers 2019, 11, 1861. [CrossRef]
40. Iolascon, G.; Di Pietro, G.; Gimigliano, F.; Mauro, G.L.; Moretti, A.; Giamattei, M.T.; Ortolani, S.; Tarantino, U.; Brandi, M.L.

Physical exercise and sarcopenia in older people: Position paper of the Italian Society of Orthopaedics and Medicine [OrtoMed].
Clin. Cases Miner. Bone Metab. 2014, 11, 215–221. [CrossRef]

41. Velázquez-López, L.; Alva-Santana, D.; Ocaña-Patiño, A.; Peña, J.E.; Goycochea-Robles, M.V. Increased body fat, physical
inactivity, and hypertension are associated with poor quality of life in patients with type 2 diabetes. Cir. Cir. 2023, 9, 171–178.
[CrossRef]

42. Alizadeh Pahlavani, H.; Laher, I.; Knechtle, B.; Zouhal, H. Exercise and mitochondrial mechanisms in patients with sarcopenia.
Front. Physiol. 2022, 13, 1040381. [CrossRef] [PubMed]

43. Ferri, E.; Marzetti, E.; Calvani, R.; Picca, A.; Cesari, M.; Arosio, B. Role of Age-Related Mitochondrial Dysfunction in Sarcopenia.
Int. J. Mol. Sci. 2020, 21, 5236. [CrossRef] [PubMed]

44. Rong, Y.D.; Bian, A.L.; Hu, H.Y.; Ma, Y.; Zhou, X.Z. Study on relationship between elderly sarcopenia and inflammatory cytokine
IL-6, anti-inflammatory cytokine IL-10. BMC Geriatr. 2018, 18, 308. [CrossRef] [PubMed]

45. Maiuolo, J.; Costanzo, P.; Masullo, M.; D’Errico, A.; Nasso, R.; Bonacci, S.; Mollace, V.; Oliverio, M.; Arcone, R. Hydroxytyrosol-
Donepezil Hybrids Play a Protective Role in an In Vitro Induced Alzheimer’s Disease Model and in Neuronal Differentiated
Human SH-SY5Y Neuroblastoma Cells. Int. J. Mol. Sci. 2023, 24, 13461. [CrossRef] [PubMed]

46. Lin, A.; Wang, T.; Li, C.; Pu, F.; Abdelrahman, Z.; Jin, M.; Yang, Z.; Zhang, L.; Cao, X.; Sun, K.; et al. Association of Sarcopenia
with Cognitive Function and Dementia Risk Score: A National Prospective Cohort Study. Metabolites 2023, 13, 245. [CrossRef]
[PubMed]

47. Alcaro, S.; Arcone, R.; Costa, G.; De Vita, D.; Iannone, M.; Ortuso, F.; Procopio, A.; Pasceri, R.; Rotiroti, D.; Scipione, L. Simple
choline esters as potential anti-Alzheimer agents. Curr. Pharm. Des. 2010, 16, 692–697. [CrossRef] [PubMed]

48. Alemán, H.; Esparza, J.; Ramirez, F.A.; Astiazaran, H.; Payette, H. Longitudinal evidence on the association between interleukin-6
and C-reactive protein with the loss of total appendicular skeletal muscle in free-living older men and women. Age Ageing 2011,
40, 469–475. [CrossRef] [PubMed]

https://doi.org/10.1007/s40266-018-0566-y
https://www.ncbi.nlm.nih.gov/pubmed/30047068
https://doi.org/10.1186/s40798-024-00703-x
https://www.ncbi.nlm.nih.gov/pubmed/38563849
https://doi.org/10.1007/s40520-020-01663-4
https://www.ncbi.nlm.nih.gov/pubmed/32737844
https://doi.org/10.1007/s00198-017-3980-9
https://www.ncbi.nlm.nih.gov/pubmed/28251287
https://doi.org/10.1093/ageing/afac003
https://www.ncbi.nlm.nih.gov/pubmed/35150587
https://doi.org/10.3390/nu14010052
https://doi.org/10.3390/ijerph20176652
https://doi.org/10.3390/life11020173
https://www.ncbi.nlm.nih.gov/pubmed/33672427
https://doi.org/10.1016/j.jtemb.2020.126497
https://www.ncbi.nlm.nih.gov/pubmed/32247247
https://doi.org/10.3390/ijms232315039
https://www.ncbi.nlm.nih.gov/pubmed/36499366
https://doi.org/10.1016/j.exger.2017.12.023
https://www.ncbi.nlm.nih.gov/pubmed/29331536
https://doi.org/10.1016/j.mam.2005.01.004
https://www.ncbi.nlm.nih.gov/pubmed/15811434
https://doi.org/10.26355/eurrev_201908_18761
https://www.ncbi.nlm.nih.gov/pubmed/31486518
https://doi.org/10.1016/j.exger.2021.111544
https://doi.org/10.1139/h01-006
https://www.ncbi.nlm.nih.gov/pubmed/11291626
https://doi.org/10.3390/cancers11121861
https://doi.org/10.11138/ccmbm/2014.11.3.215
https://doi.org/10.24875/CIRUE.M21000511
https://doi.org/10.3389/fphys.2022.1040381
https://www.ncbi.nlm.nih.gov/pubmed/36561214
https://doi.org/10.3390/ijms21155236
https://www.ncbi.nlm.nih.gov/pubmed/32718064
https://doi.org/10.1186/s12877-018-1007-9
https://www.ncbi.nlm.nih.gov/pubmed/30541467
https://doi.org/10.3390/ijms241713461
https://www.ncbi.nlm.nih.gov/pubmed/37686262
https://doi.org/10.3390/metabo13020245
https://www.ncbi.nlm.nih.gov/pubmed/36837864
https://doi.org/10.2174/138161210790883796
https://www.ncbi.nlm.nih.gov/pubmed/20388079
https://doi.org/10.1093/ageing/afr040
https://www.ncbi.nlm.nih.gov/pubmed/21565862


Clin. Pract. 2024, 14 1464

49. Arcone, R.; Chinali, A.; Pozzi, N.; Parafati, M.; Maset, F.; Pietropaolo, C.; De Filippis, V. Conformational and biochemical
characterization of a biologically active rat recombinant Protease Nexin-1 expressed in E. coli. Biochim. Biophys. Acta (BBA)-
Proteins Proteom. 2009, 1794, 602–614. [CrossRef]

50. Schaap, L.A.; Pluijm, S.M.; Deeg, D.J.; Harris, T.B.; Kritchevsky, S.B.; Newman, A.B.; Colbert, L.H.; Pahor, M.; Rubin, S.M.;
Tylavsky, F.A.; et al. Higher inflammatory marker levels in older persons: Associations with 5-year change in muscle mass and
muscle strength. J. Gerontol. A Biol. Sci. Med. Sci. 2009, 64, 1183–1189. [CrossRef]

51. Shokri-Mashhadi, N.; Moradi, S.; Heidari, Z.; Saadat, S. Association of circulating C-reactive protein and high-sensitivity C-
reactive protein with components of sarcopenia: A systematic review and meta-analysis of observational studies. Exp. Gerontol.
2021, 150, 111330. [CrossRef]

52. Anjanappa, M.; Corden, M.; Green, A.; Roberts, D.; Hoskin, P.; McWilliam, A.; Choudhury, A. Sarcopenia in cancer: Risking more
than muscle loss. Tech. Innov. Patient Support Radiat. Oncol. 2020, 16, 50–57. [CrossRef]

53. Bossi, P.; Delrio, P.; Mascheroni, A.; Zanetti, M. The spectrum of malnutrition/cachexia/sarcopenia in oncology according to
different cancer types and settings: A narrative review. Nutrients 2021, 13, 1980. [CrossRef]

54. Fearon, K.; Strasser, F.; Anker, S.D.; Bosaeus, I.; Bruera, E.; Fainsinger, R.L.; Jatoi, A.; Loprinzi, C.; MacDonald, N.; Mantovani, G.;
et al. Definition and classification of cancer cachexia: An international consensus. Lancet Oncol. 2011, 12, 489–495. [CrossRef]

55. Muscaritoli, M.; Anker, S.D.; Argilés, J.; Aversa, Z.; Bauer, J.M.; Biolo, G.; Boirie, Y.; Bosaeus, I.; Cederholm, T.; Costelli, P.; et al.
Consensus definition of sarcopenia, cachexia and pre-cachexia: Joint document elaborated by Special Interest Groups [SIG]
“cachexia-anorexia in chronic wasting diseases” and “nutrition in geriatrics”. Clin. Nutr. 2010, 29, 154–159. [CrossRef]

56. Cruz-Jentoft, A.J.; Baeyens, J.P.; Bauer, J.M.; Boirie, Y.; Cederholm, T.; Landi, F.; Martin, F.C.; Michel, J.P.; Rolland, Y.; Schneider,
S.M.; et al. Sarcopenia: European consensus on definition and diagnosis: Report of the European Working Group on Sarcopenia
in Older People. Age Ageing 2010, 39, 412–423. [CrossRef]

57. Dalle, S.; Rossmeislova, L.; Koppo, K. The Role of Inflammation in Age-Related Sarcopenia. Front. Physiol. 2017, 8, 1045.
[CrossRef]

58. Visser, M.; Pahor, M.; Taaffe, D.R.; Goodpaster, B.H.; Simonsick, E.M.; Newman, A.B.; Nevitt, M.; Harris, T.B. Relationship of
interleukin-6 and tumor necrosis factor-alpha with muscle mass and muscle strength in elderly men and women: The Health
ABC Study. J. Gerontol. A Biol. Sci. Med. Sci. 2002, 57, M326–M332. [CrossRef]

59. Meza-Valderrama, D.; Marco, E.; Dávalos-Yerovi, V.; Muns, M.D.; Tejero-Sánchez, M.; Duarte, E.; Sánchez-Rodríguez, D.
Sarcopenia, Malnutrition, and Cachexia: Adapting Definitions and Terminology of Nutritional Disorders in Older People with
Cancer. Nutrients 2021, 13, 761. [CrossRef]

60. Fukushima, H.; Koga, F. Impact of sarcopenia in the management of urological cancer patients. Expert Rev. Anticancer Ther. 2017,
17, 455–466. [CrossRef]

61. Luo, L.; Shen, X.; Fang, S.; Wan, T.; Liu, P.; Li, P.; Tan, H.; Fu, Y.; Guo, W.; Tang, X. Sarcopenia as a risk factor of progression-free
survival in patients with metastases: A systematic review and meta-analysis. BMC Cancer 2023, 23, 127. [CrossRef] [PubMed]

62. Fratangelo, F.; Carriero, M.V.; Motti, M.L. Controversial Role of Kisspeptins/KiSS-1R Signaling System in Tumor Development.
Front. Endocrinol. 2018, 9, 192. [CrossRef] [PubMed]

63. Masucci, M.T.; Minopoli, M.; Di Carluccio, G.; Motti, M.L.; Carriero, M.V. Therapeutic Strategies Targeting Urokinase and Its
Receptor in Cancer. Cancers 2022, 14, 498. [CrossRef]

64. Roubenoff, R.; Parise, H.; Payette, H.A.; Abad, L.W.; D’Agostino, R.; Jacques, P.F.; Wilson, P.W.; Dinarello, C.A.; Harris, T.B.
Cytokines, insulin-like growth factor 1, sarcopenia, and mortality in very old community-dwelling men and women: The
Framingham Heart Study. Am. J. Med. 2003, 115, 429–435. [CrossRef] [PubMed]

65. Vashi, P.G.; Gorsuch, K.; Wan, L.; Hill, D.; Block, C.; Gupta, D. Sarcopenia supersedes subjective global assessment as a predictor
of survival in colorectal cancer. PLoS ONE 2019, 14, e0218761. [CrossRef]

66. Villaseñor, A.; Ballard-Barbash, R.; Baumgartner, K.; Baumgartner, R.; Bernstein, L.; McTiernan, A.; Neuhouser, M.L. Prevalence
and prognostic effect of sarcopenia in breast cancer survivors: The HEAL Study. J. Cancer Surviv. 2012, 6, 398–406. [CrossRef]

67. Bauer, J.; Capra, S.; Ferguson, M. Use of the scored Patient-Generated Subjective Global Assessment [PG-SGA] as a nutrition
assessment tool in patients with cancer. Eur. J. Clin. Nutr. 2002, 56, 779–785. [CrossRef]

68. Porporato, P.E. Understanding cachexia as a cancer metabolism syndrome. Oncogenesis 2016, 5, e200. [CrossRef]
69. Maddocks, M. Physical activity and exercise training in cancer patients. Clin. Nutr. ESPEN 2020, 40, 1–6. [CrossRef]
70. Cavill, N.A.; Foster, C.E.M. Enablers and barriers to older people’s participation in strength and balance activities: A review of

reviews. J. Frailty Sarcopenia Falls 2018, 3, 105–113. [CrossRef]
71. Dismore, L.; Hurst, C.; Sayer, A.A.; Stevenson, E.; Aspray, T.; Granic, A. Study of the Older Adults’ Motivators and Barriers

Engaging in a Nutrition and Resistance Exercise Intervention for Sarcopenia: An Embedded Qualitative Project in the MIlkMAN
Pilot Study. Gerontol. Geriatr. Med. 2020, 6, 2333721420920398. [CrossRef] [PubMed]

72. Nishikawa, H.; Goto, M.; Fukunishi, S.; Asai, A.; Nishiguchi, S.; Higuchi, K. Cancer Cachexia: Its Mechanism and Clinical
Significance. Int. J. Mol. Sci. 2021, 22, 8491. [CrossRef] [PubMed]

73. Venuta, A.; Nasso, R.; Gisonna, A.; Iuliano, R.; Montesarchio, S.; Acampora, V.; Sepe, L.; Avagliano, A.; Arcone, R.; Arcucci, A.;
et al. Celecoxib, a Non-Steroidal Anti-Inflammatory Drug, Exerts a Toxic Effect on Human Melanoma Cells Grown as 2D and 3D
Cell Cultures. Life 2023, 13, 1067. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbapap.2008.12.006
https://doi.org/10.1093/gerona/glp097
https://doi.org/10.1016/j.exger.2021.111330
https://doi.org/10.1016/j.tipsro.2020.10.001
https://doi.org/10.3390/nu13061980
https://doi.org/10.1016/S1470-2045(10)70218-7
https://doi.org/10.1016/j.clnu.2009.12.004
https://doi.org/10.1093/ageing/afq034
https://doi.org/10.3389/fphys.2017.01045
https://doi.org/10.1093/gerona/57.5.M326
https://doi.org/10.3390/nu13030761
https://doi.org/10.1080/14737140.2017.1301209
https://doi.org/10.1186/s12885-023-10582-2
https://www.ncbi.nlm.nih.gov/pubmed/36750774
https://doi.org/10.3389/fendo.2018.00192
https://www.ncbi.nlm.nih.gov/pubmed/29760678
https://doi.org/10.3390/cancers14030498
https://doi.org/10.1016/j.amjmed.2003.05.001
https://www.ncbi.nlm.nih.gov/pubmed/14563498
https://doi.org/10.1371/journal.pone.0218761
https://doi.org/10.1007/s11764-012-0234-x
https://doi.org/10.1038/sj.ejcn.1601412
https://doi.org/10.1038/oncsis.2016.3
https://doi.org/10.1016/j.clnesp.2020.09.027
https://doi.org/10.22540/JFSF-03-105
https://doi.org/10.1177/2333721420920398
https://www.ncbi.nlm.nih.gov/pubmed/32490038
https://doi.org/10.3390/ijms22168491
https://www.ncbi.nlm.nih.gov/pubmed/34445197
https://doi.org/10.3390/life13041067
https://www.ncbi.nlm.nih.gov/pubmed/37109596


Clin. Pract. 2024, 14 1465

74. Martignoni, M.E.; Kunze, P.; Hildebrandt, W.; Künzli, B.; Berberat, P.; Giese, T.; Klöters, O.; Hammer, J.; Büchler, M.W.; Giese,
N.A.; et al. Role of mononuclear cells and inflammatory cytokines in pancreatic cancer-related cachexia. Clin. Cancer Res. 2005, 11,
5802–5808. [CrossRef] [PubMed]

75. Peixoto da Silva, S.; Santos, J.M.O.; Costa, E.S.M.P.; Gil da Costa, R.M.; Medeiros, R. Cancer cachexia and its pathophysiology:
Links with sarcopenia, anorexia and asthenia. J. Cachexia Sarcopenia Muscle 2020, 11, 619–635. [CrossRef] [PubMed]

76. Schmidt, S.F.; Rohm, M.; Herzig, S.; Berriel Diaz, M. Cancer Cachexia: More Than Skeletal Muscle Wasting. Trends Cancer 2018, 4,
849–860. [CrossRef] [PubMed]

77. Baracos, V.E. Cancer-associated malnutrition. Eur. J. Clin. Nutr. 2018, 72, 1255–1259. [CrossRef] [PubMed]
78. Coletta, G.; Phillips, S.M. An elusive consensus definition of sarcopenia impedes research and clinical treatment: A narrative

review. Ageing Res. Rev. 2023, 86, 101883. [CrossRef] [PubMed]
79. 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]
80. Choi, Y.A.; Lee, J.S.; Kim, Y.H. Association between physical activity and dynapenia in older adults with COPD: A nationwide

survey. Sci. Rep. 2022, 6, 7480. [CrossRef]
81. Chen, L.K.; Liu, L.K.; Woo, J.; Assantachai, P.; Auyeung, T.W.; Bahyah, K.S.; Chou, M.Y.; Chen, L.Y.; Hsu, P.S.; Krairit, O.; et al.

Sarcopenia in Asia: Consensus report of the Asian Working Group for Sarcopenia. J. Am. Med. Dir. Assoc. 2014, 15, 95–101.
[CrossRef] [PubMed]

82. Supriya, R.; Singh, K.P.; Gao, Y.; Li, F.; Dutheil, F.; Baker, J.S. A Multifactorial Approach for Sarcopenia Assessment: A Literature
Review. Biology 2021, 10, 1354. [CrossRef] [PubMed]

83. Karim, A.; Muhammad, T.; Qaisar, R. Prediction of Sarcopenia Using Multiple Biomarkers of Neuromuscular Junction Degenera-
tion in Chronic Obstructive Pulmonary Disease. J. Pers. Med. 2021, 11, 919. [CrossRef] [PubMed]

84. Qaisar, R.; Karim, A.; Muhammad, T.; Shah, I.; Khan, J. Prediction of sarcopenia using a battery of circulating biomarkers. Sci.
Rep. 2021, 11, 8632. [CrossRef] [PubMed]

85. Tan, L.J.; Liu, S.L.; Lei, S.F.; Papasian, C.J.; Deng, H.W. Molecular genetic studies of gene identification for sarcopenia. Hum. Genet.
2012, 131, 1–31. [CrossRef] [PubMed]

86. Najm, A.; Niculescu, A.G.; Grumezescu, A.M.; Beuran, M. Emerging Therapeutic Strategies in Sarcopenia: An Updated Review
on Pathogenesis and Treatment Advances. Int. J. Mol. Sci. 2024, 25, 4300. [CrossRef] [PubMed]

87. Gielen, E.; Beckwée, D.; Delaere, A.; De Breucker, S.; Vandewoude, M.; Bautmans, I. Nutritional interventions to improve muscle
mass, muscle strength, and physical performance in older people: An umbrella review of systematic reviews and meta-analyses.
Nutr. Rev. 2021, 79, 121–147. [CrossRef] [PubMed]

88. Rolland, Y.; Dray, C.; Vellas, B.; Barreto, P.S. Current and investigational medications for the treatment of sarcopenia. Metabolism
2023, 149, 155597. [CrossRef] [PubMed]

89. Morley, J.E. Pharmacologic Options for the Treatment of Sarcopenia. Calcif. Tissue Int. 2016, 98, 319–333. [CrossRef]
90. Coelho-Junior, H.J.; Calvani, R.; Azzolino, D.; Picca, A.; Tosato, M.; Landi, F.; Cesari, M.; Marzetti, E. Protein Intake and Sarcopenia

in Older Adults: A Systematic Review and Meta-Analysis. Int. J. Environ. Res. Public Health 2022, 19, 8718. [CrossRef]
91. Eley, H.L.; Tisdale, M.J. Skeletal muscle atrophy, a link between depression of protein synthesis and increase in degradation. J.

Biol. Chem. 2007, 282, 7087–7097. [CrossRef] [PubMed]
92. Kaji, H. Crosstalk between muscle and bone. J. Bone Miner. Metab. 2023; online ahead of print. [CrossRef]
93. Deutz, N.E.P.; Bauer, J.M.; Barazzoni, R.; Biolo, G.; Boirie, Y.; Bosy-Westphal, A.; Cederholm, T.; Cruz-Jentoft, A.; Krznariç, Z.;

Nair, K.S.; et al. Protein intake and exercise for optimal muscle function with aging: Recommendations from the ESPEN Expert
Group. Clin. Nutr. 2014, 33, 929–936. [CrossRef] [PubMed]

94. Dominguez, L.J.; Veronese, N.; Baiamonte, E.; Guarrera, M.; Parisi, A.; Ruffolo, C.; Tagliaferri, F.; Barbagallo, M. Healthy Aging
and Dietary Patterns. Nutrients 2022, 14, 889. [CrossRef] [PubMed]

95. Lappi, J.; Silventoinen-Veijalainen, P.; Vanhatalo, S.; Rosa-Sibakov, N.; Sozer, N. The nutritional quality of animal-alternative
processed foods based on plant or microbial proteins and the role of the food matrix. Trends Food Sci. Technol. 2022, 129, 144–154.
[CrossRef]

96. Nowson, C.; O‘Connell, S. Protein Requirements and Recommendations for Older People: A Review. Nutrients 2015, 7, 6874–6899.
[CrossRef] [PubMed]

97. Putra, C.; Konow, N.; Gage, M.; York, C.G.; Mangano, K.M. Protein Source and Muscle Health in Older Adults: A Literature
Review. Nutrients 2021, 13, 743. [CrossRef] [PubMed]
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